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Abstract 

Concerns regarding environmental issues such as greenhouse gas emissions and 
climate change have led to a shift within the research community and chemical and 
energy industry sectors for finding sustainable routes for producing fuels and 
chemicals from renewable resources, thereby minimizing our dependence on 
petroleum. The C3-chemical 3-hydroxypropionic acid has been identifed as a top 
candidate for the biobased chemical industry. This platform chemical is a β-hydroxy 
acid containing two functional groups (hydroxyl and carboxyl) enabling its 
conversion into value-added chemicals such as 1,3-propanediol, acrolein, malonic 
acid, acrylamide and acrylic acid, which can be used in resins, coatings, paints, 
adhesives, lubricants, and in the textile industry as anti-static agent. Polymerized 3-
HP, poly(3-hydroxypropionate) (poly(3-HP)), is a biodegradable and stable polymer 
which, besides its potential role as a biomaterial, can be degraded to 3-HP monomer. 
In recent years, a dramatic increase in the interest for microbial production of 3-HP 
and poly(3-HP) has been observed. Metabolic engineering and recombinant 
expression of various enzymatic pathways in a number of bacterial strains have been 
suggested and implemented, with mainly renewable glucose and glycerol as substrates. 

This thesis presents a novel pathway called the propanediol utilization pathway 
present in Lactobacillus reuteri that catalyzes dehydration of glycerol to 3-
hydroxypropionaldehyde (3-HPA) and further to 3-HP by a series of reactions 
catalyzed by propionaldehyde dehydrogenase (PduP), phosphotransacylase (PduL) 
and propionate kinase (PduW). Through structural modeling and kinetic 
characterization of PduP, its 3-HPA consuming ability was confirmed and catalytic 
mechanism proposed. PduP, PduL and PduW-mediated conversion of 3-HPA to 3-
HP was confirmed through their recombinant expression in Escherichia coli. 3-HPA 
produced from glycerol by L. reuteri was used as a substrate for conversion to 3-HP 
by the recombinant E. coli. A yield of 1 mol/mol was reached with a titer of 12 mM 
3-HP. Depletion of the cofactor NAD+ required for the catalysis of 3-HP to 3-HP-
CoA, was deemed responsible for the low titer. Regeneration of NAD+, used up in 
PduP catalyzed reaction, was achieved by recombinant expression of NADH oxidase 
(Nox) from L. reuteri in E. coli expressing PduP, PduL and PduW. The final 3-HP 
titer by this recombinant strain was at least twice that of E. coli carrying solely PduP, 
PduL and PduW. 

For the production of poly(3-HP), PduL and PduW in the recombinant strain were 
replaced by polyhydroxyalkanoate synthase of Chromobacterium sp. that converts 3-
HP-CoA to poly(3-HP). A poly(3-HP) content of up to 40% (w/w) cell dry weight 
was reached in an efficient and cheap process requring no additivies or expensive 
cofactors. 



 
 

 



Popular summary 

Since the onset of the 20th century, human society has been using non-renewable 
resources, mainly oil, for the production of fuels and chemicals that are now an 
integral part of our everyday life. In the last few decades however, concerns regarding 
environmental effects, geopolitical issues and the eventual depletion of oil have led to 
us re-evaluating our dependency on this resource. Current production of a majority of 
everday chemicals is based on refining petroleum to a small number of other 
molecules, also known as platform chemicals, which can then be converted to a much 
larger number of chemicals through various processes. 

In our efforts to move from a fossil to biobased economy in which renewable 
resources like sugars or glycerol, obtained through plants, trees, grasses, and/or as 
residues/wastes of agro-/forestry based industries, will constitute the feedstock for 
industry, sustainable technologies for processing of the biomass and its components in 
an environmentally-friendly manner need to be develooped. Biotechnological 
production of platform chemicals from the biomass feedstocks is mainly based on 
replacing traditional chemical reactors with microorganisms. Microorganisms can be 
considered small reactors as they contain mechanisms for the conversion of a large 
variety of natural as well as synthetic molecules to others. These mechanisms are 
driven by enzymes which are in turn encoded in their genomes. As microorganisms 
are present in pretty much every type of environment imaginable on the planet, the 
number of naturally occurring reactions is very high. Some microorganisms are 
known to produce biodegradable plastics as a protection mechanism in harsh 
conditions. Microbial processes for the production of chemicals and materials are 
based in water and require no organic solvents. They can be performed in lower 
temperatures and are very specific. As petroleum is cheap however, there is no 
economic incentive to shift to these greener processes. Thus, it is important to 
develop microbial methods for the production of these chemicals from cheap 
resources and in high concentrations and yields. 

This thesis deals mainly with the production of the platform chemical 3-
hydroxypropionic acid (3-HP) and its polymer poly(3-hydroxypropionate). These 
products are not available commercially. 3-HP is of  great promise as it can be further 
converted into wide array of chemicals, e.g. resins, coatings, lubricants and in the 
textile industry as anti-static agent. Poly(3-HP) is a biodegradable polymer that can 
replace certain fossil-based polymers in different applications.  

3-HP is produced in smaller amounts by certain microorganisms that grow slowly 
and/or are expensive to cultivate. Therefore, a copy and paste-strategy has been 
implemented for moving some of the reactions to well-known organisms that are 
easier and cheaper to cultivate. Lactobacillus reuteri, a probiotic bacteria, contains a 



 
 

mechanism for the production of 3-hydroxypropionic acid from glycerol, which is 
currently produced in large amounts as a byproduct from the production of bio-diesel 
from several plant oils. By copying relevant genes and transferring them to the 
cheaply cultivated bacterium Escherichia coli, it was proven that 3-HP could be 
produced with a high yield from glycerol. Such a strategy does require the 
understanding of the metabolic system in the bacteria in order to avoid any 
interference and to incorporate strategies for improving the formation of the product 
in a selective and clean manner. Such strategies were implemented in the present 
work, thereby increasing the final concentration of 3-HP. Some key enzymes in these 
processes were studied further in order to gain a better understanding of their 
function and structure. 

It the same manner, a relevant gene from Lactobacillus reuteri and a gene from 
another bacteria, Chromobacterium sp. known to produce a bioplastic, were copied 
and pasted in Escherichia coli, resulting in a strain with the capacity to produce 
poly(3-hydroxypropionate) in a cheap and efficient manner.  
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1 Introduction 

Human society has, for the larger part of the 20th and in to the 21st centuries, mainly 
relied on petrochemistry for the production of fuels, chemicals and materials [1]. 
Fractional distillation of crude oil as part of petroleum refining processes result in the 
production of liquid hydrocarbon mixtures (naphta), jet fuel (e.g. kerosene), diesel 
and liquified petroleum gases. Naphta and petroleum gases can be further processed 
for obtaining commodity petrochemicals such as benzene, xylene, toluene, ethene and 
propene. These chemicals are regarded as platforms, meaning that they can be utilized 
as building blocks for the production of a wide array of chemicals and materials used 
within most areas of everyday life [2, 3]. The usage of petroleum for the production 
of these essential products however has major shortcomings that need to be adressed. 
Petroleum is a non-renewable resource, which is in conflict with the ever-increasing 
global demand for goods. Extreme crude oil price fluctuations related to geopolitical 
issues and its increased or decreased output are destabilizing factors affecting the 
chemical industry as well as the global economy. Furthermore, environmental issues 
such as the emission of greenhouse gases, acid rains and the release of toxic and non-
degradable compounds in air, soil and water are partly affiliated with the processing 
of petroleum and utilization of petroleum derived chemicals and fuels. 

An alternative for the chemical industry is to shift to renewable resources as raw 
materials. Residual biomass streams from agriculture, forestry or agro-industrial 
processes constitute the most important resources being investigated. However, with 
the change in raw materials, a technology shift is required. Biotechnology, based on 
microorganisms and their enzymes as catalysts, is one of the key enabling technologies 
for the bio-based production of fuels, chemicals and materials in an environmentally 
sustainable fashion [4]. This is based on the natural ability of the microorganisms to 
utilize organic carbons present in biomass for growth and survival through a 
multitude of metabolic pathways involving enormous numbers of metabolites of 
interest [2]. Furthermore, modern biotechnology enables recombinant expression of 
enzymes in, and engineering of, standard microbial hosts to produce specific products 
and avoiding the production of byproducts. Certain enzymes are capable of accepting 
synthetic substrates that are structurally similar to their native substrates. 

Earlier adapatations of the chemical industry to sustainable biotechnology involved 
the microbial production of biofuels such as ethanol from wood and food source 
biomass [5]. Modern biotechnology however strives for minimizing the utilization of 
food sources for the production of fuels, chemicals and materials by instead using 
byproducts, generated through the processing of biomass, for their valorization by 
their microbial conversion to a number of platform chemicals. These byproducts’ 
ready availability and low prices make them potent alternatives to crude oil.  
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In order to reach high titers, productivities and yields of the products, thus gaining 
leverage towards petroleum-based production systems which have been optimized for 
decades, microbial production strains with higher tolerance towards the product, 
cheaper cultivation methods and faster growth rates than those of the native strains 
[6] are necessary. Additionally, synthetic enzymatic pathways can be constructed by 
the recombinant expression of a number of enzymes from different microorganisms in 
one host strain.  

The work presented in this thesis was performed within the framework of a research 
project entitled “Industrial Biotechnology for the Production of Platform Chemicals” 
(BioVinn) involving an academic-industrial collaboration financed by the Swedish 
Governmental Agency for Innovation Systems (Vinnova). 

1.1 Scope of the Thesis 

This thesis aims for the study and utilization of a microbial pathway consisting of 
propanediol utilization pathway (pdu) enzymes of Lactobacillus reuteri for the 
production of the platform chemical 3-hydroxypropionic acid (3-HP) as well as its 
polymer poly(3-hydroxypropionate) in Escherichia coli. 

Paper I deals with the structural modelling and kinetic characterization of NAD+-
dependent propionaldehyde dehydrogenase (PduP), the first of three enzymes 
catalyzing 3-HP formation from the substrate 3-hydroxypropionaldehyde (3-HPA), 
itself obtained by dehydration of glycerol by Lactobacillus reuteri. 

Paper II presents the recombinant expression of three enzymes of the propanediol 
utilization pathway, PduP, phosphotransacylase (PduL) and propionate kinase 
(PduW), in Escherichia coli BL21(DE3) for the production of 3-HP from 3-HPA. A 
verification of the pathway was performed, as well as an evaluation of titers, 
productivitues and yields of 3-HP obtained from 3-HPA by growing or resting E. coli 
recombinantly expressing PduP, PduL and PduW. 

Paper III deals with the kinetic characterization and structural modeling of water-
forming NADH oxidase and its co-expression in E. coli BL21(DE3) with PduP, PduL 
and PduW for increasing final titers of 3-HP in resting conditions by the regeneration 
of cofactor NAD+ from NADH. 

Paper IV presents the recombinant expression of PduP and a highly active 
polyhydroxyalkanoate synthase (PhaC) from Chromobacterium sp. strain USM2 in E. 
coli BL21(DE3) for the production of poly(3-HP). 
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2 Industrial Biotechnology for the 
Production of Platform Chemicals and 
Polymers 

2.1 The chemical industry 

The chemical industry encompasses the vast number of companies related to the 
production of commodity-, life science-, specialty-, and consumer product chemicals. 
Commodity chemicals are e.g. platform petrochemicals, polymers and inorganics, 
while specialty chemicals are those utilized in more specific applications in e.g. wood-, 
textile- or engineering industries. (www.essentialchemicalindustry.org). 

The production of chemicals up until the 20th century was based on utilizing coal or 
renewable resources such as wood for the production of alcoholic fuels, organic acids 
and similar basic chemicals, and industrial processing was mainly through bacterial or 
fungi fermentations. With the discovery of petroleum and natural gas, processes were 
developed and optimized for the conversion of these non-renewable resources to a few 
platform chemicals that act as building blocks for the production of most chemicals 
and materials essential for the modern society, thereby largely replacing the 
sustainable processes of the pre-petroleum era [1].  

2.2 Petroleum-based production of platform chemicals 
and materials 

The two most common petrochemical groups are alkenes such as propene and ethene 
and aromatics such as benzene, toluene and xylene. These few chemicals serve as 
platforms for the enourmous number of chemicals and materials utilized by the 
textile-, food-, transportation., housing-, recreation-, communication- and 
health/hygiene industries (Figure 2.1) [7, 8]. The heavy hydrocarbons of crude oil are 
cracked to the smaller petrochemicals, fuels and gases by fluid catalytic cracking at 
high temperatures using heat tolerant acidic catalysts, followed by their separation 
through distillation. The alkenes are obtained as off-gases while the aromatics are 
present in the naptha [9]. These commodity chemicals are priced at up to 1$ per kg 
[1]. 
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Figure 2.1 
Platform chemicals derived from petroleum and their valorization for the production of various 
chemicals [7, 8]. 

2.3 Industrial biotechnology 

The unsustainability in relying on non-renewable petroleum and its processing, 
resulting in negative environmental effects, has led to a shift of focus towards the 
utilization of the mechanisms of life for the production of chemicals, fuels and 
materials. Enzymes and microorganisms have been studied and implemeted in a large 
number of processes as a means to reduce the role of petroleum and instead utilize 
organic matter, biomass, as precursor. The main advantages of biotechnogical 
processes are the stereospecificity and selectivity of enzymatic reactions, lower 
temperatures of the reactions and the reintroduction of formed CO2 for the 
production of biomass,. Shifting from a petroleum-based industry to a bio-based one 
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however requires the implementation of novel processes and development of efficient 
microbial factories for obtaining high titers, yields and productivities of the 
compounds of interest. 

2.3.1 Platform chemicals from the bio-based industry 

An alternative to petrochemicals are bio-based platform chemicals with straight chains 
or as branched compounds of two to six carbons [2, 7]. These platform chemicals can 
be produced either in vitro through enzyme catalysis or in vivo utilizing whole cells 
expressing the enzymes of a certain pathway. 

Platform chemicals require certain characteristics which enable their valorization. 
They need to contain at least one functional group such as a carboxyl or hydryxoyl 
which can be utilized for their conversion or interlinkage [2]. Additionally, microbial 
production of these chemicals require the presence of some native metabolic pathway 
where enzymes catalyze their formation. Alternatively several pathways can be 
combined, which seperately form or utilize intermediates, for the production of 
platform chemicals [10]. 

A number of compounds have been identified as potential platform chemicals for C2-
C6 chemistry and also for aromatic products (Figure 2.2) [2]. Lactic acid, succinic 
acid and 1,3-propanediol (1,3-PD) are today produced microbially in an industrial 
setting [2]. 

Organic acids in particular have generated much interest, due to their presence as 
intermediates or end-products in nearly all metabolic pathways as well as their 
functional carboxyl-group [11]. Paper II and III deal with the  microbial production 
of the platform carboxylic acid chemical 3-hydroxypropionic acid (3-HP). 

 
Figure 2.2 
Various C2-C6 chemicals proposed as building blocks for the bio-based chemical industry [2]. 
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2.3.2 Bio-based polymers 

Petroleum-derived polymers such as polyethene, polypropene and polyvinylchloride 
stand for over 96% percent of the plastics market [10]. However, focus is shifting 
towards the replacement of these polymers with degradable polyhydroxyalkanoates 
(PHAs), produced naturally by certain microorganisms due to stress mechanisms for 
the storage of carbon and energy reserves [12]. The global production capacities for 
bio-based polymers in 2014 was 1.67 million tonnes and is expected to increase to 6.7 
million tonnes by 2018 (en.european-bioplastics.org).  

There are a number of naturally occuring PHAs, however most abundant is poly(3-
hydroxybutyrate) (poly(3-HB)), produced by microorganisms such as Ralstonia 
eutropa and Bacillus megaterium by the reduction of acetoacetyl-CoA, itself derived 
from the condensation of two acetyl-CoA [13]. Other naturally occuring 
polyhydroxyalkonates are co-polymers of 3-HB and 3-hydroxyvalerate,  4-
hydroxybutyrate or 5-hydroxyvalerate [12] and  co-polymers of 3-hydroxyoctaonate 
and 3-hydroxyhexanoate or 3-hydroxydodecanoate [14]. 

With a melting temperature of 177 °C and glass transition temperature of 3 °C, 
similar to those of polypropene (174 °C and -13 °C) and polyethene (130 °C and 
-36 °C), poly(3-HB) can be utilized in a broad temperature range and has gained 
interest as an alternative to the petroleum-derived polymers. However poly(3-HB) is a 
brittle polymer with an elongation at break of 6%, in comparison with polypropene 
and polyethene with elongations at break of 400% and 620%, respectivly [15]. In 
Paper IV, microbial synthesis of the non-naturally occuring poly(3-
hydroxypropionate) (poly(3-HP)) with a temperature range of 77 °C-to -22°C and 
elongation at break of 634% is described. 

2.3.3 Renewable resources for the production of platform chemicals 

Sustainable production of platform chemicals through the means of biotechnology 
require carbohydrate substrates which are renewable. Renewable biogenic resources 
(biomass) such as oil plants, starch plants, sugar beets and canes can be treated for the 
production of hexoses such as glucose and galactose and pentoses such as xylitol, 
fructose and arabinose. These monosaccharides can be metabolized by various 
microorganisms as carbon sources and as substrates for the formation of platform 
chemicals [2]. 

Two pressing issues need to be addressed in order to eliminate the drawbacks 
associated with bioindustrial production of chemicals, fuels and materials. The cost of 
petroleum is inhibiting the growth of the biobased industry. In order to achieve an 
economically viable transition, substrates need to be of low value. As petrochemicals 
are valued at 1$ per kg, the starting material for bio-based platform chemicals and 
polymers, their production and processes related to their downstream processing need 
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to be at or below this cost. Furthermore, various biomasses are utilized as food 
sources, which is in direct competition for their utilization as materials for the 
bioindustry. 

A solution to these two issues is the utilization of side-streams or byproducts from 
agriculture, forestry and related industries, which possess low or no value for the 
production of platform chemicals and materials. One approach is that of synthetic gas 
(syngas) fermentation, where gasified residual side-streams containing CO, CO2 and 
H2 are used by certain carbon-fixing microorganisms for the production of value-
added chemicals. However, drawback with syngas technology are low productivities, a 
low gas-liquid mass transfer coefficient and product inhibition [16]. Another 
approach is that when byproducts can be utilized as substrates directly.  

2.3.3.1 Glycerol as a renewable resource 
Biodiesel has been gaining momentum as a biofuel. It is composed of mono-alkyl 
esters with low toxicity and biodegradability. It is also compatible with conventional 
diesel engines [17] and its production is expected to grow rapidly; in two years (2010-
2012) U.S. biodiesel production grew 2.8 times, up to 3.7 billion liters. Production of 
biodiesel, through the transesterification of vegetable oils, leads to the formation of 
the byproduct glycerol. For every 10 parts of biodiesel produced, 1 part crude glycerol 
is produced as a waste stream with its price reaching as low as a few cents per kg in 
the mid ‘00’s [18]. Crude glycerol contains between 38% and 96% glycerol, with 
methanol and ash contents up to 14% and 29%, respectively [19]. 

Glycerol is a polyol and is utilized in a wide array of applications. The highest usage 
of glycerol is in the cosmetics, soap and pharmaceutical industries, however it is 
utilized in a number of other applications in the food and tobacco industries, etc. 
[20]. 

Glycerol is a naturally occuring compound and many microorganisms have the ability 
to either utilize it as carbon source or as an electron acceptor. Its low price, high 
abundacy and its production as a waste product thus makes it a top candidate for the 
production of various biochemicals. Papers I, II, III and IV utilize 3-
hydroxypropionaldehyde (3-HPA), obtained from the bioconversion of glycerol by L. 
reuteri, for the production of 3-HP or poly(3-HP). 
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3 3-Hydroxypropionic Acid and Poly 
(3-Hydroxypropionate) 

3.1 3-Hydroxypropionic acid as a C3 platform chemical 

3-HP has been identified as one of the top bio-based platform chemicals [3, 7, 10]. 
The molecule is a β-hydroxyacid and a structural isomer of lactic acid (2-
hydroxypropionic acid).  Its two functional groups (hydroxyl and carboxyl) enable its 
chemical or biochemical valorization to a larger number of industrially significant 
derivatives (Figure 3.1) [7, 21], among which 1,3-propanediol (1,3-PD), with a 
projected market volume of 0.2 million tonnes per year , and acrylic acid, with a 
market volume of 0.9 million tonnes per year [3], are themselves buidling blocks for 
the production of solvents, fibers, polymers, coatings, paints and adhesives [22]. The 
projected market volume of 3-HP is 3.6 million tonnes per year [11]. Furthermore, 
the self polymerization of 3-HP, resulting in poly(3-HP) is of great interest as the 
polymer is biodegradable with low melting temperature and high flexibility [15]. 
 

 

 

 

 

 

 

 

 

 

 

  
Figure 3.1 
3-HP and its derivatives 
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3.1.1 Chemical synthesis of 3-hydroxypropionic acid 

While chemical synthesis of 3-HP is possible, it has not yet been implemented on 
large scale. Unfavorable economics due to expensive substrates and/or toxicity of 
substrates and intermediates involved in these processes are the main reasons for the 
chemical synthesis not being a viable method for industrial scale production of 3-HP 
[23, 24].  

3-HP can be produced through alkali- or acid hydrolysis of β-propiolactone, a 
carcinogenic compound which in turn is formed by reacting ketone with 
formaldehyde [25]. Ethene chlorohydrin, derived from ethene and chlorine, can be 
converted to 3-HP via the intermediate β-hydroxypropionitrile and its reaction with 
sodium cyanide, a toxic compound [23]. 

The usage of acrylic acid for the chemical synthesis of 3-HP in presence of alkali and 
through acid catalysis has been reported. However, high costs associated with the 
substrate, with increases of 60-63% during one year (2011) [23] have made large scale 
process based on the hydration of acrylic acid to 3-HP economically unfeasible. 
Furthermore, the current main chemical method for the production of acrylic acid, 
based on two-stage oxidation of petroleum-based propene [26] makes the process 
questionable from an environmental point of view. 

Catalytic conversion of allyl alcohol to 3-HP based on utilizing carbon-supported 
gold catalyst has been reported [27] and resulted in a selective yield of maximum 98% 
3-HP when doping the gold catalyst with cupper. The reusability of the catalyst was 
however a major bottleneck, with yields decreasing after each cycle. 

While liquid phase oxidation of 3-HPA and 1,3-PD can lead to 3-HP formation, the 
costs as well as difficulties in obtaining these substrates constitute a major drawback 
[23]. 

3.1.2 Native microbial production of 3-HP  

3.1.2.1 The 3-HP and 3-HP/4-hydroxybutyrate cycles 
3-HP is found as an intermediate in a process for the conversion of inorganic carbon 
(CO2) into metabolizable carbon sources. The pathway of utilizing acetyl CoA 
carboxylase and propionyl CoA carboxylase for the fixation of CO2 for obtaining 
glyoxylic acid, the 3-HP cycle (Figure 3.2) [28], is predominantly found in 
thermophilic and acidophilic microorganisms of the domain archaea [29] such as 
Acidianus brierleyi (30), Metallosphaera sedula [31], Acidinaus ambivalens [29] and 
Sulfolobus metallicus [32]. Its presence has even been reported in the thermophilic and 
photosynthetic bacterium Chloroflexus aurantiacus [32].  A similar pathway to the 3-
HP cycle, 3-HP/4-hydroxybutyrate (4-HB) cycle, has been reported from 
Metallosphaera sedula and key genes of this pathway are found in Sulfobacillus, 
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Archaeoglobus and Cenarchaeum sp. Its difference from the 3-HP cycle is the 
formation of 4-HB from succinyl-CoA and further conversion of 4-HB through 4-
HB-CoA and acetoacetyl-CoA to two acetyl-CoA [33]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  
  
Figure 3.2 
The 3-hydroxypropionate cycle.
 

3.1.2.2 Production of 3-HP from acrylic acid 
A number of microorganisms have been shown to contain pathways for the 
conversion of acrylic acid to 3-HP, either as an intermediate or end-product.  
Cleavage of gaseous dimethylsulonipropionate (DMSP), abundant in marine 
environments, by Alcaligenes faecalis M3A results in extracellular production of 
dimethylsulfide (DMS) and acrylic acid by DMSP lyase. Further conversion of acrylic 
acid by the microorganism through as of yet uncharacterized mechanisms resulted in 
the extracellular production of 3-HP possibly as an intermediate towards the 
production of a yet unknown compound [34]. A strain of Byssochlamys, isolated from 
air dust, has been shown to produce 3-HP from acrylic acid, however with a high 
demand for strict pH control and buffer type, reaching a yield of 70% (v/v) in the 
presence of an additional energy source (glucose) [35]. Two fungal strains of the 
species Geotrichum and Trichoderma, isolated from petrochemical activated sludge, 
have also been shown to produce 3-HP and acetic acid from acrylic acid after 4 days 
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of cultivation in the presence of 2 g/L acrylic acid for a number of cycles in buffered 
conditions [36]. A more industrial approach was applied and reported for native 
production of 3-HP from acrylic acid by Rhodococcus erythropolis LG12, isolated from 
soil. The proposed pathway, based on a cascade reaction of acrylyl-CoA synthase, 
enoyl-CoA hydratase and 3-hydroxyisobutyryl-CoA hydrolase, was able to produce 
up to 17.5 g/L 3-HP with a yield of 0.44 mol/mol and productivity of 0.22 g L-1 h-1 
[37]. 

The high costs associated with acrylic acid as presented earlier, as well as the low 
productivities of these 3-HP producing strains are major drawbacks in using these 
native processes for large scale 3-HP production. 

3.1.2.3 Production of 3-HP as an antimicrobial agent 
The endophytic fungi Diaphorthe phaseolorum [38], Meloidogyne incognita and four 
strains of Melanconium betulinum [39] have been shown to produce 3-HP as an 
antimicrobial agent. However no metabolic pathways are presented, and therefore 
clarification is necessary in the mechanism by which these strains produce 3-HP. 

3.1.2.4 Production of 3-HP from glycerol 
Lactobacillus sp. [40-42], Klebsiella pneumoniae [43], Citrobacter freundii [44,45], 
Clostridium sp. [46,47] and Pantoea agglomerans [48] are able to natively convert 
glycerol to 3-HPA in aerobic or microaerobic conditions [49] The dehydration of 
glycerol to 3-HPA is catalyzed by cofactor B12 or S-adenosylmethionine dependent 
glycerol dehydratase and followed in L. reuteri by an NAD+-dependent oxidative 
branch resulting in 3-HP and ATP formation and an NADH-dependent reductive 
branch resulting in 1,3-PD formation [50]. K. pneumoniae has been extensively 
studied for native 1,3-PD production from glycerol. The presence of a propanediol 
utilization pathway in the strain shows its 3-HP producing ability [51]. The 
mechanisms of 3-HP production from glycerol through the propanediol utilization 
pathway is detailed in chapter 4 and forms the basis for this thesis. 

3.1.3 Recombinant microbial production of 3-HP 

An approach widely investigated to industrialize 3-HP production is the heterologous 
expression of various 3-HP producing pathways in microbial hosts. A large number of 
research- and industrial groups have been proposing and implementing various 
pathways in E. coli, K. pneumoniae, S. cerevisiae and Lactobacillus sp. using mainly 
glucose and glycerol as substrates in order to reach significant titers, yields and 
productivities of the end product. Proposed pathways for 3-HP production are shown 
in Figure 3.3. 
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Figure 3.3 
Proposed pathways for recombinant 3-HP production from glucose and glycerol.

 

3.1.3.1 Microbial production of 3-HP from glucose 
The U.S. based company Cargill has patented 7 pathways for the production of 3-HP 
from glucose [21, 22, 52, 53]. Since none of these pathways have been detected in 
native systems, recombinant expression of several enzymes is required. While glucose 
is the starting material, these pathways are presented with the intermediates pyruvic 
acid or phosphoenolpyruvic acid (PEP) as substrates, obtained through glycolysis. 
Cofactor dependency, ATP production and favourable thermodynamics are of key 
importance in evaluating these different pathways. The net yield from the glycolysis is 
2 ATP and 2 NADH per two molecules of pyruvic acid formed. 

Pathway 1 (Figure 3.4) (Enzymes 1, 2, 3 and 3/7) involves the conversion of pyruvic 
acid to 3-HP via acetyl-CoA [21]. No net gain of ATP per glucose is obtained via this 
pathway and the strict NADPH dependency of malonyl-CoA reductase [54] for the 
conversion of malonyl-CoA to 3-oxopropionic acid is an issue leading to cofactor 
imbalance. Recombinant E. coli utilizing pathway 1 for 3-HP production from 
glucose has been developed and in combination with a cofactor regeneration system 
resulted in a final titer of 2.14 mM with a yield of 0.02 mol/mol glucose [55]. 
 

Figure 3.4 
3-HP production from pyruvic acid via acetyl-CoA. 
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Pathway 2 (Figure 3.5) (Enzymes 4, 5, 6 and 3/7) proposes the production of 3-HP 
from pyruvic acid through α-alanine to β-alanine, followed by its conversion to 3-HP 
via 3-oxopropionic acid [53]. A net yield of 2 ATP per glucose is obtained. Alanine 
dehydrogenase catalyzes the conversion of pyruvic acid and glutamic acid (Glu) to α-
alanine and α-ketoglutaric acid (AKG). Regeneration of Glu requires NADH. 
NAD(P)H is required for the conversion of 3-oxopropionic acid to 3-HP, thus the 
reaction is not redox balanced. Furthermore, no naturally occurring alanine 2,3-
aminomutase, for the conversion of α-alanine to β-alanine, has been reported to date. 
Instead, B12-dependent lysine 2,3-aminomutase has been engineered for the transfer 
of the amino group from the α- to β-position from the carboxyl group of the amino 
acid [53]. 
 

Figure 3.5  
3-HP production from pyruvic acid via α-alanine, β-alanine and 3-oxopropionic acid.
 

