
RESULTS AND D ISC U SSIO N S
C H A P T E R  I I I

In our previous experiment, to improve L-Phe production from phenylpyruvate 
substrate by resting cell of E .  c o l i  BL(DE3) expressing PheDH. The k g t P  gene 
encoding a-ketoglutarate permease that might be responsible for an increase in 
phenylpyruvate uptake into E .  c o l i  cell was selected to co-express with p h e d h  in 
E .  c o l i  BL(DE3). The k g t P  gene was cloned into pET-17b and the recombinant 
plasmid obtained was used as a source for amplification of the k g t P  gene preceded by 
T7 promoter. After transfonnation into E .  c o l i  BL21(DE3), colony that could grow on 
selective plate containing ampicillin was hardly found. It was found that certain 
morphology of recombinant E .  c o l i  colony on agar plate was changed, and it appeared 
irregular in shape and the elevation of colony was seen to be flat with undulate 
margin. The altered morphology led to terrible retardation of cell growth in LB broth. 
This incident might be caused by the basal level expression in the absence of 
induction due to some expression of T7 RNA polymerase from the /acUV5 promoter 
in E .  c o l i  BL21(DE3) host. If that gene product is sufficiently toxic to host cell, this 
basal level expression can be enough to interfere with normal function of cell and 
restrain cell growth (Novagen, 2003: online). In 1996, Miroux and Walker 
investigated the over-production of seven membrane proteins in an E .  c o l i -  

bacteriophage T7 RNA polymerase expression system. It was reported that most of 
the BL21(DE3) host cells died when genes encoding membrane proteins cloned into 
pET were over-expressed by induction with IPTG suggesting that over-production of 
proteins in this expression system is either limited or prevented by bacterial cell death. 
Moreover, the toxicity of the expression plasmids prevented transformation into this 
host. Therefore, pET-17b was not suitable for membrane protein expression.

The transmembrane proteins YddG and GlpF are relatively hydrophobic and 
are believed to be toxic to cells when expressed at a high level. Therefore, both genes 
typically need to be placed under stringent regulation. The control by T l l a c  promoter 
is stricter than that of the T7 promoter. Most toxic proteins are expressed well under 
control of the T7/ac promoter in BL21(DE3). In addition, the strict gene expression is
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necessary to evaluate protein folding kinetics and metabolic rates, as well as to 
propagate proteins that are toxic to E .  c o l l  (Gruber et al., 2008). Thus, to ensure 
the sufficient expression of l a c  repressor, pRSFDuet-1 vector carrying l i l a c  

promoter and the l a d  gene is useful in the BL21(DE3) host to reduce the basal 
transcription level (leakiness) of the proteins in the absence of induction with IPTG 
and help in keeping stable a plasmid containing toxic genes (Mierendorf et ak, 1994: 
online) Therefore, p h e d h  gene from B .  l e r i t u s  was subcloned into pRSFDuet-1 vector.

3.1 Subcloning o f phenylalanine dehydrogenase gene

3.1.1 Plasmid extraction
pBLPheDH (4,388 bp), pET-17b inserted with B .  l e n t u s  p h e d h  under T7 

promoter, was extracted from E .  c o l l  BL21(DE3) host as described in section 2.9.1. 
The concentration of the obtained plasmid was examined on agrose gel 
electrophoresis. Generally, a yield of approximately 50 ng/|a.L of the pBLPheDH 
concentration was obtained from 5 mL of cultured bacterial cells together with the 
elution step by 30 pL of ultrapure water. However, this yield depended on the amount 
of copy number of plasmid. The plasmid solution was used as a DNA template for 
p h e d h  gene PCR amplification.

3.1.2 PCR amplification of p h e d h  gene
The p h e d h  gene (1,143 bp) was cloned into recognition sites N d e \  and 

£coRV of pRSFDuet-1 vector. After p h e d h  amplification, the 3'-end of PCR fragment 
was spontaneously compatible with blunt end of fscoRV-digested pRSFDuet-1. When 
theses sites had been ligated as GATlATC, it was able to be digested by E c o R V .  

The PCR product of approximately 1.1 kb which correlated to the expected length of 
p h e d h  was amplified from pBLPheDH at different annealing temperatures as shown 
in Figure 3.1 A. All annealing temperatures showed high intensity of specific band of 
p h e d h  with non-specific DNA fragments of higher size. These PCR products were 
pooled and run on the agarose gel to separate the desired fragment through 
the instruction of gel/PCR DNA fragment extraction kit.
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Figure 3.1 Electrophoretic patterns of recombinant plasmid pPheDH
A: PCR products ofp h e d h  amplification using various annealing temperatures 

Lane m = 1 0 0  bp DNA ladder 
Lane 1 = annealing temperature of 58.5 ° c  

Lane 2 = annealing temperature of 60.7 ° c  

Lane 3 = annealing temperature of 62.9 ° c  

Lane 4 = annealing temperature of 64.9 ° c  

Lane 5 = annealing temperature of 66.6 ° c  

B: Pattern of digested fragments
Lane m = 100 bp DNA ladder
Lane 1 = 7V<M-digested PCR product of p h e d h  gene
Lane 2 = MM/EcoRV-digested pRSFDuet-1
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3.1.3 Cloning of p h e d h  gene to pRSFDuet-1 vector
The purified PCR product of p h e d h  gene was only digested with N d e l .  

In the meantime, pRSFDuet-1 was digested with N d e l  and E c o R N  (Figure 3.IB). 
Both of the digested fragments were joined by ligase resulting in a recombinant 
plasmid pPheDH (Figure 2.1 A). After transformation into E .  c o l i  BL21(DE3) by 
electroporation, the recombinant clones were screened on LB agar plates containing 
30 pg/mL of kanamycin and incubated at 37 °c for 18 h as described in 2.9.4.1 to
2.9.4.4, respectively.

For selection of recombinant clone as described in section 2.9.4.5.1, the 
colonies containing recombinant plasmid with slower mobility on the agarose gel than 
that of parental plasmid (pRSFDuet-1) were predicted to be a recombinant plasmid 
inserted with p h e d h  (Figure 3.2). The mobilities of recombinant plasmids from 
various clones (lane 1-16) were compared with that of pRSFDuet-1 vector (lane C). 
For colony in lane 5, its recombinant plasmid seemed to be generated from self 
ligation of vector. Thus, all of these colonies except colony of lane 5 were cultivated 
in LB broth containing kanamycin. The plasmid of each colony was extracted and 
digested N d e l  and E c o R V .  The digestion products were characterized by agarose gel 
electrophoresis. In case of successful cloning, pPheDH (4,955 bp) digested with N d e l  

and E c o R N  had to comprise of two DNA fragments: 3,808 bp (pRSFDuet-1 part) and 
1,147 bp { p h e d h  gene). Later on, eighteen recombinant clones harbouring correct size 
of recombinant plasmid were chosen to assay for their PheDH activity.

3.1.4 Expression o f p h e d h  in E .  c o l i  BL21(DE3)
For expression of the E .  c o l i  BL21(DE3) transformants harbouring p h e d h ,  

1 mM IPTG was added to induce p h e d h  expression. Generally, for pET constructions 
carrying the “plain” T7 promoter, a final concentration of 0.4 mM IPTG is 
recommended for full induction, while 1 mM IPTG is recommended for full induction 
with vectors having the T l l a c  promoter (Novagen, 2003: online).

After crude extracts of each of eighteen recombinant clones had been 
prepared, their PheDH activity in the direction of an oxidative deamination was 
assayed. E .  c o l i  BL21(DE3) with and without pRSFDuet-1 were used as references as 
specified in 2.9.5. The result was shown in Table 3.1. The clones showed different
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Figure 3.2 Electrophoretic patterns of rapid selection of pPheDH clone.
The arrows showed the positions of supercoiled form of plasmids.

Lane c = E .  c o l i  BL21(DE3)/pRSFDuet-l
Lane 1-4, 6-16 = putative E .  c o l i  BL21(DE3)/pPheDH 
Lane 5 = nonputative E .  c o l i  BL21(DE3)/pPheDH
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Table 3.1 Phenylalanine dehydrogenase activity from each crude extract of E .  c o l i  

BL21(DE3) transformants*
Source Total activity

(น,
Total protein

(mg)
Specific activity 
(บ/mg protein)

B a c i l l u s  l e n t u s 2,230 2,170 1.0'*
E .  c o l i  BL21(DE3)/pBLPheDH 6,937 89.0 77.9***
E .  c o l i  BL21(DE3) 0 78.3 0.0
E .  c o l i  BL21(DE3)/pRSFDuet-l 0 41.6 0.0
Transformant No.l 4,992 81.2 61.5
Transformant No.2 5,491 76.5 71.7
Transformant No.3 4,299 77.1 55.7
Transformant No.4 4,992 83.7 59.7
Transformant No.5 5,325 90.4 58.9
Transformant No.6 5,158 91.7 56.3
Transformant No.7 2,413 59.6 40.5
Transformant No.8 5,276 96.0 54.9
Transformant No.9 4,659 94.1 49.5
Transformant No. 10 5,325 95.3 55.9
Transformant No.l 1 5,657 108.7 52.1
Transformant No. 12 2,219 47.8 46.4
Transformant No. 13 5,949 104.3 57.0
Transformant No 14 3,883 94.0 41.3
Transformant No. 15 3,550 101.1 35.1
Transformant No. 16 4,825 100.4 48.1
T ransformant No. 17 5,713 102.8 55.6
Transformant No. 18 5,325 98.1 54.3
’Crude extracts were prepared by culturing each E. coli cells in 200 mL of LB medium in the presence of 1 mM 
1PTG for 3 h.
**This was obtained by culturing B. lentils with the optimum condition for enzyme production; peptone medium 
(2 L), pH 7.0 supplemented with 0.4% L-Phe at 37 °c  for 18 h. The peptone medium consisted of 1% peptone, 
0.2% sodium chloride, 0.01% magnesium sulfate and 0.01% yeast extract (Inkure, 2005).
**’The soluble crude extract was prepared by cultivation of recombinant E. coli BL21(DE3) containing pBLPheDH 
in 200 mL of LB medium induced by 0.4 mM 1PTG for 4 h (Thongchuang, 2006).
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levels of the specific activity in the range of 35.1 to 71.7 units/mg protein. The highest 
specific activity was reached by E .  c o l i  BL21(DE3)/pPheDH transformant No. 2 
which was 71.7-fold higher than that of B a c i l l u s  l e n t u s  (Inkure, 2005). The specific 
PheDH activity of pBLPheDH recombinant clone was 77.9 units/mg protein 
(Thongchuang, 2006). It was found that the PheDH activity obtained from pET-17b 
(pBLPheDH) did not significantly differ from that of using pRSFDuet-1 (pPheDH). 
The copy number of pET-17b with T7 promoter is 40 per cell while that of 
pRSFDuet-1 with l i l a c  promoter is more than 100 per cell.

The nucleotide sequence of inserted p h e d h  in pPheDH from E .  c o l i  

BL21(DE3) transformant No. 2 was verified by DNA sequencing. The obtained 
sequence consisted of a 1,143 bp open reading frame of p h e d h  specifying a protein of 
380 amino acid residues. It was 100% identical to p h e d h  gene from B .  l e n t u s .  Figure
3.3 showed sequence of p h e d h  gene inserted between N d e \  and E c o R V  sites of 
pRSFDuet-1. This recombinant clone (pPheDH) was used as parental plasmid as well 
as a source for a basal level of L-Phe production.

3.2 C loning o f  a r o L , p h e A  and y d d G  genes into pET-22b(+) vector

3.2.1 Chromosomal DNA extraction of E .  C0//TOP1O
From agarose gel electrophoresis, the extracted chromosomal DNA from 

E .  c o l i  TOP 10 showed high purity of molecular weight over 23.1 kb without RNA 
and protein contamination. This significantly corresponded to the purity assessed by 
^26o/^ 28 0  ratio which was around 1.8 to 2.0. It was also indicated that the DNA 
solution had less phenol and protein contaminant.

3.2.2 Template preparation for PCR amplification
At the beginning of this work, the complete genome sequence of E .  c o l i  

BL21(DE3) (Genbank accession no. CP001509) used as host strain was still not 
published. Therefore, the complete genome sequence of E .  c o l i  DH10B (Genbank 
accession no. CP000948.1) was used for primers design in amplification of genes of



91

-70

-60

1

61

121

181

241

301

361

421

481

541

601

661

721

781

841

901

961

1021

1081

1141

1201

GGGGGAATÏG

TGAGCGGATAACAATTCCCCATCTTAGTATATTAGTTAAGTATAAGAAGGAGATATAi

ATSAGCTTAGTAGAAAAAACATCCATCATAAAAGATTTCACTCTTTTTGAAAAAATGTCT 
M S L V E K T S  I I  K D F T L F E K M S  

GAACATGAACAAGTTGTTTTTTGCAACGATCCGGCGACAGGACTAAGGGCCATTATCGCT 
E H E Q V V F C  N D  P A T G L R A I  I A  

ATTCATGACACCACACTCGGACCTGCGCTCGGCGGCTGCCGCATGCAGCCTTATAACAGT 
I H D T T L G P A L  G G C R M Q P Y N S  

GTGGAAGAAGCATTGGAAGATGCTCTTCGCCTTTCCAAAGGAATGACTTACAAATGCGCG 
V E E A L E D A L R  L S K G M T Y K C A  

GCGTCCGATGTCGACTTTGGCGGCGGAAAAGCAGTCATTATCGGTGATCCGCAGAAAGAT 
A S D V D F G G  G K A V I I G D P Q K D  

AAATCTCCAGAACTGTTCCGCGCGTTTGGCCAATTTGTTGATTCGCTTGGCGGCCGTTTC 
K S P E L F R A  F G Q F V D S L G G R F  

TATACAGGTACTGATATGGGAACGAATATGGAAGATTTCATTCACGCCATGAAAGAAACA 
Y T G T D M G T  N M  E D F I H A M K E T  

AACTGCATTGTTGGGGTGCCGGAAGCTTACGGCGGCGGCGGAGATTCCTCTATTCCAACT 
N C I V G V P E A Y  G G G G D S S I P T  

GCCATGGGTGTCCTGTACGGCATTAAAGCAACCAACAAAATGTTGTTTGGCAAGGACGAT 
A M G V L Y G I  K A T N K M L F G K D D  

CTTGGCGGCGTCACTTATGCCATTCAAGGACTTGGCAAAGTAGGCTACAAAGTAGCGGAA 
L G G V T Y A I  Q G  L G K V G Y K V A E  

GGGCTGCTCGAAGAAGGTGCTCATTTATTTGTAACGGATATTAACGAGCAAAGCTTGGAG 
G L L E E G A H  L F V T D I N E Q S L E  

GCTATCCAGGAAAAAGCAAAAACAACATCCGGTTCTGTCACGGTAGTAGCGAGCGATGAA 
A I Q E K A K T  T S  G S V T V V A S D E  

ATTTATTCCCAGGAAGCCGATGTGTTCGTTCCGTGTGCATTTGGCGGCGTTGTTAATGAT 
I Y S Q E A D V  F V  P C A F G G V V N D  

GAAACGATGAAGCAGTTCAAGGTGAAAGCAATCGCCGGTTCAGCCAACAATCAGCTGCTT 
E T M K Q F K V  K A  I A G S A N N Q L L  

ACGGAGGATCACGGCAGACAGCTTGCAGACAAAGGCATTCTGTATGCTCCGGATTATATT 
T E D H G R Q L  A D  K G I L Y A P D Y I  

GTTAACTCTGGCGGTCTGATCCAAGTAGCCGACGAATTGTATGAGGTGAACAAAGAACGC 
V N s  G G L I  Q V A D E L Y E V N K E R 

GTGCTTGCGAAGACGAAGCATATTTACGACGCAATTCTTGAAGTGTACCAGCAAGCGGAA 
V L A K T K H I  Y D A I L E V Y Q Q A E  

T TAGATC AAATCACCACAAT GGAAGC AGCC AAC AGAAT GT GTGAGCAAAGAAT GGC GGCA 
L D Q I T T M E A A N R M C E Q R M A A  

AGAGGCCGACGCAACAGCTTCTTTACTTCTTCTGTTAAGCCAAAATGGGATATTCGCAAC 
R G R R N S F F  T S  S V K P K W D I R N  

TAAGATATCGGCCGGCCACGCGATCGCTGACGTCGGTACCCTCGAGTCTGGTAAAGAAAC 
★

CGCTGCTGC GAAAT T T GAAC GCCAGCACAT GGAC T c GT c T AC T AGC GC AG

Figure 3.3 The nucleotide sequence and the deduced amino acid sequence of p h e d h  

gene of recombinant plasmid pPheDH. The l a c  operator and ribosome binding site are 
indicated in blue and green, respectively. The restriction sites N d e I and E c o R V  are 
shown by the underlined pink and red, respectively.
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interest and E .  c o l i  TOP 10, a strain with a close similarity to the strain DH10B, was 
used as a DNA template for amplification.

Comparison of nucleotide sequences and deduced amino acid sequences 
of a r o B  encoding 3-dehydroquinate synthase, a r o L  encoding shikimate kinase II, g l p F  

encoding glycerol facilitator, g l p K  encoding glycerol kinase, t k t A  encoding 
transketolase, p h e A  encoding chorismate mutase/prephenate dehydratase and y d d G  

encoding aromatic amino acid exporter reported in E .  c o l i  DH10B with those of 
E .  c o l i  BL21(DE3) revealed high levels of homology (Table 3.2). The nucleotide 
sequence identities of all 7 genes of strain DH10B and strain BL21(DE3) were ranged 
from 97% to 100%. The deduced amino acid sequences were also highly similar (99 
or 100% homology).

Prior to PCR amplification o f each gene, the DNA template was 
prepared by cleaving chromosomal DNA of E .  c o l i  TOP10 with restriction enzyme 
because the small fragment of chromosomal DNA was easily accessed for annealing 
with primers in PCR reaction. For these six genes (i.e. a r o B ,  a r o L ,  g l p F ,  p h e A ,  t k t A  

and y d d G ) ,  no recognition site of B a m H l  was found. Thus, Btf/wHI-digested 
chromosomal DNA was used as PCR template for amplification of six genes. 
In contrast to g l p K  gene amplification, the template was prepared by digestion with 
X h o l  because g l p K  gene could be cut by B a m H l .  After digestion and separation on 
agarose gel, it was found that the digestion gave the DNA fragments in the range of 
1 kb to 23.1 kb. The digestion reaction was purified and then used as template for 
gene amplifications.

3.2.3 PCR amplification of a r o L ,  p h e A  and y d d G  genes
The rate of expression of a gene in a vector is known to depend on the 

distance between the gene and its promoter. A gene located close to the promoter is 
expressed with a much higher rate compared to a gene that is located far from the 
promoter (Weckbecker and Hummel, 2004). Therefore, to control the expression of 
each gene at similar level, each gene was required to be preceded by its own L i l a c  

promoter. Figure 3.4 showed the position of each of these seven genes located on the 
single pRSFduet-1 vector by rational design.
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Table 3.2 The identity of interested genes from E .  c o l l  strains BL21(DE3) and 
DH10B

Gene
%  Identity

Nucleotide
sequence

Deduced amino acid 
sequence

a r o B 99 99
a r o L 99 100
g l p F 99 100
g l p K 100 100
p h e A 98 100

t k t A 99 100
y d d G 97 99
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Figure 3.4 The positions of all seven genes (a r o B 1 ûroF, g l p F ,  p h e A ,  p h e d h ,  i k t A  and y d d G )  inserted into multiple cloning site-1 (A) and 
multiple cloning site-2 (B) of single pRSFDuet-1 vector to produce a recombinant plasmid pPTFBLYA

4^
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To facilitate the construction of all seven genes in single vector that each 
gene preceded by its own promoter, firstly, each gene was cloned into individual 
pRSFDuet-1 vector to yield pAroB, pAroL, pGlpF, pPheDH, pPheA, pTktA and 
pYddG. Each of the three genes (a r o L , p h e A  and y d d G )  that was planned to be placed 
into multiple cloning site-1 of pRSFDuet-1 vector was initially cloned into an 
expression vector pET-22b(+) since pRSFDuet-1 was not available in the lab and 
pET-22b(+) has a same L i l a c  promoter as pRSFDuet-1 vector.

For a r o L  (525 bp) and y d d G  (882 bp) amplifications, agarose gel 
electrophoresis revealed that the amplified PCR fragment lengths of approximately
0.55 and 0.90 kb were in good agreement with the actual lengths of a r o L  and y d d G  

genes of DH10B strain, respectively. The PCR products of both genes showed strong 
band with specific size at all annealing temperatures. However, non specific amplified 
DNA fragments of bigger size were detected (Figure 3.5A). For p h e A  (1,161 bp) 
amplification, the amplified 1.2 kb fragment was detected with high intensity together 
with trace of non-specific band of approximately 2.3 kb at all annealing temperatures 
(Figure 3.5B). All PCR products were pooled and then purified.

3.2.4 Cloning of a r o L ,  p h e A  and y d d G  genes
The PCR products of these three genes were digested with restriction 

enzymes, and ligated into pET-22b(+) digested with the same restriction enzymes. As 
a result of this, the recombinant plasmids pETAroL (5,890 bp), pETYddG (6,247 bp) 
and pETPheA (6,560 bp) were obtained (Figure 2.1 A, 2.2A and 2.2B). Each plasmids 
was introduced into E .  c o l i  BL21(DE3) and ampicillin-resistant colonies harbouring 
expected genes-incorporated pET-22b(+) were examined on agarose gel. 
The plasmids pETAroL and pETYddG, after digested with N d e I and X h o \ ,  showed 
the vector fragment of 5,363 bp, and the fragments of 527 bp of a r o L  gene and 884 bp 
of y d d G  gene (Figure 3.6A and 3.6B). The 5,397 bp fragment of pET-22b(+) part and 
the 1,163 bp fragment containing p h e A  gene were derived from cutting pETPheA 
with N d e l  and E c o R l  (Figure 3.6C). It was concluded that the specified PCR product 
was indeed ligated to the target plasmid.
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Figure 3.5 PCR products of a r o L ,  y d d G  and P h e A  genes using various annealing 
temperatures

A: PCR products of a r o L  and y d d G  genes
Lane M = X / H i n d U l  standard DNA marker 
Lane 1-6 = annealing temperature of 50.0 ° c

Lane 2-7 = annealing temperature of 52.7 ° c

Lane 3-8 = annealing temperature of 55.4 ° c

Lane 4-9 = annealing temperature of 58.1 ° c

Lane 5-10 = annealing temperature of 60.0 ° c

Lane m = 100 bp DNA ladder 
B: PCR products of p h e A  gene

Lane M = X / H i n d U l  standard DNA marker
Lane 1 = annealing temperature of 50.0 ° c

Lane 2 = annealing temperature of 52.7 ° c

Lane 3 = annealing temperature of 55.4 ° c

Lane 4 = annealing temperature of 58.1 ° c

Lane 5 = annealing temperature of 60.0 ° c

Lane m = 100 bp DNA ladder



97

A B c

in  1 2 3 4 in  1 2 3 4 m 1 2 3 4

Figure 3.6 Restriction patterns of recombinant plasmids pETAroL, pETYddG and 
pETPheA

A: Restriction pattern of pETAroL 
Lane m = 100 bp DNA ladder 
Lane 1 = M/el/ATioI-digested pET-22b(+)
Lane 2-4 = AWd/A7wI-digested pETAroL 

B: Restriction pattern of pETYddG 
Lane m = 100 bp DNA ladder 
Lane 1 = AWel/ATzoI-digested pET-22b(+)
Lane 2-4 = Afafel/ATioI-digested pETYddG 

C: Restriction pattern of pETYddG 
Lane m = 100 bp DNA ladder 
Lane 1 = AWel/EeoRI-digested pET-22b(+)
Lane 2-4 = MM/iscoRI-digested pETPheA
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3.3 Subcloning of a r o L , p h e A  and y d d G  genes into pRSFDuet-1 vector

3.3.1 Cloning of a r o L  gene into pRSFDuet-1 vector
To integrate the a r o L  gene fragment with ' l i l a c  promoter and the ribosome 

binding site into B a m W l  and A s c l  sites of pRSFDuet-1 vector, constructed pETAroL 
was used as DNA template for PCR amplification. It was found that all annealing 
temperatures gave strong product of approximately 0.7 kb that was 100 bp bigger than 
the a r o L  gene. This 100 bp bigger included l i l a c  promoter, l a c  operator and 
ribosome binding site. From analysis of the separation on agarose gel in Figure 3.7A, 
no interference of non-specific PCR product with the main product was found. Thus, 
the step of separation of PCR product on agarose gel for eluting the desired fragment 
was not needed. The PCR product was simply harvested, and then cloned into 
pRSFDuet-1 to get pAroL (4,447 bp) (Figure 2.3A). The obtained plasmid was 
introduced into E .  c o l i  BL21(DE3) and colonies harbouring expecting gene were 
examined on agarose gel. The plasmid that was digested with B a m H l  and A s c l  

resulting in the fragments of 3,810 bp and 637 bp (Figure 3.7B) was selected to be 
investigated by DNA sequencing to make sure the correct nucleotide sequence of 
a r o L  gene and l i l a c  promoter. The nucleotide sequence of a r o L  gene of pAroL is 
shown in Figure 3.8. The obtained sequence consisted of a 525 bp open reading frame 
of a r o L  encoding a protein of 174 amino acid residues. It showed 100% identity to 
a r o L  gene from E .  c o l i  DH10B.

