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Abstract

Replacement of conventional petro-based chemicals with biomass-

based substances is a central paradigm in the chemical industry.      

3-Hydroxypropionic acid (3-HP) was selected as a target product in 

this thesis, which is a precursor for various chemicals including 

acrylic acid, methyl acrylate and acrylamide. 

In previous research, accumulation of glycerol was observed during 

3-HP producing culture from a mixture of glucose and xylose, which 

is known to inhibit glycerol dehydratase, one of the key enzymes in 

biosynthesis of 3-HP. It was confirmed that the cause of glycerol 

accumulation is that the aldehyde dehydrogenase (ALDH) catalyzing 

the oxidation (dehydrogenation) of 3-hydroxypropionaldehyde acts as 

a rate-limiting step. Therefore, it is necessary to alleviate glycerol 

accumulation for improving 3-HP production.

For this purpose, a novel system that endogenously overexpresses 

PuuC in the chromosome of Escherichia coli together with an existing 

vector system that overexpresses ALDH (Pseudomonas aeruginosa)

was introduced. 

The first strategy was to replace the monocistronic promoter of puuC

with a strong inducible promoter. As a result, the expression of the 

puuC transcript increased by a 42.4-fold and the specific activity of 

aldehyde dehydrogenase in the crude extract increased by a 2.2-fold.
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Batch culture of this strain (E. coli BL21 star (DE3) ∆gyp-PT7 / 

pELDRR / pCPaGGRmGalP) in R/5 medium containing 14 g/L of 

glucose and 7 g/L of xylose reduced glycerol accumulation by 36% 

and enhanced 3-HP production by 60% compared to the control strain

(E. coli BL21 star (DE3) ∆gyp / pELDRR / pCPaGGRmGalP). 

As the second strategy, a method of relieving the negative inhibition 

mechanism acting on the polycistronic promoter of the puu operon 

was used. As a result, the expression of the puuC transcript increased

by a 8.3-fold and the specific activity of aldehyde dehydrogenase in 

the crude extract increased by a 2.3-fold. Batch culture of this strain 

(E. coli BL21 star (DE3) ∆gypr / pELDRR / pCPaGGRmGalP) in R/5 

medium containing 14 g/L of glucose and 7 g/L of xylose reduced 

glycerol accumulation by 29% and enhanced 3-HP production by 79%. 

Finally, a combination of the two strategies was performed. As a 

result, the expression of the puuC transcript increased by a 91-fold and 

the specific activity of aldehyde dehydrogenase in the crude extract 

increased by a 2.9-fold. Batch culture of the strain (E. coli BL21 star 

(DE3) ∆gypr-PT7 / pELDRR / pCPaGGRmGalP) in R/5 medium 

containing 14 g/L of glucose and 7 g/L of xylose reduced glycerol 

accumulation by 61% and enhanced 3-HP production by 127%. 

Furthermore, fed-batch fermentation using the combinational strain 

was carried out to produce high concentration of 3-HP. As a result, 



iii

53.7 g/L of 3-HP could be produced from a mixture of glucose and 

xylose. In addition, when xylose was supplied as a sole carbon source 

using the same strain, 62.2 g/L of 3-HP could be produced. 

These results suggest that an endogenous ALDH (puuC) 

overexpression system based on the strong promoter replacement in 

combination with the elimination of transcriptional repression is

expected to be universally applicable to the production of biochemical 

materials using metabolically engineered microorganisms.

Keywords: Metabolic engineering, 3-hydroxypropionic acid, 

Escherichia coli, cellulosic hydrolysate, aldehyde dehydrogenase, 

fed-batch fermentation

Student Number: 2015-21789
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Chapter 1. Introduction

1.1 3-Hydroxypropionic acid

3-Hydroxypropionic acid (3-HP, C3H6O3—MW 90.08) holds the third 

most important place in the list of the US DOE’s top 12 platform 

chemicals among renewable biomass products (Bozell and Peterson, 

2010). 3-HP contains two functional groups with different properties 

that make it a suitable precursor for synthesizing many optically active 

substances. The applications of 3-HP in chemical industries are diverse. 

It is used as a crosslinking agent for polymer coatings, metal lubricants, 

and antistatic agents for textiles. In addition, 3-HP can serve as a 

precursor for several key compounds, such as 1,3-propanediol 

(C3H8O2—MW 76.09), acrylic acid (C3H4O2—MW 72.06), methyl 

acrylate (C4H6O2—MW 86.09), acrylamide (C3H5NO—MW 71.08), 

ethyl 3-HP (C5H10O3—MW 118.13), malonic acid (C3H4O4—MW 

104.06) and acrylonitrile (C3H3N—MW 53.06) (Table 1.1). For these 

reasons, the global market size for 3-HP has been estimated at 3.63 

million tons per year (Raj et al., 2008).

3-HP production via microbial fermentation can be devided into two 

major approaches based on the carbon sources utilized, glucose and 

glycerol (Choi et al., 2015). 3-HP production from glucose has been 
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studied by Cargill, Codexis. There are the lactic pathway and β-alanine 

pathway for conversion of glucose to 3-HP. However, little is known 

about a measure of 3-HP production by the aforementioned two 

systems (US DOE, 2005). The first report to date was announced by 

Suthers and Cameron. Two bacterial pathways, glycerol dehydratase 

from Klebsiella pneumpniae and aldehyde dehydrogenase from 

Escherichia coli, Saccharomyces cerevisiae and human were 

introduced into E. coli.

In a previous report, new aldehyde dehydrogenase from P. 

aeruginosa which has higher activity than that of E. coli was identified.

Glycerol kinase (glpK) and propanediol oxidoreductase (yqhD) were 

disrupted to reduce an amount of by-products. Fed-batch fermentation 

using this strain resulted in 57.3 g/L 3-HP concentration, 1.59 g/L∙h 

productivity and 0.88 g/g yield (Kim et al., 2014). Recently, it was 

reported that engineered E. coli expressing glycerol dehydratase from K. 

pneumonia and aldehyde dehydrogenase from Cupriavidus necator

produced 3-HP at a maximum level of 71.9 g/L (Chu et al., 2015). In 

another study, the E. coli W strain was reported to be significantly 

better for 3-HP production due to its higher tolerance to 3-HP compared 

with E. coli K-12 (Sankaranarayanan et al., 2014). Previous studies on 

3-HP production are summarized in Table 1.2.
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Table 1.1. 3-HP based product opportunities

(Industrial Bioproducts: Today and Tomorrow, DOE, U.S.A., 2003)

Compound Application
Market size Price

(M lb) ($/lb)

Acrylic acid
Acrylates(coatings, adhesives) comonomer, superabsorbent polymers
detergent polymers

2,000 0.48

Acrylonitrile
Acrylic fibers (carpets, clothing)
acrylonitrile-butadiene-styrene and styrene-acrylonitrile (pipes and fittings, automobiles)
nitrile rubber copolymers, adiponitrile, acrylamide

3,130
0.31

~0.37

Acrylamide
Polyacrylamide
comonomer (styrene-butadiene latex, acrylic resins, many others)

206
1.76

~1.86

1,3-Propanediol Polyethylene terephthalate, polybutylene terephthalate, nylon applications small
0.30

~0.50

Malonic acid Blowing agent (formed plastic), silver plating brightening agent, tanning auxiliary <1 high
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Table 1.2. Recent researches about 3-HP production

Host
Amplified and
deleted genes

3-HP titer
(g/L)

Yield
(g/g)

Productivity
(g/L·H)

Cultivation
(carbon source)

Reference

K. pneumoniae
DSMZ 2026

ΔdhaT, yqhD
dhaB, puuC

28.0 0.39 0.58
Fed-batch
(glycerol)

(Ashok et al., 2013)

K. pneumoniae
WM3

aldH 48.9 0.66 -
Fed-atch

(glycerol)
(Huang et al., 2015)

E. coli
BX3_0240

ΔfabD
mcr, acc

49.0 0.23 0.71
Fed-batch
(Glucose)

(Lynch et al., 2014)

E. coli
SH501

gabD4 71.9 - 1.80
Fed-batch
(glycerol)

(Chu et al., 2015)

E. coli
W3110

ΔackA-pta, ΔyqhD
dhaB123, gdrAB

KGSADH
40.5 0.97 1.35

Fed-batch
(glycerol)

(Lim et al., 2016)

E. coli 
BL21(DE3)
ΔglpKΔyqhD

Δglpk, yqhD
aldH, dhaBR

57.3 0.93 1.43
Fed-batch
(glycerol)

(Kim et al., 2014)

E. coli
BL21(DE3)

ΔglpKΔyqhDΔptsG

Δglpk, yqhD, ptsG
aldH, dhaBR

GPD1,GPP2, xylR
29.7 0.36 0.54

Fed-batch
(glucose, xylose)

(Joung et al., 2015)
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1.2 Hemicellulose and xylose

Hemicellulose, the second major constituent of lignocellusose (Table 

1.3) is a highly branched and complex heteropolymer that contains 

hexoses (D-glucose, D-galactose, D-mannose, L-rhamnose, L-

fructose), pentoses (D-xylose an L-arabinose) and uronic acids (D-

glucuronic acid and D-galacturonic acid). Hemicellulose composition 

is strongly dependent on the plant sources (Aristidou & Penttilä 2000). 