Pathway 3 (Figure 3.6) (Enzymes 4, 5, 11, 12, 15 and 24) involves the conversion of 
pyruvic acid to 3-HP via α-alanine, β-alanine, β-alanyl-CoA, acryloyl-CoA and 3-HP-
CoA [21, 53]. As ATP is required for the conversion of β-alanine to β-alanyl-CoA, no 
net yield of ATP per glucose is achieved. Redox neutrality is reached starting from 
glucose. As stated for pathway 2, the conversion of α-alanine to β-alanine requires 
alanine 2,3-aminomutase activity which has not been detected to date in natural 
systems. 
 

Figure 3.6 
3-HP production from pyruvic acid via α-alanine, β-alanine and 3-HP-CoA.
 

Pathways 4 (Figure 3.7) (Enzymes 8/16, 9, 10, 6 and 3/7) and 5 (Figure 3.8) 
(Enzymes 8/16, 9, 10, 11, 12, 15 and 24) are similar to pathways 2 and 3, however 
starting from pyruvic acid or phosphoenolpyruvic acid to obtain intermediates 
oxaloacetic acid and aspartic acid [21, 52]. Conversion of phosphoenolpyruvic acid to 
pyruvic acid and oxaolacetic acid leads to the production of 1 ATP. Direct conversion 
of phosphoenolpyruvic acid to oxaloacetic acid and its further conversion to 3-HP 
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however leads to a net gain of 2 ATP per glucose for pathway 4 and no gain of ATP 
per glucose for pathway 5. In contrast, pyruvic acid to 3-HP leads to a net loss of 2 
ATP per glucose for pathway 4 and no net gain of ATP per glucose for pathway 5. 
Metabolic engineering of S. cerevisiae with enzymes for pathway 4 resulted in a final 
titer of 13.7 g/L 3-HP and a yield of 0.13 mol/mol glucose [56].  
 

Figure 3.7 
3-HP production from pyruvic acid or phosphoenolpyruvic acid via oxaloacetic acid and 3-oxopropionic 
acid. 

Figure 3.8 
3-HP production from pyruvic acid or phosphoenolpyruvate via oxaloacetic acid and 3-HP-CoA. 
 

Pathway 6 (Figure 3.9) (Enzymes 13, 11, 14, 15) involves conversion of pyruvic acid 
to 3-HP via lactic acid [21]. The ATP-dependency of CoA-transferase, for the 
conversion of lactic acid to lactoyl-CoA, leads to no net gain of ATP from glucose. 
Pyruvic acid conversion to lactic acid requires NADH, hence starting from glucose 
the reaction is redox neutral. 

Figure 3.9 
3-HP production from pyruvic acid via lactic acid.
 

3-HP production via propionic acid has been proposed, with starting materials being 
phosphoenolpyruvic acid or pyruvic acid [21]. The reaction is based on succinic acid 
fermentation by Actinobacillus sp [57]. A net loss of 0.33 ATP per 3-HP formed as 

β-alanyl-CoA

HCO3-
H2O

Acryloyl-CoA

Oxaloacetic acid

3-HP-CoA

CoA-SH

Aspartic acid

ATP

NH3

ATP

ADP

ADP

H2O

HCO3-

H2OATP CoA-SH

ADP

3-HPPhosphoenolpyruvate

Pyruvic acid

glu

β-alanine

ATP ADP akg CO2

HCO3-

Oxaloacetic acid Aspartic acid
ATP

ADP

HCO3-

ATP

ADP

Phosphoenolpyruvate

ATP

Pyruvic acid 3-oxopropionic acid

glu

β-alanine

ADP CO2
akg

NAD(P)H

akg glu

NAD(P)+

3-HP

NADH NAD+

Lactic acid Lactoyl-CoA Acryloyl-Coa

H2OATP ADP
H2O

H2O CoA-SH

Pyruvic acid

H2O

3-HP-CoA

CoA-SH

3-HP



 

16 

well as the possible irreversibility of 3-HP to propionyl-CoA [22] are drawbacks in 
the further study of this pathway.  

3.1.3.2 Microbial production of 3-HP from glycerol 
3-HP formation from glycerol is based on two metabolic pathways. Both pathways 
utilize cofactor B12-depeendent or B12-independent glycerol dehydratase for the 
conversion of glycerol to 3-HPA. While a CoA-independent route utilizes NAD+-
dependent aldehyde dehydrogenase, found in various microrganisms, for the direct 
oxidation of 3-HPA to 3-HP (Pathway A), a CoA-dependent pathway utilizes 
propanediol utilization pathway enzymes involved in native 3-HP production from 
glycerol by Klebsiella pneumoniae or Lactobacillus sp. (Pathway B). Studies involving 
3-HP production by pathway A or pathway B are presented in Table 3.1. Paper II 
and III cover 3-HP production through pathway B. 

3.1.3.2.1 Glycerol dehydratase 
Glycerol dehydratase is a rather complex system consisting of up to five interacting 
subunits for activation and catalysis of glycerol to 3-HPA. Coenzyme B12-dependent 
glycerol dehydratase have been found in Salmonella- [58], Citrobacter [59], Klebsiella- 
[60, 61] and Lactobacillus [62-64] sp. The latter two, specifically those of K. 
pneumoniae (DhaB123 and reactivase GdrAB) [60, 65] and Lactobacillus brevis 
(DhaB123 and reactivase DhaR12) [66, 67] have been utilized for native and 
recombinant production of 3-HP from glycerol. Homolysis of a cobalt to carbon 
(Co-C) bond of cofactor B12 occurs in the presence of the substrate, thus generating 
an adenosyl radical. This radical then serves as an intermediate hydrogen acceptor 
from the C1 of the substrate, thus generating a radical substrate. This is followed by 
enzyme mediated transfer of the hydroxyl group of C2 to C1 of the substrate, return 
of hydrogen from the adenosyl-group and release of H2O, thus obtaining the 
aldehyde. However, inactivation of the enzyme occurs due to its irreversible bond to 
the cobalamin-group. A reactivase is activated by ADP, binds to the enzyme, and 
releases the cobalamin, after which an ATP-dependent release of the reactivase from 
the enzyme occurs [65, 68]. 

B12-independent glycerol dehydratase has been reported from Clostridium butyricium, 
instead utilizing S-adenosyl methionine for its activation. The catalysis is proposed to 
be initiated by the radical cleavage of S-adenosylmethionine by an [4Fe-4S]+-cluster 
catalyzed by a glycerol dehydratase activating enzyme, followed by a radical 
propagation to Cys433 of glycerol dehydratase, which transfers the radical to the 
ligand, causing the release of a C2 hydroxyl and water formation. A proton is 
transferred from C1 to Glu435 and the radical is transferred back to Cys433 [69, 70].  

The high oxygen sensitivity of glycerol dehydratases is a limiting factor for utilizing 
the enzyme in combination with oxidative enzymatic catalysis of 3-HPA to 3-HP 
[69].  
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3.1.3.2.2 CoA-independent pathway (Pathway A) 
Nearly all studies reported on the production of 3-HP from glycerol are based on 
pathway A, which is initiated by dehydration of glycerol to 3-HPA by glycerol 
dehydratase followed by oxidation of 3-HPA to 3-HP by NAD+-dependent aldehyde 
dehydrogenase (Figure 3.10). Aldehyde dehydrogenases from E. coli K12 (AldH), K. 
pneumoniae (PuuC) and Azospirillum brasiliense (KGSADH) have been 
recombinantly expressed or overexpressed in E. coli, K. pneumoniae or Pseudomonas 
nitrificans in combination with glycerol dehydratase from K. pneumoniae or L. brevis. 

Figure 3.10 
CoA-independent production of 3-HP from glycerol (Pathway A). 
 

3.1.3.2.3 CoA-dependent pathway (Pathway B) 
The native abilities of Lactobacillus species [41, 42, 50] and K. pneumoniae [77] to 
produce 3-HP and 1,3-PD from glycerol form the basis for pathway B. Dehydration 
of glycerol to 3-HPA by glycerol dehydratase is followed by a cascade reaction of 
NAD+- and CoA-dependent propionaldehyde dehydrogenase (PduP), 
phosphotransacylase (PduL) and ATP-producing propionate kinase (PduW) (Figure 
3.11). It has been shown that deletion of PduP in K. pneumoniae leads to a decrease 
in final titers of 3-HP from glycerol [78]. In Paper I, the conversion of 3-HPA to the 
intermediate 3-HP-CoA is presented. Paper II is the first report on the recombinant 
expression of PduP, PduL and PduW for the production of 3-HP, where 12 mM 3-
HP was produced before NAD+ depletion occurs. An NAD+ regeneration mechanism 
is present natively in Lactobacillus reuteri [50] and K. pneumonaie [41, 60] through 
the production of 1,3-PD by NADH-dependent 1,3-PD oxidoreductase. In order to 
increase the final yield of 3-HP from glycerol by pathway B, an alternative NAD+ 
regeneration system has to be applied for avoiding 1,3-PD production. Paper III 
presents a novel method for regeneration of NAD+ by the co-expression of NADH 
oxidase of L. reuteri that liberates water as the co-product, resulting in a 3-HP 
concentration at the very least two times higher that obtained in Paper II. 

 

Figure 3.11 
CoA-dependent production of 3-HP from glycerol (Pathway B). 
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3.2 Poly(3-hydroxypropionate): a biodegradable polymer 

Poly(3-HP) is a short chain length (scl) PHA which has generated interest due to its 
potential usage as a flexible and stable biomaterial. A low melting temperature of 
about 77 °C, glass transition temperature of -22 °C, a highest εb (elongation at break) 
value of 634 % as well as its biodegradability makes the polymer a candidate for the 
replacement of petroleum-derived thermoplastics and is an alternative to more brittle 
biopolymers such as poly(3-HB) [15]. 

3.2.1 Chemical and enzymatic methods for poly(3-HP) production 

Various non-microbial methods exist for the production of  poly(3-HP). In the 
presence of effective catalysts such as FeCl3, SnCl4 and NaOH and even less effective 
catalysts such as NaCl, Ca(OH)2, HCl and acetic acid, polymerization of β-
propiolactone to poly(3-HP) with a highest molecular weight of 1 kg/mol occurs 
when the substrate is added slowly to a 150 °C solution of the acid, base or salt 
catalysts in an inert solvent [90]. The carcinogenic properties of β-propiolactone is 
however a major drawback [25, 91]. In another approach, 3-HP can be used as a 
substrate for the construction of 3-HP macrocyclic ester trimers to a yield of 30 wt.% 
via acid-catalyzed self-condensation, which in turn can be used for the production of 
poly(3-HP) by ring opening polymerization in the presence of a Zn-alkoxide catalyst 
in CH2Cl2 at room temperature. 90% of the trimer was converted to poly(3-HP) in 
30 min with a highest molecular weight of 67 kg/mol [92] However, the method 
requires 3-HP which is not available commercially. 

Methyl 3-HP can be utilized as a substrate in a solvent-free enzymatic system for the 
production of poly(3-HP). Lipase (Novozymes 435) successfully catalyzed the 
polymerization of 3-HP to poly(3-HP) at 55 °C with an 85 % molar yield after 30h 
and a largest molecular weight of ca 2.2 kg/mol. Methyl formed in the process is 
however inhibitory for the generation of polymers of larger molecular weight [93]. 
Furthermore, the high costs associated with the substrate is a major drawback. 

3.2.2 Recombinant microbial production of poly(3-HP) 

In contrast to other PHAs, no microorganisms are known to produce poly(3-HP) 
natively [15]. There are however mechanisms and pathways that have been utilized 
for the recombinant production of poly(3-HP), with starting materials being acetyl-
CoA, glycerol or 1,3-PD. All pathways are via 3-HP and 3-HP-CoA and require a 
polyhydroxyalkanoate synthase (PhaC) for the polymerization of 3-HP-CoA. Studies 
involving poly(3-HP) production from glucose, glycerol and 3-HPA by the expression 
of relevant enzymes in various host strains can be seen in Table 3.2. 
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Table 3.2 
Summary of studies on the recombinant production of poly(3-HP).

 

Production 
strain Substrate Heterologous 

enzymes 
Mode of 
production 

Production 
method Additives Content of cells 

wt.% (wtPHA/wtCDW) 
Titer 
(g L-1) 

Volumeric 
productivity 

(g L-1 h-1) 
Reference 

E. coli Glycerol DhaB11 + PduP2 
+ PhaC13 Fed-batch 14 L bioreactor di-Na+ and 

K+-Na+-tartrate 11.98 1.42 0.03 Andreessen et al., 
2010 [94] 

E. coli Glucose Mcr4 + PrpE5

+ PhaC3 Fed-batch Shake flask Biotin and 
NaHCO3 

0.98 0.01 1.39 * 10^-4 Wang et al., 2012 
[95] 

E. coli Glycerol DhaB6 + GdrAB7

+ PduP2 + PhaC8 Fed-batch 5 L bioreactor Vitamin B12 46.4 10.1 0.12 Wang et al., 2013 
[96] 

Shimwellia 
blattae Glycerol DhaT9 + AldD10  

+ Pct11 + PhaC3 Fed-batch 2 L bioreactor - 9.8 0.40 0.01 Heinrich et al., 2013 
[97] 

S. blattae Glycerol DhaT9 + AldD10  
+ Pct11 + PhaC3 Fed-batch 2 L bioreactor - 14.5 0.74 0.015 Andreessen et al., 

2014 [98] 

K. 
pneumoniae Glycerol 

DhaB6 + GdrAB7 
+ AldH11+ PrpE5 
+ PhaC3 

Batch 250 mL shake 
flask - 12.7 0.24 0.005 Feng et al., 2015 

[99] 

E. coli 3-HPA PduP12 + PhaC13 Fed-batch 2 L baffled shake 
flask - 40.0 0.26 0.065 Paper IV 

1Glycerol dehydratase of C. butyricum; 2Propionaldehyde dehydrogenase of S. enterica; 3Polyhydroxyalkanoate synthase of R. eutropha; 4Malonyl-CoA reductase of Chloroflexus 
aurantiacus; 5Propionyl-CoA synthase of E. coli; 6Glycerol dehydratase of K. pneumoniae; 7Glycerol dehydratase reactivase of K. pneumoniae; 8Polyhydroxyalkanoate synthase of 
Cupriavidus necator; 91,3-Propanediol oxidoreductase of Pseudomonas putida; 10Aldehyde dehydrogenase of P. putida; 11Propionate CoA-transferase of Clostridium propionicum; 
12Propionaldehyde dehydrogenase of L. reuteri; 13Polyhydroxyalkanoate synthase of Chromobacterium sp. 

 

3.2.2.1 Poly(3-HP) production from actetyl-CoA 
Acetyl-CoA is formed through glycolysis and can be utilized for the formation of 
poly(3-HP) via malonyl-CoA, oxaloacetic acid, 3-HP and 3-HP-CoA (Figure 3.12). 
In aerobic conditions, lower yields of poly(3-HP) can be expected when utilizing this 
pathway as the tricarboxylic acid (TCA) cycle utilizes acetyl-CoA for ATP and 
NADH-production. 

 

Figure 3.12 
Poly(3-HP) production from acetyl-CoA. 
 

3.2.2.2 Poly(3-HP) production from 1,3-PD or glycerol 
Conversion of 1,3-PD and glycerol to poly(3-HP) occurs through intermediate 3-
HPA (Figure 3.13). While 1,3-PD conversion to 3-HPA requires the reversible action 
of 1,3-PD oxidoreductase, glycerol conversion to 3-HPA requires the action of 
glycerol dehydratase.  Oxidation of 3-HPA to 3-HP is followed by CoA-acylation of 
3-HP to 3-HP-CoA by NAD+-dependent PduP. Polymerization of 3-HP-CoA is 
achieved by PhaC, thus obtainining poly(3-HP). Kinetic and structural 
characterization of PduP is performed in Paper I. PduP is further detailed in chapter 
4.2.2. Conversion of 3-HPA to poly(3-HP) via 3-HP and 3-HP-CoA by PduP of L. 
reuteri and PhaC of Chromobacterium sp. is presented in Paper IV. 
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Figure 3.13 
Poly(3-HP) production from glycerol or 1,3-PD 

3.2.2.3 Polyhydroxyalkanoate synthase (PhaC) 
The polymerization of CoA thioesters, such as 3-HP-CoA, are performed by 
polyhydroxyalkanoates synthases (Pha). Over 60 Pha genes of eubacteria have been 
characterized and even more from prokaryotes have been identified through genomic 
sequencing [14]. Pha is found in over 45 microorganisms [100] and is utilized for the 
storage of carbon and energy reserves without any significant effect on the osmotic 
pressure of the cell [12]. Pha can be divided into four classes based on their primary 
structures, substrate specificity and subunit composition [101]: 

- Class I Phas contain only one subunit, PhaC (61-72 kDa), and utilize CoA 
thioesters of 3-hydroxy fatty acids of 3-5 carbon atoms. 

- Class II Phas are similar to Class I Phas, instead utilizing CoA thioesters of 3-
hydroxy fatty acids of 6-14 carbon atoms. 

- Class III Phas contain two subunits, PhaC (ca 40 kDa) and PhaE (ca 40 kDa) and 
prefer 3-hydroxy fatty acids of 3-5 carbons. 

- Class IV Phas contain two subunits, PhaC (ca 40 kDa) and PhaR (ca 20 kDa). 
 

The various studies for the recombinant production of poly(3-HP) in E. coli utilize 
mainly Class I Ralstonia eutropha PhaC (PhaCRe) for the polymerization of 3-HP-
CoA. A conserved triad of amino acids consisting of cysteine, histidine and aspartic 
acid are proposed to be responsible for the catalytic activity of the enzyme [102]. The 
aspartic acid activates the hydroxyl group of the 3-hydroxy thioester, while the 
histidine generates the cysteine thiolate which in turn is responsible for covalent 
catalysis [103]. 

Characterization of PhaC from Chromobacterium sp strain USM2 (PhaCCs) revealed a 
shorter lag phase and an activity higher than that reported for any isolated and 
purified PhaC for the production of poly(3-HB) where an accumulation of 78 wt.% 
(wtpoly(3-HB)/wtCDW) was achieved in E. coli. Furthermore, it was found to utilize a 
number of 3-hydroxy thioesters as substrates [104]. Recombinant co-expression of 
codon-optimized PhaCCs with PduP of L. reuteri was achieved in E. coli BL21(DE3) 
for the production of poly(3-HP) from 3-HPA (Paper IV). 
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4 Lactobacillus reuteri and the 
Propanediol Utilization Pathway 

4.1 Lactic acid bacteria and L. reuteri 

L. reuteri is a species of the lactic acid bacteria (Lactobacillales) order. The order 
contains a number of gram-positive bacteria that are identified through their 
morphology, mode of glucose metabolism and physiological characteristics. Lactic 
acid bacteria are non-spore forming, non-respiring and aerotolerant cocci or rods 
which produce lactic acid as their main product of metabolism. Lactic acid bacteria 
obtain energy by phosphorylation of carbohydrates as either homofermentative 
(utilizing the glycolysis/Embden-Meyerhof-Parnas (EMB) pathway with production 
of lactic acid), facultative heterofermentative (utilizing the phosphoketolase pathway 
with co-production of lactic acid, ethanol and CO2) or obligatory heterofermentative 
species (utilizing both pathways). Besides Lactobacillus, the order encompasses species 
of Aerococcus, Carnobacterium, Enterococcus, Tetrageonococcus, Vagococcis, Pediococcus, 
Leuconostoc, Oenococcus, Wessella, Lactococcus and Streptococcus [105, 106]. 

L. reuteri is an obligately heterofermentative bacteria. The strain is found naturally in 
the gastrointestinal tract of humans and other animals [63] The strain is considered to 
be probiotic, meaning it has health enhancing effects on humans. Its probiotic effects 
are partly attributed to the microrganism’s ability to produce the antimicrobial 
substance reuterin [41, 107], which is a system composing of 3-HPA, HPA-hydrate 
and HPA-dimer in equilibrium [108]. The strain is considered GRAS (Generally 
Regarded as Safe). 

4.2 Metabolism of glucose and glycerol in L. reuteri 

As a heterofermentative lactic acid bacteria, glucose metabolism of L. reuteri is based 
on one hand the EMB pathway (Figure 4.1a) and the other the phosphoketolase 
pathway (PKP) (Figure 4.1b) [106]. End-products are lactic acid, ethanol and CO2 
[105]. While the EMB pathway results in the production of 2 ATP molecules, the 
PKP pathway results in the formation of 1 ATP. In the presence of external electron 
acceptors however, ATP-formation and the end-product distribution is different. The 
presence of fructose with glucose has been seen to enhance the growth of the bacteria, 
as fructose can be used as an electron acceptor [109] for the production of mannitol 
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[110], pushing the reaction towards the formation of acetic acid by contributing to an 
alternative ATP-producing pathway for NAD+-regeneration than through the 
formation of ethanol from acetyl-CoA. Oxygen can be utilized as an electron acceptor 
by NADH oxidase (Paper III), resulting in NAD+-regeneration and liberation of 
H2O. Other examples of external electron acceptors are citric acid and 1,2-ethanediol 
[105]. 

L. reuteri can not utilize glycerol for growth. The conversion of glycerol to 
dihydroxyacetone-phosphate and its futher metabolism via the EMB-pathway 
requires dihydroxyacetone kinase (DHA) and L. reuteri lacks the necessary gene for 
DHA expression [63]. L. reuteri can however utilize glycerol to form 3-HP and 1,3-
PD by the same mechanism as that of 1,2-PD conversion to propionic acid and 
propanol via its propanediol utilization (pdu) pathway [111]. 

 

Figure 4.1 
Metabolism of glucose in Lactobacillus reuteri by a) EMB-pathway resulting in lactic acid production, 
and b) PKP-pathway resulting in lactic acid, ethanol and CO2-production. 
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4.2.1 Propanediol utilization pathway  

The pdu pathway is responsible for the process of utilizing 1,2-propanediol and 
glycerol, respectively, as electron acceptors in a number of microorganisms. The 
operon and its mechanism from Salmonella enterica [112], K. pneumoniae [51] and 
Lactobacillus sp. [62, 63] has been reported. Pdu-enzymes are encoded by the pdu-
operon, containing several genes encoding not only catalyzing enzymes but also those 
responsible for the function and structure necessary for achieving efficient conversion 
of the substrate to its products. Genetic characterization of L. reuteri show a co-
regulation of pdu-, cbi-, hem- and cob-operons, with the three last being responsible 
for cobalamin (B12) biosynthesis, necessary for the activation of glycerol/diol 
dehydratase [63]. High genomic similarities to the pdu-cob-cluster of S. enterica 
suggests its presence in L. reuteri due to horizontal gene transfer [113]. In S. enterica, 
regulatory control of the cluster is based on its induction by 1,2-propanediol or 
glycerol [114]. In a similar manner, 1,2-propanediol or glycerol induce expression of 
the pdu-cbi-hem-cob cluster in L. reuteri [50]. 

Cofactor B12-dependent diol/glycerol dehydratase, dehydrating 1,2-propanediol or 
glycerol to propionaldehyde or 3-HPA, respectively, is encoded by PduCDE. 
Furthermore, the pdu-operon encodes a microcompartment consisting of structural 
proteins [115] in which dehydration of 1,2-propanediol or glycerol results in the 
production of the toxic aldehydes, propopionaldehyde or 3-HPA. CoA-acylation by 
PduP [116] of the aldehydes in the microcompartment is followed by the transport of 
the intermediates to the cytoplasm of the cell, where PduL [117] and PduW [118] 
convert the intermediates to propionic acid or 3-hydroxypropionic acid. NADH-
dependent 1,3-propanediol oxidoreductase (PduQ), present in the cytoplasm, 
converts the aldehydes, transported outside the microcompartment, to their respective 
alcohols propanol or 1,3-PD [119, 120], reaching a redox balance and equimolar 
amounts of the carboxylic acid and alcohol (Figure 4.3). 

4.2.1.1 3-HPA and reuterin 
3-HPA is part of a system encompassing the monomer, its dimer (HPA-dimer) and 
hydrate (HPA-hydrate), called reuterin. An
equilibrium exists between the different states and
shifts depending on reuterin concentration; While
HPA-hydrate is in excess at reuterin concentrations
below 1 mM, HPA-dimer increases with increased
reuterin concentrations. The monomer concen-
tration is at 0.3 mol fractions at concentrations of 50
mM and decreases to 0.1 mol fractions at around 1
M (Figure 4.2) [108]. 

Figure 4.2 
The equilibrium of the reuterin 
system between 3-HPA, HPA-
hydrate and HPA-dimer 
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Figure 4.3 
Native pdu-mediated 3-HP and 1,3-PD production from glycerol and the role of the cbi-hem-cob 
cluster for cofactor B12 synthesis. Microcompartment seen as grey area. 
 

Production of 3-HPA in anaerobic conditions has been observed from a number of 
microorganisms such as Lactobacillus sp. [40, 121], Klebsiella pneumoniae [43, 61], 
Citrobacter freundii [44, 45], Clostridium sp. [46, 47] and Pantoea (Enterobacter) 
agglomerans [48]. 3-HPA was first identified as an intermediate in the formation of 
acrolein causing the spoilage of wine [122]. 

4.2.1.2 L. reuteri 3-HPA production and purification 
3-HPA production from glycerol by L. reuteri was first proposed by Sobolov & 
Smiley [40] and characterized by Talarico et al. [41, 123]. Probiotic effects of L. 
reuteri are partly attributed to its production of reuterin [107]. Reuterin induces 
oxidative stress mechanisms in E. coli, leading to the expression of a high number of 
genes related to oxidative stress. Its interaction with thiol groups of proteins and small 
molecules leads to lower growth rates [124]. Minimal inbititory concentration of 3-
HPA for E. coli is 7.5-15 mM while the minimal bactericidal concentration (MBC) is 
15-30 mM [125]. 

L. reuteri in comparison with other 3-HPA producing microorganisms produces the 
compound extracellularly [126], with a MIC of 30-50 mM and MBC of 60-120 mM 
[125]. However, up to 140 mM 3-HPA has been produced by L. reuteri, after which 
production ceases due to cell inactivation [127]. 
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3-HPA production can be performed under growing conditions of the microorganism 
utilizing a mixture of glucose and glycerol, with its further conversion to 1,3-PD 
[128]. NAD+ formed in the process is thus utilized in the metabolism of glucose. The 
compound can also be produced in resting conditions with the sole addition of 
glycerol, resulting in 3-HPA formation which is further converted to 3-HP and 1,3-
PD by the enzymes of the pdu pathway [50]. By utilizing a scavenger binding to the 
formed 3-HPA, higher titers can be reached by reducing the inhibition as well as 
reducing the conversion to 1,3-PD and 3-HP. Examples of scavengers are 
semicarbazide [49, 129], carbohydrazide [129] and bisulfite [127,130,131]. 

Fed-batch biotransformation of glycerol in an aqueous system utilizing L. reuteri 
results in the production of up to 40 mM 3-HPA [127] which was utilized in Paper I 
for the kinetic characterization of PduP, in Paper II and III for the production of 3-
HP by PduP, PduL and PduW, and in Paper IV for the production of poly(3-HP) by 
PduP and PhaCCs.  

A mixture of free and bisulfite-complexed 3-HPA, obtained through in situ 
complexation of L. reuteri produced 3-HPA with bisulfite, binding of the complexed 
product to Amberlite IRA-400 resin and elution using sodium chloride [131], was 
utilized in order to verify its usage as a substrate for the production of 3-HP in Paper 
II. 

4.2.2 Propionaldehyde dehydrogenase (PduP) (Paper I) 

CoA-acylating propionaldehyde dehydrogenase utilizes NAD+ and HS-CoA for the 
CoA-acylation of a number of aldehydes. Its role in the pdu pathway has been 
established in S. enterica [116] and K. pneumoniae [78] Deletion of pduP in K. 
pneumoniae led to a dramatic decrease in native 3-HP formation, which verified its 
role in 3-HP formation in the strain [78]. Kinetic characterization of  recombinant L. 
reuteri PduP further indicates that the pdu-operon encodes genes for 1,2-propanediol 
and glycerol utilization. A Vmax of 28.9 U/mg and Km of 28 mM when using 
propionaldehyde as substrate, in comparison to a highest actvity of 18 U/mg before 
substrate inhibiton occurs with 3-HPA concentrations over 7 mM, shows its 
preference of propionaldehyde over 3-HPA as well as an inhibitory effect on the 
functions of PduP by 3-HPA, proposed to be due to its interaction with the thiol-
group of the catalytic cysteine residue of PduP. Optimal pH and buffer conditions 
were investigated for the further study and utilization of the pdu-pathway for 3-HP 
formation, and were found to be at pH 7 in potassium phosphate buffer. 

Structural modeling of PduP, based on Listeria monocytogenes probable aldehyde 
dehydrogenase (Egd-E), reveal that PduP consists of two connected domains, with
each domain containing a Rossman-fold (Figure 4.4). Docking of NAD+ (Figure 4.5a) 
and HS-CoA (Figure 4.5b) to the enzyme reveal a shared binding site, where amino 
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acids Ser417, Ile275, Cys277 and
Thr145 play key roles in the binding of
the cofactors and the catalytic
mechanism of the enzyme. A catalytic
mechanism is proposed based on that 
of CoA-acylating methylmalonate semi-
aldehyde dehydrogenase from Bacillus 
subtilis [132]. The mechanism is
initiated by the binding of NAD+ to the 
catalytic site, followed by a nucleophilic
attack by the sulfur of Cys277, hydride
transfer, release of NADH, binding of
-S-CoA to the carbonyl carbon of the
substrate intermediate and finally
release of the product-CoA-complex. 

 

Figure 4.4 
Proposal for PduP structure based on Listeria 
monocytogenes Egd-E bound to HS-CoA (red). 