3.3.2 Cloning of y d d G  gene into pRSFDuet-1 vector
To subclone the DNA fragment containing the y d d G  gene including 

the l i l a c  promoter and the ribosome binding site from pETYddG into A s c l  and 
H i n d l l l  sites of pRSFDuet-1 vector, PCR amplification of this fragment was 
performed. All annealing temperatures showed strong main product of 1.0 kb which 
was 100 bp bigger than the size of y d d G  gene after separation on agarose gel (Figure 
3.9A). The main product of gene fragment was obtained without any non-specific 
product. The PCR product was simply harvested, and then cloned into pRSFDuet-1 
leading to pYddG (4,805 bp) (Figure 2.3B). The obtained plasmid was introduced into
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Figure 3.7 Electrophoretic patterns of recombinant plasmid pAroL
A: PCR products of a r o L  gene preceded by l i l a c  promoter using various 

annealing temperatures
Lane m = 100 bp DNA ladder
Lane 1 = PCR product of a r o L  gene
Lane 2 = annealing temperature of 50.0 °c

Lane 3 = annealing temperature of 52.5 °c

Lane 4 = annealing temperature of 54.4 °c

Lane 5 = annealing temperature of 56.5 °c

Lane 6 = annealing temperature of 58.7 °c

Lane 7 = annealing temperature of 60.8 °c

Lane 8 = annealing temperature of 62.9 °c

Lane 9 = annealing temperature of 64.6 °c

Restriction pattern of pAroL
Lane m = 100 bp DNA ladder
Lane 1 = 5a/wHIA4.scI-digested pRSFDuet-
Lane 2-7 = ZtamHIA ’̂d-digested pAroL
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-232 ATTAATACGACTCACTATAGGGGAATTGTGAGCGGATAACAATTCCCCTGTA

-180 GAAATAATTTTGTTTAACTTTAATAAGGAGATATACCATGGGCAGCAGCCATCACCATCA

-120 TCACCACAGCCAGGATCCCGATCCCGCGAAATTAATACGACTCACTATAGGGGAATTGTG

-60 AGCGGA7AACAATTCCCCTCTAGAAATAATTTTGTTTAACTTTAAGAAGGAGATATACAT

1

61

121

181

241

301

361

421

481

601

661

721

ATGACACAACCTCTTTTTCTGATCGGGCCTCGGGGCTGTGGTAAAACAACGGTCGGAATG 
M T Q P L  F L  I G P  R G C G K T T V G M  

GCCCTTGCCGATTCGCTTAACCGTCGGTTTGTCGATACCGATCAGTGGTTGCAATCACAG 
A L A  D S L N R  R F V D T D Q W L Q S Q  

CTCAATATGACGGTCGCGGAGATCGTCGAAAGGGAAGAGTGGGCGGGATTTCGCGCCAGA 
L N M T V A E I  V E  R E E W A G F R A R  

GAAACGGCGGCGCTGGAAGCGGTAACTGCGCCATCCACCGTTATCGCTACAGGCGGCGGC 
E T A A L E A V T A  P S T V I A T G G G  

ATTATTCTGACGGAATTTAATCGTCACTTCATGCAAAATAACGGGATCGTGGTTTATTTG 
I I L T E F N R H F M Q N N G I V V Y L  

TGTGCGCCAGTATCAGTCCTGGTTAACCGACTGCAAGCTGCACCGGAAGAAGATTTACGG 
C A P V S V L V N R L Q A A P E E D L R  

CCAACCTTAACGGGAAAACCGCTGAGCGAAGAAGTTCAGGAAGTGCTGGAAGAACGCGAT 
P T L T G K P L S E  E V Q E V L E E R D  

GCGCTATATCGCGAAGTTGCGCATATTATCATCGACGCAACAAACGAACCCAGCCAGGTG 
A L Y R E V A H X I  I D A T N E P S Q V  

ATTTCTGAAATTCGCAGCGCCCTGGCACAGACGATCAATTGTTGAGGCGCGCCTGCAGGT 
I S E I R S A L A Q T I N C *  

CGACAAGCTTGCGGCCGCATAATGCTTAAGTCGAACAGAAAGTAATCGTATTGTACACGG

CCGCATAATCGAAATTAATACGACTCACTATAGGGGAATTGTGAGCGGATAACATTCCCC

ATCTTAGTATATTAGTTAAGTATATGAGGAGATATACATATGGCAGAT

Figure 3.8 The nucleotide sequence and the deduced amino acid sequence of a r o L  

gene of recombinant plasmid pAroL. The T7 promoter, l a c  operator and ribosome 
binding site are indicated in orange, blue and bold green, respectively. The restriction 
sites B a m H l  and A s c l  are shown by the underlined pink and red, respectively.
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A B

Figure 3.9 Electrophoretic patterns o f  recombinant plasmid pYddG
A: PCR products o fyddG  gene preceded by Tllac  promoter using various 

annealing temperatures 
Lane m = 100 bp DNA ladder 
Lane 1 = PCR product of yddG  gene 
Lane 2 = annealing temperature o f 50.0 °c  

Lane 3 = annealing temperature o f 52.5 °c  

Lane 4 = annealing temperature o f 54.4 °c  

Lane 5 = annealing temperature o f 56.5 °c  

Lane 6 = annealing temperature o f 58.7 °c  

Lane 7 = annealing temperature o f 60.8 °c  

Lane 8 = annealing temperature o f 62.9 °c  

Lane 9 = annealing temperature o f 64.6 °c  

B: Restriction pattern of pYddG 
Lane m = 100 bp DNA ladder
Lane 1 = PCR product o f  yddG  gene preceded by Tllac  promoter
Lane 2 = v4scI/7//«dIII-digested pRSFDuet-1
Lane 3-6 = yDcI/T/wdlll-digested pYddG
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E. coli BL21(DE3) and colonies harbouring expecting gene were examined on 
agarose gel. The selected clone containing recombinant plasmid needed to give the 
fragments o f 3,811 bp and 994 bp after digestion with Ascl and ///m il 11 (Figure 3.9B). 
This plasmid was confinned again by sequencing using only one primer because 
the fragment length was not long. The nucleotide sequence o f yddG gene o f pYddG is 
shown in Figure 3.10. The obtained sequence consisted o f  an 882 bp open reading 
frame o f yddG encoding a protein o f  293 amino acid residues. It was found that the 
yddG sequence was entirely homologous (100% ) to that from E. coli DH10B.

3.3.3 Cloning of ph eA  gene into pRSFDuet-1 vector
To switch an expression vector from pET-22b(+) to pRSFDuet-1 vector, 

the DNA fragment containing the pheA gene linking to the lila c  promoter and the 
ribosome binding site was amplified from previous constructed pETPheA. The PCR 
products were separated on the agrose gel (Figure 3.11 A). The thick band of DNA 
fragment o f 1.3 kb which was compatible with the sum o f the length o f pheA gene 
(1.2 kb) and lila c  promoter-ribosome binging site (100 bp) was obtained with an 
occurrence o f smear non-specific product o f  2.5-3.0 kb. After collection o f the 
relevant fragment from PCR reaction, it w as cloned into pRSFDuet-1 to produce 
pPheA (5,078 bp) (Figure 2.4A). Then, the pPheA was transformed into E. coli 
BL21(DE3) and screened on agarose gel. After digestion with HindlU and A fin , 

the recombinant plasmid giving the fragments o f 3,809 bp and 1,269 bp (Figure
3.1 IB) was sequenced. The nucleotide sequence o f pheA gene o f pPheA is shown in 
Figure 3.12. The obtained sequence consisted o f a 1,161 bp open reading frame o f 
pheA encoding a protein o f 386 amino acid residues. It was 100% homology to pheA 
gene from E. coli DH10B.

3.4  C lo n in g  o f  a ro B , g lp F  a n d  tk tA  g e n e s  in to  p R S F D u e t-1

3.4.1 Cloning of aroB  gene into pRSFDuet-1
Based on the plan o f arrangement o f  all seven gene positions on only one 

o f pRSFDuet-1 vector as shown in Figure 3 .4 , it was found that just one gene (aroB
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-2 6
1

61
121

181
241
301
361
421
481
541
601
661
721
781
841
901

TT TAACT T TAAGAAGGAGATATACAT

ATGACACGACAAAAAGCAACGCTCATAGGGCTGATAGCGATCGTCCTGTGGAGCACGATG 
M T R Q K A T L  I G  L I A I V L W S T M  

GTAGGATTGATTCGCGGTGTCAGTGAGGGGCTCGGCCCGGTCGGCGGCGCAGCTGCTATC 
V G L I R G V S E G L G P V G G A A A I  

TATTCATTAAGCGGGCTGCTGTTAATCTTCACGGTTGGATTTCCGCGTATTCGGCAAATC 
Y S L S G L L L I F T V G F P R I R Q I  

CCGAAAGGCTATTTACTCGCCGGGAGTCTGTTATTCGTCAGCTATGAAATCTGTCTGGCG 
P K G Y L L A G S L  L F V S Y E I C L A  

CTTTCCTTAGGGTATGCGGCGACCCATCATCAGGCGATTGAAGTGGGTATGGTGAACTAT 
L S L G Y A A T H H  Q A I E V G M V N Y  

CTGTGGCCCAGCCTGACAATTCTCTTTGCCATTCTGTTTAATGGTCAGAAAACCAACTGG 
L W P S L T I  L F A  I  L F N G Q K T N W  

TTGATTGTACCTGGATTATTATTAGCCCTCGTCGGCGTCTGTTGGGTGTTAGGCGGTGAC 
L I V P G L L L A L  V G V C W V L G G D  

AATGGGTTACATTATGATGAAATCATCAATAATATCACCACCAGCCCATTGAGTTATTTC 
N G L H Y D E I  I N N I T T S P L S Y F  

CTGGCGTTCATTGGTGCGTTTATCTGGGCAGCCTATTGCACAGTAACGAATAAATACGCA 
L A F I G A F I  W A A Y C T V T N K Y A  

CGCGGATTTAATGGAATTACCGTTTTTGTCCTGCTAACGGGAGCAAGTCTGTGGGTTTAC 
R G F N G I  T V  F V  L L T G A S L W V Y  

TATTTTCTTACGCCACAACCAG7YAATGATATTTAGCACGCCCGTCATGATTAAACTCATC 
Y F L T P Q P E M I  F S T P V M I K L I  

TCTGCGGCATTTACCTTAGGATTTGCTTATGCTGCATGGAATGTCGGTATATTGCATGGC 
S A A F T L G F A Y  A A W N V G I L H G  

AATGTCACCATTATGGCGGTAGGTTCGTATTTTACGCCTGTACTTTCCTCAGCGCTTGCA 
N V T I M A V G S Y  F T P V L S S A L A  

GCCGTGCTGCTCAGCGCCCCGCTGTCGTTCTCGTTCTGGCAAGGCGCGCTGATGGTCTGC 
A V L L S A P L S F  S F W Q G A L M V C  

GGCGGTTCCCTGCTCTGCTGGCTGGCGACACGTCGTGGTTAAAAGCTTGCGGCCGCATAA 
G G S L L C W L A T  R R G *

TGCTT7YAGTCGAAC

Figure 3.10 The nucleotide sequence and the deduced amino acid sequence o f yddG 
gene o f recombinant plasmid pYddG. The ribosome binding site is indicated in green. 
The restriction site ///«dm  is shown by the underlined red.
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Figure 3.11 Electrophoretic patterns o f  recombinant plasmid pPheA
A: PCR products o f pheA gene preceded by 'lilac promoter using various 

annealing temperatures 
Lane m = 100 bp DNA ladder 
Lane 1 = annealing temperature o f  50.0 °c  

Lane 2 = annealing temperature o f 52.5 °c  

Lane 3 = annealing temperature o f 54.4 °c  

Lane 4 = annealing temperature o f 58.7 °c  

Lane 5 = annealing temperature o f 60.8 °c  

Lane 6 = annealing temperature o f 62.9 °c  

Lane 7 = annealing temperature o f 64.6 °c  

B: Restriction pattern o f pPheA 
Lane m = 100 bp DNA ladder 
Lane 1 = /7mdIII/4/?II-digested pRSFDuet-1
Lane 2-5 = ///ndIIIA4/7II-digested pPheA
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-2 7 3
-2 4 0
-1 8 0
-120

-6 0
1

61
121

181
241
301
361
421
481
541
601
661
721
781
841
901
961

1021

1081
1141

TAGGAATTATACGACTCACTATAGGGGAATTGT
GAGCGGATAACAATTCCCCTGTAGAAATAATTTTGTTTAACTTTAATAAGGAGATATACC
ATGGGCAGCAGCCATCACCATCATCACCACAGCCAGGATCCGAATTCGAGCTCGGCGCGC
C T G C A G G T C G A C A A G C : T C G A T C C C G C G A A A T T A A T A C G A C T C A C T A T A G G G G A A T T G T G

AGCGGATAACAATTCCCCTCTAGAAATAATTTTGTTTAACTTTAAGAAGGAGATATACAT
ATGACATCGGAAAACCCGTTACTGGCGCTGCGAGAGAAAATCAGCGCGCTGGATGAAAAA 

M T S E N P L L A L  R E K I S A L D E K  
TTATTAGCGTTACTGGCAGAACGGCGCGAACTGGCCGTCGAGGTGGGAAAAGCCAAACTG 

L L A L L A E R R E  L A V E V G K A K L  
CTCTCGCATCGCCCGGTACGTGATATTGATCGTGAACGCGATTTGCTGGAAAGATTAATT 

L S H R P V R D I D  R E R D L L E R L I  
ACGCTCGGTAAAGCGCACCATCTGGACGCCCATTACATTACTCGCCTGTTCCAGCTCATC 

T L G K A H H L D A  H Y I T R L F Q L I  
ATTGAAGATTCCGTAT TAACTCAGCAGGCTTTGCTCCAACAACATCTCAATAAAATTAAT 

I E D S V L T Q Q A L L Q Q H L N K I N  
CCGCACTCAGCACGCATCGCTTTTCTCGGCCCCAAAGGTTCTTATTCCCATCTTGCGGCG 

P H S A R I A F L G  P K G S Y S H L A A  
CGCCAGTATGCTGCCCGTCACTTTGAGCAATTCATTGAAAGTGGCTGCGCCAAATTTGCC 

R Q Y A A R H  F E Q  F I E S G C A K F A  
GATATTTTTAATCAGGTGGAAACCGGCCAGGCCGACTATGCCGTCGTACCGATTGAAAAT 

D I  F N Q V E T G Q  A D Y A V V P I  E N  
ACCAGCTCCGGTGCCATAAACGACGTTTACGATCTGCTGCAACATACCAGCTTGTCGATT 

T S S G A I N D V Y  D L L Q H T S L S I  
GTTGGCGAGATGACGTTAACTATCGACCATTGTTTGTTGGTCTCCGGCACTACTGATTTA 

V G  E M T L T I D H  C L L V S G T T D L  
TCCACCATCAATACGGTCTACAGCCATCCGCAGCCATTCCAGCAATGCAGCAAATTCCTT 

S T I N  T V Y S H P  Q P  F Q Q C S K F L  
AATCGTTATCCGCACTGGAAGATTGAATATACCGAAAGTACGTCTGCGGCAAT GGAAAAG 

N R Y P H W K I E Y  T E S T S A A M E K  
GTTGCACAGGCAAAATCACCGCATGTTGCTGCGTTGGGAAGCGAAGCTGGCGGCACTTTG 

V A Q A K S P H V A A L G S E A G G T L  
TACGGTTTGCAGGTACTGGAGCGTATTGAAGCAAATCAGCGACAAAACTTCACCCGATTT 

Y G L Q V L E R I E  A N Q R Q N F T R F  
GTGGTGTTGGCGCGTAAAGCCATTAACGTGTCTGATCAGGTTCCGGCGAAAACCACGTTG 

V V L A R K A I N V  S D Q V P A K T T L  
TTAATGGCGACCGGGCAACAAGCCGGTGCGCTGGTTGAAGCGTTGCTGGTACTGCGCAAC 

L M A T G Q Q  A G A  L V  E A L L V L R N  
CACAATCTGATTATGACCCGTCTGGAATCACGCCCGATTCACGGTAATCCATGGGAAGAG 

H N L I M T R L E S  R P I H G N P W E E  
ATGTTCTAiTCT GGAT AT TC AGGC c  AATC T T GAAT c  AGC GGAAAT GCAAAAAGC AT T GAAA 

M F Y L D I Q A N L  E S A E M Q K A L K  
GAGTTAGGGGAAATCACCCGTTCAATGAAGGTATTGGGCTGTTACCCAAGTGAGAACGTA 

E L G E I T R S M K  V L G C Y P S E N V  
GTGCCTGTTGATCCAACCTGACTTAAGTCGAACAGAAAGTAAT 

V P V D P T *

Figure 3.12 The nucleotide sequence and the deduced amino acid sequence o f pheA 
gene o f recombinant plasmid pPheA. The T7 promoter, lac operator and ribosome 
binding site are indicated in orange, blue and green, respectively. The restriction sites 
Hindlll andAflll are shown by the underlined pink and red, respectively.
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gene) could be inserted at Ncol site in multiple cloning site-1 o f pRSFDuet-1. 
The recognition site o f restriction endonuclease Ncol is C‘CATGG. The 5'-end o f  
aroB gene is ATGGAGAGGATTGTC.... Therefore, the forward primer (aroB-AfcoI) 
for amplifying this gene was 5'-CATGC^ÇATGGAGAGGATTGTCGTTACTCTCG- 
3'. In case o f inserting the other genes (i.e. aroL, glpF, pheA, phedh, tktA or yddG) 
into Ncol site, it was needed to put nitrogenous base G after start codon in forward 
primer to get the amplified fragment enabling to be digested with Ncol. Subsequently, 
it would result in the frameshift mutation o f  that gene.

To clone aroB gene (1 ,089 bp) under lila c  promoter o f multiple 
cloning site-1 o f pRSFDuet-1 vector, the E. coli TOP 10 chromosomal DNA digested 
with BamHl was used as DNA template for aroB gene amplification. It was found 
that the alteration o f annealing temperatures in range o f 58.5-66.6 °c did not change 
the pattern o f amplified PCR product. The dense specific band o f 1.1 kb o f aroB gene 
was obtained. The PCR products were pooled and then purified. The 1.1 kb PCR 
fragment was digested with Ncol and BamHl (Figure 3.13A; lane 1) as same 
as pRSFDuet-1 (Figure 3.13A; lane 2) and then ligated together leading to pAroB 
(4,883 bp) (Figure 2.4B). The obtained plasmid was introduced into E. coli 
BL21(DE3) and kanamycin-resistant colonies harbouring expected genes- 
incorporated pRSFDuet-1 were examined on agarose gel. Figure 3.13B showed 
the restriction pattern o f pAroB after cleaving with Ncol and BamHl. It corresponded 
to the calculated lengths o f 3,792 bp and 1,091 bp from its restriction map. 
The nucleotide sequence o f aroB gene o f  pAroB clone verified by sequencing is 
shown in Figure 3.14. The obtained sequence consisted o f a 1,089 bp open reading 
frame of aroB encoding a protein o f 362 amino acid residues. The aroB nucleotide 
sequence was absolutely similar (100% homology) to that o f strain DH10B.

3.4.2 Cloning of tktA  gene into pRSFDuet-1
To construct recombinant plasmid pTktA containing tktA gene, 

the gene was amplified from ftawHI-digested E. coli TOP 10 chromosomal DNA with 
different annealing temperatures. Each PCR condition gave the same approximately
2.0 kb fragment o f tktA gene (Figure 3.15A). The gene fragment was cut with 
restriction endonucleases Ndel and Xhol and inserted under lila c  promoter-2 o f
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Figure 3.13 Electrophoretic patterns o f recombinant plasmid pAroB 
A: Pettern o f digested fragments 

Lane m = 100 bp DNA ladder
Lane 1 = yVcoI/ftawHI-digested PCR product o f aroB gene 
Lane 2 = AfcoI/Sa/nHI-digested pRSFDuet-1 

B: Restriction pattern o f pAroB 
Lane m = 100 bp DNA ladder 
Lane 1 = AcoI/RamHI-digested pRSFDuet-1
Lane 2-4 = AcoI/ftamHI-digested pAroB
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-8 9  ATTAATACGACTCACTAÎAGGGGAATTGT
-6 0  GAGCGGATAACAATTCCCCTGTAGAAATAATTTTGTTTAACTTTAATAAGGAGATATACC

1 ATGGAGAGGATTGTCGTTACTCTCGGGGAACGTAGTTACCCAATTACCATCGCATCTGGT
M E R I V V T L G E R S  Y P I T I A S G  

61 TTGTTTAATGAACCAGCTTCATTCTTACCGCTGAAATCGGGCGAGCAGGTCATGTTGGTC
L F N E P A S F L P L K S G E Q V M L V  

121 ACCAACGAAACCCTGGCTCCTCTGTATCTCGATAAGGTCCGCGGCGTACTTGAACAGGCG
T N E T L A P L  Y L D K V R G V L E Q A  

181 GGTGTTAACGTCGATAGCGTTATCCTCCCTGACGGCGAGCAGTATAAAAGCCTGGCTGTA
G V N V D s V I  L P D G E Q Y K s L A V

241 CTCGATACCGTCTTTACGGCGTTGTTACAAAAACCGCATGGTCGCGATACTACGCTGGTG
L D T V F T A L L Q K P H G R D T T L V  

301 GCGCTTGGCGGCGGCGTAGTGGGCGATCTGACCGGCTTCGCGGCGGCGAGTTATCAGCGC
A L G G G V V G D L T G F A A A S Y Q R  

361 GGTGTCCGTTTCATTCAAGTCCCGACGACGTTACTGTCGCAGGTCGATTCCTCCGTTGGC
G V R F I Q V P T T  L L S Q V D S S V G  

421 GGCAAAACTGCGGTCAACCATCCCCTCGGTAAAAACATGATTGGCGCGTTCTACCAACCT
G K T A V N H P L G K N M I G A F Y Q P  

481 GCTTCAGTGGTGGTGGATCTCGACTGTCTGAAAACGCTTCCCCCGCGTGAGTTAGCGTCG
A S V V V D L D C L  K T L P P R E L A S  

541 GGGCTGGCAGAAGTCATCAAATACGGCATTATTCTTGACGGTGCGTTTTTTAACTGGCTG
G L A E V I K Y G I  I L D G A F F N W L  

601 GAAGAGAATCTGGATGCGTTGTTGCGTCTGGACGGTCCGGCAATGGCGTACTGTATTCGC
E E N L D A L L R L D G P A M A Y C I R  

661 CGTTGTTGTGAACTGAAGGCAGAAGTTGTCGCCGCCGACGAGCGCGAAACCGGGTTACGT
R c  c  E 1. K A K, V V A A I) E R E T G L R

721 GCTTTACTGAATCTGGGACACACCTTTGGTCATGCCATTGAAGCTGAAATGGGGTATGGC
A L L N L G H T F G H A I E A E M G Y G  

781 AATTGGTTACATGGTGAAGCGGTCGCTGCGGGTATGGTGATGGCGGCGCGGACGTCGGM
N W L H G  E A V A A G M V M A A R T S E  

841 CGTCTCGGGCAGTTTAGTTCTGCCGAAACGCAGCGTATTATAACCCTGCTCAAGCGGGCT
R L G Q F S S A E T Q R I I T L L K R A  

901 GGGTTACCGGTCAATGGGCCGCGCGAAATGTCCGCGCAGGCGTATTTACCGCATATGCTG
G L P V N G P R E M S A Q A Y L P H M L  

961 CGTGACAAGAAAGTCCTTGCGGGAGAGATGCGCTTAATTCTTCCGTTGGCAATTGGTAAG
R D K K V L A G E M  R L I L P L A I G K  

1021 AGTGAAGTTCGCAGCGGCGTTTCGCACGAGCTTGTTCTTAACGCCATTGCCGATTGTCAA
S E V R S G V S H E L V L N A I A D C Q  

1081 TCAGCGTAAGGATCCGAATTCGAGCTCGGCGCGCCTGCAGGTCGACAAGCTTGCGGCCGC
S A *

1141 ATAATGCTTAAGTCGAAC

Figure 3.14 The nucleotide sequence and the deduced amino acid sequence o f aroB 
gene of recombinant plasmid pAroB. The T7 promoter, lac operator and ribosome 
binding site are indicated in orange, blue and green, respectively. The restriction sites 
Nco\ and HindilW are shown by the underlined pink and red, respectively.
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A B
111 1 2 3 4 5 in m l  2 3 4 5

Figure 3.15 Electrophoretic patterns o f  recombinant plasmid pTktA
A: PCR products o f tktA gene using various annealing temperatures 

Lane m = 1 0 0  bp DNA ladder 
Lane 1 = annealing temperature o f 58.5 °c  

Lane 2 = annealing temperature o f 60.7 °c  

Lane 3 = annealing temperature o f 62.9 °c  

Lane 4 = annealing temperature o f 64.9 °c  

Lane 5 = annealing temperature o f 66.6 °c  

B: Restriction pattern o f pTktA 
Lane m = 100 bp DNA ladder 
Lane 1 = AWel/ATjoI-digested pRSFDuet-1
Lane 2-5 =  N del/Xhol-digested  pTktA
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pRSFDuet-1 to create pTktA (5,767 bp) (Figure 2.5A). This recombinant was 
transformed into E. coli BL21(DE3) and screened on agarose gel. After excision o f  
pTktA with NdeI and Xho\, the restriction fragments o f 3,773 bp and 1,994 bp were 
generated (Figure 3.15B). The sequence o f tktA gene was investigated by sequencing. 
The nucleotide sequence o f tktA gene is shown in Figure 3.16. The obtained sequence 
consisted o f a 1,992 bp open reading frame o f  tktA encoding a protein o f 663 amino 
acid residues. The tktA nucleotide sequence showed 100% homology to that o f strain 
DH10B.