Hemicelluloses are the world’s second most abundant family of 

polymers after cellulose and thus represent an enormous renewable 

resource for the chemical industry. Annually, 60 billion tons of 

hemicelluloses are produced on the earth and remain almost 

completely unused (Xu et al., 2006).

Hemicellulosic sugars, especially D-xylose, are relatively abundant 

in agricultural residues and plants wastes. Moreover, due to the 

random, amorphous structure with little strength of hemicelluloses,

their recovery by acid hydrolysis is easier and more efficient than the 

recovery of D-glucose from cellulose which has a crystalline, strong 

structure, which is resistant to hydrolysis. These advantages make 

hemicellulosic sugars a favorable feedstock in the biotechnology 

industry, especially for production of biofuels and biochemicals 

(Jeffries 1983).
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Table 1.3. Polymer composition of lignocellulose (IEA, 2003)

Fraction
Content in 

lignocellulose

Major

monomers

Cellulose 33-51% Glucose

Hemicellulose 19-34%

Glucose, mannose, 

galactose, xylose

and arabinose

Lignin 20-30% Aromatic alcohols

Pectin 1-20%
Galacturonic acid

and rhamnose
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1.3 Metabolic pathway from glucose and xylose to 3-HP 

in E. coli

During the uptake of glucose, one unit of ATP is used to convert the 

glucose to D-glucose-6-phosphate. The transport of glucose into the 

cell occurs through the phosphotransferase system (PTS). D-Glucose-

6-phosphate is then converted to fructose-6-phosphate and finally to 

pyruvate through the glycolysis pathway (Keseler, I.M., et al., 2005).

E. coli is also able to metabolize xylose via the pentose phosphate 

pathway (David & Weismeyer 1970). Intracellular glucose and xylose 

are converted to dihydroxyacetone phosphate (DHAP), and then 

DHAP is converted to glycerol 3-phosphate by glycerol 

dehydrogenase (GPD) and glycerol 3-phosphate is converted to 

glycerol catalyzed by glycerol 3-phosphatase (GPP) (Meynial Salles et 

al., 2007). Glycerol is further converted into 3-HP through 3-

hydroxypropionaldehyde (3-HPA) by glycerol dehydratase (DHAB) 

and aldehyde dehydrogenase (ALDH) (Kwak et al., 2013). Therefore, 

four enzymes including glycerol dehydrogenase (GPD), glycerol 3-

phosphatese (GPP), glycerol dehydratase (DHAB), and aldehyde 

dehydrogenase (ALDH) contribute to the ability to convert glucose 

and xylose to 3-HP in E. coli (Figure 1.1).
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G3P: glycerol-3-phosphate
GA3P: glyceraldehyde 3-phosphate
DHAP: dihydroxyacetone phosphate
3-HPA: 3-hydroxypropionaldehyde
1,3-PDO: 1,3-propanediol
3-HP: 3-hydroxypropionic acid

GPD: glycerol-3-phosphate dehydrogenase
GPP: glycerol-3-phosphatase

from Saccharomyces cerevisiae
dhaB: glycerol dehydratase
dhaR: glycerol dehydratase reactivase

from Lactobacillus brevis KCTC 33069

     

Figure 1.1. Biosynthetic pathway to 3-hydroxypropionic acid from glucose and xylose in recombinant E. coli.

ALDH: aldehyde dehydrogenase
from Pseudomonas aeruginosa

yqhD: 1,3-propandiol oxidoreductase
glpK: glycerol kinase
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1.4 Putrescine utilization pathway in E. coli

E. coli can use various compounds as carbon and nitrogen sources. 

Putrescine is a polyamine, a class of polycationic biogenic amines that 

are widely distributed in living organisms, where they are deeply 

involved in the regulation of cellular functions.

Two putrescine utilization pathways, the Puu pathway and the YgjG-

YdcW pathway, are known in E. coli. The Puu pathway metabolizes 

putrescine via γ-glutamylated intermediates and γ-amino butyric acid 

(GABA) to succinic semialdehyde, a precursor of succinate. The 

YgjG-YdcW pathway metabolizes putrescine to GABA without γ-

glutamylation. The Puu pathway is thought to be the main putrescine 

utilization pathway. 

In the Puu pathway, following the import of putrescine by PuuP, 

PuuA ligates the γ-carboxyl group of glutamic acid to the amino 

group of putrescine to generate γ-glutamylputrescine. It is thought 

that PuuB and PuuC oxidize the second amino group of γ-glutamyl-

putrescine to form γ-glutamyl-γ-amino butyric acid via γ-glutamyl-γ-

aminobutyraldehyde. PuuD hydrolyzes γ-glutamyl-γ-amino butyric 

acid to glutamic acid and GABA. PuuE deaminates GABA to succinic 

semialdehyde. All members of the Puu pathway are encoded by the

puu gene cluster, which includes an open reading frame encoding

PuuR, a predicted transcriptional regulator (Fig. 1.2). GabT, an 
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enzyme 67.4% homologous to PuuE, catalyzes the same reaction as 

PuuE but does not reside within the puu gene cluster. Finally, YneI or 

GabD, an enzyme that is also encoded by the genes different from the 

puu gene cluster, oxidizes succinic semialdehyde to produce succinic 

acid (Nemoto et al., 2012). 

It was reported that the enzymatic activity of PuuD and the 

transcription of puuA and puuP were strongly enhanced by the 

deletion of puuR. Additionally transcription of puuE, puuR, puuC, and 

puuB was enhanced in the DNA binding-deficient puuR(3Alanine) 

mutant. Three aminoacids in the puuR that were predicted to comprise 

a key portion of the HTH DNA-binding motif of PuuR by a secondary 

structure prediction program (Genetyx software, Genetyx Corp) were 

mutated to alanine residues (Thr33Ala, His34Ala, and Ser35Ala). 

These residues exist on the turn and helix of the HTH motif. 

According to the program, this alanine substitution ought to disable 

the formation of the PuuR HTH motif (Kurihara S et al., 2010). This 

result suggests that PuuR functions as a negative regulator of all puu

genes.

Among all puu genes, puuC encodes aldehyde dehydrogenase 

(ALDH). In general, ALDHs are a superfamily of multimeric enzymes 

which catalyze the oxidation of a large variety of aldehydes using 

NAD(P)+ as a cofactor. As of 2002, about 555 ALDHs have been 
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reported (Sophos and Vasiliou, 2003). In particular, E. coli has 17 

different ALDH isozymes and many of which have been studied 

extensively at genetic and protein levels. Among them, PuuC encoded 

by puuC was reported that it could effectively be utilized for the 

biological production of 3-HP from 3-HPA. PuuC was cloned, 

sequenced, and characterized for its physicochemical properties.

Sequence analysis indicated that PuuC was highly homologous to 

several other ALDHs including that of S. flexneri (98%). Cys302 and 

Glu267 were the two residues conserved in the catalytic sites. The 

purified PuuC exhibited the highest specific activity with 

hydroxyaldehyde (3-HPA), followed by aliphatic aldehydes such as 

isovaleraldehyde, propionaldehyde, and valeraldehyde at pH 8.0 and 

37 °C. However, the specificity constant (kcat/Km) was the highest for 

valeraldehyde. PuuC used both NAD+ and NADP+ as cofactors for 

the oxidation reactions. However, NAD+ was significantly preferred 

over NADP+ for many aldehydes. PuuC activity for the reduction of 

3-HP to 3-HPA was only 4% of that for the corresponding oxidation

reaction, indicating that this enzyme catalyzes oxidation reactions 

under most physiological conditions. Kinetic studies indicated that the

catalytic activity of PuuC on several C2–C4 aldehydes was five to 

tenfold higher than the activity of similar ALDHs (Jo et al., 2008).



12

Figure 1.2. Depiction of puu gene cluster and locations of probes.
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1.5 Research objectives

This study was focused on the enhancement of 3-HP production by 

alleviating the rate-limiting step and by minimizing glycerol 

accumulation in metabolically engineered E. coli. Especially, 

imbalance between the two reactions, i.e., dehydration of glycerol and 

the subsequent oxidation of 3-HPA to 3-HP, still remains a major 

issue. The specific activity of DHAB-DHAR is 6 times higher than 

that of ALDH at pH 7.0 (Kim thesis, 2011). Once the imbalance 

occurs, the toxic 3-HPA accumulates and cell growth and 3-HP 

production are seriously hampered. Although the exact mechanisms 

have not been elucidated, it was suggested that 3-HPA can cause DNA 

damage or react with the thiol group of cysteine to ruin the structural 

integrity at the protein level. 

Although an exogenous overexpression system of ALDH derived 

from P. aeruginosa was introduced into the strain previously, it is still

necessary to introduce additional expression systems to eliminate the 

rate-limiting step. The chromosomal endogenous expression system 

was chosen as the means.

The specific objectives of this research were described as follows:

1. Increasing the expression level of PuuC by replacing the 

chromosomal monocistronic promoter of puuC into several strong 
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inducible promoters.