Figure 4.5 
Proposed binding site of a) NAD+ and b) HS-CoA to PduP and amino acids involved in the catalysis as 
well as stabilization of the cofactors. Both cofactors (in green) bind to the same site in the enzyme.  
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5 Production of 3-Hydroxypropionic 
Acid and Poly(3-Hydroxypropionate) 
Using Engineered Escherichia coli 

5.1 Escherichia coli as a microbial factory 

5.1.1 Escherichia coli 

E. coli is a species of the Enterobacteriales order and mainly found in the lower 
intestinal tract of humans and other animals. E. coli is gram-negative, non-spore 
forming, rod-shaped and a facultative anaerobe; In the presence of oxygen, ATP 
formation is due to aerobic respiration. In the absence of oxygen however, the 
microorganism switches to anaerobic respiration. The species can be divided in six 
phylogenetic groups, A, B1, B2, C, D and E [133]. E. coli O157:H7 (group E)  [133] 
and E. coli O104:H4 (Group B2) [134] are pathogens, producing and releasing 
verotoxin (shiga-like toxin) that cause internal bleeding and kidney failure in humans 
[135]. Most E. coli strains are however harmless, even beneficial as part of the 
microflora of mammals [136]. Strains E. coli K12 (Group A) and E. coli B (Group 
B1) are non-pathogenic and due to their early isolation and identification [137, 138], 
the level of research on E. coli genomics and metabolomics has been higher than that 
on any other microorganisms. E. coli has been used to study universal cellular 
mechanisms such as gene regulation, replication, transcription, restriction enzymes 
and horizontal gene transfer, and enabled systems to be developed for the expression 
of recombinant proteins and metabolic engineering of E. coli and other 
microorganisms. Various mutants have been developed and are commercially 
available with regulated or optimized behaviour concerning metabolism and protein 
production. 

5.1.2 E. coli metabolism 

Glucose and glycerol metabolism in E. coli is based on the production of pyruvate 
through the glycolysis, followed by its conversion to acetyl-CoA entering the TCA 
cycle or production of acids in anaerobic conditions (Figure 5.1). If the conversion 
rate of the carbon source to acetyl-CoA surpasses the capacity of the TCA-cycle, 
acetic acid formation occurs [139]. End products in aerobic conditions are mainly 
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acetic acid and CO2. Anaerobic conditions, alternatively called mixed acid 
fermentation, result in the production of succinic acid, ethanol, acetic acid, formic 
acid and lactic acid. In the absence or depletion of glucose as well as high 
accumulation of acetic acid, a glyoxylic acid pathway is activated and enables the 
utilization of carbon compounds like acetic acid as carbon source [140]. 

Glycerol can be used as a carbon source by E. coli, as it enters the glycolytic pathway 
through formation of dihydroxyacetone phosphate via glycerol-3-phosphate, utilizing 
one ATP [141]. The utilization of glycerol as a carbon source can be disrupted 
through the disruption or knock-out of glycerol kinase (GlpK) [67]. 1,3-PD 
production is observed in the presence of 3-HPA, through the actions of native 1,3-
PD oxidoreductase/alcohol dehydrogenase (YqhD) [Paper II, 142]. Induction of 
YqhD expression occurs by 3-HPA when cells are in growing conditions in the 
presence of a carbon source. However, in resting conditions, meaning the lack of any 
carbon source utilized for growth, YqhD-expression does not occur (Paper II). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.1 
Metabolism of glucose and glycerol by E. coli in aerobic (red) and anaerobic (blue) conditions.  
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E. coli BL21 (F- dcm ompT hsdS(rB- mB-) gal [malB+]K-12(λS)) is a strain derived from E. 
coli B and widely used as a laboratory strain [138]. In comparison to the other widely 
used laboratory strain E. coli K12 which produces up to 10 g/L acetic acid from 
glucose when grown in batch conditions, acetic acid formation by E. coli BL21 does 
not surpass 2 g/L, due to higher expression levels of genes related to acetic acid uptake 
and the glyoxylic acid pathway [143, 144]. High concentrations of acetic acid can be 
a limiting factor for achieving high cell densities and thus high amounts of 
recombinant protein [144].  Hence, BL21 cell dry weight yields and growth rates are 
higher than those of K12 [143]. 

5.1.3 Engineering of E. coli 

While early methods for E. coli improvement were based on random mutagenesis of 
the strains, tools are presently available for specific insertion of relevant functions. 
The availability and high variety of these tools and systems for the recombinant 
production of proteins facilitates its usage as a host for the production of e.g. 
biochemicals and biofuels [145]. A number of studies have been focusing on 
enhancing the production of native compounds, succinic acid, lactic acid, acetic acid 
and ethanol [146], while other studies focus on the production of biofuels, organic 
acids, amino acids, sugar alcohols and diols or polymers not naturally produced by 
the microorganism [145]. Production of native compounds is mainly through the 
improvement of substrate transportation mechanisms, enhancement of present 
pathways or removal of pathways leading to byproduct formation. Non-native 
biochemicals however demand the expression of heterologous pathways. Glycerol can 
be utilized as a source for the production of biochemicals, biopolymers and biofuels 
through native or heterologous pathways [147]. Examples of biofuels are H2 and 
ethanol, biochemicals are lactic acid, 3-HP, 1,3-PD, 1,2-propanediol, L-
phenylalanine, succinic acid, etc. while biopolymers are poly(3-HB) and poly(3-HP) 
[147]. 

In an industrial setting, genomic level modification or metabolic engineering, 
meaning insertion or knock-out of affiliated genes in the genome of the production 
strain, is preferable. However, for indication of the feasibility or verification of a 
heterologous pathway, recombinant expression of proteins through the utilization of 
vectors (plasmids) is a suitable strategy. Introduction of genes through plasmids was 
the strategy employed for the study of propanediol utilization enzymes for the 
production of 3-HP and poly(3-HP) in Papers II, III and IV. A widely used system 
for the expression of recombinant genes through plasmids in E. coli is the utilization 
of a bacteriophage T7 promoter system. E. coli BL21(DE3) is an engineered strain 
derived from BL21 where a T7 RNA polymerase is under the control of lactose or its 
analogue isopropyl β-D-1-thiogalactopyranoside (IPTG) inducible lacUV5 promoter. 
A repressor encoded by genomic lacI is bound to the lac operator of a lac promoter 
and supressing the expression of T7 RNA polymerase. IPTG displaces the repressor 
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and transcription of T7 RNA polymerase is activated. In the same manner, T7 
compatible plasmids such as those of the PET-system or plasmids constructed for the 
insertion of two genes such as pCOLADuet-1 have their own set of lacI causing 
repression of inserted genes. The genes placed downstream from T7-promoters 
carrying a lac operator are thus transcribed in the presence of IPTG by T7 RNA 
polymerase [148, 149]. The plasmids carry a replicon with an origin of replication, a 
cis regulatory element which control the copy number of the plasmid, one or two 
multiple cloning sites for the insertion of genes as well as a selection marker encoding 
a specific antibiotic resistance [150]. Drawbacks in the utilization of E. coli for the 
recombiant expression of proteins are the lack of post-translational modifiation 
mechanisms as well as its codon usage requiring the synthesis of genes with 
compatible codons in cases where the codon usage differs between the host strain and 
native strain [151]. 

E. coli is able to tolerate acidic conditions down to pH of 3 when in exponential and 
stationary phase [152, 153]. This tolerance is due to three separate acidic resistance 
systems induced by acidic conditions [153]. System 1, the glucose-repressed system, is 
regulated by RNA polymerase and cyclic AMP receptor protein. System 2 requires 
extracellular glucose and glutamic acid.  System 3 is activated under anaerobic 
conditions and requires extracellular arginine and a complex media with glucose.  
System 2 and 3 are based on raising internal pH. This tolerance towards acidic 
conditions make E. coli a candidate for the production of carboxylic acids such as 3-
HP, as long as acid production is commenced during stationary phase as was the 
strategy employed for the PduP, PduL and PduW mediated production of 3-HP from 
3-HPA (Paper II). 

5.2 Production of 3-HP using Pdu pathway engineered in 
E. coli (Paper II) 

In order to confirm PduP, PduL and PduW-mediated 3-HP production, pduP, pduL 
and pduW were introduced in E. coli BL21(DE3) by utilizing vector pCOLADuet-1 
carrying the genes, each gene under its distinct promoter. 3-HPA produced by L. 
reuteri from glycerol in resting conditions through a fed-batch process (Chapter 
4.2.1.2) was utilized as substrate. 

The cell lysate of the strain expressing the three enzymes successfully produced 3-HP 
in equimolar quantities as that of consumed 3-HPA. Mutant strains with disrupted 
PduP, PduL or PduW were in a similar fashion evaluated for 3-HP formation and 3-
HPA consumption. In cell lysate containing PduL and PduW, no 3-HP formation or 
3-HPA consumption occur. When utilizing cell lysate containing PduL and PduW, 
3-HPA consumption occurs due to the utilization of 3-HPA by PduP. However, no 
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3-HP formation occurs (Figure 5.2a). When lacking PduW in the cell lysate, 3-HP is 
formed in equimolar amounts of consumed 3-HPA, however in a lower amount than 
that in the system with all three enzymes present. This lower amount of 3-HP is 
formed due to native acetate kinase in E. coli which converts 3-HP-P to 3-HP thereby 
replacing the role of PduW; cell lysate of E. coli ΔackA containing PduP and PduL do 
not produce 3-HP from 3-HPA (Figure 5.2b). 

 

Figure 5.2 
End point results in the consumption of 3-HPA (■) and production of 3-HP (■) by a) clarified cell 
lysates of E. coli BL21(DE3) control strain, PduP, PduL and PduW-expressing strain and dP, dL and 
dW-mutants, with disrupted PduP, PduL or PduW, respectively and b) clarified cell lysates of E. coli 
BL21(DE3) with or without functional acetate kinase containing PduP and PduL.
 

1,3-PD is a major byproduct during biotranformation of 3-HPA to 3-HP by E. coli 
expressing PduP, PduL and PduW in growing conditions. 1,3-PD formation requires 
the induction of yqhD, which occurs in growing conditions by the addition of reactive 
aldehydes such as 3-HPA [Paper II, 142]. In resting conditions however, induction of 
yqhD does not occur and a maximum theoretical yield of 1 mol 3-HP/mol 3-HPA is 
achieved.  

Final titers of 3-HP vary between biotransformation in growing and resting 
conditions; Growing conditions results in a final titer of 4 mM (0.36 g/L) 3-HP 
(Figure 5.3a) while resting conditions results in 12 mM (1.08 g/L) (Figure 5.3b). By 
removing any carbon source utilized for cell growth in the resting conditions, 
cofactors can be utilized for the specific purpose of 3-HP formation mediated by the 
recombinant pdu enzymes, as seen by the higher titer obtained in resting conditions. 
The low titers are due to cofactor depletion, as NAD+ is not regenerated after its 
utilization by PduP, and thus can be improved through cofactor regeneration [Paper 
III]. 
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Figure 5.3 
Conversion of 3-HPA () to 3-HP () and 1,3-PD () by E. coli BL21(DE3) expressing PduP, PduL 
and PduW in a) growing and b) resting conditions.  Repeated additions of 3-HPA was performed at its 
depletion in order to avoid toxic and inhibitory effects associated with higher 3-HPA concentrations. 
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In order to evaluate the conversion of purified 3-HPA to 3-HP, the 3-HPA recovered 
from biotransformation reaction by complexation with bisulfite (Chapter 4.2.1.2) was 
added to a suspension of resting E. coli expressing PduP, PduL and PduW. Complete 
consumption of 14 mM 3-HPA and production of 3-HP up to 12 mM was observed, 
verifying the maximum titer obtained in resting conditions by E. coli expressing 
PduP, PduL and PduW. 

5.3 Integration of cofactor regeneration for continuous 
production of 3-HP by E. coli 

Recombinant production of proteins can result in a burden on the microbial hosts, as 
cellular mechanisms and energy are spent for their expression, thereby affecting other 
factors such as cell growth [154]. Another challenge is the requirement by certain 
enzymes or pathways for additional non-protein compounds, cofactors, to be 
functional. Cofactors are either organic or non-organic and their functions in enzyme 
catalysis vary considerably [155]. Native metabolic systems strive for a cofactor 
balance, by means of their regeneration. NADH and NADPH or their oxidized 
products are necessary for a number of enzymatic redox reactions. NAD+ utilized in 
the TCA cycle is regenerated through oxidative phosphorylation in the presence of 
oxygen, resulting in the generation of energy in the form of ATP [155]. By inserting a 
recombinant pathway requiring cofactors, this balance is upset, leading to either a 
negative impact on vital mechanisms of the host or the pathway not functioning as 
intended since the cofactors are utilized elsewhere. External addition of cofactors is 
possible, however resulting in high costs [156]. In the case of 3-HP production 
through recombinant expression of the NAD+-dependent pdu-pathway, an in vivo 
regeneration system is necessary and was implemented in Paper III. 

5.3.1 NADH/NAD+ regeneration systems 

NADH is a dinucleotide with an adenosine moeity connected to a nicotinamide 
moeity via two phosphate groups. The functional adenosine group accepts or donates 
an electron, thus catalyzing redox reactions. While NADH is the reduced form of the 
cofactor, NAD+ is the oxidized (Figure 5.4). 
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Figure 5.4 
Structures and redox reactions of NAD+ and NADH. 
 
When introducing a cofactor regeneration system, its compatability with the process 
at hand is of utmost importance. Factors to take into account are turnover number of 
regeneration system, its applicability in various conditions such as acidity and 
temperature, minimizing its interference with native mechanisms of the host and 
avoiding the necessity to add additional compounds. Turnover number, meaning 
moles of formed product per mole cofactor, needs to be equal or higher than that of 
the cofactor dependent enzyme of the recombinant pathway. If the environmental 
conditions during biotransformation such as pH, temperature, oxygen levels or 
presence of inhibiting compounds affect the regeneration system negatively, the 
system is not feasible. Furthermore, a regeneration system ideally does not require the 
addition of external compounds or the utilization of native compounds which could 
affect vital mechanisms of the host cell negatively [157]. 

Strategies for NAD+ or NADH regeneration are either chemical/photochemical, 
electrochemical or enzyme based [157]. Chemical methods are based on the 
utilization of H2 as an electron donor for the regeneration of NADH, carried by one 
or more proton producing organometallic mediators to the cofactor directly or via an 
enzyme [158]. Electrochemical methods are based on electrodes providing or 
accepting electrons either directly or indirectly. Direct electrochemical methods are 
based on the direct transfer of electrons from electrodes to cofactors under high 
potentials, while indirect electron transfer incorporates an organic or organometallic 
mediator carrying electrons to the cofactors directly or coupling the transfer through a 
second enzyme [159]. 

These methods can however solely be implemented in vitro. Enzyme-based in vivo 
regeneration of cofactors is based on recombinant expression of additional cofactor-
dependent enzymes requiring their own set of substrates. NADH and its oxidized 
product are mainly found in dehydrogenase-catalyzed reactions, and most methods 
for the regeneration of the cofactors are based on the expression of dehydrogenases or 
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oxidoreductases catalyzing the reduction or oxidation of ideally cheap substrates. In 
vivo cofactor regeneration systems can also be integrated with native functions of the 
host strain. Replacement of native E. coli formate dehydrogenase with NAD+-
dependent formate dehydrogenase increases intracellular NADH in E. coli, which can 
be utilized in a recombinant NADH-dependent pathway [160]. This method was 
implemented for the production of 1,3-PD by K. pneumoniae; recombinant 
expression of NAD+-dependent formate dehydrogenase of Candida boidinii was 
achieved in the host strain and resulted in a higher titer of 1,3-PD as well as an up-
regulation of NADH-dependent production of lactic acid and ethanol [161].  

5.3.2 NADH-oxidase and 3-HP production (Paper III) 

NADH oxidase has been detected in several systems as a flavin-dependent, NAD+-
regenerating and H2O2-forming enzyme, utilizing O2 as an electron acceptor. Its 
cofactor flavin adenine nucleotide (FAD) acts as a mediator, carrying two electrons 
from NADH to O2. [162-166]. Integrating the enzyme for cofactor regeneration in 
vivo would require the degradation of toxic H2O2 [167] to H2O and O2 by a catalase-
mediated reaction. 

A different group of FAD-dependent NADH oxidases, detected in a number of 
microoganisms [168-171] and prevalent in Lactobacillus sp. [165, 170, 172-174], 
circumvent the production of H2O2 by direct producion of H2O. In anaerobic 
mesophiles, H2O-producing NADH oxidases protect the cells against oxidative stress 
by the reduction of O2. The catalytic site of the enzyme contains a conserved cysteine 
residue responsible for the direct four electron reduction of O2 to H2O [171). 

Sequence alignment of a number of water-forming NADH oxidases identified an 
NADH oxidase  (Nox) in L. reuteri. Structural modeling of L. reuteri NADH oxidase 
was based on the crystal structure of NAD(P)H oxidase of L. sanfranciscensis (Figure 
5.5). The enzyme consists of a FAD-binding domain, an ADP-binding domain and 
dimerization domain, with all three domains containing Rossman folds. 

Kinetic characterization of L. reuteri Nox revealed its preference for NADH over 
NADPH. With NADH, A Vmax of 25.1 U/mg was reached.  The higher activity of 
Nox in relation to PduP indicated that the enzyme would not act as a bottleneck for 
the regeneration of NAD+ required for PduP-mediated conversion of 3-HPA to 3-
HP-CoA, which reaches 18 U/mg before substrate inhibiton occurs at concentrations 
above 7 mM 3-HPA. 

Co-expression of Nox with PduP, PduL and PduW was achieved in E. coli 
BL21(DE3) (Figure 5.6) through its transformation with pET-28b carrying nox and 
pCOLADuet-1 carrying pduP, pduL and pduW. Shake flask cultivation in resting 
conditions results in the final formation of at the very least 22 mM 3-HP, with a yield 
of 0.78 mol/mol 3-HP and productivity of 0.6 mmole g-1 CDW h-1 (Figure 5.7).  
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Figure 5.5 
Proposed structural model of Nox from L. reuteri. The enzyme contains three domains; one ADP-
binding, one FAD-binding and one dimerization domain, with each domain containing a Rossman-fold 
The ADP residue can be seen in green and FAD in light blue. 
 

 

 

Figure 5.6 
PduP, PduL and PduW mediated conversion of 3-HPA to 3-HP, with simultaneous regeneration of 
NAD+ by NADH oxidase.
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Figure 5.7 
Shake flask conversion of 3-HPA () to 3-HP () in resting conditions by E. coli BL21(DE3) 
expressing PduP, PduL, PduW and Nox, with repeated additions of 3-HPA. 
 
A major drawback preventing further biotransformation in the setup is however the 
substrate 3-HPA, obtained from the biotransformation of glycerol by L. reuteri 
(Chapter 4.2.1.2) [127].  3-HPA was added in pulses of 4 mM, in order to avoid 
toxic effects on the host strain and inhibiton of PduP. Production of 3-HPA through 
fed-batch biotransformation of glycerol by L. reuteri results in up to 40 mM 3-HPA. 
Each pulse of 3-HPA added to the E. coli cultivations thus dilutes the cultivation up 
to 10 times. Thus, scaling up of the system requires a highly concentrated substrate, 
which is achieved through the lyophilization of 3-HPA reaching a concentration of 1 
M. 

The recombinant E. coli host was produced, harvested and resuspended in buffered 
conditions to a cell concentration of OD 11, thereby obtaining a resting cell system. 
The scaled up system required addition of 3-HPA in a flow rate matching that of 
PduP, PduL and PduW mediated conversion of it to 3-HP, in order to avoid 3-HPA 
accumulation and thus toxic effects. However, 0.48 M glycerol present in the 
lyophilized substrate solution accumulated in the bioreactor, resulting in the 
induction and expression of YqhD and a final concentration of 65 mM 3-HP and 54 
mM 1,3-PD, with a final yield of 0.60 mol/mol 3-HP and productivity of 0.52 
mmole g-1 CDW h-1 (Figure 5.8). 
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Figure 5.8 
Fed-batch bioreactor conversion of 3-HPA to 3-HP () and 1,3-PD ()  by resting cells of E. coli 
BL21(DE3) expressing PduP, PduL, PduW and Nox and utilizing concentrated (1 M) 3-HPA as 
substrate. 
 

While the study verifies the role of Nox in gaining higher concentrations of 3-HP 
through the regeneration of NAD+ utilized by PduP, an alternative method for 
substrate preparation is necessary. Bisulfite-complexed 3-HPA can be utilized as 
substrate for the production of 3-HP through the pdu pathway [Paper II], Co-
expression of glycerol dehydratase is an option for circumventing problems associated 
with 3-HPA addition, instead utilizing glycerol as a direct substrate. However, 
cofactor B12-requirements, or in the case of the cofactor B12-independent glycerol 
dehydratase of C. butyricum S-adenosyl methionine requriments, are drawbacks. 
Furthermore, the aerobic conditons necessary for cofactor regeneration by NADH 
oxidase would affect glycerol dehydratase negatively, as the enzymatic system 
independent of source is inhibited in the presence of oxygen. Glycerol uptake by E. 
coli would result in lower 3-HP yields, as the glycerol would be used as a carbon 
source by the host. Thus knock out of glycerol kinase (GlpK) as well as YqhD would 
be required to avoid 1,3-PD and acetic acid formation. 
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5.4 Production of poly(3-hydroxypropionate) in E. coli 
(Paper IV) 

Recombinant expression of PduP and codon-optimized PhaC-gene of 
Chromobacterium sp. (PhaCCs) was achieved by their insertion in plasmid 
pCOLADuet-1, followed by transformation of E. coli BL21(DE3). Substrate 3-HPA 
was produced by L. reuteri, as described in chapter 4.2.1.2 [127]. Due to toxic effects 
of 3-HPA on E. coli as well as inhibitory effects of the substrate on PduP, 3-HPA was 
added in a fed-batch mode in pulses of 3 mM to growing cells of the recombinant E. 
coli grown in either glucose and glycerol. While the choice of carbon source does not 
impact PduP and PhaCCs-mediated poly(3-HP)-production, 100% utilization of the 
substrate is achieved when added between 3 and 15 h of induction of PduP and 
PhaCCs genes, as opposed to the 
simultaneous addition of inducer 
and 3-HPA where solely 50% of 
the substrate is utilized in the 
recombinant pathway. 
Consumption of 330 mg 3-HPA 
was observed with a continuous 
growth of cells (Figure 5.9) and 
production of 260 mg poly(3-
HP). A poly(3-HP) content of 40 
wt.% (wtpoly(3-HP)/wtCDW) and 
molar yield of 0.78 mol poly(3-
HP) per mol 3-HPA with an 
average molecular weight of 0.19 
kg/mol was achieved (Figure 
5.10). 

The accumulated poly(3-HP) granules of the recombinant strain (<100 nm) are 
smaller than the average granules produced by native PHA accumulating strains (100-
500 nm) (Figure 5.11) [175]. Highly active Phas or alternatively high concentrations 
of the synthases have been proposed to catalyze the formation of smaller granules and 
polymers of shorter chain length, as opposed to larger granules and polymer chain 
length utilizing lower concentrations of Phas [176]. 

This study confirms an efficent and fast recombinant process utilizing PduP of L. 
reuteri in conjuction with the highly active PhaC of Chromobacterium sp. 
recombinantly produced in E. coli for the production of poly(3-HP). The process 
suffers from the same drawbacks as that of 3-HP-production [Paper II, III]. Direct 
conversion of glycerol to poly(3-HP) by the recombiant polymer producer requires 
the expression of cofactor B12-dependent or independent glycerol dehydratase. 
Deletion of GlpK would be required in order to increase yields of poly(3-HP) from 
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Figure 5.9
Consumption of 3-HPA () and growth of E. coli 
BL21(DE3)  expressing PduP and PhaCCs (OD550nm) (●) 
during repeated additions of 3-HPA for its trans-
formation to poly(3-HP). 
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the substrate. Furthermore, cofactor regeneration by NADH oxidase, as was 
implemented in Paper III for the PduP, PduL and PduW mediated production of 3-
HP from 3- HPA, could result in a higher final poly(3-HP) content.  

 

Figure 5.10 
Poly(3-HP) produced from 3-HPA by recombinant 
E. coli BL21(DE3) expressing PduP and PhaCCs. 

 

Figure 5.11 
Transmission electron micrographs of E. coli 
BL21(DE3) expressing Pdup and PhaCcs 
accumulating P(3HP) granules (white spots) 
from 3-HPA.
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Conclusions and Future Perspectives 

This thesis explains a novel biological route for the production of 3-
hydroxypropionic, a chemical considered to be among the top 20 platform chemicals 
for the bio-based chemical industry. Initially, studies were performed to verify the 
propanediol utilization pathway present in the probiotic microorganism Lactobacillus 
reuteri as a means for producing 3-HP from glycerol. Once this was demonstrated, 
improvement of 3-HP production by cofactor regeneration by another enzyme of the 
same organism was shown. Part of the pdu pathway was also utilized for the 
production of the stable polymer poly(3-HP). 

As the role of glycerol dehydratase for converting glycerol to 3-HPA was known from 
earlier studies, focus was on the subsequent three enzymes, PduP, PduL and PduW, 
leading to the formation of 3-HP from 3-HPA. The pathway also produces 1 mole of 
ATP that is important for maintenance of the cells. Recombinant expression of the 
enzymes in E. coli BL21(DE3) and using the resting cells for transformation of 3-
HPA resulted in the highest possible yield of 1 mol 3-HP/mol 3-HPA. The studies 
also showed that some of the enzymes present natively in E. coli need to be disrupted 
for avoiding the formation of byproducts when using growing cells for 
biotransformation. The final 3-HP titer could be significantly improved by the co-
expression of an O2-dependent and water-forming NADH oxidase (Nox) for cofactor 
regeneration, hence providing a very clean system for the production of the platform 
chemical. The activity of Nox was found to be slightly higher than that of PduP, 
indicating that the productivity of the PduP, PduL and PduW-mediated production 
of 3-HP would not be affected by the co-expression of Nox. 

In the case of poly(3-HP) production, co-expression of the highly active 
polyhydroxyalkanoate synthase (PhaC) of Chromobacterium sp. USM2 with PduP 
resulted in high productivity but low titer of small intracellular small granules, up to 
40 wt.% (wtpoly(3-HP)/wtCDW). The final titer can indeed be improved by the co-
expression of Nox for regeneration of NAD+ utilized by PduP. 

Although recombinant E. coli provides a relatively inexpensive production system due 
to its fast growth and the possibility to use an inexpensive minimal medium for 
cultivation, in the current state of development for both 3-HP and poly(3-HP) 
production it is limited by the toxicity of the 3-HPA substrate that does not allow 
higher substrate concentrations to be used and in turn limits the product 
concentration reached. Toxicity of 3-HPA to E. coli demands a fed-batch process 
wherein 3-HPA is added in pulses of lower amounts in order to avoid accumulation 
of the aldehyde. Further work should focus on tailoring and optimizing the system 
further for direct conversion of glycerol to 3-HP. Co-expression of glycerol 
dehydratase is an option for circumventing problems associated with 3-HPA as well as 
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gaining a pathway for the direct conversion of glycerol to 3-HP in one microbial 
system. This requires the addition of cofactor B12 or S-adenosylmethionine making it 
a costly process, however insertion of genes related to the biosynthesis of the cofactors 
can be performed. The oxygen sensitivity of these glycerol dehydratases due to their 
mechanism of radical propagations could however be in discourse with O2-dependent 
Nox. Furthermore, glycerol kinase related to the utilization of glycerol as a carbon 
source and 1,3-propanediol oxidoreductase involved in the reduction of 3-HPA to 
1,3-PD would need to be knocked out to reach higher yields of 3-HP. 

Not much information on the Pdu enzymes is available in the literature. Although 
recombinant L. reuteri PduP was produced and characterized in this work, there is 
much work needed for the characterization of the other enzymes and determination 
of their structure. This will enable rational protein engineering of the enzymes for 
improving the activities of the enzymes with 3-HP and the subsequent metabolites. 
An alternative pathway for conversion of glycerol to 3-HP involving glycerol 
dehydratase and NAD+-dependent aldehyde dehydrogenase has shown itself to be an 
effective method in various studies. Although it lacks the ATP-formation, it should 
aslo be considered as an alternative after comparison with the Pdu pathway. This 
pathway could be improved by the co-expression of Nox as done in the present work. 

An alternative possibility that may be considered is the use of L. reuteri as the 
production host, since it already contains the mechanisms for the production of 3-HP 
from glycerol. From the other studies in our laboratory on flux analysis of glycerol 
conversion to 3-HPA and further to 1,3-PD and 3-HP by L. reuteri, it was obvious 
that glycerol dehydratase has a higher turnover nymber than the subsequent enzymes. 
Overexpression of PduP, PduL, PduW and Nox, coupled to the knock out of 1,3-PD 
oxidoreductase could potentially result in a higher productivity and titer of 3-HP. 
Even the biopolymer production could potentially be achieved by disruption of pduL 
and pduW and introduction of phaCcs. 

In conclusion it can be stated that while this thesis presents a method for the 
production of a chemical and a biomaterial which can be utilized as greener 
alternatives to their petroleum-derived analogues, it also shows that there is much to 
do before these processes can be considered financially sound alternatives to the 
cheaper and optimized methods of crude oil valorization. Higher titers and 
productivities of these products need to be reached, which require additional studies 
and modifications to the processes and production strains. Furthermore, challenges 
related to the up-scaling of the processes and downstream processing for their 
purification need to be adressed.  