3.4.3 Cloning of g lp F  gene into pRSFDuet-1
The recombinant plasmid pGlpF was produced by the insertion o f glpF 

gene (846 bp) under lilac  promoter-2 o f pRSFDuet-1. The glpF gene fragment was 
amplified from 5omFII-digested chromosomal DNA o f E. coli TOP 10. After varying 
annealing temperatures o f PCR reaction ranging from 49.5 °c onwards, it was found 
that an increase in annealing temperature effected on the intensity o f  0.85 kb target 
product (Figure 3.17A). The higher annealing temperature caused the less dense 
specific band o f glpF gene. The annealing temperature was greater than 60 °c 

resulting in no desired band product. The target fragment was harvested and cut with 
Nde\ and Pac\. The glpF fragment was incorporated into pRSFDuet-1 vector by 
ligase activity to give pGlpF (4,550 bp) (Figure 2.5B). This recombinant plasmid was 
introduced into E. coli BL21(DE3). After selection o f recombinant clone, the plasmid 
was digested with Nde\ and Pad and the inserted fragment o f 852 bp was removed 
from that o f the original plasmid pRSFDuet-1 (3,698 bp) (Figure 3.17B). 
The nucleotide sequence o f glpF gene o f pGlpF verified by sequencing is shown in 
Figure 3.18. The obtained sequence consisted o f an 846 bp open reading frame o f  
glpF encoding a protein o f 281 amino acid residues. The nucleotide sequence o f glpF 
gene from TOP 10 was absolutely consistent with that from DH10B.

3.5  C lo n in g  o f  g lp F  a n d  g lp K  genes in to  p R S F D u e t-1  v e c to r

Primarily, the glpK gene was not considered to be combined with other seven 
genes (aroB, aroL, glpF, pheA, phedh, tktA and yddG) in single pRSFDuet-1 vector. 
From the reasonable design o f pPTFBLYA in Figure 3.4, there was no available
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-76 CACTATAGGGGAATTG

-60 T G A G C G G A T A A C A A T T C C C C A T C T T A G T A T A T T A G T T A A G T A T A A G A A G G A G A T A T A C A T

1 ATGTCCTCACGTAAAGAGCTTGCCAATGCTATTCGTGCGCTGAGCATGGACGCAGTACAG
M S S R K E L A N A I  R A L S M D A V Q  

61 AAAGCCAAATCCGGTCACCCGGGTGCCCCTATGGGTATGGCTGACATTGCCGAAGTCCTG
K A K S G H P G A P M G M A D I A E V L  

121 TGGCGTGATTTCCTGAAACACAACCCGCAGAATCCGTCCTGGGCTGACCGTGACCGCTTC
W R  D F L K H N  P Q N P S W A D R D R F  

181 GTGCTGTCCAACGGCCACGGCTCCATGCTGATCTACAGCCTGCTGCACCTCACCGGTTAC
V L S N G H G S M L I Y S L L H L T G Y  

241 GATCTGCCGATGGAAGAACTGAAAAACTTCCGTCAGCTGCACTCTAAAACTCCGGGTCAC
D L P M E E L K N F R Q L H S K T P G H  

301 CCGGAAGTGGGTTACACCGCTGGTGTGGAAACCACCACCGGTCCGCTGGGTCAGGGTATT
P E V G Y  T A G V E T T T G P L G Q G I  

3 61 GCCAACGCAGTCGGTATGGCGATTGCAGAAAAAACGCTGGCGGCGCAGTTTAACCGTCCG
A N A V G M A I  A E  K T L A A Q F N R P  

421 GGCCACGACATTGTCGACCACTACACCTACGCCTTCACGGGCGACGGCTGCATGATGGAA
G H D I V D H Y  T Y A F M G D G C M M E  

481 GGCATCTCCCACGAAGTTTGCTCTCTGGCGGGTACGCTGAAGCTGGGTAAACTGATTGCA
G I  S H E V C S  L A G T L K L G K L I A  

541 TTCTACGATGACAACGGTATTTCTATCGATGGTCACGTTGAAGGCTGGTTCACCGACGAC
F Y D D N G I  ร I D G H V E G W F T D D  

601 ACCGCAATGCGTTTCGAAGCTTAC GGCTGGCACGTTATTCGCGACATCGACGGTCATGAC
T A M R F E A Y  G W H V I R D I D G H D  

661 GCGGCATCTATCAAACGCGCAGTAGAAGAAGCGCGCGCAGTGACTGACAAACCTTCCCTG
A A S I K R A V  E E A R A V T D K P S L  

721 CTGATGTGCAAAACCATCATCGGTTTCGGTTCCCCGAACAAAGCCGGTACCCACGACTCC
L M C K T I I G F G S P N K A G T H D S  

7 81 CACGGTGCGCCGCTGGGCGACGCTGAAATTGCCCTGACCCGCGAACAACTGGGCTGGAAA
H G A P L G D A E I  A L T R E Q L G W K  

841 TATGCGCCGTTCGAAATCCCGTCTGAAATCTATGCTCAGTGGGATGCGAAAGAAGCAGGC
Y A P F E I P S  E l  Y A Q W D A K E A G  

901 CAGGCGAAAGAATCCGCATGGAACGAGAAATTCGCTGCTTACGCGAAAGCTTATCCGCAG
Q A K  E S A W N  E K  F A A Y A K A Y P Q  

961 GAAGCCGCTGAATTTACCCGCCGTATGAAAGGCGAAATGCCGTCTGACTTCGACGCTAAA
E A A E F T R R M K G E M P S D F D A K  

1021 GCGAAAGAGTTCATCGCTAAACTGCAGGCTAATCCGGCGAAAATCGCCAGCCGTAAAGCG
A K E F I A K L Q A N P A K I A S R K A  

1081 TCTCAGAATGCTATCGAAGCGTTCGGTCCGCTGTTGCCGGAATTCCTCGGCGGTTCTGCT
S Q N A I ' È A F G P  L L P E F L G G S A  

1141 GACCTGGCGCCGTCTAACCTGACCCTGTGGTCTGGTTCTAAAGCAATCAACGAAGATGCT
D L A P S N L T  L W  S G S K A I N E D A  

1201 GCGGGTAACTACATCCACTACGGTGTTCGCGAGTTCGGTATGACCGCGATTGCTAACGGT
A G N Y I H Y G V R E F G M T A I A N G  

12 61 ATCTCCCTGCACGGTGGCTTCCTGCCGTACACCTCCACCTTCCTGATGTTCGTGGAATAC
I S L H G G F L  P Y  T S T F L M F V E Y  

1321 GCACGTAACGCCGTACGTATGGCTGCGCTGATGAAACAGCGTCAGGTGATGGTTTACACC
A R N A V R M A A L M K Q R Q V M V Y T

( c o n t i n u e d )

Figure 3.16 The nucleotide sequence and the deduced amino acid sequence o f tktA 
gene o f recombinant plasmid pTktA. The lac operator and ribosome binding site are 
indicated in blue and green, respectively. The restriction sites Ndel and Xho\ are 
shown by the underlined pink and red, respectively.
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( c o n t i n u e d )

1381
1441
1501
1561
1621
1681
1741
1801
1861
1921
1981
2041

CACGACTCCATCGGTCTGGGCGAAGACGGCCCGACTCACCAGCCGGTTGAGCAGGTCGCT 
H D S I G L G E D G P T H Q P V E Q V A  

TCTCTGCGCGTAACCCCGAACATGTCTACATGGCGTCCGTGTGACCAGGTTGAATCCGCG 
S L R V T P N M S T  W R P C D Q V E S A  

GTCGCGTGGAAATACGGTGTTGAGCGTCAGGACGGCCCGACCGCACTGATCCTCTCCCGT 
V A W K Y  G V E R Q  D G P T A L I L S R  

CAGAACCTGGCGCAGCAGGAACGAACTGAAGAGCAACTGGCAAACATCGCGCGCGGTGGT 
Q N L A Q Q E R T E  E Q L A N I A R G G  

TATGTGCTGAAAGACTGCGCCGGTCAGCCGGAACTGATTTTCATCGCTACCGGTTCAGAA 
Y V L K D C A G Q P  E L I F I A T G S E  

GTTGAACTGGCTGTTGCTGCCTACGAAAAACTGACTGCCGAAGGCGTGAAAGCGCGCGTG 
V E L A V A A Y  E K  L T A E G V K A R V  

GTGTCCATGCCGTCTACCGACGCATTTGACAAGCAGGATGCTGCTTACCGTGAATCCGTA 
V S M P S T D A F D  K Q D A A  Y R  E S V  

CTGCCGAAAGCGGTTACTGCACGCGTTGCTGTAGAAGCGGGTATTGCTGACTACTGGTAC 
L P K A V T A R V A V E A G I A D Y W Y  

AAGTATGTTGGCCTGAACGGTGCTATCGTCGGTATGACCACCTTCGGTGAATCTGCTCCG 
K Y V G L N G A X V  G M T T  F G E S A P  

GCAGAGCTGCTGTTTGAAGAGTTCGGCTTCACTGTTGATAACGTTGTTGCGAAAGCAAAA 
A E L L F E E F G F T V D N V V A K A K  

GAACTGCTGTAACTCGAGTCTGGTAAAGAAACCGCTGCTGCGAAATTTGAACGCCAGCAC 
E L L *

ATGGACTCGTCTACTAGCGCAGCTTAATAGCT

Figure 3.16 The nucleotide sequence and the deduced amino acid sequence o f tktA 
gene o f recombinant plasmid pTktA. The lac  operator and ribosome binding site are 
indicated in blue and green, respectively. The restriction sites NdeI and Xhol are 
shown by the underlined pink and red, respectively.
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Figure 3.17 Electrophoretic patterns o f  recombinant plasmid pGlpF
A: PCR products o f glpF  gene using various annealing temperatures 

Lane m = 100 bp DNA ladder 
Lane 1 = annealing temperature o f 49.5 °c  

Lane 2 = annealing temperature o f 51.3 °c  

Lane 3 = annealing temperature o f 53.4 °c  

Lane 4 = annealing temperature o f 55.6 °c  

Lane 5 = annealing temperature o f 57.8 °c  

B: Restriction pattern o f pGlpF 
Lane m = 100 bp DNA ladder 
Lane 1 = AWel/PacI-digested pRSFDuet-1
Lane 2-3 = Afafel/PocI-digested pGlpF
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-6 0  TGAGCGGATAACAATTCCCCATCTTAGTATATTAGTTAAGTATAAGAAGGAGATATA.'AT
1 ATGAGTCAAACATCAACCTTGAAAGGCCAGTGCATTGCTGAATTCCTCGGTACCGGGTTG

M S Q T S T L K G Q C I A E F L G T G L  
61 TTGATTTTCTTCGGTGTGGGTTGCGTTGCAGCACTAAAAGTCGCTGGTGCGTCTTTTGG?

L I F F G V G C V A A L K V A G A S F G  
121 CAGTGGGAAATCAGTGTCATTTGGGGACTGGGGGTGGCAATGGCCATCTACCTGACCGCA

Q W E  I S V I W G L G V A M A I Y L T A  
181 GGGGTTTCCGGCGCGCATCTTAATCCCGCTGTTACCATTGCATTGTGGCTGTTTGCCTGT

G V S G A H L N P A V T I A L W L F A C  
241 TTCGACAAGCGCAAAGTTATTCCTTTTATCGTTTCACAAGTTGCCGGCGCTTTCTGTGCT

F D K R K V I  P F I  V S Q V A G A F C A  
301 GCGGCTTTAGTTTACGGGCTTTACTACAATTTATTTTTCGACTTCGAGCAGACTCATCAC

A A L V Y G L Y Y N  L F F D F E Q T H H  
361 ATTGTTCGCGGCAGCGTTGAAAGTGTTGATCTGGCTGGCACTTTCTCTACTTACCCTAAT

I V R G S V E S V D L A G T F S T Y P N  
421 CCTCATATCAATTTTGTGCAGGCTTTCGCAGTTGAGATGGTGATTACCGCTATTCTGATG

P H  I N F V Q A F A V E M V I T A I L M  
481 GGGCTGATCCTGGCGTTAACGGACGATGGCAACGGTGTACCACGCGGCCCTTTGGCTCCC

G L I L A L T D D G N G V P R G P L A P  
541 TTGCTGATTGGTCTACTGATTGCGGTCATTGGCGCATCTATGGGCCCATTGACAGGTTTT

L L I G L L I A V I  G A S M G P L T G F  
601 GCCATGAACCCAGCGCGTGACTTCGGTCCGAAAGTCTTTGCCTGGCTGGCGGGCTGGGGC

A M N P A R D F G P  K V F A W L A G W G  
661 AATGTCGCCTTTACCGGCGGCAGAGACATTCCTTACTTCCTGGTGCCGCTTTTCGGCCCT

N V A F T G G R D I  P Y F L V P L F G P  
721 ATCGTTGGCGCGATTGTAGGTGCATTTGCCTACCGCAAACTGATTGGTCGCCATTTGCCT

I V G A I V G A F A Y R K L I G R H L P  
781 TGCGATATCTGTGTTGTGG7LAGAAAAGGAAACCACAACTCCTTCAGAACAAAAAGCTTCG

C D I C V V E E K E  T T T P S E Q K A S  
841 CTGTAATAATTAACC

L *

-73 TATAGGGGAATTG

Figure 3.18 The nucleotide sequence and the deduced amino acid sequence o f glpF 
gene o f recombinant plasmid pGlpF. The lac  operator and ribosome binding site are 
indicated in blue and green, respectively. The restriction sites Ndel and Pac\ are 
shown by the underlined pink and red, respectively.
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recognition site for addition o f another gene in both multiple cloning sites o f  
pRSFDuet-1. Nevertheless, it was found that the glpFKX operon o f E. coli genome 
comprising o f the organization o f three genes (glpF encoding glycerol facilitator, 
glpK encoding glycerol kinase and glpX gene encoding fructose 15 6-bisphosphatase 
II) as shown in section 2.13. The simple manner to add glpK gene in pRSFDuet-1 
vector was to clone both glpF and glpK in the same time (designated as glpFK gene). 
The glpFK gene was the 2,377 bp DNA fragment containing glpF gene (846 bp) 
upstream o f glpK gene (1,509 bp). Like the construction o f pGlpF, the glpFK gene 
was inserted between Ndel and Pacl sites o f  pRSFDuet-1 to produce recombinant 
plasmid pGlpFK. Chromosomal DNA o f E. coli TOP 10 digested with BamUl that 
was used for amplifying previous genes (i.e. aroB, aroL, glpF, pheA, tktA and yddG) 
was not capable for amplifying this region because BamYll could cleave the glpK gene 
at location o f 431 bp. Alternatively, the template was prepared by cutting the 
chromosomal DNA with Xhol. The amplification o f glpFK gene was accessed using 
primers glpF-AWel and glpK-PacI. The forward primer (glpF-MM) bound to 
5'-terminus o f glpF and the reverse primer (glpK -Pad) bound to 3 '-terminus o f glpK 
gene. The PCR amplification was done with one annealing temperature o f  50 °c. The 
result from separation o f PCR product on agarose gel electrophoresis is shown in 
Figure 3.19A. The sharp band fragment o f approximately 2.4 kb containing both glpF 
and glpK genes was appeared when illuminated with uv light. This product was 
collected, cloned into pRSFDuet-1 vector at Ndel and Pacl sites resulting in pGlpFK 
(6,081 bp) (Figure 2.6A) and transformed into E. coli BL21(DE3). After selection on 
agarose gel, the pGlpFK was digested with appropriate restriction enzyme £coRV. 
As shown in Figure 3.19B, the two DNA fragments o f 5,792 bp and o f 289 bp were 
found because glpFK gene contained two cleavage sites o f EcoRW. The nucleotide 
sequence o f glpFK gene o f pGlpFK was evaluated by DNA sequencing. Because 
glpFK gene was rather long, after getting the gene sequence at 5 '-end, this sequence 
was used for generating glpF-[674-700] primer to continue sequencing the internal 
fragment which could not be sequenced by DuetUP2 and T7 Terminator primers. 
The whole nucleotide sequence o f glpFK gene is shown in Figure 3.20. The obtained 
sequence consisted o f two open reading frames o f glpF (846 bp) and glpK (1,509 bp) 
which encode proteins o f 281 and 5 02  amino acid residues, respectively.
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A B
in 1 2

Figure 3.19 Electrophoretic patterns o f  recombinant plasmid pGlpFK. 
The arrow indicated the digested fragment o f  289 bp.

A: PCR products o f glpFK  gene 
Lane m = 100 bp DNA ladder 
Lane 1-2 = annealing temperature o f 50 °c

B: Restriction pattern o f pGlpFK 
Lane m = 100 bp DNA ladder 
Lane 1-4 = EcoRV-digested pGlpFK



117

-6 0  TGAGCGGATAACAATTCCCCATCTTAGTATATTAGTTAAGTATAAGAAGGAGATATAAl
1 ATGAGTCAAACATCAACCTTGAAAGGCCAGTGCATTGCTGAATTCCTCGGTACCGGGTTG

M ร Q T ร T L K G c  c  I A F F L G T G L
61 TTGATTTTCTTCGGTGTGGGTTGCGTTGCAGCACTAAAAGÏCGCTCGTGCGTCTTTTGGT

L I F F G Y G C V -A A L V A G A ร F G
121 CAGTGGGAAATCAGTGTCATTTGGGGACTGGGGGTGGCAJiTGGCCATCTACCTGACCGCA

Q พ E I ร V I พ G L G V A M A T Y L T A
181 GGGGTTTCCGGCGCGCATCTTAATCCCGCTGTTACCATTGCATTGTGGCTGTTTGCCTGT

G V S G A H L N P A V T I  A L พ L F A C
241 TTCGACAAGCGCAAAGTTATTCCTTTTATCGTÏTCACAAGTTGCCGGCGCTTTCTGÏGCT

F D K R K y  I  P F I  V ร Q V A G A F c  A
301 GCGGCTTTAGTTTACGGGCTTTACTACAATTTATTTTTCGACTTCGAGCAGACTCATCAC

A A L V Y G L Y Y N L E' F D F E Q T H H
361 ATTGTTCGCGGCAGCGTTGAAAGTGTTGATCTGGCTGGCACTTTCTCTACTTACCCTAAT

I V R G S V E S V D  L A  G T F 3 T Y P N
421 CCTCATATCAATTTTGTGCAGGCTTTCGCAGTTGAGATGGTGATTACCGCTATTCTGATG

P H I  N F y  Q A F A V ร M Y I T A I  L M
4SI GGGCTGATCCTGGCGTTAACGGACGATGGCAACGGTGTACCACGCGGCCCTTTGGCTCCC

G L I  L A L T D D G N G V P R G P L A P
541 TTGCTGATTGGTCTACTGATTGCGGTCATTGGCGCATCTATGGGCCCATTGACAGGTTTT

L L I G L L I A V I  G A S M G P L T G F
601 GCCATGAACCCAGCGCGTGACTTCGGTCCGAAAGTCTTTGCCTGGCTGGCGGGCTGGGGC

A M N P A R D F G P K V F A พ L A G พ G
661 AATGTCGCCTTTACCGGCGGCAGAGACATTCCTTACTTCCTGGTGCCGCTTTTCGGCCCT

N V A F T G G R D I  P Y F L V P L F G P
721 ATCGTTGGCGCGATTGTAGGTGCATTTGCCTACCGCAAACTGATTGGTCGCCATTTGCCT

X V G A I  V G A F A Y R K L I G R H L P
781 TGCGATATCTGTGTTGTGGAAGAAAAGGAAACCACAACTCCTTCAGAACAAAAAGCTTCG

C D I C V V E E K E  T T T P s E Q K A s
8 41 CÏGTAATATGACTACGGGACAATTAAACATGACTGAAAAAAAATATATCGTTGCGCTCGA

L *  M T E K K Y I V A L  D
901 CCAGGGCACCACCAGCTCCCGCGCGGTCGTAATGGATCACGATGCCAATATCATTAGCGT

Q G T T S S R A V V  M D  H D A  N I  I  S V  
961 GTCGCAGCGCGAATTTGAGCAAATCTACCCAAAACCAGGTTGGGTAGAACACGACCCAAT

S Q R E F E Q I Y  P K P G W V E H  D P M  
1021 GGAAATCTGGGCCACCCAAAGCTCCACGCTGGTAGAAGTGCTGGCGAAAGCCGATATCAG

E I W A T Q S S T L V E V L A  K A  D I S  
1081 TTCCGATCAAATTGCAGCTATCGGTATTACGAACCAGCGTGAAACCACTATTGTCTGGGA

S D Q I A A X G I  T ' N Q R E T T I V W E
1141 aaaagaaaccggcaagcctatctataacgCcattgtctggcagtgccgtcg taccgcag a

K E T G K P I Y N A I V W Q C R R T A  E 
12 01 AATCTGCGAGCATTTAAAACGTGACGGTTTAGAAGATTATATCCGCAGCAATACCGGTCT

I C E H L K R D G L  E D Y I  R S N T G L
( c o n t i n u e d )

-7 2 ATAGGGGAAÏTG

Figure 3.20 The nucleotide sequence and the deduced amino acid sequence o f glpFK 
gene o f recombinant plasmid pGlpFK. The lac  operator and ribosome binding site are 
indicated in blue and green, respectively. The restriction sites Ndel and Pacl are 
shown by the underlined pink and red, respectively. The nucleotide sequences and the 
deduced amino acid sequences o f glpF  and glpK genes are indicated in brown and 
purple, respectively.
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( c o n t in u e d )
12 61 GGTGATTGACCCGTACTTTTCTGGCACCAAAGTGAAGTGGATCCTCGACCATGTGGAAGG

V I  D P Y F ร G T K V K พ I  L D H V E G
1321 CTCTCGCGAGCGTGCACGTCGTGGTGAATTGCTGTTTGGTACGGTTGATACGTGGCTTAT

S R E R A R R G E L L F G T V จ T พ L I
1381 CTGGAAAATGACTCAGGGCCGTGTC'CAT r '  r p  r '  7V r *  r *

_L u n C c GATTACACCAACGCCTCTCGTACCAT
พ K M T Q G R V H V T D Y T N A ร R T M

1441 GTTGTTCAACATCCATACCCTGGACTGGGACGACAAAATGCTGGAAGTGCTGGATATTCC
L F N I H T L D W  D D K M L E V L D I  p 

1501 GCGCGAGATGCTGCCAGAAGTGCGTCGTTCTTCCGAAGTATACGGTCAGACTAACATTGG
R E M L P  E V R R  ร S E V Y G Q T N I G  

1561 CGGCAAAGGCGGCACGCGTATTCCAATCTCCGGGATCGCCGGTGACCAGCAGGCCGCGCT
G K G G T R I  P I  ร G I A G D Q Q A A L  

1621 GTTTGGTCAGTTGTGCGTGAAAGAAGGGAT GGCGAAGAACACCTATGGCACTGGCTGCTT
F G Q L C V K E G M A K N T Y G T G C F  

1681 TATGCTGATGAACACTGGCGAGAAAGCGGTGAAATCAGAAAACGGCCTGCTGACCACCAT
M L M N T G E K A V  K S E N G L L T T I  

1741 CGCCTGCGGCCCGACTGGCGAAGTGAACTATGCGTTGGAAGGTGCGGTGTTTATGGCAGG
A C G P T G  E V N  Y A L E G A V F M A G 

1801 CGCATCCATTCAGTGGCTGCGCGATGAAATGAAGTTGATTAACGACGCCTACGATTCCGA
A S I Q W L R D E M  K L I N D A Y D S E  

1861 ATATTTCGCCACCAAAGTGCAAAACACCAATGGTGTGTATGTGGTTCCGGCATTTACCGG
Y F A T K V Q N T N  G V Y V V P A F T G 

1921 GCTGGGTGCGCCGTACTGGGACCCGTATGCGCGCGGGGCGATTTTCGGTCTGACTCGTGG
L G A P Y W D P Y A R G A I F G L T R G  

1981 GGTGAACGCTAACCACATTATACGCGCGACGCTGGAGTCTATTGCTTATCAGACGCGTGA
V N A N H I  I  R A T  L E S I A Y Q T R D  

2041 CGTGCTGGAAGCGATGCAGGCCGACTCTGGTATCCGTCTGCACGCCCTGCGCGTGGATGG
V L  E A M Q A D S  G I R L H A L R V D G  

2101 TGGCGCAGTAGCAAACAATTTCCTGATGCAGTTCCAGTCCGATATTCTCGGCACCCGCGT
G A V A N  N F L M Q  F Q S D I L G T R V  

12 61 TGAGCGCCCGGAAGTGCGCGAAGTCACCGCATTGGGTGCGGCCTATCTCGCAGGCCTGGC
E R P E V R E V T  A L G A A Y L A G L A  

2221 GGTTGGCTTCTGGCAGAACCTCGACGAGCTGCAAGAGAAAGCGGTGATTGAGCGCGAGTT
V G F W Q N L D E  L Q E K A V I .  E R E  F 

2281 CCGTCCAGGCATCGAAACCACTGAGCGTAATTACCGTTACGCAGGCTGGAAAAAAGCGGT
R P G I  E T T E R N Y R Y A G W K K A V  

2341 TAAACGCGCGATGGCGTGGGAAGAACACGACGAATAATAATTAA
K R A M A W E E H D E *

Figure 3.20 The nucleotide sequence and th e deduced amino acid sequence o f glpFK 
gene o f recombinant plasmid pGlpFK. The lac  operator and ribosome binding site are 
indicated in blue and green, respectively. The restriction sites Ndel and Pacl are 
shown by the underlined pink and red, respectively. The nucleotide sequences and the 
deduced amino acid sequences o f glpF  and glpK  genes are indicated in brown and 
purple, respectively.
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The nucleotide sequences o f glpFK  gene from TOP 10 and DH10B were in good 
agreement with 100% identity.