2. Improving the expression levels of the operon genes including 

puuC by relieving negative inhibition on the polycistronic promoter 

belonging to the puu operon. 

3. Enhancing 3-HP production in metabolically engineered E. coli in

glucose and xylose limited fed-batch fermentation.
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Chapter 2. Materials and methods

2.1 Strains and Plasmids

For plasmid construction and 3-HP production, E. coli TOP10 and 

BL21 star (DE3) (Invitrogen Co., Carlsbad, CA, USA) were used 

(Table 2.1). E. coli TOP10 was used for the transformation, plasmid 

preparation and DNA manipulation, and E. coli BL21 star (DE3) was 

used as a host strain for 3-HP production. The glpK, yqhD and ptsG

genes were disrupted in E. coli BL21 star (DE3) in previous research 

(Joung thesis, 2013).

Plasmid pELDRR is haboring the L. brevis glycerol dehydratase 

(DhaB1, DhaB2, DhaB3) and glycerol dehydratase reactivase (DhaR1, 

DhaR2) genes under the T7 promoter (Kwak et al., 2013). Plasmid 

pCPaGGR is haboring 4 genes under the T7 promoter which were

aldehyde dehydrogenase derived from P. aeruginosa, glycerol-3-

phosphate dehydrogenase and glycerol-3-phosphatase derived from   

S. cerevisiae and xylR gene derived from E. coli K-12 strain with the 

synthetic promoter (Jung et al., 2015).

All strains and plasmids used in this study are listed in Table 2.1.
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Table 2.1 List of strains and plasmids used in this study

Strains / Plasmids Main characteristics Reference / Source

Strains

E. coli TOP10 F- mcrA Δ(mrr-hsdRMS-mcrBC) φ80lacZΔM15 ΔlacX74 nupG recA1 araD139 Δ(ara-

leu)7697 galE15 galK16 rpsL(StrR) endA1 λ- Invitrogen

E. coli BL21(DE3) F– ompT gal dcm lon hsdSB(rB
- mB

-) λ(DE3 [lacI lacUV5-T7 gene 1 ind1 sam7 nin5]) Invitrogen

∆gyp ∆glpK ∆yqhD ∆ptsG Joung et al. (2015)

∆gyp-Ptrc ∆glpK ∆yqhD ∆ptsG PpuuC::FRT+Ptrc In this study

∆gyp-PT7 ∆glpK ∆yqhD ∆ptsG PpuuC::FRT+PT7 In this study

∆gypc ∆glpK ∆yqhD ∆ptsG ∆puuC In this study

∆gypr ∆glpK ∆yqhD ∆ptsG ∆puuR In this study

∆gypr(3Ala) ∆glpK ∆yqhD ∆ptsG ∆puuR::FRT+puuR(3Alanine) In this study
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∆gypr-Ptrc ∆glpK ∆yqhD ∆ptsG ∆puuR::FRT+Ptrc In this study

∆gypr-PT7 ∆glpK ∆yqhD ∆ptsG ∆puuR::FRT+PT7 In this study

Plasmids

pCPaGGRmGalP SmR, galP gene with natural promoter cloned in pCPaGGRm Kim thesis (2015)

pELDRR KanR, pET-29b(+) based plasmid containing L. brevis dhaB, dhaR cluster under T7

promoter
Kwak et al. (2012)



18

2.2 Gene deletion & integration progress

E. coli BL21 star (DE3) was used as a host strain for 3-HP 

production. For the cloning of the kanamycin resistance cassette to 

delete the E. coli chromosomal gene, plasmid pKD13 was used as the 

template of the polymerase chain reaction (PCR). Primers which are

designed for homologous recombination with the deletion target genes

were used to amplify the kanamycin resistance cassette. To express λ 

recombinase, plasmid pKD46 was introduced to E. coli BL21 star 

(DE3). Elimination of the kanamycin resistance gene was performed 

by using a helper plasmid pCP20 which is able to express FLP 

recombinase by thermal induction and then the helper plasmid was 

cured. Disruption of the chromosomal genes was confirmed by colony 

PCR using PCR-check primers. All primers used in this study are 

listed in Table 2.2.

Replacement of puuCp by the trc / T7 promoters was performed by 

PCR-mediated λ-Red recombination with slight modifications. The 

PCR fragment required for the promoter replacement was amplified 

from pre-constructed integration vectors as a template which also 

include the kanamycin resistance cassette as in pKD13. 
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Table 2.2 List of primers used in this study

Name Necleotide sequence (5` to 3`) Target gene

F_puuR_del ATGAGTGATGAGGGACTGGCGCCAGGAAAACGCTTGTCGG  

GATTGTGTAGGCTGGAGCTG

puuR
R_puuR_del TTAAAACGTGGTGGGCGTATGGGCGCTGATAATTCGGCAA  

ATTCCGGGGATCCGTCGACC

F_puuR_che CCACGGAAGCAACCATTCAAATCAG

R_puuR_che ATGCAGTTTGTGAACGTCAGGGCGC

F_puuC_del ATGAATTTTCATCATCTGGCTTACTGGCAGGATAAAGCGT  

GTGTAGGCTGGAGCTGCTTC

puuC
R_puuC_del TCAGGCCTCCAGGCTTATCCAGATGGTTTTCAGTTCAGTG  

ATTCCGGGGATCCGTCGACC

F_puuC_che GTGAGCGAATCCCGATGAGCTTACTC

R_puuC_che TATAGCCGCCGCCAACCACGCAAAC

F1_puuR(3Ala)_HindIII CCCAAGCTT  ATGTTTGTCAAATGTTAAATTGAG

puuR(3Ala)
R1_puuR(3Ala) CGCCGCCGC  CAGCCCGGAGAGTTCGGCGGCACGA

F2_puuR(3Ala) CCGCCGAACTCTCCGGGCTG  GCGGCGGCG  GCTATCAGTACGATAGAAC 

R2_puuR(3Ala)_AflII CCCCTTAAG  TTAAAACGTGGTGGGCGTATGGGCG
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F_puuR(3Ala)_int ATCAAAGCGTAAAATATAATGACCACCATTCGAATCTGTATGCAAACTAA  

ATCCGAATTCGTGTAGGCTGGAGCTGCTTC

puuR(3Ala)
F_puuR(3Ala)_int GTATAGATTGCCGGGCGCATTGCGCTTACCCGGCTTACAGAACAAAAAGA  

TTAAAACGTGGTGGGCGTATGGGCGCTG

F_puuR(3Ala)_che CCACGGAAGCAACCATTCAAATCAG

R_puuR(3Ala)_che ATGCAGTTTGTGAACGTCAGGGCGC

F_P::PT7_int TCTTTTTGTTCTGTAAGCCGGGTAAGCGCAATGCGCCCGG  

GTGTAGGCTGGAGCTGCTTC

puuCp

R_P::PT7_int TGACTCCTGTTTCACGTCTATCAGATATATGCAGTTTGTG  

GATGGGGAATTGTTATCCGC

F_P::PT7_che GCGATGATCTTTGAAACGTACCAGC

R_P::PT7_che CCAGTAAGCCAGATGATGAAAATTC

F_P::Ptrc_int TCTTTTTGTTCTGTAAGCCGGGTAAGCGCAATGCGCCCGG  

GATTGTGTAGGCTGGAGCTG

R_P::Ptrc_int TGACTCCTGTTTCACGTCTATCAGATATATGCAGTTTGTG  

GATGGGGAATTGTTATCCGC

F_P::Ptrc_che GCGATGATCTTTGAAACGTACCAGC

R_P::Ptrc_che CCAGTAAGCCAGATGATGAAAATTC
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F_puuR::PT7_int ATGAGTGATGAGGGACTGGCGCCAGGAAAACGCTTGTCGG  

GTGTAGGCTGGAGCTGCTTC
puuR

R_puuR::PT7_int TGACTCCTGTTTCACGTCTATCAGATATATGCAGTTTGTG  

GATGGGGAATTGTTATCCGC

F_puuR::PT7_che GTTAGCGTCATCAATCATCCTTTTGTGC
puuR

R_puuR::PT7_che TCAACGGTTTCAAAGGTTTCATTTTCCG

F_puuC_RT GAGCTGGCACTGCTGGAAACTCTC
puuC

R_puuC_RT TGGTGGTCGCCACTTCGCCATAC

F_puuR_RT CCGAGCCGGAAAAACCTGATGAGC
puuR

R_puuR_RT TGTGCCCGGCTGGTACGTTTCAAAG

F_gapC_RT GTCATGCAAGGCTTTGGCCATCGG
gapC

R_gapC_RT GAAGAAGGTGTTGATTTCCGCCCCTG

* Bolded sequences are homologous regions with target genes in the E. coli BL21 star (DE3) chromosomes

* The underlined sequences correspond to restriction enzyme site
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2.2.1 Preparation of kanamycin resistance cassette

PCRs were performed with an Applied Biosystems Veriti 96well 

Thermal Cycler (Lincoln, CA, USA) and prime STAR HS Premix 

from TAKARA (Otsu, Japan). PCRs for cloning of the kanamycin 

resistance cassettes were performed in 25 μL of DNA polymerase 

premix from TAKARA(Otsu, Japan) containing 20 pM each deletion 

primers (Table 2.2), and 1 μL pKD13 which is a template of cloning. 