Many steps have been and are being taken for reaching a way of maintaining our way 
of life and expanding it to the far reaches of the world in an environmentally 
sustainable fashion, and many more are needed. This thesis represents one small step 
towards that goal. 
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a  b  s  t  r  a  c  t

3-Hydroxypropionic  acid (3-HP), an  important  C3  chemical  for a  bio-based  industry,  is  natively
produced  by  Lactobacillus  reuteri  from glycerol.  Conversion  of  glycerol  occurs via  the intermediate  3-
hydroxypropionaldehyde  (3-HPA), followed  by an  ATP-producing  pathway  initiated  by the  CoA-acylating
propionaldehyde  dehydrogenase (PduP). The pduP  gene of L. reuteri was  cloned and expressed  in
Escherichia  coli and the recombinant  enzyme  was  purified  to  homogeneity  for  characterization  of its
activity  and properties. Kinetic studies  with propionaldehyde  as  substrate  showed  a maximum  specific
activity  of 28.9 U/mg, which is 80-fold higher than  that  reported  previously. Maximum  activity of 18 U/mg
was  obtained  at  3-HPA  concentration  of 7  mM, above  which substrate  inhibition was  observed.  Substrate
inhibition  was also  seen  with  coenzyme A at  a concentration  above  0.5 mM and with  NADP+ above 9 mM.
A  structure of PduP  is  proposed based  on homology modeling.  In  silico  docking  of the  co-factors  coenzyme
A  and NAD+,  respectively,  showed a common  binding site consisting  of  amino  acids  Thr145,  Ile275, Cys277
and  Ser417, which through site-directed  mutagenesis  to  alanine  and kinetic  studies, were  confirmed  as
essential  for  the catalytic  activity of  PduP.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

3-Hydroxypropionic acid (3-HP) is a C3 chemical that has gen-
erated a great deal of interest during the past decade as a potential
precursor for the production of bio-based acrylic acid [1–3]. A
number of pathways have been engineered in Escherichia coli
for production of the hydroxyacid from glucose and glycerol,
respectively [4–7]. The ability of Lactobacillus reuteri, a facultative
anaerobe, to produce 3-HP natively has been known since a few
years [8,9]. However, until now it has only been assumed that a
propanediol utilizing (Pdu) pathway in L. reuteri plays a role in this
process. Three propanediol utilizing proteins in the pathway, pro-
pionaldehyde dehydrogenase (PduP), phosphotransacylase (PduL)
and  propionate kinase (PduW) in a cascade reaction convert alde-
hyde intermediate (propionaldehyde) to acid product (propionate).
The propanediol utilizing operon, mainly responsible for the con-
version of 1,2-propanediol to propionate and propanol, has been
observed in Salmonella sp., Klebsiella pneumonia and in some strains
of  Lactobacillus [10–12].

∗ Corresponding author. Tel.: +4646 222 34 26; fax: +4646 222 47 13.
E-mail  address: ramin.sabet azad@biotek.lu.se (R. Sabet-Azad).

The resting cells of L. reuteri produce 3-
hydroxypropionaldehyde (3-HPA) from glycerol in a reaction
catalyzed by glycerol dehydratase. The 3-HPA enters a reductive
pathway leading to the production of 1,3-propanediol (1,3-PD)
while an oxidative pathway converts it to 3-HP presumably using
the ATP-producing pathway involving the pdu-genes [13,14]
(Fig. 1). Further studies to confirm the utilization of this pathway
for conversion of glycerol to 3-HP conversion, analogous to the
confirmed conversion of propionaldehyde to propionic acid, would
be  of great interest as a route for the heterologous or optimized
production of 3-HP.

A  kinetic characterization of the first enzyme, PduP of L. reuteri
JCM 1112, expressed in Escherichia coli has been reported ear-
lier [15] with activities at microunit levels. The present study
reports on the heterologous expression of the gene encoding PduP
from L. reuteri DSM 20016 with significantly higher activity and
characterization of molecular and activity features of the recom-
binant enzyme. A structural model of the enzyme is proposed
based on homology modeling of the PduP-sequence with known
CoA-acylating aldehyde dehydrogenases, cofactor binding sites are
identified by in silico bonding of PduP with the cofactors and muta-
genesis of the identified residues. Furthermore, kinetic study of
PduP was  performed with propionaldehyde and its role in the pro-
posed 3-HP/1,3-PD producing pathway was  verified by using 3-HPA
as  substrate.

0141-0229/$ – see front matter ©  2013 Elsevier Inc. All rights reserved.
http://dx.doi.org/10.1016/j.enzmictec.2013.05.007
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Fig. 1. Proposed pathway of L. reuteri 3-HP production from glycerol. Conversion of glycerol is initiated by glycerol dehydratase, resulting in the production of 3-HPA. In a
cascade  reaction by PduP, PduL and PduW, 3-HP is formed with the production of NADH and ATP. Reactions outside the scope of this study are marked in gray.

2.  Materials and methods

2.1.  Strains, plasmids and medium

Lactobacillus  reuteri DSM 20016 was obtained from the Leibniz Institute DSMZ.
The  cloning host Escherichia coli NovaBlue and expression host Escherichia coli
BL21(DE3) were purchased from Novagen. De Man, Rogasa and Sharpe (MRS)-
medium from Difco (BD) was used for the cultivation of L. reuteri. All E. coli-strains
were  cultivated in lysogeny broth (LB)-medium or on LB-agar with supplemen-
tation  of antibiotics and other selection markers when necessary. LB was  obtained
from  Duchefa Biochemie. Cloning vector pUC19 was purchased from Fermentas and
expression vector pET28b was  from Novagen.

2.2. Materials

Restriction enzymes BamHI, XhoI, SmaI and DpnI were purchased from
Fermentas,  while T4 DNA ligase was from New England Biolabs. Propionalde-
hyde,  coenzyme A (HS-CoA), �-nicotinamide adenine dinucleotide (NAD+) and
�-nicotinamide adenine dinucleotide phosphate (NADP+) were purchased from
Sigma–Aldrich. Ampicillin and kanamycin were purchased from Sigma–Aldrich and
isopropyl-�-d-1-thiogalactopyranoside (IPTG) and X-Gal were from Fermentas.

2.3. Homology modeling and prediction of co-factor binding sites

Homology modeling of the L. reuteri PduP was performed with the aid of CPH-
models  3.0, developed by the Center for Biological Sequence Alignment, Technical
University  of Denmark (DTU). Homology model quality assessment was performed
by  utilizing the SWISS-MODEL workspace [16] through QMEAN6-scoring [17] and
Ramachandran plot. The RMS  deviation value was  calculated by superimposing
alpha  carbons of template and model in Swiss PDB-viewer.

The  Basic Local Alignment Search Tool (BLASTp, NCBI) was utilized for the detec-
tion of enzymes in the Protein Databank (PDB) having sequential resemblance to
PduP. Sequence alignments for the identification of conserved amino acids were
made by ClustalW sequence alignment (EMBL-EBI).

YASARA (Yet Another Scientific Artificial Reality Application) [18] was  used for
the study of the molecular model of PduP. Dockings of PduP with NAD+, NADP+

and HS-CoA, respectively, in a simulated aqueous environment with explicit water
molecules, were performed by utilization of AutoDock 4 [19]. Energy minimized
structures  of the free enzyme and the enzyme docked with NAD+, and HS-CoA were
obtained in YASARA through the amber99 force field computation, enabling bonds,
angles, dihedral angles, Coulomb and Van der Waals forces [20]. Energy computa-
tions of free as well as cofactor bound enzyme (PduP–NAD+ and PduP–CoA) were
done  with the GROMOS96 implementation of Swiss-PDB viewer [21].

2.4. Construction of PduP-expressing recombinant E. coli strain

L. reuteri DSM 20016 was  grown overnight under anaerobic conditions at 37 ◦C.
The cells were harvested and genomic DNA was purified from the cells using GeneJet
Genomic DNA kit (Fermentas).

For  the amplification of the pduP gene by PCR, the primer sequences of Luo
et  al. [15] were employed with introduction of BamHI and XhoI restriction sites and
removal of the native stop codon of PduP. Initial denaturing at 94 ◦C for 3 min  was
followed by 35 cycles of denaturing at 94 ◦C for 30 s, annealing at 63 ◦C for 30 s and
elongation at 72 ◦C for 3 min. A final elongation was performed at 72 ◦C for 10 min.
The PCR product was  separated and purified by agarose gel electrophoresis and
inserted into pUC19 cloning vector through blunt-end ligation after digesting the
vector with SmaI restriction enzyme.

The construct was  introduced in E. coli NovaBlue by thermal shock trans-
formation.  Screening of positive colonies was done by �-complementation of
�-galactosidase [22,23]. pduP was cloned into pET28b through sequential restric-
tion  of the pUC19-PduP construct using BamHI and XhoI, followed by ligation.
The  pET28b-PduP construct was designated pETPduP-01, encoding PduP followed
by a hexahistidine (his6)-tag on the C-terminus of the protein. The construct was
introduced in E. coli BL21(DE3) and the recombinant strain was  designated E. coli
BTPduP-01.

The pETPduP-01 construct was verified by nucleotide sequencing. The codon
reading  frame was corrected by site-directed mutagenesis using the forward primer
PduP SDM FOR (5′-GAAGGAGATATACCATGCAGATTAATG-3′) and reverse primer

PduP SDM REV (5′-CATTAATCTGCATGGTATATCTCCTTC-3′) in a PCR with plasmid
pETPduP-01  as template, resulting in the elimination of a supplementary ATGG
just  upstream from the native start codon. The PCR was conducted with initial
denaturation  at 98 ◦C for 2 min, followed by 30 cycles of denaturation at 98 ◦C
for  20 s, annealing at 52 ◦C for 30 s and elongation at 72 ◦C for 5 min. The reaction
was  finalized with an elongation step at 72 ◦C for 7 min. Methylated template DNA
was degraded by restriction endonuclease DpnI. The modified vector, designated
pETPduP-02 and encoding the corrected PduP-his6 protein product was introduced
in  E. coli BL21(DE3), resulting in strain E. coli BTPduP-02. The same method was used
for the construction of PduP containing the point mutations C277A, S417A, T145A,
I275A.  Forward mutagenic primers used had following sequences (with reverse
primers  having complementary sequences) (bold text indicates mutagenic sites):

PduP C277A FOR (5′-GATATTTTAGCGACTGCTGAAAAGG-3′);
PduP  S417A FOR (5′-CGGATGCAATGTGCGATCTTTGTTG-3′):
PduP  T145A FOR (5′-GCCCAAGTGCGAACCCTTCAG-3′);
PduP  I275A FOR (5′-CTTCATTTGATAATGATGCGTTATGTACTGC-3′);

The strains were designated BTPduP-C2771A, BTPduP-S417A, BTPduP-T145A
and  BTPduP-I275A, respectively. Transformation of E. coli BL21(DE3)-strain with
pET28b was  performed for the construction of a control strain (BTpET28b-01) lack-
ing the pduP gene but identical in all other aspects. Nucleotide sequencing was
performed  for verifying all the constructs.

2.5. Expression and purification of recombinant PduP

Recombinant E. coli strains were grown in LB-medium containing 10 �g/mL
kanamycin  under aerobic conditions at 30 ◦C and shaking speed of 200 rpm. Induc-
tion of the enzymes was performed by the addition of 1 mM IPTG when the cultures
had  reached mid-exponential phase (OD620 0.4–0.6) with subsequent incubation
for  4 h at 30 ◦C and 200 rpm. The cells were then harvested and washed with 20 mM
sodium phosphate buffer pH 7.4 containing 0.5 M NaCl.

Lysis of the cells and extraction of proteins was  performed by re-suspending
and  incubating the cells in Bugbuster Protein Extraction Reagent and Lysonase
Bioprocessing  Reagent (Novagen) according to manufacturer’s instructions. The sol-
uble and insoluble protein fractions were separated by centrifugation for 20 min at
23,300 × g, 4 ◦C.

The  soluble fraction was filtered through a nitrocellulose membrane and the pH
of the filtrate was adjusted to 7.4. PduP was purified from the filtrate by binding
to  a 1 ml  HisTrap HP column (GE Healthcare) equilibrated with a binding buffer of
20 mM sodium phosphate, 0.5 M NaCl, pH 7.4, and elution with the buffer containing
500  mM imidazole. In order to remove imidazole and NaCl from the purified protein,
dialysis was  performed overnight in a buffer containing 20 mM sodium phosphate
buffer,  pH 7.4 at 4 ◦C using a cellulose-based dialysis membrane with molecular
weight  cut off of 10 kDa (SpectrumLabs). The sample was  then concentrated by cen-
trifugation in a Centricon tube (molecular weight cut off 30 kDa) at 1600 × g, room
temperature  for 15 min. The concentration of the purified protein was  estimated by
absorbance at 280 nm.

Expression analysis was conducted by sodium dodecyl sulfate-polyacrylamide
gel  electrophoresis (SDS-PAGE) on gels containing 12% acrylamide. The protein
bands  were stained with Coomassie Brilliant Blue R-250.

2.6.  Measurement of enzymatic activity

The activity of PduP was  determined by a method developed by Leal et al. [24]
with some modifications. The method is based on the oxidation of the substrate
aldehyde  in the presence of NAD(P)+ and measuring the production of NAD(P)H
spectrophotometrically  at 340 nm.  The reaction mixture containing 0.43 mM HS-
CoA and 5 mM NAD+, if not mentioned otherwise, in 50 mM potassium phosphate
buffer  pH 7.0 supplemented with 1 mM DTT and 0.1 g/L BSA was equilibrated for
5 min at 30 ◦C before initiating the reaction by addition of 100 mM propionaldehyde.
One  Unit (U) is defined as the amount of enzyme catalyzing the formation of 1 �mol
NADH formed per minute under the assay conditions described. The crude extract
of E. coli BTpET28b was  used as a negative control in all assays.

Studies  on the effects of the buffer (potassium phosphate buffer pH 7.0, HEPES
pH  7.0, Tris–HCl pH 7.0), temperature (30–70 ◦C) and pH (2–12) on the enzyme activ-
ity  were performed. The pH-profile was determined with Britton-Robinson buffer
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containing 40 mM H3BO3, 40 mM H3PO4 and 40 mM CH3COOH, and adjusting the
pH with NaOH.

The  kinetic properties of PduP were determined by varying the concentra-
tion  of each co-factor (HS-CoA 0.011–6.86 mM,  NAD+ 0.29–11.43 mM,  and NADP+

0.86–21.43 mM,  respectively) at propionaldehyde concentration of 200 mM.  Kinetic
assays were then performed with varied concentrations of the substrates (propi-
onaldehyde 7.1–285.7 mM,  3-HPA 1.1–57.1 mM)  with 5 mM NAD+ and 0.43 mM
HS-CoA.  Kinetic properties of the PduP mutants C277A, S417A, I275A and T145A
were  studied by varying the concentrations of NAD+ (0.2–15 mM)  and HS-CoA
(0.02–2.5  mM)  with 100 mM propionaldehyde and all other conditions as above.

2.7. Production of 3-HPA

3-HPA used in this study was produced from glycerol using L. reuteri cells accord-
ing  to the method first developed by Lüthi-Peng et al. [25] with modifications as
presented by Sardari et al. [26]. L. reuteri cells were grown in MRS  medium (55 g/L
MRS, 20% (v/v) glycerol) at 37 ◦C for 16 h. The cells were collected and resuspended
to  a concentration of 21.4 g/L in an aqueous solution containing 200 mM glycerol,
bubbled  with nitrogen gas and incubated for the production of 3-HPA at 37 ◦C for 2 h
on a rocking table. The cells were then separated by centrifugation and the super-
natant was analyzed and used as a source of 3-HPA after filter sterilizing the sample
through a 0.2 �m polyethersulfone membrane (VWR).

A negative control in which 3-HPA was removed from the supernatant was  also
included. 3-HPA removal was done by binding to bisulfite functionalized Amberlite
IRA-400  (Cl) resin according to Rüthi et al. [27].

2.8. Analysis of glycerol, 3-HPA, 1,3-PD and 3-HP

3-HPA was  quantified by a colorimetric method based on dehydration of 3-HPA
to  acrolein and complexation with dl-tryptophan, thus forming a purple complex
with  a light absorbance at 560 nm [28], with modifications. Three milliliters of con-
centrated HCl and 0.75 mL of 10 mM dl-tryptophan (Sigma–Aldrich) in 50 mM HCl
were added to 1 mL of diluted supernatant sample. The sample was incubated for
20 min  at 37 ◦C and absorbance was measured at 560 nm in a UV/vis spectropho-
tometer.  Acrolein was  used as standard.

Residual glycerol, 3-HP and 1,3-PD were quantified by HPLC (Jasco) utilizing an
Aminex HPX-87H column as reported by Sardari et al. [26].

3. Results

3.1. Identification of the pduP gene of L. reuteri DSM 20016

The putative ribosomal protein L29P (NCBI: YP 001272311) of
L.  reuteri DSM 20016 encoded by 1434 nucleotides was identified
as a probable propanediol utilizing protein by sequence homology
with the propanediol utilization protein PduP of L. reuteri JCM 1112
(NCBI: BAG26139) as the template in a BLASTn-query. The tem-
plate had a completely identical nucleotide sequence with PduP of
L.  reuteri DSM 20016, covering 100% of the sequence. The query
identified PduP as a member of the CoA-acylating aldehyde dehy-
drogenase (AldH)-superfamily.

3.2. Homology modeling and prediction of co-factor binding sites

Two enzymes, the probable aldehyde dehydrogenase from
Listeria monocytogenes Egd E (30%, PDB: 3K9D A) and alcohol dehy-
drogenase from Vibrio parahaemolyticus (31%, PDB: 3MY7 A), were
found with similarities above 30% to PduP with sequence coverages
above 75%. Protein sequence alignments of the PduP with these
enzymes as well as with the characterized CoA-acylating aldehyde
dehydrogenases of Clostridium beijerinckii (PDB: AF157306) and
Salmonella typhimurium (PDB: AAA80209) [29] can be seen in Fig. 2.

Homology modeling for the prediction of the tertiary struc-
ture of PduP resulted in a model based on the crystal structure of
chain A of the probable aldehyde dehydrogenase of L. monocyto-
genes, Egd-E. Quality model assessment of the homology model
revealed a QMEAN6-score of 0.616 and a Z-score of −1.717. The
Ramachandran plot revealed that none of the total of 386 residues
were present in the disallowed regions and 4 residues (1.2%) were
present in the generously allowed regions. RMS  deviation value of
superimposed homologue model on Egde E was 0.73 Å.

Fig. 3 shows the proposed structural model of PduP with bound
HS-CoA. The model indicates an enzyme containing two  domains,
each containing a typical Rossman-fold. The proposed NAD+ and
HS-CoA-binding to the predicted model of PduP is presented in
Fig. 4a and b. Energy computations through GROMOS96 resulted
in a value of −12,245 kJ/mol for free PduP, −13,323 kJ/mol for
the PduP–CoA-complex and −13,285 kJ/mol for the PduP–NAD+

complex. The co-factors have a common binding site, with the ADP-
moieties surrounded by a GXGXXP-motif and a serine (Ser417),
while the NMN-moiety of NAD+ is in proximity to an isoleucine
(Ile275) and a threonine (Thr145). A Van der Waals interaction
occurs between Ile275 and NAD+. A cysteine (Cys277) is found close
to  the thiol-group of HS-CoA and the NMN-moiety of NAD+.

3.3. Cloning, expression and purification of PduP

The cloning of pduP in to pET28b was verified by nucleotide
sequencing and protein expression in E. coli BL21(DE3) through
SDS-PAGE analysis (Fig. 5). No band corresponding to the ∼55 kDa
PduP-his6 is seen in the crude extract of control strain BTpET2b-
01, while overexpression of this product is seen in BTPduP-02.
Purification of the protein from the clarified BTPduP-02 lysate by
immobilized metal ion affinity chromatography yielded 69% recov-
ery  of the active enzyme, clearly visible through SDS-PAGE with
a molecular weight of ∼55 kDa, specific activity of 25 U/mg and
purification fold of 14.7 (Table 1).

All PduP-mutants (S417A, C277A, I275A and T145A) were
expressed as soluble proteins. The chromatography profiles of these
mutants were similar to that obtained for the original PduP.

3.4. Characterization of PduP activity

The PduP activity was  evaluated in three different buffers at
30 ◦C with propionaldehyde as substrate; optimal PduP-activity
was observed in potassium phosphate buffer and was almost
30% lower in HEPES–buffer, while no activity was  detected with
Tris–HCl buffer. The pH profile of PduP was studied using Britton-
Robison buffer between pH 2–12. A bell shaped activity curve was
observed with highest activity at pH 7, and no activity at pH 4 and
pH 10 at two  ends of the curve. Determination of PduP activity at
varying temperatures showed activity increase of about 10 U/mg
with every 10 ◦C rise in temperature up to 70 ◦C at which a maxi-
mal specific activity of 57 U/mg was  reached. Higher temperatures
were not tested since propionaldehyde is a volatile compound and
the  loss of substrate at these higher temperatures makes the assays
less reliable.

The  kinetics of PduP activity were determined with both pro-
pionaldehyde and 3-HPA as substrates (Fig. 6a and b). With the
former, a Michaelis–Menten behavior was seen with a Km of 28 mM
and Vmax of 28.9 U/mg. Specific activity of 18 U/mg was obtained
with 3-HPA as substrate before an inhibition of the enzyme was
seen at 3-HPA concentrations above 7 mM.

Activity  measurements of PduP at varying concentrations of the
cofactors revealed that the activity increased with increase in NAD+

concentration without any inhibition (Fig. 7a), while inhibition was
observed over 9 mM NADP+ (Fig. 7b) and 0.5 mM HS–CoA (Fig. 6c),
respectively. Maximum specific activity of PduP with NAD+ as co-
factor (28.9 U/mg) was almost three-fold higher than that obtained
with NADP+. No activity was observed with the crude extract of
E.  coli BTpET28b.

3.5. Kinetic studies of PduP with modified co-factor binding sites

Some amino acid residues (Cys277, Se417, Thr145 and Ile275),
expected to be crucial for binding the cofactors based on the pre-
dicted model (Fig. 4), were mutated by site-directed mutagenesis.
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PduP            MQINDIESAVRKILAEELDNASSSSANVAATTDNG-HRGIFTNVNDAIAAAKAAQEIYR- 58
3K9D            ------------------------------MSLEDKDLRSIQEVRNLIESANKAQKELA- 29
3MY7            ---------------------------------- -XPVTNXAELDAXIARVKKAQEEF A- 24
AF157306       MNKDTLIPTTKDLKLKTN----VENINLKNYKDNSSCFGVFENVENAINSAVHAQKILSL 56
AAA80209        MNQQDIEQVVKAVLLKMK--------DSSQPASTVHEMGVFASLDDAVAAAKRAQQGLK- 51

.:   :  .  **:    

PduP            DKPIAVRQQVIDAIKEGFRPYIEKMAKDIKEETGMGTVEAKIAKLNNALYNTP---GPEI 115
3K9D            AMSQQQIDTIVKAIADAGYGAREKLAKMAHEETGFGIWQDKVIKNVFASKHVYNYIKDMK 89
3MY7            TYSQEQVDKIFRAASLAANQARIPLAQQAVEESGXGIVEDKVIKNHFASEFIYNKYKDEQ 84
AF157306        HYTKEQREKIITEIRKAALENKEVLATMILEETHMGRYEDKILKHELVAKYT P-- -GTED 11 3
AAA80209        --SVAMRQLAIHAIREAGEKHARELAELAVSETGMGRVDDKFAKNVAQARGT P-- -GVEC 10 6

.    :  .     .       :*    .*:  *  : *. *                

PduP            LEPVVENGDGGMVMYERLPYGVIGAVGPSTNPSETVIANAIMMLAGGNTLYFGAHPGAKN 175
3K9D            TIGMLKEDNEKKVMEVAVPLGVVAGLIPSTNPTSTVIYKTLISIKAGNSIVFSPHPNALK 14 9
3MY7            TCGILEEDDNLGTXTIAEPVGIICGIVPTTNPTSTAIFKSLISLKTRNGIIFSPHPRAKN 14 4
AF157306        LTTTAWSGDNGLTVVEMSPYGVIGAITPSTNPTETVICNSIGMIAAGNAVVFNGHPGAKK  17 3
AAA80209        LSPQVLTGDNGLTLIENAPWGVVASVTPSTNPAATVINNAISLIAAGNSVVFAPHPAAKK 16 6

.:   .     * *:: .: *:***: *.* :::  :   * : *  ** *  :

PduP            VTRWTIEKMNDFIADATGLHNLVVSIETPTIESVQQMMKHPDIAMLAVTGGPAVVHQAMT 23 5
3K9D    AILETVRIISEAAEKAGCPKGAISCMTVPTIQGTDQLMKHKDTAVILATGGSAMVKAAYS 20 9
3MY7            STNDAAKLVLDAAVAAGAPKDIIGWIDQPSVELSNALXKHDDIALILATGGPGXVKAAYS 204
AF157306        CVAFAIEMINKAIISCGGPENLVTTIKNPTMESLDAIIKHPLIKLLCGTGGPGMVKTLLN 233
AAA80209        VSQRAITLLNQAVVAAGGPENLLVTVANPDIETAQRLFKYPGIGLLVVTGGERVVDAAR K 22 6

:   : .    .   .. :  :  * ::  : : *:    ::  ***   *.    .

PduP            -SGKKAVG AGPGNP PAMVDATADIDLAAHNIITSASFDN DILCTAEKEVVAESSIKDELI 29 4
3K9D            -SGTPAIG VGPGNG PAFIERSANIPRAVKHILDSKTFDNGT ICASEQSVVVERVNKEAVI 26 8
3MY7            -SGKPAIG VGAGNV PVVIDETADIKRAVASVLXSKTFDNGV VCASEQAVIVVDEVYDEVK 26 3
AF157306        -SGKKAIG AGAGNP PVIVDDTADIEKAGKSIIEGCSFDNNL PCIAEKEVFVFENVADDLI 29 2
AAA80209        HTNKRLIAAGAGNP PVVVDETADLPRA AQSIVKGASFDN NIICADEKVLIVVDSVADELM 28 6

:..  :..*.** *..:: :*::  *   :: . :***.  *  *: :..     : : 

PduP            RKMQDEGAFVVNREQADKLADMCIQENGAP---- -DRKFVGKDATYILDQANIPYTGHPV 34 9
3K9D            AEFRKQGAHFLSDAEAVQLGKFILRPNGSM N---- -PAIVGKSVQHIANLAGLTVPADAR 32 3
3MY7            ERFASHKAHVLSKTDADKVRKVLL-IDGAL N---- -AKIVGQPATAIAEXAGVKVPADTK 31 7
AF157306        SNMLKNNAVIINEDQVSKLIDLVLQKNNETQEYFINKKWVGKDAKLFSDEIDVESPSNIK 352
AAA80209        RLMEGQHAVKLTAAQAEQLQPVLLKNIDERGKGTVSRDWVGRDAGKIAAAIGLNVPDQTR 34 6

:  . *  :.  :. ::  . :   .           **: .  :    .:  . .  

PduP            EIICELP-- -KEHPLVM TEMLMPILPVVSCPTFDDVLKTAVEV E--KGNHHTATIH S-- - 40 1
3K9D            VLIAEET-KVGAKIPYS REKLAPILAFY TAETWQEACELSMDILYHEGAGHTLIIH S-- - 37 9
3MY7            VLIGEGLGKVSYDDAFAHEKLSPTLGXFRADNFEDAVAQAVTXVEIGGIGHTSGLYTNQD 37 7
AF157306        CIVCEVN-- -ANHPFVM TELMMPILPIVRVKDIDEAVKYTKIA E--QNRKHSAYIY S-- - 40 4
AAA80209        LLFVETP-- -ANHPFAV TEMMMPVLPVVRVANVEEAIALAV QLE--GGCHHTAAMH S-- - 39 8

:. *       .     * : * *        ::.   :       .  *:  :::   

PduP            NNLKHINNAAHRMQCSIFVVNGPSYVGTGVADNGAHSGASALTIATPTGEGTCTARTFTR 46 1
3K9D            EDKEIIREFALKKPVSRLLVNTPGAL G-GIGAT T--NLVPALTLGCGAVGGSSSSDN IGP 43 6
3MY7            VNADRIRYFGDKXKTARILINIPTTHG-GIGDLYNFNVAPSLTLGCGSWGGNSISENVGP 43 6
AF157306        KNIDNLNRFEREIDTTIFVKNAKSFAGVGYEAEGFTT--- -FTIAGSTGEGITSARNFTR 46 0
AAA80209        RNIDNMNQMANAIDTSIFVKNGPCIAGLGLGGEGWT T--- -MTITTPTGEGVTSARTFVR 45 4

: . :.        : :: *     * *       .    :*:   :  *   : ..  

PduP            RVRLNSPQGFSVRNWY----------- - 47 7
3K9D            ENLFNIRRIATGVLELEDIREGHHHHHH 464
3MY7            KHLINKKTVAKRAENX----------- - 45 2
AF157306        QRRCVLA G------------------- - 46 8
AAA80209        LRRCVLVDAFRIV-------------- - 46 7

Fig. 2. Alignment of the amino acid sequence of PduP from L. reuteri with the sequences of a probable aldehyde dehydrogenase from Listeria monocytogenes (3KPD), alcohol
dehydrogenase  from Vibrio paraheamolyticus (3MY7) and the CoA-acylating aldehyde dehydrogenases of Clostridium beijerinckii (AF157306) and Salmonella typhimurium
(AAA80209).  Conserved amino acids are marked by an asterisk. Amino acids proposed to play a role in the catalytic mechanism and co-factor binding of the enzymes, based
on  homology modeling and in silico dockings, are marked in gray.

Table 1
Purification scheme of recombinant PduP from L. reuteri.

Protein source Volume (mL) Total protein (mg) Total activity (U) Specific activity (U/mg) Yield (%) Purification fold

Crude extract, E. coli BTPduP-02 10 9.4 31.8 ± 1.0 1.7 ± 0.1 100 1
Purified  PduP 2.5 0.9 21.9 ± 0.2 25 ± 0.2 69 14.7
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Table  2
Results of kinetic studies of PduP and its mutants S417A, I275A, C277A and T145A, performed using varying concentrations of NAD+. Reaction mixtures contained 200 mM
propionaldehyde,  0.2–15 mM NAD+, 0.43 mM HS-CoA, 1 mM DTT and 0.1 mg/mL  BSA. The reactions were performed in 50 mM potassium phosphate buffer, pH 7.0, 30 ◦C.

Vmax (U/mg) Km (mM)  kcat (s−1) kcat/Km (mM−1 s−1)

PduP 36.0 ± 1.0 0.9 ± 0.1 31.2 ± 0.9 32.8
PduP-S417A  18.2 ± 0.9 1.7 ± 0.3 15.6 ± 0.8 9.1
PduP-I275A  No activity detected
PduP-C277A  No activity detected
PduP-T417A  No activity detected

The kinetic properties of the four mutants of PduP in comparison
with non-modified PduP with varied concentrations of NAD+ can be
seen  in Table 2. No activity was detected with PduP-C277A, PduP-
I275A and PduP-T145A. Only PduP-S417A was found to be active,
however with a two-fold increase in Km and approximately 3.5-
fold lower kcat/Km. With HS-CoA, a Vmax of 16.8 U/mg was  obtained
before substrate inhibition was observed (data not shown).