3.6  E x p re s s io n  o f  r e c o m b in a n t  p la s m id s  p A ro B ,  p A r o L ,  p G lp F ,  

p P h e D H , p P h e A , p T k t A ,  p Y d d G  a n d  p G lp F K  in  E . c o li B L 2 1 (D E 3 )

The expression o f individual AroB, AroL, GlpF, PheA, PheDH, TktA, YddG 
and GlpK proteins under the control o f the T llac  promoter in each recombinant 
E. coli was evaluated by SDS-PAGE analysis (Figure 3.21). E. coli BL21(DE3) 
harbouring parental plasmid, pRSFDuet-1, was used as a control (lane 1). It was 
disclosed that AroB, AroL, PheA, PheDH, TktA, and GlpK proteins (lane 2-3, 5-7 
and 9) could be clearly individually expressed in each genetically modified E. coli 
BL21(DE3) by IPTG induction. SDS-PAGE analysis remarkably showed the relevant 
intense protein bands o f  AroB, AroL, PheA, PheDH, TktA, and GlpK after 3 h 
induction at the apparent molecular weights o f  approximately 39, 19, 43, 42, 73 and 
57 kDa, respectively. These values were consistent with the theoretical molecular 
weights o f 38,881, 19,151, 43,111, 41,330, 72,212 and 56,231 Da estimated from 
deduced amino acid sequences o f each protein deposited in GenBank databases by 
using the ProtParam tool (http://web.expasy.org/protparam/). The calibration curve 
for determination o f protein molecular weight is shown in Appendix J. These six 
proteins were synthesized in cytoplasm and their amounts were sufficient to be 
detected on Coomassie Brilliant Blue stained SDS-PAGE gel. In contrast, 
the membrane proteins YddG and GlpF synthesized were embedded in cell membrane 
and their amounts in membrane fractions were insufficient to be detected on gel 
stained with Coomassie Blue (lane 4, 8 and 9). Their expressions could be determined 
indirectly by evaluation o f an increase in L-Phe production o f engineered E. coli 
containing relevant gene combination.

3.7  S u b c lo n in g  o f  genes c o m b in e d  w i t h  p h e d h  in  a s in g le  v e c to r

To successfully attain pPTFBLYA as shown in Figure 3.4, each gene had to be 
sequencely placed on pRSFDuet-1 to avoid the cleavage o f restriction enzymes at 
improper locations on backbone recombinant plasmid. The insertion o f genes

http://web.expasy.org/protparam/
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Figure 3.21 SDS-PAGE of whole cell extracts o f recombinant E. coli BL21(DE3) 
carrying each gene after induction with 1 mM IPTG for 3 h

protein molecular weight marker 
E. c o l l  BL21(DE3)/pRSFDuet-l 

= E. c o l l  B L 21 (DE3)/pAroB 
E. c o l l  BL21 (DE3)/pAroL 

= E. c o l l  BL21(DE3)/pGlpF 
= E. c o l l  BL21(DE3)/pPheA  
= E. c o l i  BL21(DE3)/pPheDH  
= E. c o l l  BL21(DE3)/pTktA  
= E . c o l i  BL21(DE3)/pYddG  
= E. c o l i  BL21(DE3)/pGlpFK

Lane M = pr<
Lane 1 = E.
Lane 2 = E.
Lane 3 = E.
Lane 4 = E.
Lane 5 = E.
Lane 6 = E.
Lane 7 = E.
Lane 8 = E.
Lane 9 = E.
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in multiple cloning site-2 o f pRSFDuet-1 was carried out first followed by the 
insertion o f genes in multiple cloning site-1. Every single gene (i.e. iktA, glpF, aroB, 
aroL, yddG and pheA genes) was added to previous constructed plasmid pPheDH one 
by one to produce recombinant plasmids pPT, pPTF, pPTFB, pPTFBL, pPTFBLY 
and pPTFBLYA.

3.7.1 C lo n in g  o ftk tA  gene in to  a re c o m b in a n t p la sm id  pP heD H

To generate recombinant plasmid pPT containing phedh and tktA, 
the DNA fragment containing the tktA gene with its own T7/ac promoter was 
amplified using the plasmid pTktA as template and a pair o f specific primers 
T7-£coRV and tktA-A7?oI was used. As shown in Figure 3.22A, all annealing 
temperatures gave strong band o f 2.1 kb together with smear tail at lower size. After 
recovering the desired fragment from the gel, it was cleaved with Xhol and ligated 
into the vector pPheDFl (4,955 bp) digested with EcoKV and Xhol to construct pPT 
(7,021 bp) in which the tktA gene fragment was placed downstream o f phedh gene as 
shown in Figure 2.6B. The digestion fragments o f 2,101 bp (insert DNA) and 4,920 
bp (vector DNA) for ligation were run on agarose gel to determine purity as shown in 
Figure 3.22B. Plasmid pPT was then transformed into E. coli BL21(DE3), confirmed 
the correct insertion by digestion and sequencing. The nucleotide sequence o f tktA 
gene including its lila c  promoter and ribosome binding site is shown in Figure 3.23. 
This obtained sequence has 100% match against the nucleotide sequence o f tktA gene 
from E. coli DH10B, the lilac  promoter and ribosome binding site from 
pRSFDuet-1. This pPT was used as a cloning vector for further insertion o f glpF 
gene.

3.7.2 C lo n in g  o f  g lp F  gene in to  a re c o m b in a n t p la sm id  pP T

Using pGlpF as template, PCR amplification o f the glpF gene preceded by 
the lila c  promoter fragment o f 961 bp w as conducted using sense 11-Xhol and 
antisense glpF-PacI primers. It was found that all annealing temperatures gave 
the intense band o f roughly 0.97 kb (Figure 3 .24A). Subsequently, this PCR product 
was harvested and inserted between Xhol and Pacl sites linking to stop codon of tktA 
gene o f plasmid pPT yielding plasmid pPTF (7,907 bp) containing phedh, tktA and
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Figure 3.22 Electrophoretic patterns o f  recombinant plasmid pPT
A: PCR products o f tktA preceded by T lla c  promoter (tktA gene 

fragment) using various annealing temperatures 
Lane m = 10 0  bp DNA ladder 
Lane 1 = annealing temperature o f 50.0°c 

Lane 2 = annealing temperature o f 54.4 °c  

Lane 3 = annealing temperature o f 56.5 °c  

Lane 4 = annealing temperature o f 58.7 °c  

Lane 5 = annealing temperature o f 60.8 °c  

Lane 6 = annealing temperature o f 62.9 °c  

Lane 7 = annealing temperature o f 64.6 °c  

B: Pattern o f digested fragments 
Lane m = 100 bp DNA ladder
Lane 1 = ATioI-digested PCR product o f tktA gene fragment 
Lane 2 = £coRVZY7zoI-digested pPheDH
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GGCAGACAGCTTGCAGACAAAGGCATTCTGTATGCTCCGGAT 
TATATTGTTAACTCTGGCGGTCTGATCCAAGTAGCCGACGAATTGTATGAGGTGAACAAA 
GAACGCGTGCTTGCGAAGACGAAGCATATTTACGACGCAATTCTTGAAGTGTACCAGCAA 
GCGGAATTAGATCAAATCACCACAATGGAAGCAGCCAACAGAATGTGTGAGCAAAGAATG 
GCGGCAAGAGGCCGACGCAACAGCTTCTTTAC TTCTTCTGTTAAGCCAAAATGGGATATT 
CGCAACTAAGATATCACGGCCGCATAATCGAAAT TAATACGAC TCACTATAGGGGAATTG 
TGAGCGGATAACAATTCCCCATCTTAGTATATTAGTTAAGTATAAGAAGGAGATATACAT 
ATGTCCTCACGTAAAGAGCTTGCCAATGCTATTCGTGCGCTGAGCATGGACGCAGTACAG

M N A L M
AAAGCCAAATCCGGTCACCCGGGTGCCCCTATGGGTATGGCTGACATTGCCGAAGTCCTG 

K A K S G H P G A P M G M A D I A E V L  
TGGCGTGATTTCCTGAAACACAACCCGCAGAATCCGTCCTGGGCTGACCGTGACCGCTTC 

W R D F L K H N P Q N P S W A D R D R F  
GTGCTGTCCAACGGCCACGGCTCCATGCTGATCTACAGCCTGCTGCACCTCACCGGTTAC 

V L S N G H G S M L  I Y S L L H L T G Y  
GATCTGCCGATGGAAGAACTGAAAAACTTCCGTCAGCTGCACTCTAAAACTCCGGGTCAC 

D L P M  E E L K N F R Q L H S K T P G H  
CCGGAAGTGGGTTACACCGCTGGTGTGGAAACCACCACCGGTCCGCTGGGTCAGGGTATT 

P E V G Y T A G V E  T T T G P L G Q G I  
GCCAACGCAGTCGGTATGGCGATTGCAGAAAAAACGCTGGCGGCGCAGTTTAACCGTCCG

N M
GGCCACGACATTGTCGACCACTACACCTACGCCTTCACGGGCGACGGCTGCATGATGGAA 

G H D I V D H Y  T Y  A F M G D G C M M E  
GGCATCTCCCACGAAGTTTGCTCTCTGGCGGGTACGCTGAAGCTGGGTAAACTGATTGCA 

G I S H E V C S L A G T L K L G K L I A  
TTCTACGATGACAACGGTATTTCTATCGATGGTCACGTTGAAGGCTGGTTCACCGACGAC 

F Y  D D N G I  ร I D G H V E G W F T D D  
ACCGCAATGCGTTTCGAAGCTTACGGCTGGCACGTTATTCGCGACATCGACGGTCATGAC 

T A M R F E A Y  G W H V I R D I D G H D  
GCGGCATCTATCAAACGCGCAGTAGAAGAAGCGCGCGCAGTGACTGACAAACCTTCCCTG 

A A S I K R A V E E A R A V T D K P S L  
CTGATGTGCAAAACCATCATCGGTTTCGGTTCCCCGAACAAAGCCGGTACCCACGACTCC 

L M C K T I I G F G S P N K A G T H D S  
CACGGTGCGCCGCTGGGCGACGCTGAAATTGCCCTGACCCGCGAACAACTGGGCTGGAAA 

H G A P L G D A E I  A L T R E Q L  G W K  
TATGCGCCGTTCGAAATCCCGTCTGAAATCTATGCTCAGTGGGATGCGÂAAGAAGCAGGC 

Y A P F E I P S E I  Y A Q W D A K E A G  
CAGGCGAAAGAATCCGCATGGAACGAGAAATTCGCTGCTTACGCGAAAGCTTATCCGCAG 

Q A K E S A W N  E K  F A A Y A K A Y P Q
( c o n t i n u e d )

Figure 3.23 The nucleotide sequence and the deduced amino acid sequence o f tktA 
gene o f recombinant plasmid pPT. The nucleotide sequence o f phedh gene at 
upstream o f tktA gene is indicated in purple. The T7 promoter, lac operator, ribosome 
binding site are indicated in orange, blue and green, respectively. The restriction sites 
EcoRV  and Xhol are shown by the underlined pink and red, respectively.
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( c o n t i n u e d )

961 GAAGCCGCTGAATTTACCCGCCGTATGAAAGGCGAAATGCCGTCTGACTTCGACGCTAAA
E A A E F T R R M K  G E M P S D F D A K  

1021 GCGAAAGAGTTCATCGCTAAACTGCAGGCTAATCCGGCGAAAATCGCCAGCCGTAAAGCG
A K E F I A K L  Q A  N P A K I A S R K A  

1081 TCTCAGAATGCTATCGAAGCGTTCGGTCCGCTGTTGCCGGAATTCCTCGGCGGTTCTGCT
S Q N A I E A F G P  L L P E F L G G S A  

1141 GACCTGGCGCCGTCTAACCTGACCCTGTGGTCTGGTTCTAAAGCAATCAACGAAGATGCT
D L A P S N L T  L W  S G S K A I N E D A  

12 01 GCGGGTAACTACATCCACTACGGTGTTCGCGAGTTCGGTATGACCGCGATTGCTAACGGT
A G N Y I H Y G V R  E F G M T A I A N G  

12 61 ATCTCCCTGCACGGTGGCTTCCTGCCGTACACCTCCACCTTCCTGATGTTCGTGGAATAC
I S L H G G F L  P Y  T S T F L M F V E Y  

1321 GCACGTAACGCCGTACGTATGGCTGCGCTGATGAAACAGCGTCAGGTGATGGTTTACACC
A R N A V R M A A L  M K Q R Q V M V Y T  

1381 CACGACTCCATCGGTCTGGGCGAAGACGGCCCGACTCACCAGCCGGTTGAGCAGGTCGCT
H D S I G L G E  D G  P T H Q P V E Q V A  

14 41 TCTCTGCGCGTAACCCCGAACATGTCTACATGGCGTCCGTGTGACCAGGTTGAATCCGCG
S L R V T P N M  S T  W R P C D Q V E S A  

1501 GTCGCGTGGAAATACGGTGTTGAGCGTCAGGACGGCCCGACCGCACTGATCCTCTCCCGT
V A W K Y G V E  R Q  D G P T A L I L S R  

1561 CAGAACCTGGCGCAGCAGGAACGAACTGAAGAGCAACTGGCAAACATCGCGCGCGGTGGT
Q N L A Q Q E R T E  E Q L A N I A R G G  

1621 TATGTGCTGAAAGACTGCGCCGGTCAGCCGGAACTGATTTTCATCGCTACCGGTTCAGAA
Y V L K D C A G Q P  E L I F I A T G S E  

1681 GTTGAACTGGCTGTTGCTGCCTACGAAAAACTGACTGCCGAAGGCGTGAAAGCGCGCGTG
V E L A V A A Y  E K  L T A E G V K A R V

17 41 GTGTCCATGCCGTCTACCGACGCATTTGACAAGCAGGATGCTGCTTACCGTGAATCCGTA
V S M P S T D A  F D  K Q D A A Y R E S V

18 01 CTGCCGAAAGCGGTTACTGCACGCGTTGCTGTAGAAGCGGGTATTGCTGACTACTGGTAC
L P K A V T A R V A V E A G I A D Y W Y  

18 61 AAGTATGTTGGCCTGAACGGTGCTATCGTCGGTATGACCACCTTCGGTGAATCTGCTCCG
K Y V G L N G A I V  G M T T F G E S A P  

1921 GCAGAGCTGCTGTTTGAAGAGTTCGGCTTCACTGTTGATAACGTTGTTGCGAAAGCAAAA
A E L L F E E F G F  T V D N V V A K A K  

1981 GAAC T GC T GTAACTCGÂGTC T GGTAAAGAAAC c  GC T GC T GC G AAAT T T G AAC GCC AGC AC
E L L *  ......

2041 ATGGACTCGTCTACTAGCGCAGCTTAAT

Figure 3.23 The nucleotide sequence and the deduced amino acid sequence o f tktA 
gene o f recombinant plasmid pPT. The nucleotide sequence o f phedh gene at 
upstream of tktA gene is indicated in purple. The T7 promoter, lac operator, ribosome 
binding site are indicated in orange, blue and green, respectively. The restriction sites 
EcoRV  andA7?oI are shown by the underlined pink and red, respectively.
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Figure 3.24 Electrophoretic patterns o f recombinant plasmid pPTF
A: PCR products o f glpF  preceded by l i la c  promoter (glpF  gene 

fragment) using various annealing temperatures 
Lane m = 100 bp DNA ladder

= annealing temperature o f 36.4'3C
= annealing temperature o f 38.2 °c

= annealing temperature o f 40.3 °c

= annealing temperature of 42.5 °c

= annealing temperature o f 44.7 °c

= annealing temperature o f 46.8 °c

= annealing temperature o f 48.5 °c

Lane 6

B: Restriction pattern o f pPTF
Lane m = 100 bp DNA ladder
Lane 1 = ATzoIAPacI-digested pPT
Lane 2-5 = ATîoI/PacI-digested pPTF
Lane 6 = PCR product o f  glpF  gene fragment
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glpF as shown in Figure 2.7A. The pPTF was transformed into E. coli BL21(DE3) 
competent cell and kanamycin-resistant colonies were selected on agarose gel. 
To analyze restriction pattern o f pPTF, it w as cut by Xhol and Pac\ leading to two 
separated fragments: the inserted fragment containing glpF gene (961 bp) and the part 
o f pPT (6,946 bp) (Figure 3.24B). The pPTF was confirmed the correct insertion by 
restriction enzyme digestion and DNA sequencing. The nucleotide sequence o f glpF 
gene o f pPTF is shown in Figure 3.25. It showed 100% sequence identity to glpF 
gene o f E. coli DH10B.

3.7.3 C lo n in g  o f  g lp F K  gene in to  a re c o m b in a n t p la sm id  p P T

The recombinant plasmid pPTFK containing phedh, tktA, glpF and glpK 
was constructed to be used as a source o f glpFK gene with its promoter for ease o f  
further cloning.

The constructed plasmid pGlpFK was used as a DNA template for 
amplification o f the glpFK flanking with promoter using 11-Xhol and glpK-PacI 
primers. The result from agarose gel electrophoresis is shown in Figure 3.26A. It was 
clear that all annealing temperatures yielded the expected DNA fragment 
approximately 2.5 kb corresponding to the sum o f the glpFK gene and the promoter 
lengths. However, a few non-specific bands were appeared. The expected fragment 
was recovered and ligated into pPT at Xhol and Pacl sites to create the 9,438 bp 
pPTFK vector as shown in Figure 2.7B. After transformation into competent E. coli 
BL21(DE3) host, the recombinant plasmid was confirmed by double digestion with 
BamHl and Xhol. The restriction pattern contained three bands o f 4,659 bp, 3,480 bp 
and 1,300 bp (Figure 3.26B) because each enzyme cloud digest at one site o f pPT and 
BamHl could cut glpK gene. As shown in Figure 3.27, the nucleotide sequence o f 
long fragment o f glpFK gene and its lilac  promoter (2,492 bp) inserted into pPT was 
verified by sequencing. The sequence showed 100% homology to glpFK gene o f  
E. coli DH10B reported in sequence database.

3.7.4 C lo n in g  o f  a ro B  gene in to  a re c o m b in a n t p la sm id  p P T F

To achieve the recombinant plasmid pPTFB carrying phedh, tktA, glpF 
and aroB, the digestions o f pAroB (4,883 bp) and pPTF (7,907 bp) with BamHl and
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TAATCGAAATTAAÎAC6ACTCACTA7AGGGGAATTG
TGAGCGGATAACAATTCCCCATCTTAGTATATTAGTTAAGTATAAGAAGGAGATATACAT
ATGAGTCAAACATCAACCTTGAAAGGCCAGTGCATTGCTGAATTCCTCGGTACCGGGTTG 

M S Q T S T L K G Q C I A E F L G T G L  
TTGATTTTCTTCGGTGTGGGTTGCGTTGCAGCACTAAAAGTCGCTGGTGCGTCTTTTGGT 

L I  F F G V G C V A A L  K V A G A S  F G  
CAGTGGGAAATCAGTGTCATTTGGGGACTGGGGGTGGCAATGGCCATCTACCTGACCGCA 

Q W E I  S V I W G L  G V A M A I Y L T A  
GGGGTTTCCGGCGCGCATCTTAATCCCGCTGTTACCATTGCATTGTGGCTGTTTGCCTGT 

G V S G A H L N  P A V T I A L W L F A C  
TTCGACAAGCGCAAAGTTATTCCTTTTATCGTTTCACAAGTTGCCGGCGCTTTCTGTGCT 

F D K R K V I P F I V S Q V A G A F C A  
GCGGCTTTAGTTTACGGGCTTTACTACAATTTATTTTTCGACTTCGAGCAGACTCATCAC 

A A L V Y G L Y Y N L F F D F E Q T H H  
ATTGTTCGCGGCAGCGTTGAAAGTGTTGATCTGGCTGGCACTTTCTCTACTTACCCTAAT 

I V R G S V E S V D L A G T F S T Y P N  
CCTCATATCAATTTTGTGCAGGCTTTCGCAGTTGAGATGGTGATTACCGCTATTCTGATG 

P H I N F V Q A F A V E M V I T A I L M  
GGGCTGATCCTGGCGTTAACGGACGATGGCAACGGTGTACCACGCGGCCCTTTGGCTCCC 

G L I L A L T D D G N G V P R G P L A P  
TTGCTGATTGGTCTACTGATTGCGGTCATTGGCGCATCTATGGGCCCATTGACAGGTTTT 

L L I G L L I A V I  G A S M G P L T G F  
GCCATGAACCCAGCGCGTGACTTCGGTCCGAAAGTCTTTGCCTGGCTGGCGGGCTGGGGC 

A M N P A R D F G P K V F A W L A G W G  
AATGTCGCCTTTACCGGCGGCAGAGACATTCCTTACTTCCTGGTGCCGCTTTTCGGCCCT 

N V A F T G G R D I  P Y F L V P L F G P  
ATCGTTGGCGCGATTGTAGGTGCATTTGCCTACCGCAAACTGATTGGTCGCCATTTGCCT 

I V G A I V G A F A Y R K L I G R H L P  
TGCGATATCTGTGTTGTGGAAGAAAAGGAAACCACAACTCCTTCAGAACAAAAAGCTTCG 

C D I C V V E E K E T T T P S E Q K A S  
CTGTAATAATTAA 

L *

Figure 3.25 The nucleotide sequence and the deduced amino acid sequence o f glpF 
gene o f recombinant plasmid pPTF. The T7 promoter, lac operator, ribosome binding 
site are indicated in orange, blue and green, respectively. The Pac\ restriction site is 
shown by the underlined red, respectively.
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Figure 3.26 Electrophoretic patterns o f recombinant plasmid pPTFK
A: PCR products o f glpFK  preceded by Tllac  promoter (glpFK gene 

fragment) using various annealing temperatures 
Lane m = 100 bp DNA ladder 
Lane 1 = annealing temperature o f 46.4°c 

Lane 2 = annealing temperature o f 48.9 °c  

Lane 3 = annealing temperature o f 51.0 °c  

Lane 4 = annealing temperature o f 52.7 °c 

Lane 5 = annealing temperature o f 53.8 °c  

Lane 6 = annealing temperature o f 55.0 °c  

B: Restriction pattern o f pPTFK
Lane m = 100 bp DNA ladder 
Lane 1 = RawHI/ATwI-digested pPT
Lane 2-4 = BamHl/Xhol-digested pPTFK
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-1 2 3  GAC

-1 2  0 GTCGGTACCCTCGAGACGGCCGCATAATCGAAATTAATACGACTCACTATAGGGGAATTG
-6 0  TGAGCGGATAACAATTCCCCATCTTAGTATATTAGTTAAGTATAAGAAGGAGATATACAT

X ATGAGTCAAACATCAACCTTGAAAGGCCAGÏGCÀTÏGCÏGAATTCCTCGGTACCGGGTTG
M ร Q T ร T L K G Q c  I A E F L G T G L

61 TTGATTTTCTTCGGTGTGGGTTGCGTYGCAGCACTAAAAGTCGCTGGTGCGTCTTTTGGT
L I F F G V G C V A A L K V A G A ร F G

121 CAGTGGGAAATCAGTGTCATTTGGGGACTGGGGGTGGCAATGGCCATCTACCTGACCGCA
Q พ F I S  Y I  พ G L G V A M A I  Y L T A

181 GGGGTTTCCGGCGCGCATCTTAATCCCGCYGTTACCATTGCÂTTGTGGCTGTTTGCCTGT
G V ร G A H L N P A V T I  A L พ L F A c

241 TTCGACAAGCGCAAAGTTATTCCTTTTATCGTTTCACAAGTTGCCGGCGCTTTCTGTGCT
F D K R K V I P F I  V ร Q Y A G A F c  A

301 GCGGCTTTAGTTTACGGGCTTTACTACAATTTATTTTTCGACTTCGAGCAGACTCATCAC
A A L V Y G L Y Y N L F F D F E Q T H H

3 61 ATTGTTCGCGGCAGCGTTGAAAGTGTTGATCTGGCTGGCACTTTCTCTACTÏACCCTAAT
I Y R G ร V E ร V D L A G T F ร T Y P N

421 CCTCATATCAATTTTGTGCAGGCTTTCGCAGTTGAGATGGTGATTACCGCTATTCTGATG
P H I N F V Q A F A V F, M V I T A I  L M

4 81 GGGCTGATCCTGGCGTTAACGGACGATGGCAACGGTGTACCACGCGGCCCTTTGGCTCCC
G L I L A L T D D G N G V P R G P L A P  

541 TTGCTGATTGGTCTACTGATTGCGGTCATTGGCGCATCTATGGGCCCATTGACAGGTTTT
L L I G L L I A V I  G A S M G P L T G F

601 GCCATGAACCCAGCGCGTGACTTCGGTCCGAAAGTCTTTGCCTGGCTGGCGGGCTGGGGC
A M N P A R D F G P K V F A พ L A G พ G

661 AATGTCGCCTTTACCGGCGGCAGAGACATTCCTTACTTCCTGGTGCCGCTTTTCGGCCCT
N V A F T G G R D I  P Y F L V P L F G P

721 ATCGTTGGCGCGATTGTAGGTGCATTTGCCTACCGCAAACTGATTGGTCGCCATTTGCCT
I V G A I  V G A F A Y R K L J G R H L P

7 81 TGCGATATCTGTGTTGTGGAAGAAAAGGAAACCACAACTCCTTCAGAACAAAAAGCTTCG
C D I C V V E E K E T T T P S E Q K A ร

8 4 1 CTGTAATATGACTACGGGACAATTAAACATGACTGAAAAAAAATATATCGTTGCGCTCGA
L * M T E K K Y I  V A L D

901 CCAGGGCACCACCAGCTCCCGCGCGGTCGTAATGGATCACGATGCCAATATCATTAGCGT
Q G T T ร ร R A V V M D H D A N I  I  ร V

9 61 GTCGCAGCGCGAATTTGAGCAAATCTACCCAAAACCAGGTTGGGTAGAACACGACCCAAT
S Q R E F E Q I Y  P K P G พ Y E H D P M

1021 GGAAATCTGGGCCACCCAAAGC T CCACGC T GGT AGAAGT GC TGGC GAAAGCCGATATC AG
E I W A T Q S S T L V  E V L A K  A D I  ร 

1081 TTCCGATCAAATTGCAGCTATCGGTATTACGAACCAGCGTGAAACCACTATTGTCTGGGA
S D Q I A A I G I T N Q R E T T I V W E

( c o n t i n u e d )