After heating the reaction tubes for 5 min at 95°C, 30 cycles of PCR 

amplification were performed as follows: 30 sec at 96°C, 5 sec at 

55°C, and 1 min per 1 kb DNA at 72°C, followed by 7 min at 72°C 

during the last cycle.

2.2.2 Expression of λ red recombinase in host strain

Plasmid pKD46 was introduced to each expression strain by using 

the CaCl2 method (Dagert & Ehrlich 1979). E. coli BL21 (DE3) star 

Δgyp with pKD46 was cultured in 100ml LB medium containing L-

arabinose (10 mM) and ampicillin (5 mg/mL) at 30°C until O.D.600 nm

reached 0.5~0.8.

2.2.3 Insertion of kanamycin resistance cassette to expression 

strain

All cells harvested by centrifugation at 3,000 rpm for 10 min at 4°C 
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were carefully resuspended in 30 mL of ice-cold 10% (v/v) glycerol 

solution about 30 min on ice. This procedure was repeated three times. 

The cells were concentrated in 200 μL using 10% glycerol. Then 10

μL of the prepared kanamycin resistance cassette was introduced to

the 100 μL of cell concentrate by the electroporation method by using 

the Gene-Pulser EC2 program (Bio-RAD, USA).

2.2.4 Recombination and adaptation

The cells harboring the kanamycin resistance cassette were incubated

in 1 mL LB medium for 1 hr. The cells were spread to an LBK plate 

and incubated at 37°C for 18 hrs. Colonies with the kanamycin 

resistance were selected. Kanamycin resistance cassette insertion was

verified by the PCR method using check primers (Table 2.2).

2.2.5 Elimination of kanamycin resistance cassette

Plasmid pCP20 was introduced to each kanamycin resistance strain 

by using the CaCl2 method (Dagert & Ehrlich 1979). The cells were

spread to an LBA plate at 30°C for 24 hrs, then incubation at 43 °C to 

cure. Gene deletion is verified by the PCR method using check 

primers (Table 2.2).
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2.3 E. coli DNA manipulation

2.3.1 Preparation of DNA

Mini-scale preparation of plasmid DNA was carried out by using 

Plasmid Miniprep Kit from Takara (Otsu, Japan). Preparation of the E. 

coli K-12 chromosomal DNA for PCR template was carried out by 

using the DNeasy Blood & Tissue Kit from QIAGEN (Düsseldorf, 

Germany). PCR amplified or enzyme treated DNA was purified by 

using the Hiyield™Gel/PCR DNA Extraction Kit from Real Biotech 

Corporation (Taipei, Taiwan).

2.3.2 Polymerase Chain Reaction (PCR)

PCRs were performed with an Applied Biosystems Veriti 96 well 

Thermal Cycler (Lincoln, CA, USA). PCRs for cloning of genes from 

E. coli K-12 were performed in 50 μL of PrimeStar™ dyemix solution 

from Takara (Otsu, Japan) containing 20 pM each of forward and 

reverse primers (Table 2.2), and 1 μL of the E. coli K-12 genomic 

DNA which is a template of cloning. After heating the reaction tubes 

for 5 min at 95℃, 30 cycles of PCR amplification were performed as 

follows: 10 sec at 98℃, 5 sec at 55℃ and 2 min at 72℃, followed by 

7 min at 72℃ during the last cycle. 
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2.3.3 Point mutation by overlap extension PCR

Three amino acids in the puuR(3Ala) mutants that were predicted to 

comprise a key portion of the HTH DNA-binding motif of PuuR by a 

secondary structure prediction program (Genetyx software, Genetyx 

Corp.) were mutated to alanine residues (Thr33Ala, His34Ala, and 

Ser35Ala) using overlap extension PCR with four primers, 

F1_puuR(3Ala)_HindIII, R1_puuR(3Ala), F2_puuR(3Ala) and 

R2_puuR(3Ala)_AflII. This procedure is composed of 3-steps. First, 

the fragments for overlap extension PCR were amplified by PCR with 

two primer sets; F1_puuR(3Ala)_HindIII and R1_puuR(3Ala); 

F2_puuR(3Ala) and R2_puuR(3Ala)_AflII. After heating the reaction 

tubes for 5 min at 95℃, 30 cycles of PCR amplification were 

performed as follows: 10 sec at 98℃, 5 sec at 55℃ and 1 min at 72℃, 

followed by 7 min at 72℃ during the last cycle. After PCR, two PCR 

solutions were purified with the DNA-spinTM Plasmid DNA 

Purification Kit (iNtRON Biotechnology, Korea). The purified PCR 

products were used as a template for overlap extension PCR with

F1_puuR(3Ala)_HindIII and R2_puuR(3Ala)_AflII. After heating the 

reaction tubes for 5 min at 95℃, 30 cycles of PCR amplification were 

performed as follows: 10 sec at 98℃, 5 sec at 55℃ and 2 min at 72℃, 

followed by 7 min at 72℃ during the last cycle. 
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2.3.4 Digestion and ligation of DNA

Restriction enzymes HindIII, AflII and calf intestinal alkaline 

phosphatase (CIP) were purchased from New England Biolabs 

(Beverly, USA). Both integration vector and purified PCR product

were digested with HindIII and AflII. Note that integration vector has 

kanamycin cassette derived from pKD13 in pACYCduet-1’s multiple 

cloning site (MCS) between EcoRI and HindIII restriction enzyme site.

The DNA ligation Kit obtained from Takara (Otsu, Japan) was used 

for ligation of PCR products and integration vector.

2.3.5 Chromosomal integration

Final integration fragment was amplified by PCR with a primer set; 

F_puuR(3Ala)_int and R_puuR(3Ala)_int. After heating the reaction 

tubes for 5 min at 95℃, 30 cycles of PCR amplification were 

performed as follows: 10 sec at 98℃, 5 sec at 55℃ and 5 min at 72℃, 

followed by 7 min at 72℃ during the last cycle. After PCR, two PCR 

solutions were purified with the DNA-spinTM Plasmid DNA 

Purification Kit (iNtRON Biotechnology, Korea). The purified PCR 

products were used as a final integration insert. The next steps are the 

same as in 2.2.
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2.4 Culture conditions

2.4.1 Growth media

A chemically defined Riesenberg medium (Kim et al., 2014)

supplemented with 5 g/L of yeast extract (R/5 medium) was used for 

production of 3-HP. Riesenberg medium consists of (per liter) 1.7 g 

citric acid, 13.5 g KH2PO4, 4 g (NH4)2HPO4 and a trace element 

solution 10 mL (contains per liter of 5 M HCl : 10 g FeSO4·7H2O, 

2.25 g ZnSO4·7H2O, 1 g CuSO4·5H2O, 0.5 g MnSO4·4H2O, 2 g 

CaCl2, 0.1 g (NH4)6Mo7O24, 0.23 g Na2B4O7·10H2O). Medium pH 

was adjusted at 6.8 with 5 N NaOH.

2.4.2 Flask culture

The cell stock was transferred to a test tube containing 5 mL of LB 

medium (1% yeast extract, 2% bacto-tryptone and 1% NaCl) with 

appropriate antibiotics and incubated overnight at 37℃ and 250 rpm 

in a shaking incubator (Vision, Buchon, Korea). To produce 3-HP, 

flask culture was performed in a 500 mL baffled flask (NALGENE, 

USA) with 100 mL R/5 medium containing 5 g/L glucose and 3 g/L 

xylose. 5 mL seed culture was inoculated in R/5 medium with suitable 

antibiotics and cultivated at 37℃ and 250 rpm. IPTG (final 

concentration 0.1 mM) and coenzyme B12 (final concentration 20 μM) 
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were added as the inducer and cofactor of glycerol dehydratase when 

O.D.600nm reached to 3. At the same time, temperature was changed to 

25℃ and the flask was covered with aluminum foil for absence of 

light considering vulnerability of coenzyme B12 about light.

2.4.3 Fed-batch fermentation in a bioreactor

Fed-batch fermentation was carried out in a 2.5 L jar fermentor 

(Kobiotech, Incheon, Korea) with 1 L initial working volume of R/5 

medium containing 13 g/L glucose and 7 g/L xylose and the same 

concentration of antibiotics as the flask culture. 100 mL pre-culture 

was prepared in a 500 mL flask and grown in a shaking incubator at 

37℃ and 250 rpm for 12 h. After 12 h, 100 mL of the pre-culture was 

transferred to a bioreactor. Main culture was carried out at 37℃ with 

aeration rate of 2 vvm and agitation speed of 1,200 rpm. When the cell 

O.D.600nm reached 30 (8 in the case of only xylose sugar condition), 

IPTG and coenzyme B12 were added and temperature was shifted to 

25℃ without changing aeration rate and agitation speed. The feeding 

solution is composed of 500 g/L glucose and 250 g/L xylose (500 g/L 

xylose in the case of only xylose sugar condition) with 20 g/L 

MgSO4∙7H2O. After induction, the feeding solution was fed

continuously. The media pH was automatically controlled between

6.78 and 6.82 by addition of 28% ammonia water.
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2.5 Analytical methods

2.5.1 Dry cell weight

Cell growth was monitored by measuring the optical density of 

culture broth at 600 nm using a spectrophotometer (OPTIZEN POP, 

MECASYS, Korea). Optical density was converted into dry cell mass 

by using the following conversion equation: 

             Dry cell mass (g/L) = 0.365 x O.D.600nm

2.5.2 High performance liquid chromatography analysis

The concentrations of glucose, xylose, glycerol, 3-HP and acetate 

were measured by a high performance liquid chromatography (1200 

series, Agilent, Santa Clara, CA, USA) with a Aminex HPX-87H Ion 

Exclusion Column (BIO-RAD, Richmond, CA, USA) heated at 60°C. 