4. Discussion

The structural model of PduP, based on the probable alde-
hyde dehydrogenase of L. monocytogenes (Egd-E), consists of two
domains connected by a single strand (Fig. 3). Each domain contains
a typical NAD+-binding Rossman-fold. The composite QMEAN6-
score (a combination of the six terms C-beta interaction energy,
all-atom interaction energy, solvation energy, torsion angle energy,
secondary structure agreement and solvent accessibility agree-
ment with an estimated model reliability of 1 at highest and
0 at lowest) of 0.616, Z-score (indicating absolute reliability of
the model, in comparison with reference structures, with scores
below −4 meaning incorrect modeling in any part of the pro-
tein) of −1.77, RMS  deviation value (representing the distance
between atoms of superimposed proteins with value 1 as an ideal
superimposition) of 0.73 Å, and finally the model’s Ramachandran
plot, reflecting the presence of torsion angles in allowed or disal-
lowed regions thus assessing the three dimensional structure of
the  protein (no residues in the disallowed region) indicate that
the homology model is reliable. Energy computations on the free
enzyme and those of the enzyme-cofactor complexes reveal that
the free enzyme has a higher potential energy compared to that of

Fig. 3. Proposed structural model of PduP based on homology modeling by CPH
models. The structure is based on chain A of the probable aldehyde dehydrogenase
of  Listeria monocytogenes (EGdE). The structure contains two  domains (blue and
green), each containing a typical Rossman-fold. The proposed binding site of HS-
CoA (molecule in red) in a pocket between the two domains can be seen in the
figure.  (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of the article.)

the two  enzyme–cofactor-complexes. This indicates the system’s
preference of complexed enzyme over free enzyme.

Although kinetic parameters of CoA-dependent aldehyde dehy-
drogenases with both HS-CoA and NAD+ have been reported
[30,31], there is far less information available regarding the struc-
tural interaction between aldehyde dehydrogenases and its two
co-factors. Lei et al. [32] were the first to report a shared binding
site for HS-CoA and NAD+ in the CoA-dependent aldehyde dehy-
drogenase (acetaldehyde dehydrogenase, DmpG/DmpF) based on
hydrogen–deuterium exchange experiments, complementing the
structural characterization of the enzyme performed by Manjasetty
et al. [33]. A recent study on the crystal structure of an archaeal
malonyl-CoA reductase organized in dimers of two dimers in a
homotetramer, revealed that the monomers had a binding site
shared by its co-factors NADP+ and HS-CoA [34]. The shared bind-
ing site observed in the two  separate CoA-dependent enzymes
concur with the proposed mechanism of catalysis of a methyl-
malonate semialdehyde dehydrogenase, another member of the

Fig. 4. Proposed binding site of (a) NAD+ and (b) HS-CoA, and amino acids involved
in  the catalysis as well as stabilization of the co-factors. Both co-factors, in green,
bind  to the same site in the enzyme. The ADP-moiety of both co-factors are in the
vicinity of Ser417. Thr145, Ile275 and Cys277 surround the NMN-moiety of NAD+

and the thiol-group of HS-CoA. The amino acids in the figure are at a distance of 3 Å
or less from the co-factors.



240 R.  Sabet-Azad et al. / Enzyme and Microbial Technology 53 (2013) 235– 242

Fig. 5. SDS-PAGE analysis of the crude extracts of strains E. coli BTpET28b (B),
BTPduP-02  (C), and purified protein product (D). Standard protein ladder is seen
in lane A.

Fig. 6. Specific activity of PduP at 30 ◦C in 50 mM potassium phosphate buffer pH
7.0 with varying concentrations of (a) propionaldehyde, and (b) 3-HPA. Other com-
ponents in the reactions were as follows: 5 mM NAD+, 0.43 mM HS-CoA, 1 mM DTT
and 0.1 mg/mL  BSA.

Fig. 7. Specific activity of PduP with varying concentrations of (a) NAD+, (b) NADP+,
and (c) HS-CoA, respectively, at 30 ◦C in 50 mM potassium phosphate buffer, pH
7.0. Other components in the reactions were as follows: 200 mM propionaldehyde,
0.43  mM HS-CoA (a and b), 5 mM NAD+ (c), 1 mM DTT and 0.1 mg/mL BSA.

CoA-dependent aldehyde dehydrogenase subfamily [31]. The cat-
alytic mechanism involves a nucleophilic attack by the sulfur of the
catalytic cysteine residue of the enzyme on the carbonyl carbon
of the substrate, followed by a hydride transfer, release of NADH,
binding of the sulfur of −S-CoA to this same carbonyl carbon of
the substrate intermediate, and finally release of the product–CoA
complex. While the structures of these CoA-dependent dehydrog-
enases are not homologous to that of PduP, at the very least this
proposed mechanism indicates that the co-factors need to bind to
the  same domain.

Alignment of the amino acid sequence of PduP with CoA-
dependent aldehyde dehydrogenases from Listeria monocytogenes,
Vibrio parahaemolyticus, Clostridium beijerinckii and Salmonella
typhimurium shows a number of highly conserved amino acids.
The alignment results in combination with the in silico docking
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and identification of residues at the co-factor binding site of PduP
(Fig. 4) gives the possibility to make a structural proposal with a
higher degree of confidence.

The  highly conserved amino acids Gly242, Ala243 and the
Gly244 and Pro245 of a GXGXXP-motif, a motif known to inter-
act with the adenosine phosphate (ADP)-moiety of NADH [35],
are  found to interact with the ADP-moiety of both NAD+ and
HS-CoA (data not shown). A cysteine residue (Cys277) is equally
conserved and in the proposed structure seen in close proxim-
ity to the thiol-group of HS-CoA and the NMN-moiety of NAD+.
Cys277 is proposed as a residue involved in the binding of substrate
and heavily involved in the catalytic mechanism of the enzyme,
as explained in the mechanism of CoA-dependent aldehyde dehy-
drogenases above. A serine (Ser417) is adjacent to the C2 hydroxyl
oxygen of the ribose in the ADP-moeity of NAD+, as reported for
Ser12 of acetaldehyde dehydrogenase DmpG/DmpF by Lei et al.
[32] where the oxygen of a hydroxyl group of the NAD+ ribose
forms a hydrogen bond with the hydroxyl group of the serine side
chain. An isoleucine (Ile275) is seen to be involved in a van der
Waals interaction with the nicotinamide ring of NAD+ and is in
agreement with the study of Lei et al. [32] where Ile15 stabilized
the diphosphate of NAD+ and HS-CoA and forms a van der Waals-
interaction with the nicotinamide-ring of NAD+. The presence of
the  bulky and hydrophobic Ile275 of PduP at this site indicates a
function for properly positioning the nicotinamide ring of NAD+

for efficient hydride transfer. The co-factors are oriented such that
the  sulfur of HS-CoA and the nicotinamide mononucleotide-moiety
of NAD+ are stabilized between Cys277, Ile275 and Thr145. Pailot
et al. [36] showed that the Thr244 in glyceraldehyde-3-phosphate
(G3P)  dehydrogenase from Streptococcus mutans was  necessary for
an  efficient acylation. Thr145 in PduP is proposed to correspond to
Thr244 of G3P dehydrogenase based on the configuration and posi-
tion of the amino acid in the model and its conservation throughout
the CoA-dependent aldehyde dehydrogenases.

While the template for homology modeling showed only 30%
similarity with PduP and has as of yet not been proven to act as an
CoA-acylating aldehyde dehydrogenase, we believe that the pro-
posal for the structure of PduP and mainly its interactions with the
two co-factors presented in this study are supported by the limited
amount of structural characterization that has been performed for
CoA-dependent aldehyde dehydrogenase as well as the high degree
of  conservation of the proposed catalytic residues throughout a
number of enzymes of the same family. However, the crystal struc-
ture of PduP should be determined for a complete verification of
this  model.

Heterologous expression and kinetic characterization of L.
reuteri PduP in E. coli, as reported by Luo et al. [15], indicated
that the specific activity of the purified protein with propionalde-
hyde was as low as 0.294 U/mg. Such low activity could be due
to the shift in the codon reading frame due to a faulty forward
primer design; an additional ATGG is introduced by the forward
primer just upstream from the native start codon of PduP, result-
ing in an erroneous reading frame commencing with ATG GAT GCA
(native start codon in bold). While we did not achieve expression
of PduP by the method of Luo et al. [15], by site-directed mutagen-
esis and correction of the codon reading frame we could express
PduP that exhibited significantly higher specific activity, 57 U/mg
at  70 ◦C. With propionaladehyde as substrate, the recombinant
enzyme showed Michaelis–Menten behavior with Km of 28 mM and
Vmax of 28.9 U/mg.

PduP used both NAD+ and NADP+ as cofactors; the activity with
the former was three times higher. Moreover, substrate inhibition
was observed with NADP+ as well as with HS-CoA (Fig. 7b and c).
Inhibition of a CoA-acylating aldehyde dehydrogenase by HS-CoA
has been reported earlier and was found to be due to the formation
of a dead-end enzyme–CoA complex [29]. An activity of 18 U/mg

with 3-HPA as the substrate was  obtained before substrate inhibi-
tion was observed, although not as drastic as in the case of NADP+

or HS-CoA inhibition.
To  further support the proposal of structure and co-factor

binding sites, replacement of C277, S417, T145 and I275 with
alanine was  conducted, thereby obtaining four recombinant vari-
ants of the PduP-enzyme. All mutant enzymes were expressed as
soluble proteins. During purification, retention times and chro-
matographic profiles for the four mutants were similar to that of
non-mutated PduP. These results indicate with a high probability
that the enzymes did not undergo structural misfolding. While the
mutants C277A, T145A and I275A-mutants exhibited no detectable
activity, S417A did show activity with a two-fold increase in Km and
3.5-fold decrease in kcat/Km for NAD+ (Table 2). With HS-CoA, inhi-
bition above a concentration of 0.5 mM  was still observed, resulting
in a maximum specific activity of 16.8 U/mg. Cys277 is essential for
catalysis as explained above. With the T145A and I275A-mutations,
it seems as though the stabilization of the co-factors is critically
disrupted. The higher Km and lower kcat/Km values for S417A-PduP
with NAD+ suggest that Ser417 is involved in the stabilization or
the  binding of NAD+. These results further support the proposal of
the  critical residues in the co-factor binding site.

In  this study, we  achieved the highest specific activity reported
up to date of L. reuteri PduP with 3-HPA as substrate. Furthermore,
a structure is proposed for PduP and a shared co-factor binding site
based on homology modeling, in silico docking, identification of con-
served catalytic residues throughout a number of enzymes from the
same  family and alanine screening of these same residues. PduP is
just  one of the three enzymes, others being phosphotransacylase
(PduL) and propionate kinase (PduW), that in a cascade reaction
would convert 3-HPA to 3-HP in an ATP-producing pathway. These
enzymes are currently under investigation for their role in 3-HP-
production by L. reuteri. The verification of the ATP-producing
pathway in L. reuteri might result in the ability to construct a viable
process for the production of 3-HP, either natively in L. reuteri or as
a  heterologous pathway in a host strain such as Escherichia coli.

Acknowledgement

The  Swedish Governmental Agency for Innovation Systems
(Vinnova) is acknowledged for financial support.

References

[1] Paster M, Pellegrino JL, Carole TM.  Industrial bioproducts; Today and Tomor-
row. US DOE Report, June; 2003. p. 48–9.

[2] Willke T, Vorlop KD. Industrial bioconversion of renewable resources
as an alternative to conventional chemistry. Appl Microbiol Biotechnol
2004;66:131–42.

[3] Jang YS, Kim B, Shin JH, Choi YJ, Choi S, Song CW,  et al. Bio-based production of
C2–C6  platform chemicals. Biotechnol Bioeng 2012;109:2437–59.

[4] Cie A, Schlarp R, Lantz S, Tzakas M.  Renewable acrylic acid. Department of
Chemical and Biomolecular Engineering Senior Design Reports. University of
Pennsylvania; 2012, available at http://repository.upenn.edu/cbe sdr/37 [last
accessed  3.12.12].

[5] Raj SM,  Rathnasingh C, Jo JE, Park S. Production of 3-hydroxypropionic acid from
glycerol  by a novel recombinant Escherichia coli BL21 strain. Process Biochem
2008;43:1440–6.

[6] Rathnasingh C, Raj SM,  Lee Y, Catherine C, Ashok S, Park S. Production
of  3-hydroxypropionic acid via malonyl-CoA pathway using recombinant
Escherichia coli strains. J Biotechnol 2011;157:633–40.

[7] Andreessen B, Lange AB, Robenek H, Steinbuchel A. Conversion of glycerol
to poly(3-hydroxypropionate) in recombinant Escherichia coli. Appl Environ
Microbiol 2010;76:622–6.

[8] Morita H, Toh H, Fukuda S, Horikawa H, Oshima K, Suzuki T, et al. Com-
parative genome analysis of Lactobacillus reuteri and Lactobacillus fermentum
reveal a genomic island for reuterin and cobalamin production. DNA Res
2008;15:151–61.

[9] Garai-Ibabe G, Ibarburu I, Berregi I, Claisse O, Lonvaud-Funel A, Irastorza A, et al.
Glycerol  metabolism and bitterness producing lactic acid bacteria in cidermak-
ing. Int J Food Microbiol 2008;121:253–61.

http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0005
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0005
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0005
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0005
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0005
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0005
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0005
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0005
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0005
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0005
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0005
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0005
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0005
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0005
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0005
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0005
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0005
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0005
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0005
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0005
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0005
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0010
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0010
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0010
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0010
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0010
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0010
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0010
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0010
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0010
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0010
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0010
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0010
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0010
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0010
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0010
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0010
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0010
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0010
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0010
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0010
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0010
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0015
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0015
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0015
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0015
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0015
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0015
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0015
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0015
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0015
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0015
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0015
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0015
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0015
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0015
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0015
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0015
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0015
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0015
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0015
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0015
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0015
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0015
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0015
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0015
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0015
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0015
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0015
http://repository.upenn.edu/cbe_sdr/37
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0025
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0025
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0025
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0025
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0025
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0025
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0025
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0025
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0025
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0025
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0025
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0025
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0025
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0025
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0025
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0025
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0025
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0025
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0025
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0025
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0025
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0025
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0025
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0025
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0025
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0025
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0025
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0030
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0030
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0030
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0030
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0030
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0030
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0030
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0030
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0030
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0030
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0030
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0030
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0030
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0030
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0030
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0030
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0030
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0030
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0030
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0030
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0030
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0030
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0030
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0030
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0030
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0030
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0030
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0030
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0030
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0035
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0035
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0035
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0035
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0035
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0035
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0035
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0035
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0035
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0035
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0035
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0035
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0035
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0035
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0035
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0035
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0035
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0035
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0035
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0035
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0035
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0035
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0035
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0035
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0040
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0040
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0040
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0040
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0040
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0040
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0040
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0040
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0040
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0040
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0040
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0040
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0040
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0040
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0040
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0040
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0040
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0040
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0040
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0040
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0040
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0040
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0040
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0040
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0040
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0040
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0040
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0040
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0040
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0040
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0040
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0040
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0040
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0040
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0040
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0040
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0040
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0040
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0045
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0045
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0045
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0045
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0045
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0045
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0045
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0045
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0045
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0045
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0045
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0045
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0045
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0045
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0045
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0045
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0045
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0045
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0045
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0045
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0045
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0045
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0045
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0045
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0045
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0045
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0045
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0045
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0045
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0045
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0045
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0045


242 R.  Sabet-Azad et al. / Enzyme and Microbial Technology 53 (2013) 235– 242

[10] Walter D, Ailion M, Roth J. Genetic characterization of the pdu operon: use of
1,2-propanediol in Salmonella typhimurium. J Bacteriol 1997;179:1013–22.

[11] Luo LH, Kim CH, Heo SY, Oh BR, Hong WK,  Kim S, et al. Production
of  3-hydroxypropionic acid through propionaldehyde dehydrogenase PduP
mediated biosynthetic pathway in Klebsiella pneumoniae. Bioresour Technol
2012;103:1–6.

[12] Sauvageot N, Muller C, Hartke A, Auffray Y, Laplace JM.  Characterisation of the
diol  dehydratase pdu operon of Lactobacillus collinoides. FEMS Microbiol Lett
2002;209:69–74.

[13] Krauter H, Willke T, Vorlop KD. Production of high amounts of 3-
hydroxypropionaldehyde from glycerol by Lactobacillus reuteri with strongly
increased biocatalyst lifetime and productivity. N Biotechnol 2012;29:
211–7.

[14] Yasuda S, Mukoyama M,  Horikawa H, Toraya T, Morita H. Process for producing
1,3-propanediol and/or 3-hydroxypropionoc acid. U.S. Patent 2007/0148749
A1.

[15]  Luo LH, Seo JW,  Baek JO, Oh BR, Heo SY, Hong WK,  et al. Identification and
characterization of the propanediol utilization protein PduP of Lactobacillus
reuteri for 3-hydroxypropionic acid production from glycerol. Appl Microbiol
Biotechnol 2011;89:697–703.

[16] Arnold K, Bordoli L, Kopp J, Schwede T. The SWISS-MODEL workspace: a web
based  environment for protein structure homology modelling. Bioinformatics
2006;22:195–201.

[17] Benkert P, Biasini M, Schwede T. Toward the estimation of the absolute quality
of  individual protein structure models. Bioinformatics 2011;27(3):343–50.

[18] Krieger E, Koraimann G, Vriend G. Increasing the precision of compara-
tive models with YASARA NOVA—a self-parameterizing force field. Proteins
2002;47:393–402.

[19] Morris GM,  Goodsell DS, Halliday RS, Huey R, Hart WE,  Belew RK, et al. Auto-
mated docking using a Lamarckian genetic algorithm and an empirical binding
free  energy function. J Comput Chem 1998;19:1639–62.

[20] Cornell WD,  Cieplak P, Bayly CI, Gould IR, Merz KM,  Ferguson DM,  et al. A second
generation force field for the simulation of proteins, nucleic acids, and organic
molecules. J Am Chem Soc 1996;117:5179–97.

[21] van Gunsteren WF,  Billeter SR, Eising AA, Hüneberger PH, Krüger P, Mark AE,
et  al. Biomolecular simulation: the GROMOS96 manual and user guide. Zurich,
Switzerland: Vdf Hachschulverlag ETHZ; 1996.

[22] Horwitz JP, Chua J, Curby RJ, Tomson AJ, Darooge MA,  Fisher BE, et al. Sub-
strates for cytochemical demonstration of enzyme activity. I. Some substituted
3-indolyl-beta-d-glycopyranosides. J Med  Chem 1964;7:574–5.

[23] Davies J, Jacob F. Genetic mapping of the regulator and operator genes of the
lac  operon. J Mol  Biol 1968;36:413–7.

[24] Leal NA, Havemann GD, Bobik TA. PduP is a coenzyme A-acylating propi-
onaldehyde dehydrogenase associated with the polyhedral bodies involved
in  B12-dependent 1,2-propanediol degradation by Salmonella enterica serovar
typhimurium LT2. Arch Microbiol 2003;180:353–61.

[25] Luthi-Peng Q, Scharer S, Puhan Z. Production and stability of 3-
hydroxypropionaldehyde in Lactobacillus reuteri. Appl Microbiol Biotechnol
2002;60:73–80.

[26] Sardari RR, Dishisha T, Pyo SH, Hatti-Kaul R. Improved production of
3-hydroxypropionaldehyde by complex formation with bisulfite during bio-
transformation of glycerol. Biotechnol Bioeng 2013;110:1243–8.

[27] Rütti DP, Lacroix C, Jeremic T, Mathis M, Die A, Vollenweider S. Development of
a  reversible binding process for in situ removal of 3-hydroxypropionaldehyde
during  biotechnological conversion of glycerol. Biochem Eng J 2011;55:176–84.

[28] Cirle SJ, Stone L, Boruff CS. Acrolein determination by means of tryptophan: a
colorimetric micromethod. Eng Chem Anal 1945;17:259–62.

[29] Toth J, Ismaiel AA, Chen JS. The ald gene, encoding a coenzyme A-acylating
aldehyde dehydrogenase, distinguishes Clostridium beijerinckii and two other
solvent-producing clostridia from Clostridium acetobutylicum. Appl Environ
Microbiol 1999;65:4973–80.

[30] Smith LT, Kaplan NO. Purification, properties, and kinetic mechanism of
coenzyme A-linked aldehyde dehydrogenase from Clostridium kluyveri. Arch
Biochem Biophys 1980;203:663–75.

[31] Talfournier F, Stines-Chaumeil C, Branlant G. Methylmalonate-semialdehyde
dehydrogenase from Bacillus subtilis: substrate specificity and coenzyme A
binding.  J Biol Chem 2011;286:21971–81.

[32] Lei Y, Pawelek PD, Powlowski J. A shared binding site for NAD+ and coen-
zyme A in an acetaldehyde dehydrogenase involved in bacterial degradation of
aromatic  compounds. Biochemistry 2008;47:6870–82.

[33] Manjasetty BA, Powlowski J, Vrielink A. Crystal structure of a bifunctional
aldolase-dehydrogenase: sequestering a reactive and volatile intermediate.
Proc Natl Acad Sci USA 2003;100:6992–7.

[34] Demmer U, Warkentin E, Srivastava A, Kockelkorn D, Pötter D, Marx A, et al.
Structural basis for a bispecific NADP+ and CoA binding site in an archaeal
malonyl-coenzyme A reductase. J Biol Chem 2013;288:6363–70.

[35] Correll CC, Ludwig ML,  Bruns CM,  Karplus PA. Structural prototypes for
an  extended family of flavoprotein reductases: comparison of phthalate
dioxygenase reductase with ferredoxin reductase and ferredoxin. Protein Sci
1993;2:2112–33.

[36] Pailot A, D’Ambrosio K, Corbier C, Talfournier F, Branlant G. Invariant Thr244
is  essential for the efficient acylation step of the non-phosphorylating
glyceraldehyde-3-phosphate dehydrogenase from Streptococcus mutans.
Biochem J 2006;400:521–30.

http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0050
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0050
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0050
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0050
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0050
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0050
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0050
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0050
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0050
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0050
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0050
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0050
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0050
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0050
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0050
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0050
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0050
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0050
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0050
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0050
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0050
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0050
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0050
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0050
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0055
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0055
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0055
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0055
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0055
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0055
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0055
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0055
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0055
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0055
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0055
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0055
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0055
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0055
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0055
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0055
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0055
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0055
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0055
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0055
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0055
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0055
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0055
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0055
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0055
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0055
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0055
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0055
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0055
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0055
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0055
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0055
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0055
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0055
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0060
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0060
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0060
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0060
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0060
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0060
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0060
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0060
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0060
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0060
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0060
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0060
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0060
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0060
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0060
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0060
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0060
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0060
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0060
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0060
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0060
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0060
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0060
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0060
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0060
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0060
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0060
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0065
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0065
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0065
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0065
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0065
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0065
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0065
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0065
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0065
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0065
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0065
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0065
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0065
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0065
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0065
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0065
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0065
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0065
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0065
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0065
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0065
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0065
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0065
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0065
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0065
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0065
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0065
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0065
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0065
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0065
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0065
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0075
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0075
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0075
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0075
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0075
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0075
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0075
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0075
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0075
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0075
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0075
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0075
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0075
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0075
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0075
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0075
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0075
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0075
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0075
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0075
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0075
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0075
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0075
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0075
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0075
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0075
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0075
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0075
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0075
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0075
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0075
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0075
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0075
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0075
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0075
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0075
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0075
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0075
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0080
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0080
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0080
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0080
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0080
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0080
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0080
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0080
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0080
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0080
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0080
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0080
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0080
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0080
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0080
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0080
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0080
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0080
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0080
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0080
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0080
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0080
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0080
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0080
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0085
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0085
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0085
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0085
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0085
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0085
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0085
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0085
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0085
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0085
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0085
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0085
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0085
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0085
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0085
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0085
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0085
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0085
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0085
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0085
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0085
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0085
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0090
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0090
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0090
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0090
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0090
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0090
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0090
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0090
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0090
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0090
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0090
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0090
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0090
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0090
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0090
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0090
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0090
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0090
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0090
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0090
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0090
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0090
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0090
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0090
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0090
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0095
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0095
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0095
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0095
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0095
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0095
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0095
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0095
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0095
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0095
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0095
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0095
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0095
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0095
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0095
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0095
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0095
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0095
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0095
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0095
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0095
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0095
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0095
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0095
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0095
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0095
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0095
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0095
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0095
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0095
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0095
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0095
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0095
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0095
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0095
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0100
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0100
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0100
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0100
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0100
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0100
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0100
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0100
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0100
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0100
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0100
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0100
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0100
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0100
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0100
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0100
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0100
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0100
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0100
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0100
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0100
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0100
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0100
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0100
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0100
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0100
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0100
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0100
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0100
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0100
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0100
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0100
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0100
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0100
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0100
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0100
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0105
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0105
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0105
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0105
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0105
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0105
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0105
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0105
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0105
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0105
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0105
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0105
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0105
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0105
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0105
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0105
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0105
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0105
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0105
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0105
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0105
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0105
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0105
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0105
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0105
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0105
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0105
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0105
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0105
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0110
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0110
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0110
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0110
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0110
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0110
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0110
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0110
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0110
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0110
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0110
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0110
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0110
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0110
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0110
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0110
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0110
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0110
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0110
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0110
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0110
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0110
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0110
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0110
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0110
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0110
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0110
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0110
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0110
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0110
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0110
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0110
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0110
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0110
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0115
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0115
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0115
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0115
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0115
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0115
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0115
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0115
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0115
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0115
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0115
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0115
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0115
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0115
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0115
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0115
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0115
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0115
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0115
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0115
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0115
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0115
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0120
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0120
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0120
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0120
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0120
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0120
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0120
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0120
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0120
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0120
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0120
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0120
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0120
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0120
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0120
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0120
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0120
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0120
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0120
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0120
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0120
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0120
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0120
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0120
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0120
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0120
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0120
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0120
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0120
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0120
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0120
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0120
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0120
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0120
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0120
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0125
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0125
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0125
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0125
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0125
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0125
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0125
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0125
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0125
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0125
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0125
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0125
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0125
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0125
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0125
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0125
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0125
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0125
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0125
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0125
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0125
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0125
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0130
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0130
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0130
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0130
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0130
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0130
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0130
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0130
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0130
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0130
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0130
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0130
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0130
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0130
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0130
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0130
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0130
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0130
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0130
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0130
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0130
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0130
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0130
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0130
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0130
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0130
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0130
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0135
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0135
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0135
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0135
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0135
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0135
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0135
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0135
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0135
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0135
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0135
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0135
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0135
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0135
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0135
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0135
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0135
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0135
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0135
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0135
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0135
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0135
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0135
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0135
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0135
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0135
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0135
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0135
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0135
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0135
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0135
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0135
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0135
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0135
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0135
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0140
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0140
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0140
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0140
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0140
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0140
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0140
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0140
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0140
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0140
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0140
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0140
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0140
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0140
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0140
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0140
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0140
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0140
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0140
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0140
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0140
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0145
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0145
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0145
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0145
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0145
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0145
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0145
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0145
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0145
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0145
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0145
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0145
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0145
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0145
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0145
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0145
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0145
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0145
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0145
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0145
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0145
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0145
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0145
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0145
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0145
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0145
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0145
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0145
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0145
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0145
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0145
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0145
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0145
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0150
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0150
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0150
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0150
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0150
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0150
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0150
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0150
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0150
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0150
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0150
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0150
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0150
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0150
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0150
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0150
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0150
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0150
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0150
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0150
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0150
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0150
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0150
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0150
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0155
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0155
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0155
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0155
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0155
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0155
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0155
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0155
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0155
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0155
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0155
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0155
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0155
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0155
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0155
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0155
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0155
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0155
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0155
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0155
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0155
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0155
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0155
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0155
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0160
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0160
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0160
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0160
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0160
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0160
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0160
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0160
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0160
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0160
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0160
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0160
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0160
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0160
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0160
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0160
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0160
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0160
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0160
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0160
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0160
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0160
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0160
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0160
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0160
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0160
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0160
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0160
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0160
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0160
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0160
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0160
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0165
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0165
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0165
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0165
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0165
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0165
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0165
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0165
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0165
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0165
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0165
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0165
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0165
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0165
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0165
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0165
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0165
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0165
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0165
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0165
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0165
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0165
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0165
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0165
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0165
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0165
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0170
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0170
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0170
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0170
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0170
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0170
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0170
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0170
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0170
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0170
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0170
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0170
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0170
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0170
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0170
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0170
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0170
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0170
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0170
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0170
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0170
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0170
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0170
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0170
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0170
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0170
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0170
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0170
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0170
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0170
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0170
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0170
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0170
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0170
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0170
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0170
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0170
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0175
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0175
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0175
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0175
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0175
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0175
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0175
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0175
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0175
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0175
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0175
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0175
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0175
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0175
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0175
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0175
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0175
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0175
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0175
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0175
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0175
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0175
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0175
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0175
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0175
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0175
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0175
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0175
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0175
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0175
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0175
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0175
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0180
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0180
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0180
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0180
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0180
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0180
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0180
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0180
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0180
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0180
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0180
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0180
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0180
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0180
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0180
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0180
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0180
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0180
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0180
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0180
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0180
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0180
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0180
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0180
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0180
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0180
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0180
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0180
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0180
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0180
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0180
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0180
http://refhub.elsevier.com/S0141-0229(13)00128-2/sbref0180


Paper II





Production of 3-hydroxypropionic acid from 3-hydroxypropionaldehyde
by recombinant Escherichia coli co-expressing Lactobacillus reuteri
propanediol utilization enzymes
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h i g h l i g h t s

� Co-expression of PduP, PduL and PduW from Lactobacillus reuteri in E. coli.
� Production of 3-HP from 3-hydroxypropionaldehyde with yield of 1 mol/mol.
� Two-step process using L. reuteri and rE. coli for 3-HP production from glycerol.
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a b s t r a c t

3-Hydroxypropionic acid (3-HP) is an important platform chemical for the biobased chemical industry.
Lactobacillus reuteri produces 3-HP from glycerol via 3-hydroxypropionaldehyde (3-HPA) through a
CoA-dependent propanediol utilization (Pdu) pathway. This study was performed to verify and evaluate
the pathway comprising propionaldehyde dehydrogenase (PduP), phosphotransacylase (PduL), and pro-
pionate kinase (PduW) for formation of 3-HP from 3-HPA. The pathway was confirmed using recombi-
nant Escherichia coli co-expressing PduP, PduL and PduW of L. reuteri DSM 20016 and mutants lacking
expression of either enzyme. Growing and resting cells of the recombinant strain produced 3-HP with
a yield of 0.3 mol/mol and 1 mol/mol, respectively, from 3-HPA. 3-HP was the sole product with resting
cells, while growing cells produced 1,3-propanediol as co-product. 3-HP production from glycerol was
achieved with a yield of 0.68 mol/mol by feeding recombinant E. coli with 3-HPA produced by L. reuteri
and recovered using bisulfite-functionalized resin.