Figure 3.27 The nucleotide sequence and the deduced amino acid sequence o f glpFK 
gene o f recombinant plasmid pPTFK. The T7 promoter, lac operator and ribosome 
binding site are indicated in orange, blue and green, respectively. The restriction sites 
Xlw\ and Pacl are shown by the underlined pink and red, respectively. The nucleotide 
sequences and the deduced amino acid sequences o f glpF  and glpK  genes are 
indicated in brown and purple, respectively.
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( c o n t i n u e d )

1141
1201

1261
1321
1381
1441
1501
1561
1621
1681
1741
1801
1861
1921
1981
2041
2101

1261
2221

2281
2341

AAAAGAAACCGGCAAGCCTATCTATAACGCCATTGTCTGGCAGTGCCGTCGTACCGCAGA 
K E T G K P I Y N A I V W Q C R R T A E  

AATCTGCGAGCATTTAAAACGTGACGGTTTAGAAGATTATATCCGCAGCAATACCGGTCT 
I C E H L K R D G L  E D Y I  R S N T G L  

GGTGATTGACCCGTACTTTTCTGGCACCAAAGTGAAGTGGATCCTCGACCATGTGGAAGG 
V I D P Y F S G T K V  K W I L D H V  E G  

CTCTCGCGAGCGTGCACGTCGTGGTGAATTGCTGTTTGGTACGGTTGATACGTGGCTTAT 
S R E R A R R G E L L F G T V D T W L I  

CTGGAAAATGACTCAGGGCCGTGTCCATGTGACCGATTACACCAACGCCTCTCGTACCAT 
W K M T Q G R V H V T D Y T N A S R T M  

GTTGTTCAACATCCATACCCTGGACTGGGACGACAAAATGCTGGAAGTGCTGGATATTCC 
L F N I H T L D W D D K M L E V L D I P  

GCGCGAGATGCTGCCAGAAGTGCGTCGTTCTTCCGAAGTATACGGTCAGACTAACATTGG 
R E M L P E V R R S S E V Y G Q T N I G  

CGGCAAAGGCGGCACGCGTATTCCAATCTCCGGGATCGCCGGTGACCAGCAGGCCGCGCT 
G K G G T  R I  P I  ร G I A G D Q Q A A L  

GTTTGGTCAGTTGTGCGTGAAAGAAGGGATGGCGAAGAACACCTATGGCACTGGCTGCTT 
F G Q L C V K E G M A K N T Y G T G C F  

TATGCTGATGAACACTGGCGAGAAAGCGGTGAAATCAGAAAACGGCCTGCTGACCACCAT 
M L M N T G E K A V K S E N G L L T T I  

CGCCTGCGGCCCGACTGGCGAAGTGAACTATGCGTTGGAAGGTGCGGTGTTTATGGCAGG 
A C G P T G E V N Y  A L E G A V F M A G  

CGCATCCATTCAGTGGCTGCGCGATGAAATGAAGTTGATTAACGACGCCTACGATTCCGA 
A S I Q W L R D E M K L I N D A Y D S E  

ATATTTCGCCACCAAAGTGCAAAACACCAATGGTGTGTATGTGGTTCCGGCATTTACCGG 
Y F A T K V Q N T N  G V Y V V P A  F T G  

GCTGGGTGCGCCGTACTGGGACCCGTATGCGCGCGGGGCGATTTTCGGTCTGACTCGTGG 
L G A P Y W D P Y A R G A I F G L T R G  

GGTGAACGCTAACCACATTATACGCGCGACGCTGGAGTCTATTGCTTATCAGACGCGTGA 
V N A N H I  I  R A T  L E S I A Y Q T R D  

CGTGCTGGAAGCGATGCAGGCCGACTCTGGTATCCGTCTGCACGCCCTGCGCGTGGATGG 
V L E A M Q A D S G  I  R L H A L R V D G  

TGGCGCAGTAGCAAACAATTTCCTGATGCAGTTCCAGTCCGATATTCTCGGCACCCGCGT 
G A V A N N  F L M Q  F Q S D I L G T R V  

TGAGCGCCCGGAAGTGCGCGAAGTCACCGCATTGGGTGCGGCCTATCTCGCAGGCCTGGC 
E R P E V R E V T A L G A A Y L A G L A  

GGTTGGCTTCTGGCAGAACCTCGACGAGCTGCAAGAGAAAGCGGTGATTGAGCGCGAGTT 
V G F W Q N L D E L Q E K A V I E R E F  

CCGTCCAGGCATCGAAACCACTGAGCGTAATTACCGTTACGCAGGCTGGAAAAAAGCGGT 
R P G I E T T E R N Y R Y A G W K K A V  

TAAACGCGCGATGGCGTGGGAAGAACACGACGAATAATAATTAA 
K R A M A W E E H D E * '

Figure 3.27 The nucleotide sequence and the deduced amino acid sequence o f glpFK 
gene o f recombinant plasmid pPTFK. The T7 promoter, lac operator and ribosome 
binding site are indicated in orange, blue and green, respectively. The restriction sites 
Xhol and P ad  are shown by the underlined pink and red, respectively. The nucleotide 
sequences and the deduced amino acid sequences o f glpF  and g/pK  genes are 
indicated in brown and purple, respectively.
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Xbal were performed to get the desirable fragments for cloning (Figure 2.8A). 
For pPTF digestion, the shorter BamYll-Xbal fragment o f 1,521 bp was removed 
whereas the longer fragment o f 6,386 bp containing phedh, tktA, and glpF was eluted 
from agarose gel. For pAroB digestion, the BamHl-Xbal fragment o f 2,575 bp 
containing the aroB gene was purified from gel and ligated with the prepared 
fragment o f  6,386 bp resulting in recombinant plasmid pPTFB (8,961 bp). Each 
fragment for ligation is shown in agrose gel (Figure 3.28A). Though the two similar 
sizes o f resulting restriction fragments o f pAroB were separated on 1.4% agrose gel 
before gel extraction, it was still difficult to purify the desired fragment (2,575 bp) 
from the contaminated 2,308 bp fragment of. However, the undesirable recombinant 
plasmid could be excluded by mobility o f recombinant plasmid during rapid selection 
on agarose gel electrophoresis as section 2.9.4.5.1. This pPTFB plasmid was 
transformed into competent E. coli BL21(DE3) and transformant was selected on 
agarose gel. After digestion o f pPTFB with BamHl and Xbal, the two fragments o f  
6,386 bp and 2,575 bp were separated (Figure 3.28B).

3.7.5 C lo n in g  o f  a ro L  gene in to  a re c o m b in a n t p la sm id  p P T F B

The engineered plasmid pPTFBL harbouring phedh, glpF, aroB and aroL 
was created by the fragment combination between the restriction fragments from 
pPTFB and pAroL digestions. The pPTFB plasmid (8,961 bp) was digested with 
B a mill and BsrGl to remove the 84 bp BamHl-BsrGl fragment. The retaining 
fragment (8,877 bp) was inserted with the target fragment. The target fragment o f 702 
bp containing the aroL gene was prepared by digestion o f pAroL (4,447 bp) with 
the same restriction enzymes. After purification o f the specified fragments, both were 
treated with ligase to give pPTFBL (9,579 bp) as in Figure 2.8B and then introduced 
into E. coli BL21(DE3) host cell. The recombinant cells containing pPTFBL were 
selected and their recombinant plasmids were cut with BamYll and BsrGl. 
The digestion o f recombinant plasmid with right cloning needed to be composed o f  
two fragments that were 8,877 bp and 702 bp as in Figure 3.29.
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Figure 3.28 Electrophoretic patterns o f  recombinant plasmid pPTFB 
A: Pattern o f digested fragments 

Lane m = 100 bp DN A ladder 
Lane 1 = ftamHI/A2>aI-digested fragment o f pPTF 
Lane 2 = EcoRV/ATjoI-digested fragment o f pAroB 

B: Restriction pattern o f pPTFB
Lane m = 1 0 0  bp DNA ladder
Lane 1-5 = ZtamFlI/ATîoI-digested pPTFB

in 1 2 3 4 5 6 7 8 9 10 in

Figure 3.29 Restriction pattern o f recombinant plasmid pPTFBL 
Lane m = 100 bp DNA ladder 
Lane 1 = fta/TzHI/fErGI-digested pPTFB
Lane 2-9 = .Sa/wHI/ifsT-GI-digested pPTFBL 
Lane 10 = RamPIIARsrGI-digested pAroL
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3 . 7 . 6  C l o n i n g  o iy d d G  g e n e  i n t o  a  r e c o m b i n a n t  p l a s m i d  p P T F B L

3 . 7 . 6 . 1  C l o n i n g  o f yddG  g e n e  i n t o  a  r e c o m b i n a n t  p l a s m i d  p A r o L

T o  c o n s t r u c t  t h e  p P T F B L  Y  c a r r y i n g  phedh ,  tktA, g lpF , aroB, aroL 

a n d  yddG, t h e  r e c o m b i n a n t  p l a s m i d  p L Y  c o n t a i n i n g  aroL  a n d  yddG  g e n e s  w a s  f i r s t  

g e n e r a t e d  s o  t h a t  i t  w a s  u s e d  a s  s o u r c e  o f  b o t h  aroL  a n d  yddG  g e n e s  f o r  i n s e r t i o n  t o  

p P T F B .  T h e  c o n s t r u c t e d  p A r o L  w a s  u s e d  a s  b a c k b o n e  p l a s m i d  f o r  i n s e r t i o n  o f  

the yddG  g e n e  f r a g m e n t  f r o m  d i g e s t e d  p Y d d G .  T h e  p Y d d G  ( 4 , 8 0 5  b p )  w a s  d i g e s t e d  

w i t h  Ascl a n d  H in d lll  t o  r e c o v e r  t h e  t a r g e t  f r a g m e n t  ( 9 9 4  b p )  c o n t a i n i n g  t h e  yddG 

g e n e  w i t h  i t s  p r o m o t e r ,  w h i l e  t h e  3 , 8 1 1  b p  f r a g m e n t  w a s  e l i m i n a t e d .  S i m i l a r l y ,  

t h e  p A r o L  w a s  d i g e s t e d  w i t h  t h e  s a m e  r e s t r i c t i o n  e n d o n u c l e a s e s .  T h e  t a r g e t  f r a g m e n t  

w a s  c l o n e d  i n t o  t h e  A sc l-H in d lll p A r o L  v e c t o r  ( 4 , 4 2 9  b p )  l e a d i n g  t o  p L Y  ( 5 , 4 2 3  b p )  

a s  i n  F i g u r e  2 . 9 A .  A f t e r  t r a n s f o r m e d  t o  h o s t  c e l l ,  p L Y  w a s  e x t r a c t e d  a n d  v e r i f i e d  b y  

d i g e s t i o n  w i t h  Ascl a n d  H in d lll.  T h e  t w o  o b t a i n e d  f r a g m e n t s  o f  4 , 4 2 9  b p  a n d  9 9 4  b p  

a r e  s h o w n  i n  F i g u r e  3 . 3 0 .

3 . 7 . 6 . 2  C l o n i n g  o f  A ro L  a n d  yd d G  g e n e s  i n t o  a  r e c o m b i n a n t  p l a s m i d

p P T F B
T o  o b t a i n  r e c o m b i n a n t  p l a s m i d  p P T F B L Y ,  t h e  c o n s t r u c t e d  

p l a s m i d s  p P T F B  a n d  p L Y  w e r e  u s e d .  T h e  b a c k b o n e  p l a s m i d  p P T F B  w a s  p r e p a r e d  b y  

c l e a v i n g  w i t h  BamYll a n d  A fin  t o  g i v e  t h e  8 , 9 0 4  b p  f r a g m e n t .  T h e  p L Y  w a s  d i g e s t e d  

w i t h  t h e  s a m e  r e s t r i c t i o n  e n z y m e s  a n d  t h e  1 , 6 5 1  b p  f r a g m e n t  c o n t a i n i n g  b o t h  aroL 

a n d  yddG  g e n e s  w a s  p u r i f i e d  f r o m  t h e  g e l .  T h e  d e s i r e d  f r a g m e n t  o f  1 , 6 5 1  b p  w a s  

c l o n e d  i n t o  t h e  BamYYl-Aflll p P T F B  v e c t o r  t o  g e t  p P T F B L Y  ( 1 0 , 5 5 5  b p )  a s  i n  F i g u r e  

2 . 9 B .  T h e  p r e p a r e d  p l a s m i d  w a s  t r a n s f o r m e d  t o  c o m p e t e n t  c e l l .  T o  c o n f i r m  w h e t h e r  

c l o n i n g  w a s  c o r r e c t ,  t h e  p l a s m i d  p P T F B L Y  w a s  e x t r a c t e d  a n d  d i g e s t e d  w i t h  BamYll 

a n d  AflW  a s  s h o w n  i n  F i g u r e  3 . 3 1 .  T h e  r e s t r i c t i o n  f r a g m e n t s  o f  8 , 9 0 4  b p  a n d  1 , 6 5 1  b p  

w e r e  o b t a i n e d .
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F i g u r e  3 . 3 0  R e s t r i c t i o n  p a t t e r n  o f  r e c o m b i n a n t  p l a s m i d  p L Y  

L a n e  m  =  1 0 0  b p  D N A  l a d d e r  

L a n e  1 =  y N c I / T / m d l l l - d i g e s t e d  p A r o L

L a n e  2 - 7  =  ^ 5 c I / / / m d I I I - d i g e s t e d  p L Y  

L a n e  8  =  . d s d / T / m d l l l - d i g e s t e d  p Y d d G

m  1 2 3 4 5 6 7 in

F i g u r e  3 . 3 1  R e s t r i c t i o n  p a t t e r n  o f  r e c o m b i n a n t  p l a s m i d  p P T F B L Y  

L a n e  m  =  1 0 0  b p  D N A  l a d d e r  

L a n e  1 =  Z t a w H I / 4 / 7 I I - d i g e s t e d  p P T F B

L a n e  2 - 6  =  Z L ™ H I / 4 / 7 I I - d i g e s t e d  p P T F B L Y  

L a n e  7  =  5 n / n H I / 4 / 7 I I - d i g e s t e d  p L Y
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3 . 7 . 7  C l o n i n g  o f p it eA  g e n e  i n t o  a  r e c o m b i n a n t  p l a s m i d  p P T F B L Y

T h e  r e c o m b i n a n t  p l a s m i d  p P T F B L Y A  c a r r y i n g  phedh ,  tktA, g lpF , aroB ,  

aroL, yddG  a n d  pheA  w a s  c r e a t e d  u s i n g  s i m i l a r  s t r a t e g y  o f  p r e v i o u s  c o n s t r u c t e d  

p P T F B L Y .

3 . 7 . 7 . 1  C l o n i n g  o f  pheA  g e n e  i n t o  a  r e c o m b i n a n t  p l a s m i d  p L Y

F i r s t l y ,  t h e  t h r e e  g e n e s ,  a ro L ,  yddG  a n d  pheA ,  w e r e  d e p o s i t e d  i n  

t h e  s a m e  p R S F D u e t - 1  v e c t o r  r e s u l t i n g  i n  p L Y A .  T h i s  p l a s m i d  w a s  u s e d  a s  s o u r c e  o f  

g e n e s  t o  f a c i l i t a t e  c o n s t r u c t i o n  o f  p P T F B L Y A  f r o m  i n i t i a l  v e c t o r  p P T F B .  T h e  p L Y A  

w a s  c o n s t r u c t e d  b y  t h e  i n s e r t i o n  o f  t h e  pheA  g e n e  f r a g m e n t  f r o m  p P h e A  i n t o  

b a c k b o n e  v e c t o r  p L Y  a t  t h e  r e c o g n i t i o n  s i t e s  o f  / / / m i n i  a n d  BsrG l. T h e  p P h e A  w a s  

d i g e s t e d  w i t h  H in d lll  a n d  BsrG l t o  d e l e t e  t h e  u n w a n t e d  f r a g m e n t  o f  3 , 7 8 2  b p  a n d  t o  

r e c o v e r  t h e  d e s i r e d  f r a g m e n t  o f  1 , 2 9 6  b p  c o n t a i n i n g  L ila c  p r o m o t e r  f o l l o w e d  b y  

t h e  pheA  g e n e .  A t  t h e  s a m e  t i m e ,  p L Y  w a s  d i g e s t e d  w i t h  t h e  s a m e  r e s t r i c t i o n  e n z y m e s  

l e a d i n g  t o  t h e  5 , 3 7 6  b p  p o t e n t i a l  v e c t o r  c o n t a i n i n g  aroL  a n d  yddG  g e n e s .  T h e  pheA 

f r a g m e n t  w a s  c l o n e d  i n t o  t h e  v e c t o r  t o  g e n e r a t e  p L Y A  ( 6 , 6 7 2  b p )  a s  s h o w n  i n  F i g u r e  

2 . 1 0 A .  A f t e r  t r a n s f o r m a t i o n ,  E. co li B L 2 1 ( D E 3 )  c o n t a i n i n g  p L Y A  w a s  s e l e c t e d  a n d  

i t s  p l a s m i d  w a s  c o n f i r m e d  b y  c u t t i n g  w i t h  HindlW  a n d  BsrG l a s  s h o w n  i n  F i g u r e  

3 . 3 2 .

3 . 7 . 7 . 2  C l o n i n g  o f  A ro L , yddG  a n d  pheA  g e n e s  i n t o  a  r e c o m b i n a n t  

p l a s m i d  p P T F B

T h e  p L Y A  w a s  c u t  w i t h  BamYW a n d  A fin  t o  g i v e  t h e  2 , 9 0 0  b p  

D N A  c a s s e t t e  c o n t a i n i n g  aroL, yddG  a n d  pheA  g e n e s  a n d  t h e  u n d e s i r a b l e  f r a g m e n t  o f  

3 , 7 7 2  b p .  T h e  d e s i r e d  f r a g m e n t  2 , 9 0 0  b p  w a s  p u r i f i e d  f r o m  t h e  g e l  a n d  l i g a t e d  t o  

t h e  Bam W l-A flll p P T F B  f r a g m e n t  o f  8 , 9 0 4  b p  r e s u l t i n g  i n  p P T F B L Y A  ( 1 1 , 8 0 4  b p )  a s  

s h o w n  i n  F i g u r e  2 . 1 0 B .  B o t h  s p e c i f i e d  f r a g m e n t s  f o r  c l o n i n g  w e r e  r u n  o n  a g a r o s e  g e l  

( F i g u r e  3 . 3 3 A ) .  T h e n ,  t h e  p P T F B L Y A  v e c t o r  w a s  i n t r o d u c e d  i n t o  h o s t  c e l l  t o  p r o d u c e  

E. co li B L 2 1 ( D E 3 ) / p P T F B L Y A  c l o n e .  A n  e x p e c t e d  E. co li c l o n e  w a s  s e l e c t e d  a n d  

t h e  p P T F B L Y A  w a s  v e r i f i e d  b y  d i g e s t i o n  w i t h  a p p r o p r i a t e d  r e s t r i c t i o n  e n z y m e  Nde I .  

T h e  r e s t r i c t i o n  p a t t e r n  a n a l y s i s  o f  p P T F B L Y A  w i t h  Ndel i s  s h o w n  i n  F i g u r e  3 . 3 3 B .  

I t  c o n t a i n e d  t h e  s e v e n  f r a g m e n t s  o f  5 2 7 5 ,  2 1 0 3 ,  1 2 9 8 ,  1 2 5 4 ,  9 9 0 ,  6 3 8  a n d  2 4 6  b p
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F i g u r e  3 . 3 2  R e s t r i c t i o n  p a t t e r n  o f  r e c o m b i n a n t  p l a s m i d  p L Y A  

L a n e  m  =  1 0 0  b p  D N A  l a d d e r

L a n e  1 =  / / / « d l l l / R y r G I - d i g e s t e d  p L Y

L a n e  2 - 9  =  / / i « d I I I / J 9 s r G I - d i g e s t e d  p L Y A

L a n e  1 0  =  / / / n d l l l / i f o r G I - d i g e s t e d  p P h e A

A  B

in 1 2 m l

F i g u r e  3 . 3 3  E l e c t r o p h o r e t i c  p a t t e r n s  o f  r e c o m b i n a n t  p l a s m i d  p P T F B L Y A  

A :  P a t t e r n  o f  d i g e s t e d  f r a g m e n t s  

L a n e  m  =  1 0 0  b p  D N  A  l a d d e r  

L a n e  1 =  5 a w 7 H I / 4 / 7 I I - d i g e s t e d  f r a g m e n t  o f  p P T F B  

L a n e  2  =  R a / ? ? H I / 4 / n i - d i g e s t e d  f r a g m e n t  o f  p L Y A  

B :  R e s t r i c t i o n  p a t t e r n  o f  p P T F B L Y A  

L a n e  m  =  1 0 0  b p  D N  A  l a d d e r  

L a n e  1 =  A f c f e l - d i g e s t e d  p P T F B L Y A
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b e c a u s e  t h e  r e c o g n i t i o n  s i t e s  o f  Ndel l o c a t e d  a t  9 5 4 ,  1 2 0 0 ,  1 8 3 8 ,  2 8 2 8 ,  4 1 2 6 ,  5 3 8 0  

a n d  7 4 8 3  b p  o f  p P T F B L Y A .

3 . 7 . 8  C l o n i n g  o f yd d G  g e n e  i n t o  a  r e c o m b i n a n t  p l a s m i d  p P h e D H

T o  p r o v e  w h e t h e r  o v e r e x p r e s s i o n  o f  yddG  g e n e  i n  E. co li B L 2 1 ( D E 3 )  

c o n t a i n i n g  phedh  g e n e  c o u l d  i m p r o v e  t h e  p r o d u c t i o n  o f  L - P h e ,  b o t h  phedh  a n d  yddG 

g e n e s  w e r e  c l o n e d  i n t o  t h e  s i n g l e  p R S F D u e t - 1  t o  g e t  p P Y .  T h e  p Y d d G  w a s  d i g e s t e d  

w i t h  BamHl a n d  4 / 7 I I  t o  g e n e r a t e  t h e  1 , 0 3 3  b p  d e s i r a b l e  f r a g m e n t  c o n t a i n i n g  

t h e  yddG  g e n e  t o g e t h e r  i t s  p r o m o t e r  a n d  t h e  u n w a n t e d  f r a g m e n t  o f  3 , 7 7 2  b p  w h i c h  

w a s  t h e  B a m H l-A flll p R S F D u e t - 1  v e c t o r  p a r t .  T h e n ,  t h e  e l i g i b l e  f r a g m e n t  w a s  

p u r i f i e d  f r o m  g e l  a n d  c l o n e d  t o  t h e  b a c k b o n e  p l a s m i d  p P h e D H  ( 4 , 8 9 8  b p )  l e a d i n g  t o  

p P Y  ( 5 , 9 3 1  b p )  ( F i g u r e  2 . 1 1  A ) .  A f t e r  t r a n s f o r m a t i o n  i n t o  E. co li h o s t  c e l l ,  p o t e n t i a l  

c e l l s  c o n t a i n i n g  p P Y  w e r e  s e l e c t e d  a n d  t h e i r  p l a s m i d s  w e r e  a n a l y z e d  b y  d i g e s t i o n  

w i t h  Bam Hl a n d  A f i l l .  T h e  r e s t r i c t i o n  p a t t e r n  o f  p P Y  c o m p o s e d  o f  t w o  f r a g m e n t s  o f  

4 , 8 9 8  b p  a n d  1 , 0 3 3  b p  ( F i g u r e  3 . 3 4 ) .