A mobile phase of 5 mM H2SO4 was used at a flow rate of 0.5 mL/min

(Sluiter et al., 2006). Detection was made with a reflective index 

detector and an UV detector at 210 nm.

2.5.3 Real-time quantitative PCR

Transcription levels of puuC and puuR were detected by RT-qPCR of 

mRNA isolated from the appropriate strains. Degradation of RNA was 

protected by treating RNA protect bacterial reagent (Qiagen, Valencia, 
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CA) before cell lysis. The total RNA was isolated using RNeasy mini 

kit (Qiagen, Valencia, CA). The cDNA was amplified by using 

Maxima H Minus First Strand cDNA Synthesis Kit (Thermo 

SCIENTIFIC). The qPCR experiment was carried out on a 

MiniOpticon Real-Time PCR system (Bio-Rad) using the SYBR 

premix Ex Taq (Takara). The gapC gene, highly invariant gene, was 

used as a reference gene for normalization of qPCR values. The 

primers used in qPCR experiments are summarized in Table 2.2.

2.5.4 in vitro Aldehyde dehydrogenase activity assay

Determination of aldehyde dehydrogenase activity was based on a 

previous report (Lee et al., 2003) with some modifications. To prepare 

the crude cell extract, the recombinant cells were cultured in 100 mL 

of R/5 medium with mixture of 7 g/L glucose and 4 g/L of xylose. The 

culture temperature and agitation speed was 25oC and 250 rpm 

respectively. When O.D.600nm reached 3, IPTG was added into the 

culture broth at the final concentration of 0.1 mM. At 5 hr after 

induction, an optical density of the culture broth was adjusted at 10 by 

appropriate dilution and concentration. After harvesting the cell, the 

cell pellets were suspended in 50 mM potassium phosphate buffer (pH 

7.0). After cell disruption by a reagent (B-PERTM), the cell lysate was 

used as the crude cell extract. The reaction mixture containing 50 mM
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potassium phosphate buffer (pH 7.0), 1 mM dithiothreitol (DTT) was

incubated at 37 °C for 5 min. The reaction was initiated by adding 5

mM of aldehyde(s) and 4 mM NAD+. Enzyme activity was 

determined by measuring the reduction of NAD+ to NADH at 340 nm. 

The amount of NADH formed was determined using a molar 

extinction coefficient (Δε340) of 6.22×103 M−1 cm−1. One unit of

ALDH activity was defined as the amount of enzyme required to 

reduce 1 μmol of NAD+ to NADH in 1 min. All enzyme activities 

were determined in triplicate.
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Chapter 3. Results and discussions

3.1 Dependence of 3-HP production on PuuC

3.1.1 Deletion of puuC

Apart from ALDH derived from P. aeruginosa in pCPaGGRmGalP, 

the chromosomal puuC was deleted to analyze the activity of PuuC on 

dehydrogenation of 3-HPA to 3-HP. The deletion method was based 

on the previous method (Datsenko & Wanner, 2000) with 

corresponding DNA oligomers F_puuC_del and R_puuC_del (Table 

2.2). Deletion of puuC was confirmed by colony PCR using PCR-

primers F_puuC_che and R_puuC_che (Table 2.2). The results of 

puuC deletion are shown in Figure 3.1. From the left band, it 

corresponds to wild type puuC, kanamycin resistance cassette inserted 

puuC, and deleted puuC.
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Figure 3.1. Confirmation of puuC deletion.

(puuC : 1488 bp, kanR : 1303)
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3.1.2 Flask culture of puuC negative strain

To investigate the effect of puuC deletion on 3-HP production and 

glycerol accumulation, flask culture of the strains △gyp /

pCPaGGRmGalP / pELDRR and △gypc / pCPaGGRmGalP / 

pELDRR were carried out in R/5 medium containing a mixture of 

glucose and xylose. During 27 h of cultivation, the △gypc /

pCPaGGRmGalP / pELDRR strain showed glycerol accumulation at

4.1 g/L, which is much higher than that of the △gyp /

pCPaGGRmGalP / pELDRR strain. Also, the puuC negative strain 

showed 28% lower level of final concentration of 3-HP than the puuC

positive strain (Figure 3.2, Table 3.1). The result suggests that a 

considerable degree of dehydrogenation of 3-HPA to 3-HP is 

dependent on the activity of an endogenous PuuC enzyme. 
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Figure 3.2. Profiles of batch fermentation of (A) △gyp / pCPaGGRmGalP / pELDRR and 

(B) △gypc / pCPaGGRmGalP / pELDRR in R/5 medium containing a mixture of glucose and xylose.
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Table 3.1. Results of batch fermentation of △gyp / pCPaGGRmGalP / pELDRR and △gypc / pCPaGGRmGalP / 

pELDRR in R/5 medium containing a mixture of glucose and xylose

Strains
DCW

(g/L)

Glycerol

accumulation

(g/L)

Final glycerol 

concentration

(g/L)

3-HP 

concentration

(g/L)

∆gyp

pELDRR/pCPaGGRmGalP
3.58 2.36 0 1.21

∆gypc

pELDRR/pCPaGGRmGalP
3.57 4.10 2.06 0.87
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3.2 Replacement of the monocistronic promoter of 

puuC into strong inducible promoters

3.2.1 Construction of strains with replaced promoters

Substitution of the native promoter with the trc / T7 promoters was 

expected to increase an expression level of endogenous puuC. The 

chromosomal integration method was based on the previous method 

(Datsenko & Wanner, 2000) with slight modifications and with 

corresponding DNA oligomers F_P::Ptrc_int, R_P::Ptrc_int,

F_P::PT7_int and R_P::PT7_int (Table 2.2). Integration of each 

promoter was first confirmed by colony PCR using PCR-primers,

F_P::Ptrc_che, R_P::Ptrc_che; F_P::PT7_che and R_P::PT7_che (Table 

2.2). The results are shown in Figure 3.3. From the left band, it 

corresponds to wild type, kanamycin resistance cassette inserted, and 

integrated respectively.

Final confirmation was through sequence analyzing service by 

SolgentTM. 
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Figure 3.3. Confirmation of promoter replacement into trc and T7 promoters.
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3.2.2 Transcription level of the strains with promoter replacement

To investigate the effect of monocistronic promoter replacement on 

the mRNA transcription level, real-time quantitative PCR was 

performed. The strains △gyp / pCPaGGRmGalP / pELDRR, △gyp-

Ptrc / pCPaGGRmGalP / pELDRR and △gyp-PT7 / pCPaGGRmGalP / 

pELDRR were cultured in R/5 medium with a mixture of glucose and 

xylose. All the samples for transcription analysis were collected 

during a mid-exponential phase. The transcription level of puuC was 

determined by using RT qPCR as described in 2.5.3. The transcript of 

puuC dramatically increased both in △gyp-Ptrc / pCPaGGRmGalP / 

pELDRR and △gyp-PT7 / pCPaGGRmGalP / pELDRR strains by a

31.6-fold and 42.4 fold respectively, compared to the △gyp /

pCPaGGRmGalP / pELDRR strain with the native promoter.
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Figure 3.4. Relative transcription level of puuC in (A)△gyp / pCPaGGRmGalP / pELDRR,

(B)△gyp-Ptrc / pCPaGGRmGalP / pELDRR and (C)△gyp-PT7 / pCPaGGRmGalP / pELDRR

in R/5 medium containing a mixture of glucose and xylose.
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3.2.3 ALDH activity assay of the strains with promoter 

replacement

The specific activity of aldehyde dehydrogenase was enhanced by a

1.5-fold by the trc promoter replacement and a 2.2-fold by the T7 

promoter replacement (Table 3.2). The results showed a similar 

pattern to the transcription level of puuC. The higher the transcription 

level was, the higher the specific activity was measured among the

three strains. These data demonstrate that promoter replacement of a 

native constitutive promoter into strong inducible promoters enhanced

puuC in terms of both mRNA and protein levels. This analysis implies 

that together with an exogenous overexpression system of ALDH 

derived from P. aeruginosa, an additional endogenous overexpression 

system of PuuC by the monocistronic promoter replacement could be 

an effective engineering tool for alleviating the rate limiting step in the 

3-HP-producing E. coli system.  
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Table 3.2. ALDH specific activity of crude extract from △gyp / pCPaGGRmGalP / pELDRR, △gyp-Ptrc / 

pCPaGGRmGalP / pELDRR and △gyp-PT7 / pCPaGGRmGalP / pELDRR in R/5 medium containing a mixture of 

glucose and xylose

Strains

Total activity

(nmol NADH mL-1

min-1)