� 2015 Elsevier Ltd. All rights reserved.

1. Introduction

3-Hydroxypropionic acid (3-HP), a C3 chemical, has gained tre-
mendous interest in recent years as a building block for several
industrially significant chemicals (Paster et al., 2003). The potential
to further transform the chemical to obtain value added products
such as 1,3-propanediol (1,3-PD), malonic acid, methyl acrylate
and foremost bioacrylic acid has galvanized groups around the
world with the aim of reaching industrially significant titers and
yields of the product from renewable sources such as glucose or
glycerol (Andreeßen et al., 2010; Rathnasingh et al., 2009). The
abundance of glycerol due to its formation as a by-product from
biodiesel (Li et al., 2013) and fatty acid production, makes it an
attractive raw material for the chemical industry.

Lactobacillus reuteri, a facultative anaerobe, has been shown to
natively produce 3-HP and 1,3-PD in equimolar amounts from
glycerol (Dishisha et al., 2014), most likely through the same
enzymatic pathway as that for the production of propionic acid
and n-propanol from 1,2-propanediol (Sriramulu et al., 2008).
The conversion of glycerol is initiated by glycerol dehydratase cat-
alyzed dehydration to 3-hydroxypropionaldehyde (3-HPA) (Morita
et al., 2008; Talarico and Dobrogosz, 1990), which is followed on
one hand by an ATP-producing oxidative pathway involving
CoA-acylating propionaldehyde dehydrogenase (PduP), phospho-
transacylase (PduL) and propionate kinase (PduW) leading to
3-HP production (Fig. 1) (Yasuda et al., 2007), while a reductive
pathway converts 3-HPA to 1,3-PD, simultaneously regenerating
NAD+ essential for PduP-activity.

The genes encoding PduP, PduL and PduW are present on the
pdu-operon of a number of microorganisms. PduP, PduL and PduW
of Salmonella enterica have been characterized using propionalde-
hyde as substrate (Leal et al., 2003; Liu et al., 2007; Palacios

http://dx.doi.org/10.1016/j.biortech.2014.12.109
0960-8524/� 2015 Elsevier Ltd. All rights reserved.
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et al., 2003). S. enterica PduP was employed in an engineered path-
way together with cofactor B12-independent glycerol dehydratase
of Clostridum butyricum and polyhydroxyalkanoate (PHA) synthase
of Ralstonia eutropha for the production of poly(3-hydroxpropionic
acid) (Poly-3-HP) from glycerol in Escherichia coli with a polymer
yield of 11.98% per cell dry weight (wt/wt) in a two-step fed-batch
fermentation (Andreeßen et al., 2010). In a recent study, an
improved yield of poly-3-HP of 46.4% (wt/wt cell dry weight)
was achieved using a similar system but with the glycerol dehy-
dratase from Klebsiella pneumoniae and an aerobic fed batch fer-
mentation (Wang et al., 2013).

According to a previous study, deletion of native pduP in K.
pneumoniae led to a decrease in final titer of 3-HP from glycerol.
The deletion of pduP was however possibly compensated by one
or more aldehyde dehydrogenases natively present in the organ-
ism (Luo et al., 2012). We have earlier reported characterization
of recombinant PduP from L. reuteri; the enzyme exhibited a spe-
cific activity of 18 U/mg at 3-HPA concentration of 7 mM, above
which substrate inhibition occurs (Sabet-Azad et al., 2013). The
enzyme preferred NAD+ as cofactor than NADP+. In a separate
study, production of 3-HPA from glycerol using resting cells of L.
reuteri was studied and improved by in situ complexation with
bisulfite (Sardari et al., 2013a) and subsequent harvesting of the
complex on an ion exchange resin (Sardari et al., 2013b). A recent
report from our laboratory on flux analysis of the L. reuteri Pdu
pathway has further shown that the rate of glycerol dehydration
is 10 times faster than its subsequent reduction of oxidation of 3-
HPA to 1,3-PD and 3-HP, respectively (Dishisha et al., 2014). Thus,
for the production of 1,3-PD and 3-HP feeding rate of glycerol has
to be kept low in order to prevent the accumulation of 3-HPA.

In the present study, E. coli cells engineered with PduP, PduL
and PduW from L. reuteri DSM 20016, and mutants with only
two of the above enzymes in each, were developed to verify and
evaluate the pathway for the formation of 3-HP from 3-HPA as sub-
strate. Bioconversions using growing as well as resting cells were
performed. The possibility of production of 3-HP from glycerol in
a two-step process, involving 3-HPA production by L. reuteri pro-
moted by in situ complexation with bisulfite (Sardari et al.,
2013a), and conversion of 3-HPA to 3-HP by the recombinant
E. coli, was studied.

2. Methods

2.1. Strains and media

Competent E. coli BL21(DE3) was purchased from Novagen.
E. coli cultivations were made in lysogeny broth (LB)-medium, on
LB-agar or in M9 minimal medium (20 g/L glucose, 2 mM MgSO4,
0.1 mM CaCl2, 6.8 g/L Na2HPO4, 3 g/L KH2PO4, 0.5 g/L NaCl, 1 g/L
NH4Cl) supplemented with 20 lg/mL kanamycin (Sigma–Aldrich).

2.2. Cloning, expression and purification of recombinant proteins

A construct of pCOLADuet-1 (Novagen) containing the three
genes pduP, pduL and pduW, each gene under the control of an

individual T7-promotor, was synthesized by GenScript (Piscata-
way, USA) and anointed pCOLADuet:pduP:pduL:pduW.

Individual disruptions of pduP, pduL and pduW were made
through the introduction of a stop codon five codons downstream
from the start codon of each gene (indicated in bold in primer
sequences below) through site directed mutagenesis employing
Pfu DNA polymerase. Forward mutagenic primers for the disrup-
tion of pduP (dPduP-FOR: 50-ATG GGT ATG CAG ATT TAA GAT
ATT GAA AGT GC-30), pduL (dPduL-FOR: 50-ATG GAT GAA GAA
CAT TAA AGA ACA CTT ATC C-30 and pduW (dPduW-FOR 50-ATG
TCA AAA AAA ATA TAA GCA ATT AAT TCT GG-3) with template
pCOLADuet:pduP:pduL:pduW were employed in a PCR of 1 min
initial denaturation at 95 �C followed by 25 cycles of 1 min of dena-
turation at 95 �C, 1 min of annealing at 55 �C and 16 min elonga-
tion at 72 �C. A final elongation step was performed at 72 �C for
15 min. Degradation of methylated template DNA was achieved
by restriction endonuclease DpnI. Reverse primers were comple-
mentary to the forward primers.

Constructs were introduced in the competent E. coli BL21(DE3)
through thermal shock transformation. E. coli BL21(DE3) contain-
ing pCOLADuet-1 was developed as a control strain. Construct
sequences were confirmed through nucleotide sequencing (GATC
Biotech, Germany).

Production of the enzymes was performed in LB-medium under
aerobic conditions at 30 �C and 200 rpm. E. coli strains were culti-
vated up to an OD600 of 0.6–0.8, after which protein expression was
induced by the addition of 1 mM IPTG and subsequent incubation
for 4 h. The cells were harvested and lysed with BugBuster Protein
Extraction Reagent and Lysogene Bioprocessing Reagent (Novagen)
according to product manual. Soluble and insoluble fractions were
separated by centrifugation for 20 min at 23,300�g and 4 �C.
Sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS–
PAGE) was performed on soluble and insoluble fractions on gels
containing 10% (w/v) acrylamide.

Production and purification of functional recombinant PduP
was performed as previously described (Sabet-Azad et al., 2013).
Construction of pET28b-PduL, production and purification of PduL
was also performed in an identical manner, except for utilizing
primers pduL-For (50-CCATGGATGGATGAAGAACATTTAAGAAC-
ACTT-30) and pduL-Rev (50-CTCGAGGTTTTTCTTCTTGATAA-
TAACTTTTCCG-3) for the amplification of pduL by PCR.

2.3. Disruption of ackA and yqhD in E. coli

Acetate kinase (ackA, NCBI gene ID: 8181271) and alcohol
dehydrogenase (yqhD, NCBI gene ID: 8180496) of E. coli BL21(DE3)
were identified through the National Center for Biotechnology
Information (NCBI). Disruption of ackA and yqhD were performed
by using targeted group II introns (TargeTron� Gene Knockout
System, Sigma–Aldrich). For ackA, primers IBS-ac (50-AAAAAAGCT-
TATAATTATCCTTACAGTTCTTCTACGTGCGCCCAGATAGGGTG-30),
EBS1d-ac(50-CAGATTGTACAAATGTGGTGATAACAGATAAGTCTTCT-
ACCGTAACTTACCTTTCTTTGT-30) and EBS2-ac(50-TGAACGCAAG-
TTTCTAATTTCGGTTAACTGTCGATAGAGGAAAGTGTCT-30) while for
yqhD, primers IBS-yq(50-AAAAAAGCTTATAATTATCCTTACAAAC-
CCTGGCTGTGCGCCCAGATAGGGTG-30), EBS1d-yq(50-CAGATTGTA-

Fig. 1. Proposed pathway for 3-HP production from glycerol by L. reuteri. The pathway is initiated by dehydration of glycerol to 3-HPA catalyzed by cofactor B12-dependent
glycerol dehydratase. 3-HPA is subsequently metabolized to 3-HP in an oxidative pathway involving three consecutive steps catalyzed by PduP, PduL and PduW. While PduP
requires HS-CoA and NAD+ as cofactors, the HS-CoA is regenerated in the subsequent reaction catalyzed by PduL in the presence of Pi, while in the last step catalyzed by
PduW, the phosphate is transferred to ADP to generate ATP besides 3-HP.
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CAAATGTGGTGATAACAGATAAGTCCTGGCTATTAACTTACCTTTCTT-
TGT-30) and EBS2-yq(50-TGAACGCAAGTTTCTAATTTCGGTTGTTT-
GTCGATAGAGGAAAGTGTCT-30) were employed for retargeting the
introns by PCR with initial denaturation at 94 �C for 30 s followed
by 30 cycles of denaturation at 94 �C for 15 s, annealing at 55 �C
for 30 s and elongation at 72 �C for 30 s, with a final elongation at
72 �C for 2 min. Restriction of the PCR-fragments using restriction
enzymes Hind III and BsrG I was followed by ligation of the frag-
ments into pACD4K-C and transformation of competent E. coli
BL21(DE3) with the constructs dackA-pACD4K-C and dyqhD-
pACD4K-C, respectively. Cells were grown to OD600 of �0.2, after
which intron expression and genomic insertion was performed by
addition of 0.5 mM IPTG, thus obtaining genomically modified Kanr

strains E. coli BL21(DE3) DackA and E. coli BL21(DE3) DyqhD. Knock-
outs of ackA and yqhD were confirmed through colony-PCR.

2.4. Production of 3-HPA

3-HPA was prepared by fed-batch biotransformation of glycerol
as described elsewhere (Sardari et al., 2013a). Freshly grown cells
of L. reuteri (5 g cell dry weight) prepared in MRS medium for 8 h
at 37 �C and centrifuged, were re-suspended in a 1 L solution con-
taining 2 g glycerol at pH 5 in a 3 L bioreactor (Applikon, The Neth-
erlands), and biotransformation was performed at 37 �C with
stirring at 200 rpm and continuous bubbling with N2 gas. After
1 h of batch biotransformation, an aqueous feeding solution con-
taining 50 g/L glycerol was fed at a rate of 1 mL/min until 5 h.
The cells were separated by centrifugation at 15,000�g and 4 �C
for 10 min, and the supernatant was used as a source of 3-HPA
after filter sterilization utilizing a 0.2 lm polyethersulfone mem-
brane (VWR), and is henceforth referred to as crude 3-HPA. Product
concentrations when produced from crude 3-HPA were calculated
by deducting the concentration of 3-HP and 1,3-PD present in the
substrate.

2.5. Production of 3-HPA by complexation with bisulfite and recovery
of complexed and free 3-HPA

Production of 3-HPA by fed-batch biotransformation of glycerol
using L. reuteri cells, in situ complexation of 3-HPA with bisulfite
and purification of a mixture of free and complexed 3-HPA through
a column packed with bisulfite-functionalized Amberlite IRA-400
resin (Cl form) was done as described elsewhere (Sardari et al.,
2013b). The 3 L Applikon bioreactor was coupled to a tangential
flow microfiltration module (Pellicon XL, 0.45 lm, 50 cm2 filtration
area, Millipore, Bedford, MA, USA) and a column (0.5 � 53 cm)
packed with 50.0 g (dry weight) resin.

Cells, grown in MRS-medium as described in Section 2.4, were
resuspended in a 1 L solution containing 2 g glycerol and 1.1 g
sodium bisulfite. After 1 h of batch biotransformation, a feeding
solution containing 74 g/L glycerol and 42 g/L sodium bisulfite
was fed to the bioreactor at a rate of 0.92 mL/min and the cell free
permeate obtained after passing through the microfiltration unit
was pumped upwards through the column packed with bisulfite-
functionalized Amberlite IRA-400 and back to the bioreactor. After
biotransformation, 3-HPA bound to the resin was eluted using
0.2 M sodium chloride as a mixture of 3-HPA-bisulfite complex
and free 3-HPA at a molar ratio of 1:1.

2.6. Production of 3-HP from 3-HPA using clarified lysate of
recombinant E. coli

The soluble protein fractions of E. coli pdu:P:L:W, pdu:dP:L:W,
pdu:P:dL:W, pdu:P:L:dW and control pCOLADuet obtained after
lysis of the cells (Section 2.2), were used directly for evaluating
3-HP production from crude 3-HPA prepared in Section 2.4.

Reactions of 0.5 mL were run in triplicates in eppendorf tubes
containing 10 mM NAD+, 0.43 mM HS-CoA, 10 mM ADP, 1 mM
DTT, 20 mM KCl, 0.1 mg/mL BSA and 7 mM (3.5 lmol) crude 3-
HPA in 50 mM potassium phosphate buffer, pH 7.0. The reactions
were initiated by the addition of 30 or 50 ll of the clarified
E. coli lysate and incubated at 30 �C for 1 h.

3-HP production from 3-HPA was also analyzed for the DackA
mutant under similar conditions as above but by initiating the
reaction by addition of purified PduP and PduL to final concentra-
tions of 10 mg/L along with 20 lL of the clarified lysates of E. coli
BL21(DE3) DackA and native E. coli BL21(DE3) (as control),
respectively.

2.7. Production of 3-HP from 3-HPA using whole cells of recombinant
E. coli

E. coli pdu:P:L:W and control pCOLADuet were grown under
aerobic conditions in 1 L baffled shake flasks in 100 mL M9-med-
ium containing 20 g/L glucose. Cells were grown to an OD600 of
0.6–0.8, after which protein expression was induced by the addi-
tion of 1 mM IPTG and the cultures incubated at 30 �C, 200 rpm
for 15 h. One milliliter samples were removed for determining
the relationship between cell dry weight and OD600.

Bioconversion using growing cells was initiated by the addition
of crude 3-HPA (5 mM, produced according to Section 2.4) to the
medium. After complete consumption of 3-HPA, an additional
5 mM substrate was added. This procedure was repeated until
the 3-HP concentration reached a plateau. The glucose concentra-
tion in the medium was continuously monitored.

For bioconversion using resting cells, E. coli cells were har-
vested, re-suspended in filter-sterilized 50 mM potassium phos-
phate buffer pH 7.0, to an OD600 of 3.7 and incubated with 3-HPA
at 30 �C, 200 rpm. Two parallel experiments were performed using
8 mM crude 3-HPA obtained by fed-batch cultivation of L. reuteri
(from Section 2.4) and 14 mM of the preparation containing a mix-
ture of free and bisulfite complexed 3-HPA (prepared in Sec-
tion 2.5), respectively. An additional 8 mM (crude) or 14 mM
(free and bisulfite complexed) 3-HPA was added in cases where
the substrate was completely consumed.

For evaluating 1,3-PD production by the resting cells in the
above experiment, the native E. coli BL21(DE3) and yqhD-deficient
strain E. coli BL21(DE3) DyqhD were grown in M9-medium con-
taining 20 g/L glucose in aerobic conditions at 30 �C for 15 h, after
which crude 3-HPA was added to the culture broth to a final con-
centration of 4 mM followed by an additional 5 h of incubation.
The cells were subsequently harvested and resuspended in filter-
sterilized 50 mM potassium phosphate buffer pH 7.0. Crude 3-
HPA to a final concentration of 4 mM was added to the resting cell
suspensions. 3-HPA consumption and 1,3-PD formation was mon-
itored with time during both growing and resting conditions.

2.8. Analyses of glucose, 3-HPA, 1,3-PD, 3-HP, bisulfite, and cell dry
weight

Residual glucose was measured by the ACCU-CHEK Aviva sys-
tem (Roche, Basel, Switzerland). 3-HPA concentration was deter-
mined using a modified colorimetric method based on the
dehydration of 3-HPA to acrolein in the presence of HCl (37%),
and subsequent complexation with DL-tryptophan, and measuring
absorbance at 560 nm (Circle et al., 1945; Sabet-Azad et al., 2013).
1,3-PD, 3-HP and bisulfite were quantified by HPLC (Jasco) using an
Aminex HPX-87H column and detection using RI detector as
reported previously (Sardari et al., 2013a).

For determination of cell dry weight, 1 mL of E. coli culture sam-
ples (Section 2.7), collected in 1.5 mL eppendorf tubes, were centri-
fuged at 16,000�g for 10 min, after which the supernatant was
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removed. The tubes were placed in a 100 �C oven for 6 h with open
lids, after which their weight was determined. A correlation of
0.47 g cell dry weight/OD600 was established.

3. Results and discussion

3.1. Identification, cloning and expression of pduP, pduL and pduW of
L. reuteri DSM 20016 in E. coli BL21(DE3)

Formation of 3-HP by native cells of L. reuteri in the presence of
glycerol is most likely due to the propanediol utilization pathway,
encoded by the pdu-operon in the organism (Yasuda et al., 2007;
Dishisha et al., 2014). This operon is present in a number of strains
and its metabolic function has previously been reported (Bobik
et al., 1999; Leal et al., 2003; Liu et al., 2007; Palacios et al.,
2003) in S. enterica. PduP of L. reuteri DSM 20016 (NCBI:
YP_001272311) was identified and characterized in a previous
study (Sabet-Azad et al., 2013), where its affinity toward 3-HPA
was confirmed. The phosphotransacylase PduL (NCBI:
YP_001272316) encoded by 645 nucleotides and the putative ace-
tate kinase PduW (NCBI: YP_001272309) encoded by 1185 nucleo-
tides were identified through the National Center for
Biotechnology Information (NCBI). All plasmid- and E. coli con-
structs developed as part of this study are summarized in Table 1.
Protein expression analysis through SDS–PAGE of the cell extracts
showed overexpression of PduP, PduL and PduW in E. coli
pdu:P:L:W, seen as bands corresponding to the expected molecular
masses of 51 kDa (PduP), 24 kDa (PduL) and 44 kDa (PduW)
(Fig. 2). The strains containing disruptions in the sequences of
PduP, PduL and PduW, respectively, were found to lack expression
of the disrupted genes. No expression of PduP, PduL or PduW was
observed in the control pCOLADuet strain.

3.2. Production of 3-HPA from glycerol by L. reuteri

A process for the direct conversion of glycerol to 3-HP by E. coli
would demand the recombinant expression of glycerol dehydra-
tase. This rather complex system, where up to 3 enzymes interact
for activation and catalysis of glycerol to 3-HPA, is natively present
in Salmonella- (Bobik et al., 1999), Klebsiella- (Wang et al., 2007)
and Lactobacillus (Morita et al., 2008; Sauvageot et al., 2002;
Talarico and Dobrogosz, 1990) species as cofactor B12-dependent.
Its presence as a cofactor B12-independent system in Clostridium
butyricum has also been reported, instead using S-adenosyl methi-
onine for activation. However, its high oxygen sensitivity limits its
usage in combination with enzymes such as PduP, PduL and PduW
in E. coli (O’Brien et al., 2004). Furthermore, deletion of competing
enzymes involved in the consumption of glycerol and natively
present in E. coli would be necessary for a competitive yield and
final titer of 3-HP (Tokuyama et al., 2014).

L. reuteri, on the other hand, produces 3-HPA efficiently and
even tolerates relatively high concentrations of the hydroxyalde-
hyde as compared to other organisms (Cleusix et al., 2012). Fed-
batch biotransformation of glycerol using L. reuteri cells resulted

in a product containing 3-HPA (50 mM), 3-HP (19.4 mM), 1,3-PD
(19.4 mM) and residual glycerol (24 mM). No further conversion
of glycerol was possible due to product inhibition.

In order to lower the inhibitory effect of 3-HPA and thus
increase its final titer by L. reuteri, in situ recovery of 3-HPA is
required. Although complexation of 3-HPA with semicarbazide or
carbohydrazide is very efficient and leads to significant increase
in 3-HPA production, the release of 3-HPA from the complex is
problematic (Vollenweider and Lacroix, 2004). In comparison,
complexation of 3-HPA with bisulfite is an equilibrium process,
and the complex is easily dissociated making the free 3-HPA avail-
able for the reaction (Sardari et al., 2013b). Fed-batch production of
3-HPA was integrated with a reported method for 3-HPA separa-
tion on bisulfite functionalized resin (Sardari et al., 2013b). The
product, consisting of a combined concentration of 74 mM free
and bisulfite complexed 3-HPA, was obtained that was free of
1,3-PD and 3-HP.

3.3. Production of 3-HP from 3-HPA using clarified cell lysates

Transformation of crude 3-HPA (obtained by fed-batch bio-
transformation of glycerol as described in Section 2.4) to 3-HP
was investigated using clarified cell lysates from the E. coli strain
expressing functional PduP, PduL and PduW as well as mutants
lacking functional expression of PduP, PduL or PduW. The crude
3-HPA solution was added to 0.5 mL of buffered solution of the
clarified cell lysates to get the initial 3-HPA concentration of
7 mM. The samples were analyzed after 1 h of incubation. While
no consumption of 3-HPA was observed by the strain lacking
expression of functional PduP, consumption of the hydroxyalde-
hyde was observed for the mutants lacking PduL (0.7 lmol) and
PduW (1.3 lmol), with production of 3-HP only in the latter case,
equimolar to the amount of consumed 3-HPA (Fig. 3a). The highest
production of 3-HP was observed by the cell lysate of the strain
pdu:P:L:W, which was equimolar to the 3-HPA amount consumed
(1.9 lmol). This was 1.5-fold higher than that of pdu:P:L:dW
(Fig. 3a).

Propionate kinase PduW is a member of the acetate kinase
superfamily and bears 40% similarity with E. coli native acetate
kinase, AckA (NCBI: WP_001362987). It may seem that the lack
of PduW in pdu:P:L:dW is compensated by AckA, resulting in 3-
HP production by the mutant. To verify the role of AckA, the gene
encoding the enzyme in the native E. coli was disrupted to give a
mutant E. coli BL21(DE3) DackA, and 3-HP production from 3-
HPA by the clarified cell lysate of the mutant DackA and the
unmodified strain E. coli BL21(DE3) in the presence of pure recom-
binant PduP and PduL was examined. 3-HP was formed to an equi-
molar amount of consumed 3-HPA (0.5 lmol) by the unmodified
strain, while no 3-HP production was observed by the DackA strain
although 3-HPA was consumed (Fig. 3b). These results confirm the
role of AckA as a stand-in for PduW as well as the role of PduP,
PduL and PduW in L. reuteri in 3-HP production from 3-HPA, which
is formed by dehydration of glycerol by the organism.

Table 1
Plasmid constructs and strains developed for this study.

Strain Construct Property

E. coli pCOLADuet pCOLADuet-1 Control strain, non-modified plasmid in E. coli BL21(DE3)
E. coli pdu:P:L:W pCOLADuet:pduP:pduL:pduW Expression of PduP, PduL and PduW, each under a distinct T7-promoter, in E. coli BL21(DE3)
E. coli pdu:dP:L:W pCOLADuet:dpduP:pduL:pduW E. coli pdu:P:L:W with disruption of pduP
E. coli pdu:P:dL:W pCOLADuet:pduP:dpduL:pduW E. coli pdu:P:L:W with disruption of pduL
E. coli pdu:P:L:dW pCOLADuet:pduP:pduL:dpduW E. coli pdu:P:L:W with disruption of pduW
E. coli BL21(DE3) DackA – E. coli BL21(DE3) with disrupted ackA
E. coli BL21(DE3) DyqhD – E. coli BL21(DE3) with disrupted yqhD
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3.4. Whole cell production of 3-HP from crude 3-HPA by recombinant
E. coli

Both growing and resting cells of E. coli pdu:P:L:W and control
strain pCOLADuet were used for the conversion of crude 3-HPA to
3-HP.

Addition of 5 mM 3-HPA to the growing E. coli strains
pdu:P:L:W (Fig. 4a) and pCOLADuet (Fig. 4b) resulted in its com-
plete consumption by both the strains in about 5 h. While the pCO-
LADuet strain did not produce 3-HP, production of the hydroxyacid
was observed in the strain overexpressing PduP, PduL and PduW,
up to 4 mM after which the production reached a plateau, with a
specific production rate of 0.4 mmol g�1 CDW h�1 (36 mg g�1 -
CDW h�1). Formation of 1,3-PD by both the strains was observed;
the rate of production by pCOLADuet was however twice that of
pdu:P:L:W. On repeated additions of 3-HPA, total consumption
by pdu:P:L:W and pCOLADuet was achieved, until the third addi-
tion where consumption of 3-HPA by the control strain leveled
off. Combined yields of 3-HP and 1,3-PD were on average 0.5 mol
per mol 3-HPA in the early, mid and late phase. The final yield of
3-HP by pdu:P:L:W in these conditions was 0.3 mol/mol 3-HPA.
An increasing amount of as yet unknown compound was also
detected by HPLC analysis of the product from both pdu:P:L:W
and control strains. Work is currently underway for its
identification.

The native 1,3-PD producing ability of E. coli has been previ-
ously reported and ascribed to the presence of an E. coli native
alcohol dehydrogenase/1,3-PD oxidoreductase (YqhD) (Jarboe,
2011). This was confirmed by disrupting the yqhD gene and study-
ing the effect on 1,3-PD formation from 3-HPA by the growing cells
of E. coli BL21(DE3) DyqhD and control E. coli BL21(DE3). While 1,3-
PD was formed to a yield of 0.5 mol/mol 3-HPA by the native strain,
no 1,3-PD formation was observed by the DyqhD strain.

For bioconversion using resting cells of E. coli pdu:P:L:W, 8 mM
crude 3-HPA used was completely consumed in about 4 h in the
first batch. 3-HP productivity of 1 mmol g�1 CDW h�1 (90 mg g�1 -
CDW h�1) was observed, until the production of 3-HP and con-
sumption of 3-HPA leveled off after approximately 8 h, following

Fig. 2. SDS–PAGE analysis on 10% acrylamide gels of E. coli pdu:P:L:W (B), pdu:dP:L:W (C), pdu:P:dL:W (D) and pdu:P:L:dW (E), with standard protein ladder in lane A.

Fig. 3. End point results of the consumption of 3-HPA ( ) and production of 3-HP
( ) by (a) clarified cell lysates of strains pCOLADuet, pdu:P:L:W, mutant strains
lacking functional expression of PduP, PduL or PduW, and (b) E. coli BL21(DE3) and
E. coli BL21(DE3) DackA. To 0.5 mL reaction mixture containing 50 mM potassium
phosphate buffered system, pH 7.0, 10 mM NAD+, 0.43 mM HS-CoA, 10 mM ADP,
1 mM DTT, 20 mM KCl, 0.1 mg/mL BSA and 7 mM crude 3-HPA was added 30 or
50 ll of the clarified cell lysates (and 10 mg/L purified PduP and PduL in case of (b)).
The reaction mixture was incubated at 30 �C for 1 h.
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repeated addition of crude 3-HPA, giving a final titer of 12 mM 3-
HP and yield of 1 mol 3-HP per mol 3-HPA (Fig. 5). No side-product
was detected. In contrast, no consumption of 3-HPA or production
of 3-HP was observed by the resting cells of the control strain
pCOLADuet. The lack of 1,3-PD production by the resting cells, in
contrast to that by the growing cells, might be due to addition of
3-HPA under conditions when cells are not stressed and lacking
yqhD expression. Expression of YqhD by E. coli would require an
activation of yqhD through oxidative stress, such as the presence
of reactive aldehydes (Pérez et al., 2008). In order to confirm this
hypothesis, 3-HPA was added to cultures of E. coli BL21(DE3) in
growing conditions 5 h before harvesting and resuspension of cells
in potassium phosphate buffer. As seen in Fig. 6, 1,3-PD production
was observed in both growing and resting conditions, thereby
explaining the lack of 1,3-PD when adding 3-HPA solely in resting
conditions.