3 . 7 . 9  C l o n i n g  o f  g lp F  g e n e  i n t o  a  r e c o m b i n a n t  p l a s m i d  p P Y

I n  o r d e r  t o  s t u d y  w h e t h e r  t h e  g lp F  o v e r e x p r e s s i o n  a l o n g  w i t h  phedh  a n d  

yddG  g e n e s  i n  E. co li w o u l d  a f f e c t  o n  i n c r e a s i n g  o f  L - P h e  p r o d u c t i o n ,  E. co li 

B L 2 1 ( D E 3 )  c o n t a i n i n g  p P Y F  (phedh, yddG  a n d  g lp F  g e n e s )  w a s  d e s i g n e d .  

T h e  r e c o m b i n a n t  p l a s m i d  p P Y F  w a s  p r o d u c e d  b y  t h e  i n s e r t i o n  o f  D N A  f r a g m e n t  

c o n t a i n i n g  phedh  a n d  yddG  g e n e s  i n t o  t h e  p P T F  i n  w h i c h  t h e  f r a g m e n t  c o n t a i n i n g  

phedh  a n d  tktA  g e n e  w a s  r e m o v e d .  A f t e r  d i g e s t i o n  o f  b o t h  p P Y  a n d  p P T F  w i t h  

BamHl a n d  X hol, t h e  2 , 3 5 0  b p  d e f i n e d  f r a g m e n t  c o n t a i n i n g  phedh  a n d  yddG  g e n e s  o f  

p P Y  d i g e s t i o n  w a s  p u r i f i e d  f r o m  g e l .  T h e  4 , 4 6 7  b p  f r a g m e n t  o f  p P T F  d i g e s t i o n  a c t e d  

a s  v e c t o r  i n s e r t e d  w i t h  g lp F  g e n e  w a s  a l s o  r e c o v e r e d .  A f t e r  b o t h  o f  t h e s e  f r a g m e n t s  

h a d  b e e n  c o m b i n e d  b y  l i g a s e  p r o d u c i n g  p P Y F  ( 6 , 8 1 7  b p )  ( F i g u r e  2 . 1  I B ) ,  t h e  l i g a t i o n  

p r o d u c t  w a s  t r a n s f o r m e d  t o  E. co li c o m p e t e n t  c e l l  a n d  t h e  d e f i n e d  e n g i n e e r e d  

c l o n e / p P Y F  w a s  e x a m i n e d .  A f t e r  d i g e s t i o n  o f  p P Y F  w i t h  Bam Hl a n d  X hol, 

t h e  r e s t r i c t i o n  f r a g m e n t s  o f  4 , 4 6 7  a n d  2 , 3 5 0  b p  w e r e  o b t a i n e d  ( F i g u r e  3 . 3 5 ) .
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111 1 2 3 4 5 6 7 8 9  10 111

F i g u r e  3 . 3 4  R e s t r i c t i o n  p a t t e r n  o f  r e c o m b i n a n t  p l a s m i d  p P Y  

L a n e  m  =  1 0 0  b p  D N  A  l a d d e r  

L a n e  1 =  5 a / w H I / 4 / ? I I - d i g e s t e d  p P h e D H

L a n e  2 - 9  =  i ? a ? « H I / 4 / 7 I I - d i g e s t e d  p P Y  

L a n e  1 0  =  5 a w H I / 4 / n i - d i g e s t e d  p Y d d G

F i g u r e  3 . 3 5  R e s t r i c t i o n  p a t t e r n  o f  r e c o m b i n a n t  p l a s m i d  p P Y F  

L a n e  m  =  1 0 0  b p  D N A  l a d d e r

L a n e  1 =  i t a m H I / A T i o I - d i g e s t e d  p P T F

L a n e  2 - 1 0  =  f t a w î H I / A T i o I - d i g e s t e d  p P Y F

L a n e  1 1  =  F Y / m H I / J f t o I - d i g e s t e d  p P Y
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3 . 7 . 1 0  C l o n i n g  o f  g lp F K  g e n e  i n t o  a  r e c o m b i n a n t  p l a s m i d  p P Y

T o  e l u c i d a t e  w h e t h e r  t h e  c o - e x i s t e n c e  o f  t h e  g lpK  g e n e  p r e v e n t e d  

t h e  r e v e r s e  o f  c y t o p l a s m i c  g l y c e r o l  t o  e x t e r i o r  w i t h  phedh, yddG  a n d  g lpF  g e n e s  i n  

p R S F D u e t - 1  v e c t o r  w a s  r e s p o n s i b l e  f o r  a n  i n c r e a s e  i n  L - P h e  p r o d u c t i o n ,  

t h e  r e c o m b i n a n t  p l a s m i d  p P Y F K  c o n t a i n i n g  f o u r  g e n e s  {phedh ,  yddG ,  g lpF  a n d  g lpK  

g e n e s )  w a s  c o n s t r u c t e d .  T h e  5 , 8 5 6  b p  f r a g m e n t  c o n t a i n i n g  phedh  a n d  yddG  w a s  

r e c o v e r e d  f r o m  t h e  Xho\ a n d  P a d - d i g e s t e d  p P Y  r e a c t i o n  a n d  a c t e d  a s  b a c k b o n e  

p l a s m i d .  A f t e r  t h e  d i g e s t i o n  o f  p P T F K ,  t h e  t a r g e t  f r a g m e n t  o f  2 , 4 9 3  b p  c o n t a i n i n g  

t h e  g lpF  a n d  g lpK  g e n e s  w a s  s e p a r a t e d  a p a r t  f r o m  t h e  u n d e s i r a b l e  f r a g m e n t  o f  6 , 9 4 5  

b p .  T h e  t w o  s p e c i f i e d  f r a g m e n t s  w a s  l i g a t e d  t o  y i e l d  p P Y F K  ( 8 , 3 4 8  b p )  ( F i g u r e  

2 . 1 2 A )  a n d  t r a n s f o r m e d  i n t o  E. coli. T h e  e n g i n e e r e d  E. coin p P Y F  w a s  s e l e c t e d  a n d  

t h e  s u c c e s s f u l  o f  c l o n i n g  w a s  c o n f i r m e d  b y  c l e a v i n g  t h e  p P Y F  w i t h  Xho\ a n d  Pac\ 

r e s u l t i n g  i n  t w o  f r a g m e n t s  o f  5 , 8 5 6  a n d  2 , 4 9 3  b p  ( F i g u r e  n o t  s h o w n ) .

T h e  r e c o m b i n a n t  p l a s m i d s  p P h e D H  ( 4 , 9 5 5  b p ) ,  p P Y  ( 5 , 9 3 1  b p ) ,  p P Y F  

( 6 , 8 1 7  b p )  a n d  p P Y F K  ( 8 , 3 4 8  b p )  d i g e s t e d  w i t h  X hol w e r e  a n a l y z e d  o n  a g a r o s e  g e l  a s  

s h o w n  i n  F i g u r e  3 . 3 6 .

3 . 8  E x p r e s s i o n  o f  r e c o m b i n a n t  p l a s m i d s  p P Y ,  p P Y F ,  p P Y F K  i n  

E . c o li  B L 2 1 ( D E 3 )

T o  s e l e c t  o n e  t r a n s f o r m a n t  t h a t  w a s  a  r e p r e s e n t a t i v e  o f  e a c h  r e c o m b i n a n t  E. co li 

f o r  e v a l u a t i o n  o f  L - P h e  p r o d u c t i o n ,  f i v e  t r a n s f o r m a n t s  o f  e a c h  w e r e  c o m p a r e d  f o r  t h e  

e x p r e s s i o n  l e v e l  ( s e c t i o n  2 . 1 4 ) .  A l l  c e l l s  o f  e a c h  r e c o m b i n a n t  c l o n e  s h o w e d  s i m i l a r  

i n t e n s i t y  o f  p r o t e i n  p a t t e r n  i n  S D S - P A G E  g e l  s t a i n e d  b y  C o o m a s s i e  b l u e  ( d a t a  n o t  

s h o w n ) .  T h e r e f o r e ,  o n e  w a s  p i c k e d  f o r  s h a k e  f l a s k  c u l t i v a t i o n .  A s  s e e n  i n  F i g u r e  

3 . 3 7 A ,  t h e  p r o t e i n  p a t t e r n s  o f  c e l l  e x t r a c t s  b y  a l l  E. co li c o n t a i n i n g  phedh  ( p P h e D H ,  

p P Y ,  p P Y F  a n d  p P Y F  c l o n e s )  s h o w e d  t h e  a d d i t i o n a l  p r o t e i n  b a n d  w i t h  t h e  e x p e c t e d  

s i z e  o f  P h e D H  ( 4 2  k D a )  ( l a n e  2 - 5 ) .  F r o m  t h e  c o m p a r i s o n  o f  t h e  i n t e n s i t y  o f  P h e D H  

b a n d s  i n  d i f f e r e n t  c l o n e s  c o n t a i n i n g  t h e  s a m e  phedh  g e n e  ( l a n e  2 - 5 ) ,  i t  w a s  r e v e a l e d  

t h a t  P h e D H  p r o t e i n  b a n d  b y  p P h e D H  c l o n e  s h o w e d  t h e  h i g h e s t  l e v e l .  I n  t h e  p P Y ,  

p P Y F  a n d  p P Y F K  c l o n e s ,  t h e  p r o d u c t i o n  l e v e l  o f  P h e D F I  w a s  s i m i l a r  ( l a n e  3 - 5 )  a n d  

a t  t h e  l o w e r  l e v e l .  P o s s i b l y ,  t h e  p P h e D H  c l o n e  c o n t a i n e d  o n l y  o n e  i n s e r t e d  g e n e .
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F i g u r e  3 . 3 6  R e s t r i c t i o n  p a t t e r n s  o f  r e c o m b i n a n t  p l a s m i d s  p P h e D H ,  p P Y ,  p P Y F  a n d  

p P Y F K

L a n e  M  = X/HindlU s t a n d a r d  D N A  m a r k e r

L a n e  1 =  u n d i g e s t e d  p P h e D H

L a n e  2 =  u n d i g e s t e d  p P Y

L a n e  3 =  u n d i g e s t e d  p P Y F

L a n e  4 =  u n d i g e s t e d  p P Y F K

L a n e  5 =  Y f r o l - d i g e s t e d  p P h e D F l

L a n e  6 =  Y f t o l - d i g e s t e d  p P Y

L a n e  7 =  A T w j I - d i g e s t e d  p P Y F

L a n e  8 -  A T z o I - d i g e s t e d  p P Y F K

L a n e  m =  1 0 0  b p  D N A  l a d d e r
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F i g u r e  3 , 3 7  S D S - P A G E  o f  r e c o m b i n a n t  E. co li B L 2 1 ( D E 3 )  c a r r y i n g  d i f f e r e n t  g e n e  

c o m b i n a t i o n  a f t e r  i n d u c t i o n  w i t h  1 m M  I P T G  f o r  3  h  

A :  w h o l e  c e l l  

B :  c r u d e  e x t r a c t

L a n e  M  =  p r o t e i n  m o l e c u l a r  w e i g h t  m a r k e r  

L a n e  1,6 =  E. co ll B L 2 1 ( D E 3 ) / p R S F D u e t - l  

L a n e  2  =  E. co li B L 2 1 ( D E 3 ) / p P h e D H

L a n e  3  =  E. co ll B L 2 1 ( D E 3 ) / p P Y

L a n e  4  =  E. co ll B L 2 1 ( D E 3 ) / p P Y F

L a n e  5  =  E. co ll B L 2 1 ( D E 3 ) / p P Y F K
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T h e  b u i l d i n g  b l o c k s  f o r  a p p r o a c h i n g  c e n t r a l  d o g m a  w e r e  n o t  s h a r e d  a s  i n  c a s e  o f  m o r e  

g e n e s  i n s e r t e d .  T h u s ,  t h e  p P h e D H  c l o n e  c o u l d  p r o d u c e  h i g h e r  P h e D H  i n  t h e  s a m e  

i n d u c i b l e  p e r i o d .  A l t e r n a t i v e l y ,  i t  m i g h t  b e  c a u s e d  b y  t h e  d i s t u r b a n c e  o f  t h e  t o x i c i t y  

t e n d e n c y  o f  o v e r e x p r e s s e d  Y d d G  a n d  G l p F  p r o t e i n s  t o  h o s t  c e l !  t h a t  l e d  t o  t h e  

r e d u c t i o n  o r  r e t a r d a t i o n  o f  c e l l  g r o w t h  a n d  p r o d u c t i o n  o f  d e s i r e d  c o m p o u n d s .  

F u r t h e r m o r e ,  t h e  a p p e a r a n c e  o f  t h e  s l i g h t l y  h i g h e r  i n t e n s i t y  o f  t h e  p r o t e i n  b a n d  o f  

G l p K  o f  p P Y F K  c l o n e  w a s  e l u c i d a t e d  a t  a p p r o x i m a t e l y  5 6  k D a  ( l a n e  5 ) .  T h e  glpK  

g e n e  d i d  n o t  h a v e  i t s  o w n  T 7 lac  p r o m o t e r  l i k e  t h e  o t h e r s .  I t  w a s  c o n t r o l l e d  u n d e r  t h e  

s a m e  l i la c  p r o m o t e r  o f  g lp F  g e n e  a t  t h e  d o w n s t r e a m  o f  t h i s  g e n e .  T h i s  m i g h t  b e  t h e  

r e a s o n  w h y  t h e  p r o t e i n  b a n d  o f  G l p K  w a s  r e l a t i v e l y  l o w  a s  a l s o  m e n t i o n e d  b y  

W e c k b e c k e r  a n d  H u m m e l ,  2 0 0 4 .  บ ท ร น ร p e c t e d l y ,  t h e  e x p r e s s i o n  o f  Y d d G  a n d  G l p F  

p r o t e i n s  c o u l d  n o t  b e  d e t e c t a b l e  b y  t h i s  p r o c e d u r e  a s  p r e v i o u s l y  m e n t i o n e d .  T h i s  

r e s u l t  i l l u s t r a t e d  t h a t  o v e r e x p r e s s i o n  o f  phedh  o r  g lpK  g e n e s  w a s  a c h i e v e d  

i n d i v i d u a l l y  o r  s i m u l t a n e o u s l y  i n  r e c o m b i n a n t  E. co ll ( p P h e D H  v s  p P Y ,  p P Y F ,  

p P Y F K  a n d  p G l p F K  v s  p P Y F K ) .

A l t h o u g h  t h e  phedh  e x p r e s s i o n  i n  w h o l e  c e l l  e x t r a c t s  o f  p P h e D H ,  p P Y ,  p P Y F  

a n d  p P Y F K  c l o n e s  w e r e  e x a m i n e d  b y  S D S - P A G E  a n a l y s i s ,  i n  p a r a l l e l ,  i t s  P h e D H  

a c t i v i t y  i n  e a c h  o f  t h o s e  c r u d e  e x t r a c t s  w a s  a l s o  d e t e r m i n e d  b y  a c t i v i t y  a s s a y  ( s e c t i o n  

2 . 9 . 5 . 2 )  a s  s u m m a r i z e d  i n  T a b l e  3 . 3 .  T h e  p P h e D H  c l o n e  e x h i b i t e d  t h e  h i g h e s t  s p e c i f i c  

P h e D H  a c t i v i t y  o f  7 1 . 8  u n i t / m g  p r o t e i n  w h e r e a s  s p e c i f i c  a c i t i v i t i e s  o f  p P Y ,  p P Y F  a n d  

p P Y F K  w e r e  5 . 5 ,  3 . 0  a n d  6 . 1  u n i t / m g  p r o t e i n ,  r e s p e c t i v e l y .  T h e  l e v e l s  o f  a c t i v i t i e s  

w e r e  c o n s i s t e n t  w i t h  t h e  i n t e n s i t i e s  o f  P h e D H  b a n d  a s  s h o w n  i n  F i g u r e  3 . 3 7 A .  A l s o ,  

t h e  i n t e n s i t y  o f  i n d i v i d u a l  t a r g e t  p r o t e i n s  ( P h e D H  a n d  G l p K )  o f  e a c h  d i f f e r e n t  c l o n e  

s e e m e d  t o  c o r r e s p o n d  i n  b o t h  c r u d e  e x t r a c t  a n d  w h o l e  c e l l  e x t r a c t  ( F i g u r e  3 . 3 7 A  a n d  

3 . 3 7 B ) .  I t  w a s  c o n f i r m e d  t h a t  P h e D H  c o u l d  b e  p r o d u c e d  i n  s o l u b l e  f o r m  a n d  f u n c t i o n  

w h e n  i n d u c e d  b y  1 m M  I P T G .  A l t h o u g h  g l y c e r o l  k i n a s e  ( G l p K )  a c t i v i t y  w a s  n o t  

m o n i t o r e d ,  i t  w a s  b e l i e v e d  t h a t  i t  c o u l d  f u n c t i o n  b e c a u s e  i t  w a s  p r o d u c e d  i n  s o l u b l e  

f o r m  a n d  i t s  n u c l e o t i d e  s e q u e n c e  w a s  1 0 0 %  c o r r e c t .  H o w e v e r ,  a n  a m o u n t  o f  I P T G  

( 1  m M )  m i g h t  n o t  b e  a n  o p t i m u m  f o r  phedh  g e n e  o r  a l l  c o - e x p r e s s e d  g e n e s .  I n  

g e n e r a l ,  t h e  o p t i m u m  c o n d i t i o n  t o  a t t a i n  p r e f e r a b l e  y i e l d  a n d  s o l u b i l i t y  o f  p r o t e i n  w a s  

s y s t e m a t i c a l l y  v a r i e d  d e p e n d i n g  o n  t h e  i n d u c t i o n  t e m p e r a t u r e ,  c o n c e n t r a t i o n  o f  I P T G ,  

l o c a t i o n  o f  t h e  e n z y m e  i n  d i f f e r e n t  c o m p a r t m e n t  ( c y t o s o l ,  p e r i p l a s m  o r  c u l t u r e  b r o t h )
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T a b l e  3 . 3  P h e n y l a l a n i n e  d e h y d r o g e n a s e  a c t i v i t y  f r o m  c r u d e  e x t r a c t  o f  e a c h  

e n g i n e e r e d  E. co li B L 2 1 ( D E 3 ) *

S o u r c e T o t a l  a c t i v i t y

< r
T o t a l  p r o t e i n  

( m g )

S p e c i f i c  a c t i v i t y  

( บ / ท I g  p r o t e i n )

E. co li B L 2 1 ( D E 3 ) / p R S F D u e t - l 0 6 3 . 3 0 . 0

E. co li B L 2 1 ( D E 3 ) / p P h e D E l 5 , 6 9 1 . 6 7 9 . 3 7 1 . 8

E. co li B L 2 1 ( D E 3 ) / p P Y 2 8 0 . 5 5 0 . 8 5 . 5

E. co li B L 2 1 ( D E 3 ) / p P Y F 1 4 0 . 6 4 7 . 6 3 . 0

E. co li B L 2 1 ( D E 3 ) / p P Y F K 3 2 6 . 7 5 3 . 8 6 . 1

E. co li B L 2 1 ( D E 3 ) / p P T Y 6 9 9 . 6 6 1 . 2 1 1 . 4

E. co li B L 2 1 ( D E 3 ) / p P T F Y 2 4 4 . 8 5 7 . 6 4 . 2

E. co li B L 2 1 ( D E 3 ) / p P T F K Y 6 7 2 . 3 4 2 . 5 1 5 . 8

E. co li B L 2 1 ( D E 3 ) / p P T F B Y 3 3 0 . 0 5 0 . 7 6 . 5

E. co li B L 2 1 ( D E 3 ) / p P T F B L Y 3 4 9 . 9 5 5 . 2 6 . 3

E. co li B L 2 1 ( D E 3 ) / p P T F B L Y A 2 8 1 . 9 6 1 . 1 4 . 6

E. co li B L 2 1 ( D E 3 ) / p P T 2 , 3 5 3 . 7 8 6 . 5 2 7 . 2

E. co li B L 2 1 ( D E 3 ) / p P T F 1 , 8 2 7 . 0 7 6 . 1 2 4 . 0

E. co li B L 2 1 ( D E 3 ) / p P T F K 2 , 2 7 3 . 8 1 0 4 . 3 2 1 . 8

E. co li B L 2 1 ( D E 3 ) / p P T F B 2 , 1 0 6 . 5 9 9 . 0 2 1 . 3

E. co li B L 2 1 ( D E 3 ) / p P T F B L 2 , 4 4 1 . 0 1 0 1 . 4 2 4 . 1

C r u d e  e x t r a c t s  w e r e  o b t a i n e d  b y  c u l t u r i n g  e a c h  E. co li c e l l  i n  2 0 0  m L  o f  L B  m e d i u m  

s u p p l e m e n t e d  w i t h  I P T G  a t  f i n a l  c o n c e n t r a t i o n  o f  1 m M  f o r  3  h .
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a n d  m o s t  i m p o r t a n t l y ,  t h e  n a t u r e  o f  e a c h  e n z y m e  ( T o l i a  a n d  J o s h u a - T o r ,  2 0 0 6 ;  

Y a m a b h a i  e t  a h ,  2 0 1 1 ) .

3.9 S h a k e  f l a s k  c u l t u r e s

3 . 9 . 1  O p t i m i z a t i o n  o f  p r o d u c t i o n  m e d i u m  c o m p o s i t i o n  f o r  L - P h e  

p r o d u c t i o n

I n  2 0 0 9 ,  K h a m d u a n g  a n d  c o l l e a g u e s  c a r r i e d  o u t  t h e  f e r m e n t a t i o n  f o r  

L - P h e  p r o d u c t i o n  f r o m  1 0  g / L  o f  g l y c e r o l  t o  a t t a i n  t h e  h i g h e s t  y i e l d  o f  L - P h e  u s i n g  

r e c o m b i n a n t  E. co li B L 2 1 ( D E 3 )  c o n t a i n i n g  phedh  f r o m  Acinetobacter Iw o ffli. 

T h i s  i n d i c a t e s  t h a t  g l y c e r o l  t e n d s  t o  b e  e f f e c t i v e  a n d  a l t e r n a t i v e  c a r b o n  s o u r c e  f o r  

m i c r o b i a l  f e r m e n t a t i o n  o f  d e s i r a b l e  p r o d u c t .  S i m i l a r  a p p r o a c h  t o  K h a m d u a n g ’ s  w o r k ,  

E. co li B L 2 1 ( D E 3 )  b e a r i n g  p P h e D H  w a s  p r e l i m i n a r y  c u l t u r e d  i n  t h e  K h a m d u a n g ’ s  

m e d i u m  c o n t a i n i n g  1 0  g / L  o f  g l y c e r o l .  I t  w a s  f o u n d  t h a t  t h i s  a m o u n t  o f  g l y c e r o l  w a s  

n o t  e n o u g h  f o r  c e l l  c u l t u r e  t o  r e a c h  t h e  s t a t i o n a r y  p h a s e  o r  t h e  h i g h e s t  b i o m a s s  

b e c a u s e  t h e  d e p l e t i o n  o f  g l y c e r o l  w a s  c o m p l e t e l y  a t t a i n e d  w i t h i n  7 2  h  o f  i n d u c t i o n  

w i t h  a  m a x i m u m  y i e l d  o f  b i o m a s s  ~2  g / L .  I n  t h i s  s t a g e ,  b a c t e r i a l  g r o w t h  w a s  s t i l l  i n  

m i d - l o g  p h a s e .  I n  c o n t r a s t ,  K h a m d u a n g  e t  a l .  r e p o r t e d  t h a t  e v e n  1 0  g / L  o f  g l y c e r o l  

w a s  n e a r l y  c o m p l e t e l y  c o n s u m e d  w i t h i n  7 2  h  o f  c u l t i v a t i o n ,  c e l l s  r e a c h e d  

t h e  s t a t i o n a r y  p h a s e  w i t h  a  m a x i m u m  y i e l d  o f  b i o m a s s  ~ 5  g / L .  L - P h e  w a s  r e p o r t e d  t o  

b e  h i g h l y  a c c u m u l a t e d  i n  s t a t i o n a r y  p h a s e  o f  c e l l  g r o w t h  ( K h a m d u a n g  e t  a h ,  2 0 0 9 b ;  

D o r o s h e n k o  e t  a h ,  2 0 1 0 ;  W a n g  e t  a l . ,  2 0 1 1 ) .  T h u s ,  t o  a c c o m p l i s h  t h e  m a x i m u m  c e l l  

b i o m a s s  a n d  L - P h e  c o n c e n t r a t i o n ,  t h e  c o n c e n t r a t i o n  o f  c a r b o n  a n d  n i t r o g e n  s o u r c e s  o f  

K h a m d u a n g ’ s  m e d i u m  w a s  n e e d e d  t o  p a r t i a l l y  o p t i m i z e .  M a r k e d l y ,  i t  w a s  r e p o r t e d  

t h a t  t h e  L - P h e  p r o d u c t i o n  w a s  g r o w t h - a s s o c i a t e d  ( K h a m d u a n g  e t  a l . ,  2 0 0 9 b ,  W a n g  e t  

a h ,  2 0 1 1 ;  S r i n o p h a k u n  e t  a l . ,  2 0 1 2 ) .  H e n c e ,  t h e  c o n c e n t r a t i o n  o f  g l y c e r o l  i n  m e d i u m  

w a s  o p t i m i z e d  f i r s t ,  a n d  f o l l o w e d  b y  t h e  c o n c e n t r a t i o n  o f  n i t r o g e n  s o u r c e ,  ( N H ^ S C h .