Protein

(μg mL-1)

Specific activity

(mU mg-1 protein)

∆gyp

pELDRR/pCPaGGRmGalP
33.6 ± 2.0 443 ± 3.0 0.76 ± 0.05

∆gyp-Ptrc

pELDRR/pCPaGGRmGalP
48.8 ± 1.2 422 ± 4.2 1.16 ± 0.03

∆gyp-PT7

pELDRR/pCPaGGRmGalP
70.8 ± 2.4 421 ± 2.1 1.68 ± 0.06
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3.2.4 Flask culture of strains with promoter replacement

To investigate the effect of monocistronic promoter replacement on 

3-HP production and glycerol accumulation, flask culture of the 

strains △gyp / pCPaGGRmGalP / pELDRR, △gyp-Ptrc /

pCPaGGRmGalP / pELDRR and △gyp-PT7 / pCPaGGRmGalP / 

pELDRR were carried out in R/5 medium containing a mixture of 

glucose and xylose. During 27 h of cultivation, △gyp-Ptrc /

pCPaGGRmGalP / pELDRR and △gyp-PT7 / pCPaGGRmGalP / 

pELDRR strains showed glycerol accumulation of 1.90 g/L and 1.50 

g/L respectively, which is lower than that of △gyp / pCPaGGRmGalP 

/ pELDRR strain. Also, strain with the trc promoter showed 37% 

higher level of final concentration of 3-HP and strain with the T7 

promoter showed 60% higher level of final concentration of 3-HP than 

strain with the native promoter (Figure 3.4, Table 3.2). The result 

suggests that promoter replacement of the native promoter into the 

strong inducible promoters has contributed to the productivity 

improvement of 3-HP, especially in the case of strain with the T7 

promoter. 
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Figure 3.5. Profile of batch fermentation of (A)△gyp / pCPaGGRmGalP / pELDRR,

(B)△gyp-Ptrc / pCPaGGRmGalP / pELDRR and (C)△gyp-PT7 / pCPaGGRmGalP / pELDRR

in R/5 medium containing a mixture of glucose and xylose.
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Table 3.3. Results of batch fermentation of △gyp / pCPaGGRmGalP / pELDRR, △gyp-Ptrc / pCPaGGRmGalP / 

pELDRR and △gyp-PT7 / pCPaGGRmGalP / pELDRR in R/5 medium containing a mixture of glucose and xylose

Strains
DCW

(g/L)

Glycerol

accumulation

(g/L)

Final glycerol 

concentration

(g/L)

3-HP 

concentration

(g/L)

∆gyp

pELDRR/pCPaGGRmGalP
3.58 2.36 0 1.21

∆gyp-Ptrc

pELDRR/pCPaGGRmGalP
3.56 1.90 0 1.66

∆gyp-PT7

pELDRR/pCPaGGRmGalP
2.93 1.50 0 1.94
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3.3 Relief of transcriptional repression on puu operon by 

repressor PuuR

3.3.1 Construction of strains with de-repression by PuuR

Relieving negative repression of PuuR on the polycistronic promoter 

(puuDRCBEp) in the puu operon was expected to increase overall 

expression levels of the endogenous puu genes including puuC. Two 

strategies were used to remove the negative inhibition. The first was to 

delete the entire gene of puuR, and the second strategy was to mutate 

only the binding motif of the repressor gene. The chromosomal 

deletion and integration method was based on the previous method 

(Datsenko & Wanner, 2000) with slight modifications and with 

corresponding DNA oligomers F_puuR_del, R_puuR_del, 

F_puuR(3Ala)_int and R_puuR(3Ala)_int (Table 2.2). Deletion and 

integration of each were first confirmed by colony PCR using PCR 

primers F_puuR_che, R_puuR_che, F_puuR(3Ala)_che and

R_puuR(3Ala)_che (Table 2.2). The results are shown in Figure 3.6.

From the left band, it corresponds to wild type puuR, kanamycin 

resistance cassette inserted puuR, and deleted or mutated puuR 

respectively. Final confirmation was through sequence analyzing 

service by SolgentTM.
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Figure 3.6. Confirmation of point mutational integration and deletion.
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3.3.2 Transcription level of the strains with de-repression by PuuR

To investigate the effect of relieving polycistronic promoter 

repression on the mRNA transcription level, Real-time quantitative 

PCR was performed. The strains △gyp / pCPaGGRmGalP / pELDRR, 

△gypr(3Ala) / pCPaGGRmGalP / pELDRR and △gypr /

pCPaGGRmGalP / pELDRR were cultured in R/5 medium with a 

mixture of glucose and xylose. All the samples for transcription 

analysis were collected during a mid-exponential phase. The 

transcription level of puuR was determined by using RT qPCR as 

described in 2.5.3. The transcripts of puuR dramatically increased by a

27.6-fold in △gypr(3Ala) / pCPaGGRmGalP / pELDRR strain

compared to the △gyp / pCPaGGRmGalP / pELDRR strain. This 

phenomenon was probably due to over-promoted inhibitory 

mechanism associated with the loss of binding capacity in PuuR. On 

the other hand, there were few transcripts of puuR in △gypr /

pCPaGGRmGalP / pELDRR strain which has the completely 

disrupted repressor gene.
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Figure 3.7. Relative transcription level of puuR in (A)△gyp / pCPaGGRmGalP / pELDRR,

(B)△gypr(3Ala) / pCPaGGRmGalP / pELDRR and (C)△gypr / pCPaGGRmGalP / pELDRR

in R/5 medium containing a mixture of glucose and xylose.
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3.3.3 ALDH activity assay of the strains with de-repression by 

PuuR

The specific activity of aldehyde dehydrogenase was enhanced by a

1.8-fold by the point mutation of binding motif in PuuR and a 2.3-fold 

by the complete deletion of puuR gene compared to the control strain. 

This analysis implies that together with an exogenous overexpression 

system of ALDH derived from P. aeruginosa, an additional 

endogenous overexpression system of PuuC by repressor-relieving 

strategy could be an effective engineering tool for alleviating the rate 

limiting step in the 3-HP-producing E. coli system.
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Table 3.4. ALDH specific activity of crude extract from △gyp / pCPaGGRmGalP / pELDRR, △gypr(3Ala) / 

pCPaGGRmGalP / pELDRR and △gypr / pCPaGGRmGalP / pELDRR in R/5 medium containing a mixture of glucose 

and xylose

Strains

Total activity

(nmol NADH mL-1

min-1)

Protein

(μg mL-1)

Specific activity

(mU mg-1 protein)

∆gyp

pELDRR/pCPaGGRmGalP
33.6 ± 2.0 443 ± 3.0 0.76 ± 0.05

∆gypr(3Ala)

pELDRR/pCPaGGRmGalP
62.2 ± 0.2 449 ± 3.4 1.39 ± 0.01

∆gypr

pELDRR/pCPaGGRmGalP
72.8 ± 1.6 420 ± 3.8 1.73 ± 0.04
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3.3.4 Flask culture of strains with de-repression by PuuR

To investigate the effect of relieving polycistronic promoter 

repression on 3-HP production and glycerol accumulation, flask 

culture of the strains △gyp / pCPaGGRmGalP / pELDRR, 

△gypr(3Ala) / pCPaGGRmGalP / pELDRR and △gypr /

pCPaGGRmGalP / pELDRR was carried out in R/5 medium 

containing a mixture of glucose and xylose. During 27 h of cultivation, 

△gypr(3Ala) / pCPaGGRmGalP / pELDRR and △gypr /

pCPaGGRmGalP / pELDRR strains showed glycerol accumulation of 

1.84 g/L and 1.68 g/L respectively, which is lower than that of △gyp /

pCPaGGRmGalP / pELDRR strain. Also, the strain with point 

mutation in the binding motif of puuR showed 42% higher level of 

final concentration of 3-HP and the strain with complete deletion of 

puuR showed 79% higher level of final concentration of 3-HP than the 

control strain with intact puuR (Figure 3.8, Table 3.5). The result 

suggests that relieving the polycistronic promoter repression has 

contributed to the improvement of 3-HP productivity, especially in the 

case of the strain with completely disrupted puuR. 
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Figure 3.8. Profile of batch fermentation of (A)△gyp / pCPaGGRmGalP / pELDRR,

(B)△gypr(3Ala) / pCPaGGRmGalP / pELDRR and (C)△gypr / pCPaGGRmGalP / pELDRR

in R/5 medium containing a mixture of glucose and xylose.
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Table 3.5. Results of batch fermentation of △gyp / pCPaGGRmGalP / pELDRR, △gypr(3Ala) / pCPaGGRmGalP / 

pELDRR and △gypr / pCPaGGRmGalP / pELDRR in R/5 medium containing a mixture of glucose and xylose

Strains
DCW

(g/L)

Glycerol

accumulation

(g/L)

Final glycerol 

concentration

(g/L)

3-HP 

concentration

(g/L)

∆gyp

pELDRR/pCPaGGRmGalP
3.58 2.36 0 1.21

∆gypr(3Ala)

pELDRR/pCPaGGRmGalP
3.63 1.84 0 1.72

∆gypr

pELDRR/pCPaGGRmGalP
3.77 1.68 0 2.16
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3.4 Combination of monocistronic promoter replacement 

and polycistronic promoter de-repression

3.4.1 Construction of strains with combinational enhancement of 

endogenous promoters

Combination of strains which showed the above effects was done to 

build a better 3-HP producing E. coli system. The combination was 

done between the two strains except for ∆gypr(3Ala) pELDRR /

pCPaGGRmGalP in which puuR was over-transcribed. The 

chromosomal insertional deletion method was based on the previous 

method (Datsenko & Wanner, 2000) with slight modifications and 

with corresponding DNA oligomers F_puuR::Ptrc_int,

R_puuR::Ptrc_int, F_puuR::PT7_int and R_puuR::PT7_int (Table 2.2). 