While growing cells spend effort in the metabolism of a carbon
source for energy and cofactor generation, this behavior is lacking
in the resting cells, where a limited pool of cofactors can be applied
for specific purposes. Formation of by-products employing resting
cells can thus be minimized, leading to higher yields and ideally
higher productivities. For the growing-as well resting cell system,
the maximum titers were reached after ca 10 h. NAD+-regeneration
in L. reuteri occurs through the production of 1,3-PD by NADH-
dependent 1,3-PD oxidoreductase (Dishisha et al., 2014). When
utilizing recombinant E. coli in resting conditions, the process will

eventually stop with the depletion of NAD+ unless a cofactor regen-
eration system is integrated. The Pdu-pathway leads to the produc-
tion of ATP, ideally keeping the cells active for a longer period of
time even in the resting condition where no carbon-source is pres-
ent for the generation of energy.

Finally, 3-HPA (14 mM) comprising a 1:1 mixture of free 3-HPA
and bisulfite complexed 3-HPA (Sardari et al., 2013b), was used as
a substrate for conversion by the resting cells of recombinant E. coli
pdu:P:L:W, which led to the production of 3-HP with a final titer of
12 mM, yield of 0.85 mol 3-HP/mol 3-HPA but a lowered specific
productivity of 0.4 mM g�1 CDW h�1 (36 mg g�1 CDW h�1).

An extensive review on biological production of 3-HP has been
performed by Kumar et al. (2013), which presents the results of the
various production strategies reported in literature. Table 2 com-
plements these results with strategies published in more recent
years. The main focus in the presented strategies is engineering
of E. coli or K. pneumoniae, by direct genomic modulation and/or
through expression of native and heterologous enzymes, for the
synthesis and over-expression of 3-HP producing pathways. The
highest titer (57.3 g/L), yield (0.86 mol per mol glycerol) and

Fig. 4. Profiles of the bioconversion of 3-HPA (s) to 3-HP (N) and 1,3-PD (j) by
growing cells of (a) E. coli strain pdu:P:L:W and (b) control pCOLADuet. The
bioconversion was conducted at 30 �C in 1 L baffled shake flasks containing
100 mL M9-medium (20 g/L glucose, 2 mM MgSO4, 0.1 mM CaCl2, 6.8 g/L Na2HPO4,
3 g/L KH2PO4, 0.5 g/L NaCl, 1 g/L NH4Cl and 20 lg/mL kanamycin). The experiment
was initiated by the addition of 5 mM 3-HPA, which was then repeatedly added to
the medium following its consumption by the cells.

Fig. 5. Profile of the bioconversion of 3-HPA (s) to 3-HP (N) by resting cells of E. coli
pdu:P:L:W. The bioconversion was conducted at 30 �C in 1 L baffled shake flasks
containing 100 mL 50 mM potassium phosphate buffer, pH 7.0. The reaction was
commenced by the addition of 8 mM 3-HPA. The substrate was repeatedly added
after its complete consumption was noted in the reaction.

Fig. 6. Profile of the bioconversion of 3-HPA (s) to 1,3-PD (j) by E. coli BL21(DE3)
in growing and resting conditions. 3-HPA (4 mM) was added to the growing cells
(Phase 1) in 1 L baffled shake flasks containing 100 mL M9-medium (20 g/L glucose,
2 mM MgSO4, 0.1 mM CaCl2, 6.8 g/L Na2HPO4, 3 g/L KH2PO4, 0.5 g/L NaCl and 1 g/L
NH4Cl). Cells were harvested through centrifugation and resuspended in 100 mL
50 mM potassium phosphate buffer, pH 7.0, after which 4 mM 3-HPA was added to
the resting cells (Phase 2).
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productivity (1.59 g/L/h) achieved to date was through genomic
modulation of glycerol metabolism and 1,3-PD production, and
recombinant expression of B12-dependent glycerol dehydratase
and its reactivating enzyme (DhaB-DhaR) from Lactobacillus brevis
and semialdehyde dehydrogenase (PSALDH) from Pseudomonas
aeruginosa in E. coli BL21star(DE3) (Kim et al., 2014).

In the present study, while the yield of 3-HPA from glycerol
reached 0.68 mol/mol by L. reuteri, a yield of 1 mol 3-HP/mol 3-
HPA was reached utilizing resting cells of E. coli. The yield, titer
as well as productivity are comparable to various production sys-
tems studied in shake flask conditions, e.g. those involving expres-
sion of aldehyde dehydrogenase in E. coli (Raj et al., 2008) and
NAD+-regeneration by aldehyde oxidase in K. pneumoniae (Li
et al., 2014) for conversion of glycerol to 3-HP, and the construc-
tion of a malonyl-CoA pathway in E. coli (Rathnasingh et al.,
2012) for 3-HP production from glucose. The low productivity in
this study, in comparison with a number of widely studied path-
ways (Kumar et al., 2013) (Table 2), is a consequence of 3-HPA
inhibition and slower kinetics of 3-HPA transformation in compar-
ison to its formation (Dishisha et al., 2014), and even in comparison
to the alternative pathway involving aldehyde dehydrogenase cat-
alyzed oxidation of 3-HPA to 3-HP. Over-expression of these
enzymes for overcoming 3-HPA inhibition, coupled to co-factor
regeneration, is expected to increase productivity and final titer
of 3-HP. Using a buffered aqueous system without any expensive
co-factors such as coenzyme B12 for biotransformation using rest-
ing cells can provide an advantage in terms of lower costs includ-
ing simple downstream processing for obtaining pure 3-HP due to
absence of side-products.

4. Conclusions

This study introduces and confirms the propanediol utilization
pathway of L. reuteri, expressed in E. coli, for the production of 3-
HP from 3-HPA. Resting cells of the recombinant strain convert
3-HPA quantitatively and at a higher rate to 3-HP in contrast to
growing cells, which produce 1,3-PD along with 3-HP. Currently,
a cofactor-regeneration system is being engineered in E. coli
pdu:P:L:W to allow continuous production of 3-HP over a longer
period. A further strategy is to develop a production system based
on one microbial host with an optimized pathway with L. reuteri
enzymes for production of 3-HP from glycerol.
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Abstract 

Lactobacillus reuteri, a probiotic lactic acid bacterium, has a glycerol metabolic 

pathway through which it is converted to 3-hydroxypropionaldehyde (3-HPA), 3-

hydroxypropionic acid (3-HP) and 1,3-propanediol (1,3-PD). In our earlier studies, 

we have expressed the genes coding for propionaldehyde dehydrogenase, 

phosphotransacylase and propionate kinase in E. coli for conversion of 3-HPA to 3-

HP with accumulation of 1,3-PD as a by-product. In order to enhance the 3-HP yield 

from 3-HPA, the gene encoding NADH oxidase (Nox), an enzyme that utilizes 

molecular oxygen as substrate with formation of water as product was isolated from 

L. reuteri and heterologously overexpressed in Escherichia coli. As a result, the 3-HP 

production using recombinant strain was enhanced using intermittent fed-batch mode 

of operation.  

 

Keywords 

NADH oxidase; Cofactor regeneration; 3-Hydroxypropionic acid; 3-

Hydroxypropionaldehyde; Lactobacillus reuteri; Fed-batch biotransformation  
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1. Introduction 

Significant efforts are continuously being made around the world to move from the 

current fossil-based economy to a more sustainable economy based on renewable 

resources. In order to match the efficiency and flexibility of the petrochemical 

industry, the bio-based industry needs to develop a set of versatile building blocks, or 

platforms from which a range of products can be derived (Jong et al., 2012). Taking 

this into consideration, the Department of Energy, USA has identified 30 platform 

chemicals composed of 1-6 carbon atoms as potential candidates for bio-based 

production (Werpy et al., 2004). Polyols and organic acids constitute the majority of 

these chemicals; examples are glycerol, propionic acid and 3-hydroxypropionic acid 

(3-HP). 

3-HP is a structural isomer of lactic acid (2-hydroxypropionic acid). The bi-

functionalities, hydroxyl- and carboxyl groups, make it a versatile compound for 

organic synthesis (Della Pina et al., 2011; Mochizuki & Hirami, 1997; Zhang et al., 

2004). 3-HP is an important precursor for acrylic acid (Della Pina et al., 2011) and 

can be incorporated as a cross-linking agent in coatings, lubricants and antistatic 

agents for textiles (Kumar et al., 2013). Other applications are expected in food 

industry, cosmetics and fertilizers (Banner et al., 2011). Currently, there is no 

commercial process for production of 3-HP, since most of the developed chemical 

production routes were not environmentally friendly and/or economically unfeasible 

(Della Pina et al., 2011; Kumar et al., 2013).  

Biologically, 3-HP can be obtained in small quantities as an end product of 

glycerol and acrylic acid metabolism using few microorganisms (Kumar et al., 2013). 

Jiang et al., 2009 and Henry et al., 2010 have suggested different metabolic pathways 

for the production of 3-HP from glucose and glycerol (Henry et al., 2010; Jiang et al., 
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2009). In order to convert glycerol to 3-HP, two different pathways have been 

described. The first step in these pathways is the selective dehydration of glycerol 

yielding 3-hydroxypropionaldehyde (3-HPA) in a reaction catalyzed by glycerol/diol 

dehydratase. The resulting aldehyde is then oxidized forming 3-HP through aldehyde 

dehydrogenase, or through the three-step cascade reaction catalyzed by 

propionaldehyde dehydrogenase (PduP), phosphotransacylase (PduL), and kinase 

(PduW) (Jiang et al., 2009). However, for achieving the redox balance other products 

are produced simultaneously such as 1,3-PD through 1,3-propanediol oxidoreducase.  

The biocatalytic dehydration of glycerol and dismutation of the resulting 3-HPA 

was achieved yielding equimolar amounts of 1,3PDO and 3HP using resting cells of 

Lactobacillus reuteri (Dishisha et al., 2014). Hence a yield of 50 mol% from glycerol 

was obtained. In another study we have shown the feasibility for production of 3-HP 

from 3-HPA using recombinant E. coli strain harboring the three enzymes of the 

propanediol-utilization (pdu) pathway (PduP, L and W) (Sabet-Azad et al., 2015). In 

this case biotransformation using growing cells led to the accumulation of 1,3-PD in 

almost equimolar amounts to 3-HP caused by the native 1,3-PD 

oxidoreductase/alcohol dehydrogenase of E. coli, which also provided a means for 

regeneration of the NADH cofactor formed during the first enzymatic step of 3-HP-

coenzyme A formation catalyzed by PduP. On the other hand when the recombinant 

E. coli cells were used in resting conditions, 3-HP was the main product. However, 

the reaction was stopped as a result of co-factor depletion. Regeneration of NAD+ 

from NADH can prolong the biotransformation process and produce 3HP with high 

yield by resting cells.   

Several dehydrogenases/oxidoreductases, such as lactate dehydrogenase and 

alcohol dehydrogenase, can be used for the generation of NAD+ from NADH 
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(Wandrey, 2004). However, the requirement for an additional substrate and the 

production of an undesired product is a major limitation. On the other hand, the 

enzyme NADH oxidase (Nox), that utilizes molecular oxygen as substrate, overcomes 

the need for additional substrate. Several Nox enzymes are present, mostly catalyzing 

the conversion of O2 to H2O2 with simultaneous NAD+ regeneration. Hydrogen 

peroxide can then be degraded via catalase-mediated reaction into water and oxygen 

(Higuchi et al., 1993; Kengen et al., 2003; Niimura et al., 2000; Rocha-Martin et al., 

2011; Toomey & Mayhew, 1998).  

A number of Nox have a unique ability to catalyze the conversion of molecular 

oxygen directly into water. These enzymes were characterized, purified and cloned 

from several lactobacilli strains including Lactobacillus brevis, Lactobacillus 

rhamnosus, Lactobacillus sanfranciscensis and others (Geueke et al., 2003; Higuchi 

et al., 1993; Riebel et al., 2003; Riebel et al., 2002; Zhang et al., 2012).  

In the present study, homology of amino acid sequence was used to identify the 

presence of Nox in L. reuteri. The gene encoding the identified protein was amplified, 

cloned and expressed in E. coli BL21(DE3), and the protein purified and 

characterized. Subsequently, the gene coding for Nox was introduced into the E. coli 

cells bearing the pduP, pduL and pduW genes, to study the effect on production of 

3HP from 3HPA (Fig. 1). 

 

2. Materials and methods 

2.1. Strains, plasmids and medium 

Lactobacillus reuteri DSM 20016 was obtained from the German Collection of 

Microorganisms and Cell Cultures (Leibniz Institute DSMZ). Cloning host E. coli 

XL1-Blue and competent E. coli BL21(DE3) for enzyme expression were purchased 
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from Agilent Technologies. The propagation vector pUC19 was purchased from 

Thermo Scientific, while expression vector pET21a was purchased from Merck 

Millipore. L. reuteri was cultivated in deMan, Rogasa and Sharpe (MRS)-medium 

(Difco, BD). Escherichia coli was cultivated in lysogeny broth (LB)-medium, on LB-

agar or in minimal medium M9 (20 g/L glucose, M9 salts, 2 mM MgSO4, 0.1 mM 

CaCl2). Kanamycin (20 μg/mL) and ampicillin (50 μg/mL) (Sigma-Aldrich) were 

supplemented when necessary for selective pressure. Isopropyl-β-D-1-

thiogalactopyranoside (IPTG) and X-Gal (Thermo Scientific) were supplemented for 

blue white screening of transformed E. coli XL1-Blue.  

 

2.2. Materials 

Pfu DNA polymerase as well as restriction enzymes SmaI, BamHI and XhoI were 

purchased from Thermo Scientific. T4 DNA ligase was obtained from New England 

Biolabs. Coenzyme A (HS-CoA), dithiothreitol (DTT), β-nicotinamide adenine 

dinucleotide (NAD+), β-nicotinamide adenine dinucleotide phosphate (NADP+) and 

adenosine diphosphate (ADP) were purchased from Sigma-Aldrich. Isopropyl-β-D-1-

thiogalactopyranoside (IPTG) and X-Gal were purchased from Thermo Scientific. 

 

2.3. Cloning and expression of recombinant proteins. 

pCOLADuet:pduP:pduL:pduw was constructed as previously described (Sabet-Azad 

et al., 2015). L. reuteri DSM 20016 was grown overnight in aerobic conditions at 37 

°C, followed by extraction of genomic DNA utilizing GeneJet Gemomic DNA 

Extraction Kit (Fermentas). 

NADH oxidase was amplified by PCR utilizing primers Nox-FOR (5’-

ATATAGGATCCATGAAGGTTATTATTGTTGG-3’) and Nox-REV (5’-
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TATATACTCGAGTTTTTCTAATTCACGTTG-3’) introducing BamHI and XhoI 

restriction sites (in bold) and removing the native stop codon of the gene, with an 

initial denaturation at 95 °C for 3 min followed by 30 cycles of denaturation at 95 °C 

for 30 s, annealing at 52 °C for 30 s, and elongation at 72 °C for 3 min. The reaction 

was finalized with elongation at 72 °C for 10 min. The amplified gene was separated 

and purified through agarose gel electrophoresis (1% agarose). After digestion of 

cloning vector pUC19 with SmaI, blunt end ligation of linearized pUC19 and the PCR 

product was performed, thereby obtaining construct pUC19:nox. Thermal shock 

transformation of E. coli XL1-Blue with pUC19 was performed. White colonies, as 

opposed to blue colonies containing self-circularized or non-restricted pUC19, were 

isolated and insertion of PCR product in pUC19 verified through agarose gel 

electrophoresis. Sequential restriction of pUC19:nox and pET21a with BamHI and 

XhoI, respectively, was followed by separation and purification of Nox and ligation of 

the gene with the linearized pET21a. The final construct, pET21a:nox, encodes Nox 

integrated with a hexa-histidine tag (his6) on the C-terminus of the enzyme. 

Thermal shock transformation of E. coli BL21(DE3) was performed with 

pET21a:nox, and pET21a:nox and pCOLADuet:pduP:pduL:pduW, respectively. E. 

coli BL21(DE3) strain containing pET21a:nox was designated BTnox, while strain 

containing pET21a:nox and pCOLADuet:pduP:pduL:pduW was designated 

BTnoxplw. 

 

2.4. Expression of recombinant proteins and purification of recombinant Nox 

E. coli BTnox and BTnoxplw were grown on LB-medium containing appropriate 

antibiotics in aerobic conditions at 30 °C, 200 rpm. IPTG was added to a final 
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concentration of 1 mM when cell cultures had reached OD620nm of 0.4-0.6, followed 

by 4 h (BTnox) or 10 h (BTnoxplw) of additional incubation at 30 °C, 200 rpm. 

Cells were harvested by centrifugation for 20 min at 23,300 x g, 4 °C. Bugbuster 

Protein Extraction Reagent and Lysonase Bioprocessing Reagent (Novagen) were 

utilized for cell lysis according to manufacturer’s instructions. Soluble and insoluble 

protein fractions were separated by centrifugation as above. 

The soluble fraction of BTnox was passed through a 1 mL HisTrap FF Crude 

column (GE Healthcare). The column was equilibrated using binding buffer (200 mM 

sodium phosphate, 0.5 mM NaCl, pH 7.4) and Nox-his6 eluted with elution buffer 

(binding buffer and 500 mM imidazole), thereby obtaining pure Nox. 

The soluble fractions of BTnox and BTnoxplw as well as pure Nox were analyzed 

by sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) on gels 

containing 12% (w/v) acrylamide. 

 

2.5. Measurement of enzymatic activity 

Kinetic characterization of Nox was based on the oxidation of substrate NAD(P)H 

which can be measured spectrophotometrically by its absorbance at 340 nm. 

Reactions were performed in triplicates in 50 mM potassium phosphate buffer pH 7, 

unless stated otherwise, containing 1 mM DTT with varying NAD(P)H 

concentrations. Soluble cell crude extracts of strain BTnox as well as purified Nox, 

respectively, were added for initiation of the reactions after 5 min of incubation of 

reaction mixtures at 30 °C. Kinetic properties of crude Nox were evaluated using 0-

0.15 mM NADH or 0-0.1 mM NADPH. Pure Nox was evaluated using 0-0.15 mM 

NADH only. One Unit (U) of Nox activity corresponds to the formation of 1 μmole 

NAD(P)+ per min. 
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The effect of Tris-HCl-, HEPES- and potassium phosphate buffers, 50 mM pH 7, 

as well as that of pH, utilizing citric acid/phosphate buffer 50 mM (pH 4-7) and 

potassium phosphate buffer 50 mM (pH 6-8) was studied with 0.1 mM NADH as 

substrate. 

 

2.6. Production of 3-HPA 

3-HPA was produced by fed-batch fermentation of L. reuteri in MRS-medium, as 

previously described (Sabet-Azad et al., 2015; Sardari et al., 2013). The supernatant 

of the fermentation broth, containing a mixture of 50 mM 3-HPA, 19.4 mM 3-HP, 

19.4 mM 1,3-PD and 24 mM residual glycerol, was filter sterilized through a 0.2 μm 

polyethersulfone membrane (VWR), and was used as a “crude” 3-HPA substrate for 

recombinant E. coli for transformation to 3-HP in shake flask experiments. 

 

2.7. Preparation of lyophilized 3-HPA for bioreactor cultivations 

L. reuteri cells were produced by inoculating 20 mL of MRS with 1% (v/v) L. reuteri 

stock culture in 20% w/v glycerol. After 17 h at 37 °C, 20 mL of this culture was 

added to another 200 mL of MRS medium containing 20 mM glycerol and incubated 

under the same conditions for 8 h. The cells were then harvested by centrifugation at 

15,000 xg for 10 min and washed three times in sodium acetate buffer (50 mM, pH 

5.0). The cell pellet was resuspended in a total volume of 50 mL of sterile glycerol 

solution (200 mM), and the biotransformation was allowed to proceed on a rocking 

table at 37 °C for 2 h. The supernatant was recovered after centrifugation at 8,000 xg 

for 10 min and filter-sterilized. Fifty milliliters of the solution was frozen to -80 °C 

and lyophilized. The viscous, light brown liquid was diluted in water to reach a 3-
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HPA concentration of 1 M and then used for bioconversion studies. The other 

impurities were 388 mM 3-HP, 388 mM 1,3-PD and 480 mM glycerol. 

 

2.8. Fed-batch production of 3-HP from 3-HPA by recombinant E. coli 

expressing PduP, PduL, PduW and Nox via intermittent feeding  

Strains BTnoxplw and control strain with empty pET21a and pCOLADuet-1, 

respectively, were cultivated under aerobic conditions in 1 L baffled shake flasks 

containing 100 mL M9-medium supplemented with kanamycin and ampicillin. Cells 

were grown up to an OD600 of 0.6, after which induction of protein expression was 

initiated through the addition of IPTG to a final concentration of 1 mM. The cultures 

were incubated at 30 °C for 15h, 200 rpm. Cells were harvested by centrifugation at 4 

°C, 3900 x g for 20 minutes and resuspended to a final OD600 of 3.5 in 100 mL citric 

acid/potassium phosphate buffer 50 mM at pH 4 or 5, or 100 mL potassium 

phosphoate buffer 50 mM at pH 6, 7 or 8. Crude 3-HPA was added to a final 

concentration of 4 mM to each cell suspension. Additional 3-HPA was added to a 

final concentration of 4 mM to the suspensions in those cases where the substrate was 

completely consumed. This procedure was repeated for almost 15 h. 

 

2.9. Production of 3-HPA from 3-HP using recombinant E. coli expressing 

PduP, PduL, PduW and Nox via continuous feeding 

E. coli strain BTnoxplw was cultivated in several 1L baffled shake flasks containing 

100 mL LB-medium supplemented with kanamycin and ampicillin. Protein 

expression was induced when cells had reached OD 0.6-0.8, after which they were 

incubated at 30 °C at 200 rpm for 15h. Cells were harvested by centrifugation at 

3,900 ×g for 20 min and resuspended in 100 mM potassium phosphate buffer, pH 7. 
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The cell suspensions were combined in a 1 L Biostat®-Q bioreactor (B. Braun 

Biotech International), reaching a final volume of 200 mL and final OD600 of 11. 

Biotransformation was performed at 30 °C with a stirrer speed of 200 rpm and 

aeration of 0.5 vvm. Concentrated 3-HPA (1 M) was continuously added to the 

reactor at a flow rate of 0.015 mL/min, based on previously determined parameters 

for 3-HPA consumption in shake flask conditions (Section 2.8). 

 

2.10. Analytical procedures 

Analysis of 3-HPA was based on a previously developed method (Circle et al., 1945) 

with modifications. Two hundred microliter of a suitably diluted sample was mixed 

with 600 μl HCl for the dehydration of 3-HPA to acrolein. DL-tryptophan (150 μl) 

was added to the mixture, thereby obtaining an acrolein-chromophore complex which 

was quantified by absorbance at 560 nm on a spectrophotometer.  

Glucose, 3-HP and 1,3-PD were analyzed by HPLC (Jasco) utilizing an Aminex 

HPX-87H column as described previously (Sardari et al., 2013).  

E. coli culture samples (Section 2.8) of 1 mL were continuously removed for 

determining relationship between OD620nm and cell dry weight (g/L); samples were 

collected in 1.5 mL eppendorf tubes. Centrifugation of samples at 16,000 x g for 10 

min was followed by removal of supernatant, drying of cell pellet at 100 °C for 6 h in 

an oven and finally weighing the pellets. 

 

3. Results and discussion 

3.1. Identification of the nox gene of L. reuteri DSM 20016 

The amino acid sequence of the characterized NADH oxidase of Lactobacillus brevis 

(NCBI: AF536177) was used as a template for sequence homology by BlastP (NCBI) 
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using the non-redundant protein sequence database and limiting search results to 

Lactobacillus reuteri DSM 20016. A FAD-dependent pyridine nucleotide-disulfide 

oxidoreductase was identified (Lreu_0067, NCBI: 5189747), covering 99% of 

sequence with an identity of 63%. The identified protein contains 449 amino acids 

with a predicted molecular weight of 49.6 KDa and a theoretical pI of 5.33 as 

determined using Protparam tools (http://www.expasy.ch/tools/protparam.html). 

 

3.2. Homology model 

Molecular modeling is an in silico simulation of the behaviour of molecules for 

evaluation of intra- and inter-molecular interactions. This technique has been widely 

used for understanding and improving enzymatic activity and selectivity through 

providing a solid background for choosing the proper protein engineering strategy. 

The amino acid sequence of L. reuteri FAD-dependent pyridine nucleotide-disulfide 

oxidoreductase was subjected to homology modeling by YASARA Structures 

Software using the crystal structure of water-forming NAD(P)H oxidase from L. 

sanfranciscensis (PDB: 2CDU, 451 residues with a crystal structure resolution of 1.80 

A) as a template. This enzyme gave the highest quality score of 0.622 (Hooft et al., 

1996). 

Sequence alignment done by YASARA showed that 442 of 449 target residues 

(98.4%) were aligned to template residues. Among these aligned residues, the 

sequence identity was 59.5% and the sequence similarity was 74.7%. 

After the side-chains of the model had been built, optimized and fine-tuned, all 

newly modeled parts were subjected to a combined steepest descent and simulated 

annealing minimization. Then a full unrestrained simulated annealing minimization 

was run for the entire model reaching the final model (Fig. 2).  
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The enzyme consists of a FAD-binding domain, an ADP-binding domain and 

dimerization domain, with all three domains containing Rossman folds. 

 

3.3. Expression of recombinant enzymes and purification of Nox  

Insertion of Nox in pET21a was verified by nucleotide sequencing. Expression of 

Nox by E. coli BTnox with subsequent enzyme purification as well as Nox, PduP, 

PduL and PduW by E. coli BTnoxplw was verified by SDS-PAGE (Fig. 3). An 

enzyme corresponding to the expected size of Nox-his6 (~52 kDa) was produced by 

strain BTnox. This enzyme was not seen in control strain carrying empty pET21a. 

Purified Nox, obtained through immobilized metal ion affinity chromatography 

yielding 35% recovery, purification fold of 3.1 and specific activity of 16.9 U/mg, 

was seen as a single product of ~52 kDa. Strain BTnoxplw produced enzymes 

corresponding to the expected sizes of PduP (~55 kDa), PduL (~24 kDa), PduW (~44 

kDa) and Nox (~52 kDa). 

 

3.4. Kinetic characterization of Nox 

Oxidation of NADH by Nox was evaluated in HEPES-, Tris-HCl- and potassium 

phosphate buffer (Fig. 4A). The highest activity was found in potassium phosphate 

buffer, while reactions in Tris-HCl and HEPES resulted in loss of activity by 20% and 

32%, respectively. 

The pH-profile of Nox was evaluated in citric acid/potassium phosphate buffer 

(pH 4-6.5) and potassium phosphate buffer (pH 6-8) (Fig. 4B). A pH optimum of 6 

was observed, with decrease of activity in a linear manner below and above this 

condition. This result concurs with previous biochemical characterizations of water-

forming NADH oxidases from a number of Lactobacillus species (Geueke et al., 
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2003; Sudar et al., 2014; Zhang et al., 2012). Further characterization of Nox was 

however performed at pH 7, for determining the efficiency of co-expressing the 

enzyme with propanediol-utilization (pdu) enzymes PduP, PduL and PduW. PduP has 

previously been found to be most active at neutral pH (Sabet-Azad et al., 2013). 

Kinetic characterization of Nox with NADH as substrate gave a Vmax value of 25.1 

U/mg and Km of 0.055 mM, while oxidation of NADPH showed 3.6 fold lower 

activity with a Vmax of 7.0 U/mg and Km of 0.073 mM (Fig. 5). The low Km-value 

indicates that oxygen might not be a limiting factor when applying Nox in an aerobic 

process. The specific activity of Nox furthermore indicates that conversion of 3-HPA 

to 3-HP-CoA by PduP should not be limited due to the depletion of NAD+ if PduP is 

produced in equal or lower amounts than Nox, as the activity of PduP is slightly lower 

(18 U/mg) (Sabet-Azad et al., 2013) than that of Nox. 

 

3.5. Fed-batch production of 3-HP from 3-HPA by recombinant E. coli 

expressing PduP, PduL, PduW and Nox via intermittent feeding 

Shake flask cultivation of E. coli BTnoxplw resulted in a continuous production of 3-

HP up to 22 mM (Fig. 6A), a titer twice that of recombinant E. coli expressing PduP, 

PduL and PduW (Sabet-Azad et al., 2015), and likely higher still. However, each 

addition of 3-HPA dilutes the buffered medium. A productivity of 0.6 mmole L-1 h-1 

was reached with a yield of 0.78 mol 3-HP per mol 3-HPA. These results confirm that 

regeneration of NAD+ by NADH oxidase remedies a cofactor imbalance issue, as 

seen when utilizing recombinant E. coli expressing pdu pathway enzymes; PduP, 

PduL and PduW, where depletion of NAD+ resulted in a low final titer of 12 mM 3-

HP. 
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3.6. Production of 3-HPA from 3-HP using recombinant E. coli expressing 

PduP, PduL, PduW and Nox via continuous feeding 

In order to reach high titers of 3-HPA, there is a need to obtain a highly concentrated 

substrate source. Crude 3-HPA was lyophilized and then resuspended in distilled 

water thereby obtaining a substrate solution containing 1 M 3-HPA. A fed-batch 

process was developed, in which 3-HPA was added to the buffered cell suspension of 

E. coli BTnoxplw at a rate calculated for avoiding accumulation of 3-HPA. Co-

production of 3-HP and 1,3-PD was observed in equimolar quantities up to the mid 

phase where productivity of 1,3-PD was slightly higher. A final titer of 67 mM 3-HP 

and 54 mM 1,3-PD was achieved (Fig. 6B). Combined yields of 3-HP and 1,3-PD 

was 1 mol/mol, while that of 3-HP at the end point analysis was 0.60 mol/mole with a 

specific productivity of 0.52 mmole 3-HP g-1 CDW h-1. Since a higher concentration 

of the biocatalyst was used, a higher final 3-HP productivity was obtained of 3.1 

mmole L-1 h-1. 