T h e  p P h e D H  c l o n e  w a s  c h o s e n  a s  t h e  r e p r e s e n t a t i v e  o f  o t h e r  c l o n e s  f o r  

o p t i m i z a t i o n  o f  c a r b o n  a n d  n i t r o g e n  c o n c e n t r a t i o n  ( g l y c e r o l  a n d  ( N H ^ S C h )  i n  

p r o d u c t i o n  m e d i u m  b e c a u s e  p P h e D H  c l o n e  w a s  u s e d  a s  b a s a l  t i t e r  o f  L - P h e  

p r o d u c t i o n  f o r  c o m p a r i s o n  w i t h  o t h e r  c l o n e s .
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3 . 9 . 1 . 1  O p t i m i z a t i o n  o f  g l y c e r o l  c o n c e n t r a t i o n  i n  p r o d u c t i o n  m e d i u m

G l y c e r o l  a t  d i f f e r e n t  c o n c e n t r a t i o n s  o f  1 0  t o  5 0  g / L  w e r e  u s e d  a s  

a  s o l e  c a r b o n  s o u r c e  i n  s h a k e  f l a s k  c u l t i v a t i o n  o f  r e c o m b i n a n t  E. co li B L 2 1 ( D E 3 )  

c o n t a i n i n g  p P h e D H  ( s e c t i o n  2 . 1 8 . 1 . 1 )  a t  f i x i n g  c o n c e n t r a t i o n  o f  ( N H 4) 2S 04 ( 5 0  g / L ) .  

A f t e r  O D 600 r e a c h e d  0 . 6 ,  e a c h  f l a s k  w a s  i n d u c e d  w i t h  1 m M  1 P T G .

D u r i n g  c u l t i v a t i o n ,  t h e  c e l l  d e n s i t y ,  g l y c e r o l  a s s i m i l a t i o n  a n d  

L - P h e  p r o d u c t i o n  w e r e  m o n i t o r e d  e v e r y  2 4  h  a f t e r  i n d u c t i o n  a s  s h o w n  i n  F i g u r e  3 . 3 8 .  

T h e  H P L C  a n d  T L C  c h r o m a t o g r a m s  o f  L - P h e  a r e  i l l u s t r a t e d  i n  A p p e n d i x  K  a n d  L ,  

r e s p e c t i v e l y .  T h e  c e l l  g r o w t h  p r o f i l e  o f  p P h e D H  c l o n e  i n  e a c h  d i f f e r e n t  g l y c e r o l  

c o n c e n t r a t i o n  m e d i u m  h a d  a  s i m i l a r  t r e n d  a s  t h a t  o f  L - P h e  p r o d u c t i o n  p r o f i l e  ( F i g u r e  

3 . 3 8 A  a n d  3 . 3 8 C ) .  T h e  g r o w t h  p r o f i l e  r e l a t i n g  t o  t h e  b i o m a s s  c o n c e n t r a t i o n ,  w h i c h  

w a s  c a l c u l a t e d  f r o m  t h e  e q u a t i o n :  d r y  b i o m a s s  c o n c e n t r a t i o n  ( g / L )  =  0 . 9 9  X  O Ü 600 

( s e c t i o n  2 . 1 9 . 1 ) ,  a n d  L - P h e  p r o d u c t i o n  p r o f i l e  a t  1 0  g / L  g l y c e r o l  w e r e  c l e a r l y  

d i f f e r e n t  f r o m  h i g h e r  g l y c e r o l  c o n c e n t r a t i o n s  ( 2 0 ,  3 0 ,  4 0  a n d  5 0  g / L ) .  A t  2 4 0  h  a f t e r  

i n d u c t i o n ,  t h e  l o w e s t  L - P h e  p r o d u c t i o n  ( 8 5 . 8  m g / L )  w a s  o b s e r v e d  a t  1 0  g / L  o f  

g l y c e r o l  c o r r e s p o n d i n g  t o  t h e  o b t a i n e d  l o w e s t  b i o m a s s  c o n c e n t r a t i o n  o f  1 . 2 7  g / L .  

H o w e v e r ,  t h e  h i g h e s t  b i o m a s s  c o n c e n t r a t i o n  o f  2 . 0 4  g / L  w a s  a t t a i n e d  a t  9 6  h  a f t e r  

i n d u c t i o n  b u t  a f t e r  t h i s  t i m e ,  c e l l  d e n s i t y  w a s  s l i g h t l y  g r a d u a l l y  d e c r e a s e d .  A f t e r  7 2  h ,  

t h e  e x h a u s t i o n  o f  g l y c e r o l  w a s  c o r r e s p o n d e d  t o  t h e  p l a t e a u  o f  L - P h e  a n d  b i o m a s s  

c o n c e n t r a t i o n .  T h u s ,  i t  w a s  c o n f i r m e d  t h a t  1 0  g / L  o f  g l y c e r o l  w a s  n o t  e n o u g h  t o  y i e l d  

h i g h  b i o m a s s  a n d  L - P h e  p r o d u c t i o n .

T h e  c o n c e n t r a t i o n s  o f  g l y c e r o l  i n  t h e  r a n g e  o f  2 0 - 5 0  g / L  y i e l d e d  

a  r e l a t i v e l y  s i m i l a r  g r o w t h  p r o f i l e  w i t h  f i n a l  b i o m a s s  c o n c e n t r a t i o n s  o f  4 . 9 6 - 5 . 3 3  g / L .  

I t  w a s  i m p l i e d  t h a t  a n  i n c r e a s e  i n  g l y c e r o l  c o n t e n t  e x c e e d i n g  1 0  g / L  c o u l d  i n c r e a s e  

c e l l  b i o m a s s  c o n c e n t r a t i o n  b y  a p p r o x i m a t e l y  4 - f o l d  a t  f i n a l  c u l t i v a t i o n .  C o n s i d e r i n g  

t h e  r e s i d u a l  g l y c e r o l  i n  m e d i u m  ( F i g u r e  3 . 3 8 B ) ,  i t  w a s  o b v i o u s l y  f o u n d  t h a t  i n  a l l  f o u r  

d i f f e r e n t  c o n d i t i o n s ,  g l y c e r o l  w a s  u t i l i z e d  a t  t h e  s a m e  r a t e  d u r i n g  t h e  i n i t i a l  p e r i o d  o f  

c u l t i v a t i o n  ( 0 - 1 2 0  h ) .  G l y c e r o l  o f  ~ 1 0  g / L  a n d  ~ 2 0  g / L  w e r e  d e p l e t e d  a t  7 2  h  a n d  a t  

1 4 4  h  o f  i n d u c t i o n ,  r e s p e c t i v e l y .  P a r t i c u l a r l y ,  g l y c e r o l  o f  ~ 2 4  g / L  w a s  c o n s u m e d  a t  

2 4 0  h  s o  t h a t  t h e  f i n a l  b i o m a s s  c o n c e n t r a t i o n  r e a c h e d  t h e  h i g h e s t  l e v e l  w i t h  a  y i e l d  o f  

~ 5 g / L .
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T im e  a fte r  in d u c t io n  (h )

F i g u r e  3 . 3 8  T i m e  c o u r s e s  o f  c e l l  g r o w t h  ( A ) ,  r e s i d u a l  g l y c e r o l  ( B )  a n d  c o n c e n t r a t i o n  

o f  L - P h e  ( C )  b y  E. co ll B L 2 1 ( D E 3 )  h a r b o u r i n g  p P h e D H  i n  p r o d u c t i o n  m e d i u m  

c o n t a i n i n g  d i f f e r e n t  g l y c e r o l  c o n c e n t r a t i o n s  o f  1 0  g / L  ( ♦ ) ,  2 0  g / L  ( H ) ,  3 0  g / L  ( A ) ,  

4 0  g / L  ( # )  a n d  5 0  g / L  ( O )  s u p p l e m e n t e d  w i t h  1 m M  I P T G  a t  f i x i n g  c o n c e n t r a t i o n  o f  

( N H 4 ) 2 S 0 4  ( 5 0  g / L )  i n  s h a k e  f l a s k  c u l t u r e .  D a t a  s h o w n  w e r e  t h e  m e a n s  o f  t w o  

i n d e p e n d e n t  c u l t i v a t i o n s .
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T h e  g l y c e r o l  c o n c e n t r a t i o n s  o f  3 0  a n d  4 0  g / L  l e d  t o  h i g h  L - P h e  

p r o d u c t i o n  o f  ~ 2 5 0  m g / L  a t  f i n a l  f e r m e n t a t i o n .  T h e s e  g l y c e r o l  c o n c e n t r a t i o n s  r e s u l t e d  

i n  a  ~ 3 - f o l d  i n c r e a s e  i n  t h e  L - P h e  p r o d u c t i o n  c o m p a r e d  t o  1 0  g / L  g l y c e r o l .  A l t h o u g h  

b o t h  c o n c e n t r a t i o n s  g a v e  a  s i m i l a r  y i e l d  o f  L - P h e ,  a  l o w e r  r e m a i n e d  g l y c e r o l  c o n t e n t  

i n  m e d i u m  w a s  o b s e r v e d  i n  t h e  f o r m e r .  T h u s ,  g l y c e r o l  o f  3 0  g / L  w a s  u s e d  f o r  f u r t h e r  

e x p e r i m e n t s .  T h e  c e l l  d r y  w e i g h t  a t  5 0  g / L  o f  g l y c e r o l  w a s  l o w e r  t h a n  t h o s e  a t  2 0 ,  3 0  

a n d  4 0  g / L  i n  c o n f o r m i t y  w i t h  a  l o w e r  L - P h e  p r o d u c t i o n .  T h e  b i o m a s s  c o n c e n t r a t i o n  

s l i g h t l y  d e c r e a s e d  w h e n  t h e  c o n c e n t r a t i o n  o f  g l y c e r o l  w a s  i n c r e a s e d  f r o m  3 0  t o  4 0  

a n d  5 0  g / L .  I t  m a y  b e  p r e s u m e d  t h a t  a n  e x c e s s  o f  g l y c e r o l  s u b s t r a t e  c o u l d  i n h i b i t  c e l l  

g r o w t h  ( K h a m d u a n g  e t  a l . ,  2 0 0 9 a ;  W e n d i s c h  e t  a l . ,  2 0 1 1 ) .

3 . 9 . 1 . 2  O p t i m i z a t i o n  o f  ( N H 4) 2S 04  c o n c e n t r a t i o n  i n  p r o d u c t i o n

m e d i u m

B a t c h  f e r m e n t a t i o n  o f  E. co li B L 2 1 ( D E 3 ) / p P h e D H  i n  t h e  

m e d i u m  c o n t a i n i n g  3 0  g / L  o f  g l y c e r o l  w i t h  v a r y i n g  c o n c e n t r a t i o n s  o f  ( N H 4 ) 2 S 0 4  f r o m  

1 0  t o  5 0  g / L  w a s  t h e n  p e r f o r m e d .

A s  d i s p l a y e d  i n  F i g u r e  3 . 3 9 A ,  t h e  c e l l  g r o w t h  p r o f i l e s  a t  1 0  a n d  

2 0  g / L  o f  ( N H 4 ) 2 S 0 4  s h o w e d  t h e  c l o s e d  s i m i l a r  t r e n d  w i t h  t h e  s a m e  b i o m a s s  

c o n c e n t r a t i o n  o f  ~ 2 . 8  g / L .  H o w e v e r ,  L - P h e  p r o d u c t i o n  c o u l d  n o t  b e  d e t e c t e d  a t  t h e s e  

t w o  c o n c e n t r a t i o n s  ( F i g u r e  3 . 3 9 C ) .  W h e n  i n c r e a s e d  ( N F L i ^ S C L  t o  3 0  g / L  o r  m o r e ,  t h e  

L - P h e  c o n c e n t r a t i o n  c o u l d  b e  d e t e c t e d  s u g g e s t i n g  t h a t  l e s s  t h a n  2 0  g / L  ( N H 4 ) 2 S 0 4 

w a s  i n s u f f i c i e n t  f o r  L - P h e  p r o d u c t i o n .  W h e n  t h e  c o n c e n t r a t i o n  o f  ( N H 4 ) 2 S 0 4  w a s  

i n c r e a s e d  f r o m  3 0  g / L  t o  4 0  a n d  5 0  g / L ,  t h e  o b t a i n e d  c e l l  d r y  w e i g h t  a n d  L - P h e  t i t e r  

i n c r e a s e d  i n  o r d e r .  T h e  h i g h e s t  b i o m a s s  c o n c e n t r a t i o n  o f  ~ 5  g / L  a n d  t h e  m a x i m u m  

y i e l d  o f  L - P h e  ( ~ 2 5 0  m g / L )  w e r e  o b t a i n e d  a t  5 0  g / L  o f  ( N H 4 ) 2 S 0 4 . T h i s  r e s u l t  w a s  

a b o u t  t h e  s a m e  w h e n  3 0  g / L  o f  g l y c e r o l  w a s  u s e d  i n  s e c t i o n  3 . 9 . 1 . 1 .  I t  w a s  o b s e r v e d  

t h a t  g l y c e r o l  w a s  c o n s u m e d  m o r e  a t  i n c r e a s i n g  c o n c e n t r a t i o n  o f  ( N H 4 ) 2 S 0 4  ( F i g u r e  

3 . 3 9 B ) .  T h u s ,  t h e  b e s t  c o n c e n t r a t i o n  o f  ( N H 4 ) 2 S 0 4  f o r  m a x i m i z i n g  L - P h e  p r o d u c t i o n  

w a s  5 0  g / L  w h i c h  w a s  c o n s i s t e n t  w i t h  t h e  p r e v i o u s  r e p o r t  ( K h a m d u a n g  e t  a l . ,  2 0 0 9 a ) .
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T im e  a fte r in d u c t io n  (h)

F i g u r e  3 . 3 9  T i m e  c o u r s e s  o f  c e l l  g r o w t h  ( A ) ,  r e s i d u a l  g l y c e r o l  ( B )  a n d  c o n c e n t r a t i o n  

o f  L - P h e  ( C )  b y  E. c o li B L 2 1 ( D E 3 )  h a r b o u r i n g  p P h e D H  i n  p r o d u c t i o n  m e d i u m  

c o n t a i n i n g  d i f f e r e n t  ( N T L t ^ S C U  c o n c e n t r a t i o n s  o f  1 0  g / L  ( ■ # > ■ ) ,  2 0  g / L  ( Ü ) ,  3 0  g / L  

( A ) ,  4 0  g / L  ( ๏ )  a n d  5 0  g / L  ( O )  s u p p l e m e n t e d  w i t h  1 m M  I P T G  a t  f i x i n g  

c o n c e n t r a t i o n  o f  g l y c e r o l  ( 3 0  g / L )  i n  s h a k e  f l a s k  c u l t u r e .  D a t a  s h o w n  w e r e  t h e  m e a n s  

o f  t w o  i n d e p e n d e n t  c u l t i v a t i o n s .
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3 . 9 . 2  O p t i m i z a t i o n  o f  I P T G  c o n c e n t r a t i o n  f o r  L - P h e  p r o d u c t i o n  i n  

c u l t i v a t i o n  o f  p P h e D H ,  p P Y ,  p P Y F  a n d  p P Y F K  c l o n e s

I n  t h i s  e x p r e s s i o n  s y s t e m ,  t h e  t a r g e t  p l a s m i d s  w e r e  e s t a b l i s h e d  i n  E. co li 

B L 2 1 ( D E 3 ) ,  a n  e x p r e s s i o n  o f  d e s i r a b l e  g e n e s  w a s  i n d u c e d  b y  t h e  a d d i t i o n  o f  I P T G  t o  

a  g r o w i n g  c u l t u r e .  A s  s p e c i f i e d  a b o v e ,  I P T G  a t  f i n a l  c o n c e n t r a t i o n  o f  1 m M  w a s  

p u r p o s e d  f o r  f u l l  i n d u c t i o n  w i t h  v e c t o r  h a v i n g  t h e  F I lac  p r o m o t e r .  I P T G  

c o n c e n t r a t i o n  a n d  i n d u c t i o n  d u r a t i o n  c a n  b o t h  i n f l u e n c e  r e c o m b i n a n t  p r o t e i n  

s o l u b i l i t y .  L o w e r  c o n c e n t r a t i o n s  o f  I P T G  m a y  i n d u c e  p r o t e i n  e x p r e s s i o n  a t  a  s l o w e r  

r a t e  r e s u l t i n g  i n  b e t t e r  f o l d i n g .  A l s o ,  i t  m a y  r e d u c e  y i e l d .  H i g h e r  I P T G  c o n c e n t r a t i o n s  

m a y  c a u s e  a n  e x c e s s i v e  o v e r e x p r e s s i o n  l e v e l  a l l o w i n g  a n  a c c u m u l a t i o n  o f  i n a c t i v e  

a g g r e g a t e d  p r o t e i n s  c a l l e d  i n c l u s i o n  b o d i e s  ( N i l s s o n  a n d  A n d e r s o n ,  1 9 9 1 )  o r  

i n h i b i t i o n  o f  c e l l  v i a b i l i t y .  I n  a d d i t i o n ,  l o n g e r  i n d u c t i o n  t i m e ,  w h i c h  i n c r e a s e s  

e x p r e s s i o n ,  m a y  a l s o  i n d u c e  p r o t e o l y s i s  o f  t h e  t a r g e t ,  l e a d i n g  t o  h e t e r o g e n e i t y  i n  

t h e  s a m p l e  a n d  r e d u c i n g  y i e l d .  D i f f e r e n t  c o n c e n t r a t i o n  o f  I P T G  a n d  a  t i m e  c o u r s e  o f  

i n d u c t i o n  s h o u l d  b e  t e s t e d  t o  d e t e r m i n e  t h e  o p t i m a l  c o m b i n a t i o n  ( T o l i a  a n d  J o s h u a -  

T o r ,  2 0 0 6 ) .

T h e  e f f e c t s  o f  t h e  a d d e d  yddG, g lp F  a n d  g lpK  g e n e s  o n  L - P h e  p r o d u c t i o n  

f r o m  g l y c e r o l  w e r e  f u r t h e r  c h a r a c t e r i z e d  b y  c o m p a r i s o n  o f  t h e  p r o d u c t i o n  o f  

t h e  d i f f e r e n t  c l o n e s  a n d  t h e  p a r e n t  s t r a i n  t h a t  d i d  n o t  c o n t a i n  t h e  g e n e s .  T h u s ,  t h e  

c l o n e s  p P h e D H ,  p P Y ,  p P Y F  a n d  p P Y F K  w e r e  c u l t u r e d  i n  a  m i n i m a l  m e d i u m  

c o n t a i n i n g  3 0  g / L  o f  g l y c e r o l  a n d  5 0  g / L  o f  ( N H 4) 2S 04 . W h e n  O D 600 n m  r e a c h e d  0 . 6 ,

0 - 1  m M  I P T G  w a s  a d d e d .  I n  t h i s  w o r k ,  a n  i n d u c t i o n  d i d  n o t  p e r f o r m  a t  i n o c u l a t i o n  a s  

f e w  p r e v i o u s  r e p o r t s  b e c a u s e  i f  t h e  g e n e  p r o d u c t  i s  t o x i c  t o  E. co li c e l l ,  t h e  e x p r e s s i o n  

h i n d e r s  c e l l  r e p l i c a t i o n  a n d  d e c r e a s e s  p r o t e i n  p r o d u c t i o n .  T h u s ,  t r a n s c r i p t i o n  i s  

t y p i c a l l y  s u p p r e s s e d  u n t i l  c e l l s  h a v e  r e a c h e d  a  h i g h  c e l l  d e n s i t y  b e f o r e  a c t i v a t i n g  g e n e  

e x p r e s s i o n  ( G r u b e r  e t  a h ,  2 0 0 8 ) .  I t  w a s  f o u n d  t h a t  t h e  t i m e  e l a p s e d  p r i o r  t o  i n d u c t i o n  

w a s  v a r i e d  i n  d i f f e r e n t  c l o n e s .  T h e  g r o w t h  o f  t h e  c e l l s  w a s  p r o g r e s s i v e l y  r e d u c e d  a s  

t h e  n u m b e r  o f  i n s e r t e d  g e n e s  i n c r e a s e d .

I t  w a s  r e p o r t e d  t h a t  t h e  o p t i m u m  c o n d i t i o n  f o r  phedh  g e n e  e x p r e s s i o n  i n  

E. co li B L 2 1 ( D E 3 ) / p B L P h e D H  w a s  i n d u c t i o n  w i t h  0 . 2  m M  I P T G  f o r  8  h  

( T h o n g c h u a n g ,  2 0 0 6 ) .  T h e  o p t i m a l  c o n d i t i o n  f o r  L - P h e  p r o d u c t i o n  b y  r e s t i n g  c e l l  w a s
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o b t a i n e d  w h e n  t h e  r e c o m b i n a n t  c e l l s  w e r e  c u l t u r e d  i n  L B  m e d i u m  f o r  6  h  a f t e r  O D ôoo 

r e a c h e d  0 . 6  w i t h o u t  I P T G  i n d u c t i o n  ( R a t a n a s u w a n a s r i ,  2 0 0 8 ) .  T h e  r e s u l t  i n d i c a t e d  

t h a t  t h e  c o n d i t i o n  g i v i n g  t h e  b e s t  l e v e l  o f  P h e D H  a c t i v i t y  d i d  n o t  b r i n g  a b o u t  

t h e  h i g h e s t  y i e l d  o f  L - P h e  p r o d u c t i o n .  I t  m i g h t  b e  d u e  t o  d i f f e r e n t  e n v i r o n m e n t a l  

c o n d i t i o n s  s u c h  a s  P h e D H  c o n f o r m a t i o n  o r  s u f f i c i e n t  s u b s t r a t e  c o n c e n t r a t i o n  b e t w e e n  

i n t a c t  c e l l  {In  vivo )  a n d  c r u d e  e x t r a c t  {In  v itro ). C o n s i d e r i n g  t h i s ,  o n l y  t h e  L - P h e  

p r o d u c t i o n  l e v e l  w a s  u s e d  f o r  a  c o m p a r a t i v e  e v a l u a t i o n  o f  d i f f e r e n t  c l o n e s .  S i m i l a r l y ,  

b e c a u s e  o f  t h e  d i f f i c u l t y  i n  d i r e c t l y  d e t e c t i n g  t h e  m e m b r a n e - a s s o c i a t e d  p r o t e i n  

p r o d u c t s  o f  yddG  a n d  g lp F  g e n e s ,  o n l y  t h e  l e v e l  o f  L - P h e  p r o d u c t i o n  o f  t h e  v a r i o u s  

c l o n e s  w a s  u s e d  t o  i n f e r  a b o u t  o v e r a l l  a c t i v i t i e s  o f  t h e s e  p r o t e i n s  i n  a  g i v e n  c l o n e .

T h e  g r o w t h  p r o f i l e s  o f  E. co li c l o n e s  h a r b o u r i n g  p P h e D H ,  p P Y  a n d  p P Y F  

a n d  p P F K  w i t h  a n d  w i t h o u t  i n d u c t i o n  a r e  s h o w n  i n  F i g u r e  3 . 4 0 .  I n  t h e  g l y c e r o l  

m e d i u m ,  a l l  t h e  I P T G  i n d u c e d  c l o n e s  g e n e r a l l y  g r e w  b e t t e r  a n d  a t t a i n e d  a  h i g h e r  

b i o m a s s  c o n c e n t r a t i o n  t h a n  t h e  s a m e  c l o n e s  w i t h o u t  i n d u c t i o n .  T h e  c o n c e n t r a t i o n  o f  

t h e  I P T G  i n d u c e r  ( 0 . 2 5 ,  0 . 5  a n d  1 m M )  h a d  n o  e f f e c t  o n  a  c l o n e ’ s  a b i l i t y  t o  g r o w  s o  

l o n g  a s  t h e  c o n c e n t r a t i o n  w a s  a t  l e a s t  0 . 2 5  m M .  F o r  i n d u c e d  p P h e D H  c l o n e s  ( F i g u r e  

3 . 4 0 A ) ,  t h e  i n d u c t i o n  r e d u c e d  g r o w t h  u p  t o  9 6  h  r e l a t i v e  t o  n o n i n d u c e d  c e l l s  a f t e r  

i n d u c t i o n .  A f t e r  t h a t ,  t h e  i n d u c e d  c e l l s  u l t i m a t e l y  g r e w  f a s t e r  a n d  a t t a i n e d  a  h i g h e r  

b i o m a s s  c o n c e n t r a t i o n  ( ~ 5  g / L )  t h a n  t h e  n o n i n d u c e d  c e l l s  ( ~ 4  g / L ) .  F o r  t h e  

n o n i n d u c e d  p P Y ,  p P Y F  a n d  p P Y F K  c l o n e s ,  t h e  f i n a l  b i o m a s s  c o n c e n t r a t i o n s  w e r e  i n  

t h e  r a n g e  o f  1 . 2  t o  2 . 0  g / L  ( F i g u r e  3 . 4 0 B ,  c a n d  D ) ,  b u t  w i t h  i n d u c t i o n  i t  i n c r e a s e d  b y

2 . 2 -  t o  3 . 5 - f o l d  d e p e n d i n g  o n  t h e  c l o n e .  A l t h o u g h  I P T G  i s  k n o w n  t o  n e g a t i v e l y  a f f e c t  

t h e  g r o w t h  o f  E. co li ( L a w  e t  a l . ,  2 0 0 2 ) ,  t h e  I P T G  i n d u c e d  p P Y ,  p P Y F  a n d  p P Y F K  

g r e a t l y  o u t p e r f o r m e d  t h e  c o r r e s p o n d i n g  n o n i n d u c e d  c l o n e s .