Normal insertional deletion of each strain was first confirmed by 

colony PCR using PCR primers F_puuR::Ptrc_che, R_puuR::Ptrc_ che, 

F_puuR::PT7_ che and R_puuR::PT7_ che (Table 2.2). The results are 

shown in Figure 3.9. From the left band, it corresponds to wild type, 

kanamycin resistance cassette inserted, and insertional deleted

respectively. Final confirmation was through sequence analyzing 

service by SolgentTM and ∆gypr-Ptrc pELDRR / pCPaGGRmGalP and 

∆gypr-PT7 pELDRR / pCPaGGRmGalP combinational strains were 

constructed.
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Figure 3.9. Confirmation of insertional deletions of ∆gypr-Ptrc pELDRR / pCPaGGRmGalP 

and ∆gypr-PT7 pELDRR / pCPaGGRmGalP.



57

3.4.2 Transcription level of combinational strains

To investigate the effect of combination between the monocistronic 

promoter replacement and the polycistronic promoter de-repression on 

mRNA transcription level, real-time quantitative PCR was performed. 

△gyp / pCPaGGRmGalP / pELDRR, △gypr-Ptrc / pCPaGGRmGalP / 

pELDRR and △gypr-PT7 / pCPaGGRmGalP / pELDRR strains were 

cultured in R/5 medium with a mixture of glucose and xylose. All the 

samples for transcription analysis were collected during a mid-

exponential phase. The transcription level of puuC and puuR was 

determined by using RT qPCR as described in 2.5.3. The transcripts of 

puuC dramatically increased by a 76.1-fold and a 91.2-fold in △gypr-

Ptrc / pCPaGGRmGalP / pELDRR and △gypr-PT7 / pCPaGGRmGalP 

/ pELDRR strain respectively, compared to the △gyp /

pCPaGGRmGalP / pELDRR control strain. Also, there were few 

transcrpts of puuR in both combinational strains which have the 

completely disrupted repressor gene (Figure 3.10).
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Figure 3.10. Relative transcription levels of ①puuC and ②puuR

in (A)△gyp / pCPaGGRmGalP / pELDRR, (B)△gypr-Ptrc / pCPaGGRmGalP / pELDRR

and (C)△gypr-PT7 / pCPaGGRmGalP / pELDRR in R/5 medium containing a mixture of glucose and xylose.
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3.4.3 ALDH activity assay of the combinational strains

The specific activity of aldehyde dehydrogenase was enhanced by a 

2.6-fold by a combination between the complete deletion of puuR

gene and replacement of the monocistronic promoter into the trc

promoter compared to the control strain. Moreover, the specific 

activity of aldehyde dehydrogenase was enhanced by a 2.9-fold by a 

combination between the complete deletion of puuR gene and 

replacement of the monocistronic promoter into the T7 promoter

compared to the control strain. This analysis implies that together with 

an exogenous overexpression system of ALDH derived from P.

aeruginosa, an additional endogenous overexpression systems of 

PuuC by the de-repression strategy and the promoter replacement 

strategy are combinable and could be an effective engineering tool for 

alleviating the rate limiting step in the 3-HP-producing E. coli system.
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Table 3.6. ALDH specific activity of crude extract from △gyp / pCPaGGRmGalP / pELDRR, △gypr-Ptrc / 

pCPaGGRmGalP / pELDRR and △gypr-PT7 / pCPaGGRmGalP / pELDRR in R/5 medium containing a mixture of 

glucose and xylose

Strains

Total activity

(nmol NADH mL-1

min-1)

Protein

(μg mL-1)

Specific activity

(mU mg-1 protein)

∆gyp

pELDRR/pCPaGGRmGalP
33.6 ± 2.0 443 ± 3.0 0.76 ± 0.05

∆gypr-Ptrc

pELDRR/pCPaGGRmGalP
93.4 ± 1.8 470 ± 2.2 1.99 ± 0.04

∆gypr-PT7

pELDRR/pCPaGGRmGalP
89.8 ± 1.4 408 ± 3.6 2.20 ± 0.03
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3.4.4 Flask culture of combinational strains

To investigate the effect of a combination between the monocistronic 

promoter replacement and the polycistronic promoter de-repression on 

3-HP production and glycerol accumulation, flask culture of strains

△gyp / pCPaGGRmGalP / pELDRR, △gypr-Ptrc / pCPaGGRmGalP / 

pELDRR and △gypr-PT7 / pCPaGGRmGalP / pELDRR was carried 

out in R/5 medium containing a mixture of glucose and xylose. During 

27 h of cultivation, △gypr-Ptrc / pCPaGGRmGalP / pELDRR and 

△gypr-PT7 / pCPaGGRmGalP / pELDRR strains showed glycerol 

accumulation of 1.27 g/L and 0.91 g/L respectively, which is lower

about 46% and 61% than that of the △gyp / pCPaGGRmGalP / 

pELDRR strain. Also, △gypr-Ptrc / pCPaGGRmGalP / pELDRR 

strain showed 88% higher level of final concentration of 3-HP and 

△gypr-PT7 / pCPaGGRmGalP / pELDRR strain showed 127% higher 

level of final concentration of 3-HP than the control strain △gyp /

pCPaGGRmGalP / pELDRR (Figure 3.11, Table 3.7). The result 

suggests that combinations between the polycistronic promoter de-

repression and the monocistronic promoter replacement have

contributed to productivity improvement of 3-HP, especially in the 

case of the strain △gypr-PT7 / pCPaGGRmGalP / pELDRR. 



62

Figure 3.11. Profile of batch fermentation of (A)△gyp / pCPaGGRmGalP / pELDRR,

(B)△gypr-Ptrc / pCPaGGRmGalP / pELDRR and (C)△gypr-PT7 / pCPaGGRmGalP / pELDRR

in R/5 medium containing a mixture of glucose and xylose.
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Table 3.7. Results of batch fermentation of △gyp / pCPaGGRmGalP / pELDRR, △gypr-Ptrc / pCPaGGRmGalP / 

pELDRR and △gypr-PT7 / pCPaGGRmGalP / pELDRR in R/5 medium containing a mixture of glucose and xylose

Strains
DCW

(g L-1)

Glycerol

accumulation

(g L-1)

Final glycerol 

concentration

(g L-1)

3-HP 

concentration

(g L-1)

∆gyp

pELDRR/pCPaGGRmGalP
3.58 2.36 0 1.21

∆gypr-Ptrc

pELDRR/pCPaGGRmGalP
3.10 1.27 0 2.27

∆gypr-PT7

pELDRR/pCPaGGRmGalP
3.80 0.91 0 2.75
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3.4.5 Fed-batch fermentation of the combinational strain

In 100 mL scale flask culture, △gypr-PT7 / pCPaGGRmGalP / 

pELDRR showed the lowest glycerol accumulation and the highest 3-

HP production among the puuC-expressional variants. 

Accordingly, sugar limited fed-batch fermentation was carried out to 

minimize glycerol accumulation and to maximize 3-HP production in

1 L of working volume. The experimental group was △gypr-PT7 /

pCPaGGRmGalP / pELDRR. And △gyp / pCPaGGRmGalP / 

pELDRR was used as a control group. After depletion of initial 

glucose and xylose, feeding of 500 g/L glucose and 250 g/L xylose 

mixture was started. As expected, the experimental group showed 

lower level of glycerol accumulation and higher level of 3-HP 

production. After 93.5 hours of cultivation, 53.7 g/L of 3-HP was 

produced with 0.26 mol3-HP mol-1sugar of yield and 0.63 g L-1 h-1 of

productivity (Figure 3.12, Table 3.8). This is an improvement of 47%, 

24% and 44% in titer, productivity and yield, respectively, compared 

to the control group. 

In addition to a mixed sugar, fed-batch fermentation with xylose as a 

sole carbon source was carried out to test the capability of pentose 

sugar utilization. Because it is a key attribute of microbial converters 

for optimizing the economics of lignocellulose-based processes. After 

120 hours of cultivation, 62.2 g/L of 3-HP was produced, and yield 
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and productivity of 3-HP was 0.30 mol3-HP mol-1sugar and 0.54 g L-1 h-1

respectively (Figure 3.13, Table 3.9).