Two main reasons can account for the accumulation of 1,3-PD when resting cells 

are used. First, the production of 1,3-PD can be ascribed to the presence of residual 

glycerol at a concentration of 0.48 M in the crude substrate solution which can be 

used by the cells as a carbon source thereby perturbing the co-factor balance towards 

activation of 1,3-propanediol oxidoreductase. No accumulation of glycerol was 

observed in the cell suspension, indicating its consumption by the recombinant E. coli 

and possibly enabling the induction of YqhD. The second reason is using the 

continuous feeding strategy that ensures complete utilization and no accumulation of 

3-HPA. It was expected that the low doses of 3-HPA would enhance the biocatalytic 

activity through alleviating the toxicity of 3-HPA on the biocatalyst which is more 

evident in intermittent feeding. It has previously been shown that 1,3-propanediol 
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oxidoreductase (YqhD), present natively in E. coli, is induced due to oxidative stress 

in the presence of reactive aldehydes like 3-HPA (Perez et al., 2008; Sabet-Azad et 

al., 2015). Possibly the better results obtained using intermittent feeding might be a 

result of accumulation of 3-HPA to relatively high concentration at each feeding pulse 

which might inhibit the expression or the activity of YqhD. This behavior was solely 

observed earlier with growing cells of E. coli and lacking for resting cells. (Sabet-

Azad et al., 2015).  

YqhD as well as NADH oxidase are NADH dependent and regenerate NAD+ for 

PduP. A lower production of 1,3-PD would have been expected due to direct 

competition between NADH oxidase and YqhD for the present NADH. This is not 

evident until a later phase in the process; As 1,3-PD production levels off, the 

productivity of 3-HP increases, thus leading to a slightly higher yield of 3-HP. 

The proposed process is mainly limited by the substrate; a higher final titer of 3-

HP could have been expected if the substrate would have been available in higher 

amounts. Moreover, disruption of native yqhD in E. coli would be necessary for 

quantitative conversion of 3-HPA to 3-HP and a better utilization of NADH oxidase 

activity.  

 

4. Conclusions 

The current study shows the possibility of improving the process of 3-HP production 

by Pdu pathway by integrating cofactor regeneration using Nox. As 3-HPA is not an 

optimal substrate for the recombinant E. coli, a more scalable alternative would be to 

construct a one-step system by co-expression of glycerol dehydratase in the E. coli for 

the conversion of glycerol to 3-HPA. Cofactor B12-dependent glycerol dehydratase 
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from L. reuteri is presently being investigated for its co-expression with PduP, PduL, 

PduW and Nox in E. coli.  
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7. Figure captions 

Fig. 1. Proposed metabolic pathway for enhanced conversion of 3-HPA to 3-HP using 

recombinant E. coli expressing propionaldehyde dehydrogenase (PduP), 

phosphotransacylase (PduL), kinase (PduW) and FAD-dependent pyridine 

nucleotide-disulfide oxidoreductase (Nox) from L. reuteri. 

 

Fig. 2. Proposed structural model of L. reuteri FAD-dependent pyridine nucleotide-

disulfide oxidoreductase (Lreu_0076) built using the water-forming NAD(P)H 

oxidase of L. sanfranciscensis as a template by YASARA Structures software. 

The structure contains three domains for FAD binding, ADP binding and for 

dimerization each containing a typical Rosmann fold.  

 
Fig. 3. SDS-PAGE analysis of the crude extracts of strains E. coli BTpET28b (control 

strain) (B), BTPnox (C), BTnoxplw (F) and purified protein product (D) 

Standard protein ladder is seen in lane A and E.   

 
Fig. 4. Specific activity of L. reuteri FAD-dependent pyridine nucleotide-disulfide 

oxidoreductase with (A) Different buffering system (50 mM of HEPES, Tris-

HCl and potassium phosphate) at pH 7, (B) different buffering pH using 50 mM 

potassium phosphate buffer () and 50 mM citrate/phosphate buffer ( in the 

range between (4 – 8).  

 

Fig. 5. Specific activity of L. reuteri FAD-dependent pyridine nucleotide-disulfide 

oxidoreductase with varying concentration of NADH and NADPH. (A) crude 

extract with NADH, (B) Purified enzyme with NADH, and (C) purified enzyme 

with NADPH.  

 
Fig. 6. Fed-batch biotransformation of 3-HPA () to 3-HP () and 1,3-PD () using 

resting cells of recombinant E. coli expressing PduP, PduL, PduW and Nox 

from L. reuteri. (A) Intermittent feeding of 3-HPA or (B) continuous feeding of 

3-HPA. Experiment details are described in Materials and Methods. 



 21
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Fig. 5.  
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Efficient poly(3-hydroxypropionate) production from glycerol using
Lactobacillus reuteri and recombinant Escherichia coli harboring L. reuteri
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h i g h l i g h t s

� P(3HP) production via two-stage process using L. reuteri and recombinant E. coli.
� Glycerol conversion to reuterin with resting cells of L. reuteri in fed-batch mode.
� Co-expression of L. reuteri PduP and Chromobacterium sp. PHA synthase in E. coli.
� Two-stage process gives high P(3HP) content of 40% w/w cell dry weight.
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a b s t r a c t

Poly(3-hydroxypropionate), P(3HP), is a polymer combining good biodegradability with favorable mate-
rial properties. In the present study, a production system for P(3HP) was designed, comprising conversion
of glycerol to 3-hydroxypropionaldehyde (3HPA) as equilibrium mixture with 3HPA-hydrate and -dimer
in aqueous system (reuterin) using resting cells of native Lactobacillus reuteri in a first stage followed by
transformation of the 3HPA to P(3HP) using recombinant Escherichia coli strain co-expressing highly
active coenzyme A-acylating propionaldehyde dehydrogenase (PduP) from L. reuteri and polyhydroxyalk-
anoate synthase (PhaCcs) from Chromobacterium sp. P(3HP) content of up to 40% (w/w) cell dry weight
was reached, and the yield with respect to the reuterin consumed by the cells was 78%. Short biotrans-
formation period (4.5 h), lack of additives or expensive cofactors, and use of a cheap medium for cultiva-
tion of the recombinant strain, provides a new efficient and potentially economical system for P(3HP)
production.

� 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Microbial aliphatic polyesters, polyhydroxyalkanoates (PHAs),
have been extensively studied over more than two decades,
because of the possibility of using them as renewable, biodegrad-
able plastics instead of the widely used fossil based plastics.
Poly(3-hydroxypropionate) (PHP) is an attractive biopolymer due
to its useful material properties, biodegradability, biocompatibility,
and even for its potential for further valorization to industrially
significant chemicals (Andreeben and Steinbüchel, 2010;

Andreeben et al., 2014). Unlike other PHAs, no wild type microbial
species is known to produce P(3HP) natively. This polymer has
been synthesized chemically by ring opening polymerization of
3-hydroxypropionate (3HP) macrocyclic esters (Zhang et al.,
2004), and enzymatically by polymerization of methyl 3-hydroxy-
propionate using immobilized lipase (Novozym�435) (Song et al.,
2012). However, the high cost of the substrate, 3HP in the former
case or methyl-3HP in the latter, is the major drawback in utilizing
these methods for large scale production.

In recent years, some studies on production of P(3HP) using
recombinant organisms have been reported via three different
routes. The first route involves dehydration of glycerol to 3-
hydroxypropionaldehyde (3HPA), followed by oxidation and
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coenzyme A (CoA) ligation to form 3-hydroxypropionyl-CoA (3HP-
CoA) and polymerization into P(3HP) (Andreeben et al., 2010). The
second pathway is based on oxidation of 1,3-propanediol (1,3PDO)
to 3HPA, followed by its conversion to 3-hydroxypropionic acid
(3HP), and ligation to CoA prior to polymerization (Zhou et al.,
2011). The third pathway is independent of the carbon source as
it uses acetyl-CoA, an intermediate of the central metabolism, as
the starting material that is carboxylated to malonyl-CoA, which
is reduced to 3HP and the remaining steps as in the second alter-
native (Wang et al., 2012).

The first route has attracted most interest so far due to the rel-
atively low cost and high abundance of glycerol as raw material
than e.g. 1,3PDO, and the higher polymer yields and -productivities
obtained as compared to the other routes. The reactions involved
are catalyzed by glycerol dehydratase, Coenzyme A-acylating pro-
pionaldehyde dehydrogenase (PduP) and polyhydroxyalkanoate
synthase (PhaC), respectively. Previously, Andreeben et al. (2010)
have reported P(3HP) content of 11.98% w/w cell dry weight by
the expression of glycerol dehydratase from Clostridium butyricum,
PduP from Salmonella enterica serovar Typhimurium LT2, and PHA
synthase from Ralstonia eutropha in Escherichia coli. It was neces-
sary to maintain anaerobic conditions during cultivation because
of the high sensitivity of glycerol dehydratase to oxygen
(Andreeben et al., 2010). Using the Vitamin-B12 dependent glycerol
dehydratase from Klebsiella pneumoniae that is less sensitive to oxy-
gen, a higher P(3HP) content of 46.4% (wt/wt [cell dry weight]) was
reached (Wang et al., 2013). Recently, this strategy was improved
combining chromosomal gene integration (genes involved in the
glycerol dehydration) and plasmid addiction system (synthase
and CoA acylating enzyme genes) based on tyrosine anabolism,
with a yield of 67.9% (wt/wt [cell dry weight]) (Gao et al., 2014).

The most critical step in the pathway is that of glycerol dehy-
dration to 3HPA; while the B12-independent glycerol dehydratase
from C. butyricum is highly sensitive to oxygen (O’Brien et al., 2004;
Liu et al., 2010; Feliks and Ullmann, 2012) and limits the cultiva-
tion conditions and growth of the recombinant E. coli, the B12-
dependent dehydratase requires reactivation by the expensive
B12 cofactor. Some facultative anaerobes like Lactobacillus reuteri,
K. pneumoniae, and many Enterobacteriaceae that possess the Vita-
min B12 generation enzymatic machinery are able to reactivate the
enzyme (Talarico and Dobrogosz, 1990; Santos et al., 2011). 3HPA
is produced in high levels by L. reuteri when grown in excess of
glycerol and is present as an equilibrium mixture with 3HPA-
hydrate and -dimer in an aqueous system (Fig. 1), called reuterin
and known for its natural antimicrobial activity (Cleusix et al.,
2008; Vollenweider et al., 2003). A 3HPA yield up to 85 mol% from
glycerol during batch cultivation has been reported (Luthi-Peng
et al., 2002). L. reuteri has the advantage of being a probiotic micro-
organism and exhibiting higher resistance to 3HPA than other
organisms with a minimum inhibitory concentration value of 30–
50 mM for glycerol dehydratase activity and 60–120 mM for
growth of the organism. 3HPA production was recently improved
in our laboratory by in situ recovery using complexation with
bisulfite (Sardari et al., 2013a,b) and also by using a mutant over-
expressing the glycerol dehydratase (Dishisha et al., 2014).

In the present study, we have designed a production system for
improved P(3HP) accumulation comprising conversion of glycerol
to 3HPA using native L. reuteri in a first stage followed by transfor-
mation of 3HPA to P(3HP) using recombinant E. coli, co-expressing
PduP and PhaC, under aerobic conditions in a minimal medium
(Fig. 1). Two recombinant E. coli strains were constructed, both
containing pduP from L. reuteri (Sabet-Azad et al., 2013), but differ-
ing in the source of phaC, which were encoding PhaCre from R.
eutropha and PhaCcs from Chromobacterium sp USM2, respectively.
The latter enzyme is known to have a significantly higher activity
than that of R. eutropha enzyme (Bhubalan et al., 2011).

2. Methods

2.1. Bacterial strains, media, and plasmids

L. reuteri DSM 20016 and R. eutropha H16 DSM428 were
obtained from the German Collection of Microorganisms and Cell
Cultures (DSMZ). The cloning host E. coli NovaBlue and expression
strain E. coli BL21(DE3) were purchased from Novagen. L. reuteri
was cultivated at 37 �C in deMan, Rogosa and Sharpe (MRS)-broth
(Difco). R. eutropha was cultivated in Nutrient broth (5 g peptone
and 3 g meet extract in 1 L water). E. coli strains were cultivated
in LB broth as well as in minimal M9 medium (M9 salts, 0. 1 mM
CaCl2, 2 mM MgSO4) with 20 g/l glucose or glycerol as sole carbon
source. All the cultures were maintained on respective media with
1.6% (w/v) agar. Cloning vector pUC19 was purchased from Fer-
mentas, while pCOLADuet vector was from Novagen. Ampicillin
(100 lg/mL) was added to the medium to select the E. coli strains
harboring pUC19 constructs, and 30 lg/mL kanamycin for the
selection of the strains harboring pCOLADuet constructs. All antibi-
otics were purchased form Sigma–Aldrich.

2.2. Production of 3HPA from glycerol

Whole cells of L. reuteri DSM 20016 were used as biocatalysts to
convert glycerol to 3HPA as described earlier (Sardari et al., 2013a).
Freshly grown cells from 2 L MRS broth (5 g cell dry weight), were
suspended in a 1 L solution containing 2 g glycerol in a 3 L bioreac-
tor (Applikon, BioBundle, The Netherlands), and biotransformation
was performed at pH 5 and 37 �C with agitation at 200 rpm, and
continuous bubbling of nitrogen gas. The experiment was started
as a batch reaction for 1 h and continued in a fed batch mode by
feeding a solution containing 50 g/L glycerol at a rate of 1 mL/
min for 6 h. The supernatant was separated from the cells by cen-
trifugation at 15,000g and 4 �C for 10 min and filter sterilized
through a 0.2 lm polyethersulfone membrane (VWR, Sweden).
The resulting solution was used as a crude source of 3HPA for
P(3HP) synthesis.

Fig. 1. Reactions involved in the biotransformation of glycerol to poly(3-hydroxy-
propionate): (I) glycerol dehydration using resting cells of L. reuteri to 3HPA, which
is in an equilibrium mixture with 3HPA-hydrate and -dimer in aqueous system, and
(II) biotransformation of the 3HPA to P(3HP) using recombinant E. coli bearing
genes encoding PduP and PHA synthase.
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2.3. Cloning and expression of pduP and phaC genes

Genomic DNAs were extracted from L. reuteri and R. eutropha
using E.Z.N.A Genomic Isolation Kit (Omega Bio-Tek, USA). The
pduP gene was amplified from the genomic DNA of L. reuteri using
the following pair of primers: forward GGATCCGATGCAGA
TTAATGATATTGAAAGTG containing the BamHI restriction site
(underlined), and reverse AAGCTTATACCAGTTACGTACTGAGAATCC
with the HindIII restriction site (underlined). The phaCre gene from
R. eutropha was amplified with the primers: forward GGCCGGCC
ACGCGACCGGCAAAGGCGC with the FseI restriction site, and
reverse TTAATTAAGCCTTGGCTTTGACGTATCGCC containing the
PacI restriction site. A synthetic gene to overexpress the PHA syn-
thase (GenBank: ADL70203.1) from Chromobacterium sp. USM2
(PhaCcs) in E. coli was designed. The codon optimization was per-
formed using Optimizer Server (http://genomes.urv.es/OPTIMIZER/)
and analysis of the optimal codons using E. coli Codon Usage Ana-

lyzer 2.1 (www.faculty.ucr.edu/~mmaduro/codonusage/usage.
htm). PduP and PhaCre amplicons were inserted into pUC19 to
propagate the genes and then were subcloned into the multiple
cloning sites (MCS) 1 and 2 of pCOLADuet, respectively, giving
the final construct pCOLADuet-PduP:PhaCre. On the other hand,
pduP was subcloned into MCS 1, and the synthetic gene phaCcs into
MCS 2 of pCOLADuet, giving the final construct pCOLADuet-
PduP:PhaCcs. The co-overexpression of PduP/PhaCre and PduP/
PhaCcs were performed in LB broth as well as in M9 minimal med-
ium, supplemented with kanamycin and induced with 1 mM IPTG
at OD550nm 0.6–1. The level of expression was qualitatively esti-
mated by sodium dodecyl sulfate–polyacrylamide gel electropho-
resis (SDS–PAGE) on gels using 12% acrylamide.

2.4. Production of P(3HP) using recombinant E. coli

The E. coli strains BL21(DE3) pCOLADuet-PduP:PhaCcs,
BL21(DE3) pCOLADuet-PduP:PhaCre and the negative control
BL21(DE3) pCOLADuet (containing the empty plasmid) were
grown in M9 minimal medium containing 30 lg/mL kanamycin
and 20 g/L glucose or 20 g/L glycerol as the carbon source. Pre-
inocula of 4 mL cultures in M9 medium were grown overnight
up to OD550nm of 1–1.2, and added to 500 mL M9 medium in 2 L
baffled shake flasks. The cultures were incubated at 37 �C and
200 rpm. Recombinant protein co-expression was induced using
1 mM IPTG once the cultures had reached OD550nm of 1.6. The fil-
tered supernatant obtained in Section 2.2 was diluted to contain
120 mg of 3HPA and added to the medium after 15 h of induction.
Consumption of 3HPA was monitored and once all the aldehyde
was consumed, same amount of 3HPA as above was added. After
3 repetitive additions of 3HPA, the cells were collected for polymer
extraction.

2.5. Polymer extraction

The recombinant E. coli cells containing the polymer (Section
2.4) were harvested by centrifugation at 8000g for 10 min in a
Sorvall refrigerated centrifuge (RC5C, USA). The cell pellet was
washed twice in deionized water and then re-centrifuged and
lyophilized. The polymer was extracted by exhaustive refluxing
of the lyophilized cell suspension in 150 mL chloroform for 4 h at
�60 �C in a Soxhlet apparatus. The extract was concentrated by
rotoevaporation and then air dried in a fume hood for polymer film
formation.

2.6. Analytical methods

Quantification of 3HPA was done by a modified colorimetric
method (Circle et al., 1945): 150 lL of diluted DL-tryptophan

(10 mM in 50 mM HCl) and 600 lL concentrated HCl were added
to 200 lL of a suitably diluted sample. The mixture was incubated
at 37 �C for 20 min and the absorbance was measured at 560 nm.
Concentrations of glucose, glycerol, 1,3-propanediol and 3-
hydroxypropionic acid were analyzed by HPLC (Jasco) as described
earlier using an Aminex HPX-87H column connected to a guard
column (Biorad, Richmond, USA) with 0.5 mM H2SO4, as the mobile
phase (Sardari et al., 2013b). Cell density of the recombinant E. coli
was monitored as optical density at 550 nm after diluting a sample
of culture broth 1–10 times in 0.9% NaCl solution. For determining
the cell dry weight, the cells were washed twice with water, cen-
trifuged and lyophilized.

The polymer molecular weight was determined by size exclu-
sion HPLC using a Shodex GPC KF 805 column and chloroform as
mobile phase. The calibration curve was obtained using polysty-
rene standard with four molecular sizes: Mn = 6,500,000 g mol�1,
from Water Associates; 96,000 and 30,300 g mol�1, from Polymer
Laboratories; and 3180 g mol�1, from Agilent Technologies. The
molecular structure of the polymer was analyzed by NMR using
Bruker DRX 400 MHz. Chemical shifts are given in ppm downfield
from signal for Me4Si with reference to residual CHCl3. 1H NMR
(400 MHz, CDCl3) d 4.36 (t, J = 6.3 Hz, 1H, AOCH2A), 2.66 (t,
J = 6.3 Hz, 1H, ACH2COOA), 13C NMR (101 MHz, CDCl3) d 170.24,
60.02, 33.53.

3. Results and discussion

3.1. Reduction of glycerol into 3HPA by L. reuteri

L. reuteri uses glycerol as an electron acceptor and not as a car-
bon source for growth, hence obviating the formation of several
side-products. Glycerol is transformed mainly to 1,3PDO by the
growing cells of L. reuteri while other by-products are formed as
a result of glucose metabolism. The resting cells convert glycerol
to 3HPA during a short period of time along with lower amounts
of 1,3PDO and 3HP as co-products via the reductive and oxidative
branches of the propanediol utilization pathway (Pdu), respec-
tively (Dishisha et al., 2014). The biotransformation is terminated
quickly due to the toxic effect of 3HPA.

In the present study, glycerol was dehydrated using resting cells
of L. reuteri to 3HPA to be used as substrate for the production of
P(3HP) by the recombinant E. coli. In order to avoid inhibition by
the accumulation of 3HPA to toxic levels, glycerol was added to
the cell suspension in a fed-batch mode (Sardari et al., 2013a),
which provided a product mixture containing 50 mM 3HPA,
19.4 mM 1,3PDO, 19.4 mM 3HP, and 24 mM residual glycerol.
The 3HPA yield was 0.45 g/g glycerol with productivity of
13.5 mmol/h (1.06 g/h). Higher productivity of 3HPA and lower
accumulation of 1,3PDO and 3HP are possible by in situ complexa-
tion of 3HPA (Sardari et al., 2013a,b, 2014). Moreover, almost 2-
fold increase in 3HPA productivity was achieved when an
engineered strain of L. reuteri RPRB3007, in which pdu operon
genes are overexpressed, was used (Dishisha et al., 2014).

3.2. Cloning and expression of pduP and phaC genes in E. coli

Two E. coli BL21(DE3) constructs, pCOLADuet-pduP:phaCre and
pCOLADuet-pduP:phaCcs expressing pduP and phaC genes, were
developed for the conversion of reuterin to P(3HP) (Fig. 1); pduP
in both constructs was from L. reuteri, but the origin of phaC gene
differed, R. eutropha in the former and a synthetic gene encoding
Chromobacterium sp. USM2 enzyme in the latter. Both pduP and
phaC genes were under the transcriptional control of T7 promoter.
PduP is a coenzyme A-acylating propionaldehyde dehydrogenase
able to use 3HPA as a substrate to produce 3HPA-CoA

174 J.A. Linares-Pastén et al. / Bioresource Technology 180 (2015) 172–176

http://genomes.urv.es/OPTIMIZER/
http://www.faculty.ucr.edu/~mmaduro/codonusage/usage.htm
http://www.faculty.ucr.edu/~mmaduro/codonusage/usage.htm


(Sabet-Azad et al., 2013), which serves as the substrate for poly-
merization by PhaC (Andreeben et al., 2010; Wang et al., 2013).
PduP from L. reuteri, used in this study (28.9 U/mg) (Sabet-Azad
et al., 2013), is almost 2-fold more active than the corresponding
enzyme from S. enterica (15.2 U/mg) (Leal et al., 2003), which
was used in the previous works (Andreeben et al., 2010; Wang
et al., 2013). The activity of the PhaCcs from Chromobacterium sp.
(238 U/mg) (Bhubalan et al., 2011) was 8-fold higher than the syn-
thase from the model strain R. eutropha (40 U/mg) (Yuan et al.,
2001) used in the earlier reports for P(3HP) production
(Andreeben et al., 2010; Wang et al., 2013).

The synthetic phaCcs gene was designed to encode a 567 amino
acid protein product identical to the native PHA synthase from
Chromobacterium sp. USM2. The optimization of codons for expres-
sion in E. coli resulted in a nucleotide sequence 83% similar to the
native gene. Both constructs, pCOLADuet-pduP:phaCre and pCO-
LADuet-pduP:phaCcs were verified through nucleotide sequencing,
and the protein expression was analyzed by SDS–PAGE. In the first
construct, PhaCre was present mainly in the insoluble fraction (not
shown) while the PhaCcs from the second construct showed high
levels of expression in the soluble phase (Fig. 2). The expression
of PduP showed high levels of protein in the soluble phase in both
constructs. The construct pCOLADuet-pduP:phaCcs, co-expressing
high level of soluble and active recombinant enzymes, is thus an
attractive candidate for developing an efficient system for P(3HP)
production from 3HPA.

3.3. Production of P(3HP) from reuterin by recombinant E. coli

Biotransformation of 3HPA (obtained in Section 3.1) was per-
formed in triplicates in minimal M9 medium with kanamycin
and glucose or glycerol as sole carbon source at 37 �C. E. coli
BL(DE3) pCOLADuet-pduP:phaCcs converted the 3HPA (provided
as the product mixture obtained in Section 3.1) to P(3HP) in only
4 h, while no conversion was observed with E. coli BL(DE3) pCO-
LADuet-pduP:phaCre under similar conditions. The lack of activity
in the last strain could be attributed to expression of R. eutropha
PhaCre as insoluble product, and/or short period of biotransforma-
tion. In contrast, previous reports on the conversion of glycerol to
P(3HP) using E. coli harboring the PhaCre (from R. eutropha) have
shown a lag phase of P(3HP) synthesis of about 5–10 h without
clear formation of the polymer, under both anaerobic (Andreeben
et al., 2010) and aerobic conditions (Wang et al., 2013). Studies
on the activities of pure PHA synthases from R. eutropha and Chro-
mobacterium sp. USM2 by measuring the CoA release from butyryl-
CoA have shown the former to exhibit a more prevalent lag phase
(Bhubalan et al., 2011). In this study we show that Chromobacte-
rium sp. USM2 PHA synthase, PhaCcs, was even able to efficiently
use 3-hydroxypropyl-CoA as substrate.

The minimal inhibitory concentration (MIC) of 3HPA for E. coli
has been determined at or below 7.12 mM (Cleusix et al., 2007).
Therefore, 3HPA to a final concentration of 3 mM (total amount
of 120 mg in 550 mL) was added at a time for biotransformation
with growing recombinant E. coli strains. When added at the same
time as the inducer IPTG, conversion of 3HPA to (P3HP) by E. coli
BL(DE3) pCOLADuet-pduP:phaCcs reached only 50% during 4 h
while 3HPA addition 3 h after the induction time resulted in com-
plete consumption within one hour. This efficient conversion of
3HPA without affecting the bacterial growth was ascribed to the
presence of the recombinant enzymes in high amounts. Under
these conditions, the average yield of P(3HP) by E. coli BL(DE3)
pCOLADuet-pduP:phaCcs was 20% and 23% (w/w) cell dry weight
using 20 g/L of glycerol and glucose, respectively, as sole carbon
source. There was no significant difference in the growth of the
recombinant strain with either of the carbon sources, which is con-
sistent with the previous report on E. coli with different gluconeo-
genic carbon sources (Paliy and Gunasekera, 2007). By inducing the
heterologous expression at OD550nm of �1.6, and adding 3HPA 15 h
after induction time (average OD550nm of 6.0), the P(3HP) content
was improved to 40% (w/w) cell dry weight, i.e. 260 mg polymer
was recovered from 651 mg lyophilized bacterial cells.

Polymer accumulation as granules of irregular size in the cyto-
plasm was observed by transmission electron microscopy (Supple-
mentary information S1). The accumulated P(3HP) granules were
small, with an average size of <100 nm) and low molecular weight
(109,100 Da). The granule size in wild type PHA accumulating cells,
often in the range of 100–500 nm, is known to be controlled by dif-
ferent regulatory proteins such as phasins surrounding the gran-
ules (Pötter et al., 2005). The absence of phasins in recombinant
E. coli usually results in large granules (Maehara et al., 1999). The
reason underlying the small size of granules in this study could
be the high activity and/or expression level of PHA synthase, which
prevents the increase in granule size as well as the increase in
polymer chain length. Gerngross and Martin (1995) have sug-
gested a general rule that low concentrations of PHA synthase yield
large granules and high molecular weight polymers.

Multiple additions of crude reuterin, were successfully con-
verted by E. coli BL(DE3) pCOLADuet-pduP:phaCcs to P(3HP);
99.7% of 120 mg added reuterin was consumed within 1 h, 95% of
an additional 120 mg reuterin was also consumed within 1 h, and
the last addition of 120 mg reuterin was consumed to the extent
of 80% after 1.5 h (Fig. 3). During this period (totally 4.4 h), the cell
density increased from OD550nm value of 7 to 10. The yield with
respect to the reuterin consumed by the cells was 78%. HPLC anal-
ysis revealed no production of 3HP and 1,3-propanediol, otherwise
formed by oxidation and reduction of 3HPA, respectively. The

Fig. 2. SDS–PAGE analysis on 12% acrylamide gel of the cell lysate of E. coli
BL21(DE3) pCOLADuet-pduP:phaCcs. Lane C is analysis of strain harboring empty
plasmid pCOLADuet (negative control). The level of expression was monitored from
0 to 19 h after induction. The recombinant proteins, PhaCcs (about 66,000 Da) and
PduP (about 53,000 Da), are indicated by arrows. Lane M shows standard protein
ladder from BioRad.

Fig. 3. Profiles of 3HPA consumption (j) and growth of E. coli BL21(DE3)
pCOLADuet-pduP:phaCcs (OD550nm) (d) during repeated additions of 3HPA for
transformation to P(3HP). The zero hour corresponds to the first addition of 3HPA
that was done 15 h after induction by IPTG.
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relatively high P(3HP) content produced from unprocessed reuter-
in is promising, considering the short biotransformation period
(4.5 h), absence of additives or expensive cofactors, and cheap min-
eral medium used for biotransformation. The P(3HP) produced was
extracted with chloroform (Supplementary information S2), and its
molecular structure was confirmed by NMR (Supplementary infor-
mation S3).

Although the combination of the two new highly active
enzymes i.e. PduP from L. reuteri and PhaCcs from Chromobacterium
sp. results in an efficient and robust recombinant strain able to
convert 3HPA into P(3HP) in a low cost mineral medium, the
production of 3HPA by the native L. reuteri requires a rich and
expensive culture medium such as MRS. There is a need to develop
a low cost medium for L. reuteri, e.g. based on agro-industrial by-
products such as potato juice, molasses or cheese whey.

4. Conclusion

Glycerol is an attractive raw material for producing value added
substances including biopolymers. Co-expression of L. reuteri PduP
and Chromobacterium sp. PhaC in E. coli, combined with optimized
biotransformation of glycerol to 3HPA by L. reuteri, opens a new
route to produce P(3HP). Toxicity of 3HPA to E. coli requires a sub-
strate concentration below 7 mM for further production of P(3HP).
Co-expression of L. reuteri glycerol dehydratase would alleviate
this limitation, but would require Vitamin B12-supplementation.
An alternative strategy being tried is engineering of L. reuteri with
Chromobacterium sp. PhaC and silencing interfering pathways.
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