In this study, lignocellulosic sugar was used as carbon sources for 3-

HP production. By using novel approach, combining an exogenous 

ALDH overexpression system with an endogenous PuuC 

overexpression system, metabolically engineered E. coli was able to 

successfully alleviate the rate-limiting step and enhanced production 

of 3-HP. The result strongly suggests that the endogenous 

overexpression system based on the promoter replacement and the de-

repression strategy would be an effective engineering tool for pathway 

rebalancing of 3-HP biosynthetic pathway. And naturally, it has 

contributed to the higher production of 3-HP. The strategies used in 

this study would not be limited to the production of 3-HP, and it would 

be combined to various chemicals and biofuel production technologies.  
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Figure 3.12. Sugar limited fed-batch fermentation of (A)△gyp / pCPaGGRmGalP / pELDRR and

(B)△gypr-PT7 / pCPaGGRmGalP / pELDRR in R/5 medium containing a mixture of glucose and xylose.
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Table 3.8. Results of sugar limited fed-batch fermentation of △gyp / pCPaGGRmGalP / pELDRR and

△gypr-PT7 / pCPaGGRmGalP / pELDRR in R/5 medium containing mixture of glucose and xylose

Strain
DCW

(g L-1)

Glycerol

accumulation

(g L-1)

3-HP titer

(g L-1)

3-HP yield

(mol 3-HP mol sugar
-1)

3-HP 

productivity

(g L-1 h-1)

∆gyp

pELDRR/pCPaGGRmGalP
72.3 15.8 36.5 0.18 0.51

∆gypr-PT7

pELDRR/pCPaGGRmGalP
44.5 1.5 53.7 0.26 0.63
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Figure 3.13. Sugar limited fed-batch fermentation of △gypr-PT7 / pCPaGGRmGalP / pELDRR

in R/5 medium containing xylose as a sole carbon source.



69

Table 3.9. Results of xylose limited fed-batch fermentation of △gypr-PT7 / pCPaGGRmGalP / pELDRR

in R/5 medium containing xylose as a sole carbon source.

Strain
DCW

(g L-1)

Glycerol

accumulation

(g L-1)

3-HP titer

(g L-1)

3-HP yield

(mol 3-HP mol xylose
-1)

3-HP 

productivity

(g L-1 h-1)

∆gypr-PT7

pELDRR/pCPaGGRmGalP
45.3 0 62.2 0.30 0.54
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Chapter 4. Conclusions

This thesis can draw the following conclusions:

(1) Promoter replacement of monocistronic puuCp into the T7 

promoter leads to a 42.4-fold increase in the relative transcription 

level of puuC and a 2.2-fold improvement in the specific activity of 

aldehyde dehydrogenase. Also, it decreased glycerol accumulation by 

36% and increased 3-HP concentration by 60% in batch culture 

compared to the strain with a native puuCp.

(2) Promoter de-repression of polycistronic puuDRCBEp by deletion 

of the puuR gene leads to a 8.3-fold increase in the relative 

transcription level of puuC and a 2.3-fold improvement in the specific 

activity of aldehyde dehydrogenase. Also, it decreased glycerol 

accumulation by 29% and increased 3-HP concentration by 79% in 

batch culture compared to the strain with the normal repression 

mechanism by puuR.

(3) Combination of the monocistronic promoter replacement and the 

polycistronic promoter de-repression leads to a 91-fold increase in the 
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relative transcription level of puuC and a 2.9-fold improvement in the 

specific activity of aldehyde dehydrogenase. Also, it decreased 

glycerol accumulation by 61% and increased 3-HP concentration by 

127% in batch culture compared to the strain with the native puuCp

and the normal repression mechanism by puuR.

(4)  Fed-batch fermentation of the combinational strain (E. coli BL21 

star (DE3) ∆gypr-PT7 / pELDRR / pCPaGGRmGalP) using a limited 

glucose and xylose feeding strategy resulted in 53.7 g/L of 3-HP 

concentration, 0.63 g L-1 h-1 of productivity and 0.26 mol3-HP molsugar
-1

of yield. In addition, fed-batch fermentation of the strain using xylose 

as a sole carbon source resulted in 62.2 g/L of 3-HP concentration, 

0.54 g L-1 h-1 of productivity and 0.30 mol3-HP molxylose
-1 of yield.
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국 문 초 록

석유 분포의 불균등성과 가격의 불안정성 및 환격정인

문제가 대두되고 있는 시점에서, 석유를 기반으로 하는 화학

산업에서 바이오매스를 이용하는 화학 산업이라는 새로운

패러다임이 제시되고 있다. 이러한 바이오 화학 산업의

적용을 위한 생산 목적 물질로는 미국 에너지성에서 선정한

바이오매스로부터 생산할 가치가 있는 바이오 화학 소재로

선정되었으며, 다양한 화학 물질의 전구체로 사용되는 3-

히드록시프로피온산을 선정하였다.

선행 연구에서는, 2 세대 바이오매스로부터 추출되는

포도당과 목당을 이용하여 3-히드록시프로피온산을 생산함에

있어서 발효 도중에 글리세롤이 축적되는 문제를 보였고, 

이는 생산 경로의 중요한 유전자인 글리세롤 탈수효소의

역가를 저해시킨다는 연구가 알려져 있다. 이러한 문제점을

해결하기 위해서 글리세롤의 축적을 줄일 필요가 있었고,

글리세롤 축적의 원인이 알데하이드탈수소효소(ALDH)가

속도결정단계로 작용하는 것에 있다는 것을 확인하였다. 

따라서 기존의 P. aeruginosa 유래의 것(ALDH)을

과발현하는 벡터 시스템과 함께, Escherichia coli 염색체 내

자체의 것(PuuC)을 내제적으로 과발현하는 시스템을

구축하고자 하였다.
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이를 위한 첫 번째 전략으로 단일 시스트론 프로모터를

강력 유도형 프로모터로 교체하는 방법을 사용하였다. 그

결과 실시간 중합효소 연쇄반응을 통해 puuC 의 전사체

발현량이 42.4 배 증가되고, 조추출물 상에서의

알데하이드탈수소효소 고유 활성도가 2.2 배 증가된 균주(E. 

coli BL21 star (DE3) ∆gyp-PT7 / pELDRR / 

pCPaGGRmGalP)를 구축하였다. 본 균주를 이용하여 14

g/L 의 포도당과 7 g/L 의 목당이 포함된 R/5 배지에서의

회분식 발효를 통해 기존보다 글리세롤 축적이 36% 

감소하고 3-히드록시프로피온산의 생산이 60% 증가됨을

확인하였다.

두 번째 전략으로는 다중 시스트론 프로모터에 작용하는

음성 저해기작을 해제하는 방법을 사용하였다. 그 결과

실시간 중합효소 연쇄반응을 통해 puuC 의 전사체 발현량이

8.3 배 증가되고, 조추출물 상에서의 알데하이드탈수소효소

고유 활성도가 2.3 배 증가된 균주(E. coli BL21 star (DE3) 

∆gypr / pELDRR / pCPaGGRmGalP)를 구축하였다. 본

균주를 이용하여 14 g/L 의 포도당과 7 g/L 의 목당이 포함된

R/5 배지에서의 회분식 발효를 통해 기존보다 글리세롤

축적이 29% 감소하고 3-히드록시프로피온산의 생산이 79% 

증가됨을 확인하였다.
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최종적으로는 앞서 시도한 두 가지의 PuuC 내재적 과발현

전략들 간 조합 균주를 구축하였다. 그 결과 실시간 중합효소

연쇄반응을 통해 puuC 의 전사체 발현량이 91 배 증가되고,

조추출물 상에서의 알데하이드탈수소효소 고유 활성도가

2.9 배 증가된 균주(E. coli BL21 star (DE3) ∆gypr-PT7 / 

pELDRR / pCPaGGRmGalP)를 구축하였다. 본 균주를

이용하여 14 g/L 의 포도당과 7 g/L 의 목당이 포함된 R/5 

배지에서의 회분식 발효를 통해 기존보다 글리세롤 축적이

61% 감소하고 3-히드록시프로피온산의 생산이 127% 

증가됨을 확인하였다.

최종적으로 구축된 ∆gypr-PT7 / pELDRR / 

pCPaGGRmGalP 를 이용하여 고농도의 3-

히드록시프로피온산을 생산하기 위해 포도당과 목당을 기저

수준으로 유지해주는 유가식 배양을 진행하였다. 그 결과, 약

53.7 g/L 의 3-히드록시프로피온산을 생산할 수 있었다. 또한

동일 균주를 이용하여 목당을 단일당으로 공급해주는 유가식

배양을 진행한 결과, 약 62.2 g/L 의 3-히드록시프로피온산을

생산할 수 있었다.

이러한 접근방식과 기술은 대사공학적으로 재조합된 미생

물을 이용한 바이오 화학소재 생산에 범용적으로 활용될 수

있을 것으로 기대된다.
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