T h e  g l y c e r o l  c o n s u m p t i o n  p r o f i l e s  o f  t h e  v a r i o u s  c l o n e s  ( F i g u r e  3 . 4 1 )  w e r e  

q u i t e  c o n s i s t e n t  w i t h  t h e i r  g r o w t h  p a t t e r n s  ( F i g u r e  3 . 4 0 ) .  T h u s ,  t h e  c l o n e s  t h a t  g r e w  

p o o r l y  c o n s u m e d  g l y c e r o l  s l o w e r  t h a n  t h e  f a s t e r  g r o w i n g  c l o n e s .  P o o r  g r o w t h  a l w a y s  

l e d  t o  m o r e  g l y c e r o l  r e m a i n e d  i n  t h e  c u l t u r e  b r o t h .  T h e  i n d u c e d  p P h e D H ,  p P Y ,  p P Y F  

a n d  p P Y F K  c l o n e s  h a d  s i m i l a r  r a t e s  o f  g l y c e r o l  c o n s u m p t i o n ,  b u t  t h e  n o n i n d u c e d  

p P Y ,  p P Y F  a n d  p P Y F K  b a r e l y  c o n s u m e d  g l y c e r o l  ( F i g u r e  3 . 4 1  B ,  c a n d  D ) .  C l e a r l y ,  

t h e  g l y c e r o l  u t i l i z a t i o n  a b i l i t y  o f  t h e  n o n i n d u c e d  p P Y ,  p P Y F  a n d  p P Y F  c l o n e s  w a s  

p o o r ,  b u t  w a s  r e s t o r e d  b y  i n d u c t i o n .  I n  c u l t u r e s  o f  c l o n e s  t h a t  e f f e c t i v e l y  c o n s u m e d
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F i g u r e  3 . 4 0  G r o w t h  p r o f i l e s  o f  E. co ll B L 2 1 ( D E 3 )  h a r b o u r i n g  p P h e D H  ( A ) ,  p P Y  ( B ) ,  

p P Y F  ( C )  a n d  p P Y F K  ( D )  i n  g l y c e r o l  m e d i u m  w i t h o u t  I P T G  i n d u c t i o n  ( ♦ )  a n d  w i t h  

I P T G  i n d u c t i o n  t o  f i n a l  c o n c e n t r a t i o n s  o f  0 . 2 5  m M  ( ร ! ) ,  0 . 5  m M  ( # )  a n d  1 m M  (A )  

i n  s h a k e  f l a s k  c u l t u r e .  D a t a  s h o w n  a r e  a v e r a g e d  v a l u e s  f r o m  t h r e e  i n d e p e n d e n t  

e x p e r i m e n t s .  T h e  s t a n d a r d  d e v i a t i o n  o f  t h e  m e a s u r e m e n t s  w a s  w i t h i n  ± 1 0 %  o f  t h e  

a v e r a g e  v a l u e s  s h o w n .
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F i g u r e  3 . 4 1  G l y c e r o l  c o n s u m p t i o n  p r o f i l e s  b y  E. co ll B L 2 1 ( D E 3 )  h a r b o u r i n g  

p P h e D H  ( A ) ,  p P Y  ( B ) ,  p P Y F  ( C )  a n d  p P Y F K  ( D )  i n  g l y c e r o l  m e d i u m  w i t h o u t  I P T G  

i n d u c t i o n  ( ♦ )  a n d  w i t h  I P T G  i n d u c t i o n  t o  f i n a l  c o n c e n t r a t i o n s  o f  0 . 2 5  m M  ( ร ! ) ,  0 . 5  

m M  ( ® )  a n d  1 m M  ( A )  i n  s h a k e  f l a s k  c u l t u r e .  D a t a  s h o w n  a r e  a v e r a g e d  v a l u e s  f r o m  

t h r e e  i n d e p e n d e n t  e x p e r i m e n t s .  T h e  s t a n d a r d  d e v i a t i o n  o f  t h e  m e a s u r e m e n t s  w a s  

w i t h i n  ± 1 0 %  o f  t h e  a v e r a g e  v a l u e s  s h o w n .
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g l y c e r o l ,  a  s i g n i f i c a n t  a m o u n t  o f  g l y c e r o l  w a s  r e m a i n e d  a f t e r  t h e  s t a t i o n a r y  p h a s e  h a d  

b e e n  r e a c h e d .  T h i s  s u g g e s t e d  a  s u f f i c i e n c y  o f  g l y c e r o l  i n  t h e  m e d i u m  a n d  i m p l i c a t e d  

a n  i n s u f f i c i e n c y  o f  s o m e  o t h e r  f a c t o r s  ( e . g .  t h e  c o n c e n t r a t i o n  o f  d i s s o l v e d  o x y g e n ,  

l i m i t e d  s u p p l y  o f  g r o w t h  f a c t o r )  i n  t h e  m e d i u m  a s  t h e  c a u s e  o f  t h e  s t a t i o n a r y  p h a s e  

( W a n g  e t  a l „  2 0 1 1 ) .

F r o m  a n  i n i t i a l  p H  o f  m e d i u m  o f  7 . 4 ,  i t  w a s  f o u n d  t h a t  a t  t h e  e n d  o f  s h a k e  

f l a s k  c u l t i v a t i o n ,  t h e  p H  v a l u e  o f  i n d u c e d  c l o n e s  w a s  a p p r o x i m a t e l y  4 - 4 . 2  ( F i g u r e  

3 . 4 2 ) .  F o r  n o n i n d u c e d  c l o n e s ,  t h e  p H  v a l u e  ( 4 . 2 - 4 . 8 )  w a s  s l i g h t l y  h i g h e r  t h a n  t h a t  o f  

i n d u c e d  c l o n e s .  p H  i s  a n o t h e r  l i m i t i n g  f a c t o r  f o r  c e l l  g r o w t h  i n  a d d i t i o n  t o  n u t r i t i o n  

e x h a u s t i o n  a n d  a c c u m u l a t i o n  o f  t o x i c  m e t a b o l i t e s .  T h e  m e d i u m ' s  p H  i s  g o v e r n e d  b y  

m e d i u m  c o m p o s i t i o n s ,  b u f f e r s ,  c e l l u l a r  m e t a b o l i t e s ,  a n d  a e r a t i o n  c o n d i t i o n s .  

T h e  o p t i m a l  p H  f o r  E. co li i s  n e a r  n e u t r a l .  E. co li c e l l s  c a n  g r o w  r e a s o n a b l y  w e l l  o v e r  

a  r a n g e  o f  t h r e e  p H  u n i t s  ( f r o m  p H  5 . 5  t o  8 . 5 ) .  E x t r e m e  p H  b e y o n d  t h i s  r a n g e  w i l l  

s i g n i f i c a n t l y  d e c r e a s e  t h e  c e l l  g r o w t h  r a t e  a n d  m a y  s o m e t i m e s  e v e n  c a u s e  c e l l  d e a t h .  

T h e  m i n i m u m  a n d  m a x i m u m  g r o w t h  p H s  f o r  E. co li a r e  p H  4 . 4  a n d  9 . 0  r e s p e c t i v e l y .  

A t  t h e  s t a t i o n a r y  p h a s e ,  t h e  p H  o f  t h e  E. c o li c u l t u r e  i n  c o m m o n l y  u s e d  m e d i a  i s  n e a r  

i t s  p H  l i m i t s .  E. co li c e l l s  p r o d u c e  l a r g e  q u a n t i t i e s  o f  a c e t i c  a c i d  i f  t h e  g r o w t h  m e d i u m  

c o n t a i n s  l i t t l e  o r  n o  o x y g e n  c a u s i n g  t h e  g r o w t h  m e d i u m  t o  r e a c h  p H  4  o r  l o w e r .  

A c e t i c  a c i d  i s  a n  e x t r a c e l l u l a r  c o - p r o d u c t  o f  a e r o b i c  f e r m e n t a t i o n  b y  E. co li c e l l s ,  a n d  

t h i s  e x i s t s  a s  a c e t a t e  i o n  a t  t h e  n e u t r a l  p H  u s e d  i n  E. co li f e r m e n t a t i o n s .  T h e  a c e t a t e  

f o r m a t i o n  r a t e  i s  d i r e c t l y  r e l a t e d  t o  t h e  c e l l  g r o w t h  r a t e  o r  t h e  s u b s t r a t e  c o n s u m p t i o n  

r a t e  ( E i t e m a n  a n d  A l t m a n ,  2 0 0 6 ) .  M o r e o v e r ,  a c e t i c  a c i d  i s  t h e  m a j o r  m e t a b o l i c  

i n h i b i t o r  u n d e r  a n a e r o b i c  g r o w t h  c o n d i t i o n .

A e r a t i o n  i s  a n o t h e r  c r i t i c a l  p a r a m e t e r  t o  o p t i m i z e  i n d i v i d u a l  p r o t e i n  

e x p r e s s i o n  a n d  c e l l  g r o w t h  i n  s m a l l - s c a l e  c u l t u r e  b e c a u s e  t h e  e x p r e s s i o n  o f  m o r e  t h a n  

2 0 0  g e n e s  b y  E. co li i s  d e p e n d e n t  o n  t h e  a v a i l a b i l i t y  o f  o x y g e n  ( L o s e n  e t  a h ,  2 0 0 4 ) .  

A e r a t i o n  i s  d i r e c t l y  r e l a t e d  t o  t h e  m e d i u m / c o n t a i n e r  v o l u m e  r a t i o .  F o r  g o o d  a e r a t i o n ,  

m e d i u m  v o l u m e  s h o u l d  b e  a d d e d  u p  o n l y  2 0 - 2 5 %  o f  t h e  t o t a l  f l a s k  v o l u m e .  I n  t h i s  

e x p e r i m e n t ,  b e c a u s e  o f  t h e  l i m i t a t i o n  o f  v a r i o u s  f a c t o r s  s u c h  a s  f l a s k  s i z e ,  s a m p l i n g  

v o l u m e  a n d  h o l d e r  s i z e ,  m i n i m a l  m e d i u m  m u s t  b e  f i l l e d  i n  a  5 0 0  m L  f l a s k  w i t h  

v o l u m e  o f  2 0 0  m L  ( 4 0 %  o f  t h e  t o t a l  f l a s k  v o l u m e )  t h a t  m i g h t  l e a d  t o  b a d  a e r a t i o n .
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F i g u r e  3 . 4 2  P r o f i l e s  o f  t h e  m e d i u m  p H  v a l u e s  w h e n  E. co ll B L 2 1 ( D E 3 )  h a r b o u r i n g  

p P h e D H  ( A ) ,  p P Y  ( B ) ,  p P Y F  ( C )  a n d  p P Y F K  ( D )  w e r e  g r o w n  i n  g l y c e r o l  m e d i u m  

w i t h o u t  I P T G  i n d u c t i o n  ( ❖ )  a n d  w i t h  I P T G  i n d u c t i o n  t o  f i n a l  c o n c e n t r a t i o n s  o f  0 . 2 5  

m M  ( 8 1 ) ,  0 . 5  m M  ( H )  a n d  1 m M  ( À )  i n  s h a k e  f l a s k  c u l t u r e .  D a t a  s h o w n  a r e  a v e r a g e d  

v a l u e s  f r o m  t h r e e  i n d e p e n d e n t  e x p e r i m e n t s .  T h e  s t a n d a r d  d e v i a t i o n  o f  t h e  

m e a s u r e m e n t s  w a s  w i t h i n  ± 1 0 %  o f  t h e  a v e r a g e  v a l u e s  s h o w n .
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A n  i n c r e a s e  i n  a e r a t i o n  w i t h o u t  c h a n g i n g  c u l t u r e  v o l u m e  w a s  p r o p o r t i o n a l l y  f u l f i l l e d  

b y  i n c r e a s i n g  t h e  s h a k i n g  s p e e d  ( M a i e r ,  L o s e n ,  a n d  B i i c h s ,  2 0 0 4 )

T h e  l o w e r  p H  o f  m e d i u m  ( 4 . 2 )  a t  t h e  e n d  o f  f e r m e n t a t i o n  ( 2 4 0  h )  m i g h t  b e  

c a u s e d  b y  a n  i n a d e q u a t e  a e r a t i o n  d u r i n g  l o n g  p e r i o d  o f  c u l t i v a t i o n  w h i c h  l e d  t o  

a  f a s t e r  r a t e  t o  r e a c h  a n  a c i d i c  p H  o f  m e d i u m  d u e  t o  t h e  f o r m a t i o n  o f  f o r m a t e ,  

s u c c i n a t e ,  a c e t a t e  a n d  l a c t a t e  f r o m  g l y c e r o l  m e t a b o l i s m  u n d e r  a n a e r o b i c  c o n d i t i o n  

( Z h a n g ,  S h a n m u g a m ,  a n d  I n g r a m ,  2 0 1 0 ) .  F u r t h e r m o r e ,  i n  E. co li f e r m e n t a t i o n  u s i n g  

m i n e r a l  m e d i u m  w i t h  g l u c o s e  o r  g l y c e r o l  a s  s o l e  c a r b o n  s o u r c e ,  t h e  p H  v a l u e  i s  

h i g h l y  d e p e n d e n t  o n  a m m o n i u m  c o n s u m p t i o n .  O n e  m o l e c u l e  o f  a m m o n i u m  t a k e n  i n t o  

c e l l s  g e n e r a t e s  o n e  p r o t o n  r e s u l t i n g  i n  d e c l i n i n g  o f  p H  v a l u e  i n  t h e  m e d i u m  ( S c h e i d l e ,  

K l i n g e r ,  a n d  B i i c h s ,  2 0 0 7 ) .

T h e  L - P h e  p r o d u c t i o n  p r o f i l e s  f o r  t h e  f o u r  c l o n e s  a r e  s h o w n  i n  F i g u r e  3 . 4 3 .  

S u i t a b l y  i n d u c e d  r e c o m b i n a n t  c l o n e s  p P h e D H ,  p P Y ,  p P Y F  a n d  p P Y F K  p r o d u c e d  

a  f i n a l  L - P h e  c o n c e n t r a t i o n  o f  a b o u t  2 5 0  m g / L  b y  2 4 0  h ,  b u t  t h e  c l o n e s  v a r i e d  i n  t h e  

i n d u c e r  c o n c e n t r a t i o n s  r e q u i r e d  t o  a c h i e v e  t h i s  r e s u l t  a n d  t h e  r a t e  a t  w h i c h  t h e  p e a k  

L - P h e  c o n c e n t r a t i o n  w a s  a t t a i n e d .  T h i s  w a s  s h o w n  c l e a r l y  f o r  t h e  f o u r  c l o n e s  i n  

F i g u r e  3 . 4 4 .

I n  g e n e r a l ,  a n  i n d u c t i o n  w i t h  I P T G  l e a d s  t o  m o r e  p r o t e i n  e x p r e s s i o n  l e v e l  

t h a n  t h a t  w i t h o u t  i n d u c t i o n .  C o n s e q u e n t l y ,  a n  i n c r e a s e  i n  phedh  g e n e  e x p r e s s i o n  w i t h  

i n d u c t i o n  s h o u l d  r e s u l t  i n  d r i v i n g  t o  p r o d u c e  m o r e  L - P h e  t i t e r  t h a n  t h a t  a b s e n c e  o f  

I P T G  b u t  t h e  o b s e r v e d  r e s u l t  d i d  n o t  c o r r e s p o n d  t o  a n  e x p e c t e d  o n e .  F o r  p P h e D H  

c l o n e ,  a l t h o u g h  a n  i n c r e a s i n g  a m o u n t  o f  I P T G  c a u s e d  a  b e t t e r  phedh  g e n e  e x p r e s s i o n  

( F i g u r e  3 . 4 5 B ,  c a n d  D )  t h a n  t h a t  o f  n o n i n d u c e d  p P h e D H  c l o n e  ( F i g u r e  3 . 4 5 A ) ,  t h e i r  

L - P h e  p r o d u c t i o n s  w e r e  r e l a t i v e l y  s i m i l a r  ( F i g u r e  3 . 4 3 A ) .  F r o m  o u r  e x p e r i e n c e s  a b o u t  

I P T G  i n d u c t i o n  i n  v a r i o u s  c l o n e s ,  t h e  r e s u l t s  o n  c e l l  g r o w t h ,  c a r b o n  s o u r c e  u t i l i z a t i o n  

a n d  p r o d u c t i o n  o f  t a r g e t  p r o d u c t  w e r e  v a r i e d  i n  b o t h  p E T  a n d  p R S F D u e t - 1  e x p r e s s i o n  

s y s t e m s .  I t  c o u l d  n o t  c e r t a i n l y  e x p l a i n  w h y  p P h e D H  g e n e r a t e s  t h e  s a m e  l e v e l  o f  

L - P h e  i n  t h e  p r e s e n c e  o r  a b s e n c e  o f  I P T G .  P o s s i b l y ,  i t  d e p e n d s  o n  o v e r a l l  

c h a r a c t e r i s t i c s  o f  e a c h  c l o n e  a f f e c t e d  b y  s e v e r a l  f a c t o r s  i n c l u d i n g  e x p r e s s i o n  v e c t o r ,  

h o s t  c e l l ,  c u l t i v a t i o n  c o n d i t i o n ,  I P T G  c o n c e n t r a t i o n ,  i n d u c t i o n  d u r a t i o n ,  i n d u c t i o n  

t e m p e r a t u r e  a n d  p r o t e i n  s o l u b i l i t y .  I n  g e n e r a l ,  i n c r e a s i n g  o f  I P T G  c o n c e n t r a t i o n  i s  

e x p e c t e d  f o r  h i g h e r  p r o t e i n  e x p r e s s i o n  l e v e l  t h a n  t h a t  w i t h o u t  i n d u c t i o n .  H o w e v e r ,  i n
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F i g u r e  3 . 4 3  L - P h e  p r o d u c t i o n  p r o f i l e s  b y  E. co ll B L 2 1 ( D E 3 )  h a r b o r i n g  p P h e D H  ( A ) ,  

p P Y  ( B ) ,  p P Y F  ( C )  a n d  p P Y F K  ( D )  i n  g l y c e r o l  m e d i u m  w i t h o u t  I P T G  i n d u c t i o n  ( ♦ )  

a n d  w i t h  I P T G  i n d u c t i o n  t o  f i n a l  c o n c e n t r a t i o n s  o f  0 . 2 5  m M  ( I s ) ,  0 . 5  m M  ( ๏ )  a n d  1 

m M  ( A )  i n  s h a k e  f l a s k  c u l t u r e .  D a t a  s h o w n  a r e  a v e r a g e d  v a l u e s  f r o m  t h r e e  

i n d e p e n d e n t  e x p e r i m e n t s .  T h e  s t a n d a r d  d e v i a t i o n  o f  t h e  m e a s u r e m e n t s  w a s  w i t h i n  

± 1 0 %  o f  t h e  a v e r a g e  v a l u e s  s h o w n .
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300 ------------------------------------------------------

F i g u r e  3 . 4 4  C o m p a r i s o n  o f  L - P h e  p r o d u c t i o n  p r o f i l e s  a n d  m a x i m u m  p r o d u c t i o n  r a t e s  

( i n s e t )  o f  t h e  r e c o m b i n a n t  c l o n e  p P h e D H  w i t h o u t  I P T G  a d d i t i o n  ( ♦ ) ;  c l o n e  p P Y  

i n d u c e d  w i t h  0 . 5  m M  I P T G  ( 8 ) ;  c l o n e  p P Y F  i n d u c e d  w i t h  1 m M  I P T G  ( # ) ;  a n d  

c l o n e  p P Y F K  i n d u c e d  w i t h  0 . 2 5  m M  I P T G  ( A ) .  D a t a  s h o w n  a r e  a v e r a g e d  v a l u e s  

f r o m  t h r e e  i n d e p e n d e n t  e x p e r i m e n t s .  T h e  s t a n d a r d  d e v i a t i o n  o f  t h e  m e a s u r e m e n t s  w a s  

w i t h i n  ± 1 0 %  o f  t h e  a v e r a g e  v a l u e s  s h o w n .
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F i g u r e  3 . 4 5  S D S - P A G E  o f  w h o l e  c e l l  e x t r a c t s  o f  E. coll h a r b o u r i n g  p P h e D H  i n d u c e d  

b y  0  m M  ( A ) ,  0 . 2 5  m M  ( B ) ,  0 . 5  ท า M  ( C )  a n d  1 m M  ( D )  I P T G  a t  v a r i o u s  t i m e s  o f  

s h a k e  f l a s k  c u l t i v a t i o n .  T h e  a r r o w s  i n d i c a t e d  P h e D H  b a n d .

L a n e  M  =  p r o t e i n  m o l e c u l a r  w e i g h t  m a r k e r

L a n e  1 =  E. co ll B L 2 1 ( D E 3 ) / p R S F D u e t - l

L a n e  2 - 9  =  E. co ll B L 2 1 ( D E 3 ) / p P h e D H  a t  2 4 ,  4 8 ,  7 2 ,  9 6 ,  1 2 0 ,  1 4 4 ,

1 6 8 ,  1 9 2  a n d  1 9 2  h  a f t e r  i n d u c t i o n ,  r e s p e c t i v e l y
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o u r  e x p e r i m e n t s ,  t h e  i n d u c t i o n  c o n d i t i o n  p o s s e s s i n g  i n t e n s e  t a r g e t  p r o t e i n  b a n d  i n  

S D S - P A G E  g e l  m a y  n o t  c o n f e r  t h e  b e s t  l e v e l  o f  e n z y m e  a c t i v i t y .  A l s o ,  t h e  p e a k  o f  

p r o d u c t i o n  o f  t a r g e t  p r o d u c t  d i d  n o t  c o r r e s p o n d  t o  t h e  b e s t  l e v e l  o f  e n z y m e  a c t i v i t y .  

T h u s ,  t h e  i n d u c t i o n  c o n d i t i o n  s h o u l d  b e  v a r i e d  t o  r e a c h  t h e  p e a k  o f  t a r g e t  p r o d u c t i o n  

( L i u  e t  a h ,  1 9 9 9 ;  M o o n  e t  a h ,  2 0 0 9 ;  T s a o  e t  a h ,  2 0 1 1 ) .

W h e n  c o m p a r i n g  t h e  i n t e n s i t y  o f  P h e D H  b a n d  o f  p P h e D H  c l o n e  i n  c a s e s  o f  

w i t h  a n d  w i t h o u t  i n d u c t i o n  i n  S D S - P A G E ,  i t  w a s  f o u n d  t h a t  i n d u c e d  c e l l s  s h o w e d  

m o r e  g r e a t l y  i n t e n s e  b a n d  t h a n  t h a t  o f  u n i n d u c e d  c e l l s  ( F i g u r e  3 . 4 5 ) .  I f  t h i s  m o r e  

i n t e n s e  b a n d  c a n  r e f e r  t o  m o r e  P h e D H  a c t i v i t y ,  i n d u c e d  c e l l s  s h o u l d  c o n t r i b u t e  h i g h e r  

L - P h e  p r o d u c t i o n  a n d  d i d  n o t  g e n e r a t e  t h e  s a m e  l e v e l  o f  L - P h e  a s  t h a t  o f  u n i n d u c e d  

c e l l s .  I t  i n d i c a t e d  t h a t  t h e  p P h e D H  c l o n e  m i g h t  h a v e  a  l i m i t e d  a b i l i t y  t o  p r o d u c e  

L - P h e ,  p o s s i b l y  d u e  t o  p o o r  g l y c e r o l  u p t a k e ,  l o w  a b i l i t y  t o  e x c r e t e  L - P h e ,  o r  t i g h t l y  

r e g u l a t e d  s t e p s  i n  L - P h e  b i o s y n t h e s i s .  T h u s ,  t h i s  w o r k  a i m e d  t o  i m p r o v e  L - P h e  

p r o d u c t i o n  f r o m  g l y c e r o l  b y  m e t a b o l i c  e n g i n e e r i n g  p r o c e s s .

F o r  t h e  p P h e D H  c l o n e ,  L - P h e  w a s  p r o d u c e d  w i t h o u t  i n d u c t i o n  a t  a  p e a k  

p r o d u c t i o n  r a t e  o f  1 . 6 1  m g / L  h .  T h e  p P Y  c l o n e  r e q u i r e d  i n d u c t i o n  w i t h  0 . 5  m M  I P T G  

t o  a t t a i n  a  m a x i m u m  L - P h e  p r o d u c t i o n  r a t e  o f  2 . 3 3  m g / L  h .  T h e  p P Y F  c l o n e  a c h i e v e d  

a  m a x i m u m  L - P h e  p r o d u c t i o n  r a t e  o f  2 . 8 6  m g / L  h  o n  i n d u c t i o n  w i t h  1 m M  I P T G .  

T h e  p P Y F K  c l o n e  i n d u c e d  w i t h  0 . 2 5  m M  I P T G  r e a c h e d  a  m a x i m u m  L - P h e  

p r o d u c t i o n  r a t e  o f  2 . 1 5  m g / L  h  ( F i g u r e  3 . 4 4 ) .  T h e  m a x i m u m  L - P h e  p r o d u c t i o n  r a t e s  

o f  t h e  i n d u c e d  p P Y ,  p P Y F  a n d  p P Y F K  c l o n e s  w e r e  1 . 4 - ,  1 . 8 -  a n d  1 . 3 - f o l d  h i g h e r  t h a n  

t h e  m a x i m u m  p r o d u c t i o n  r a t e  o f  t h e  p P h e D H  c l o n e .

T h i s  e x p e r i m e n t a l  p a r t  d e m o n s t r a t e d  t h e  f e a s i b i l i t y  o f  e n h a n c i n g  

t h e  p r o d u c t i o n  o f  L - P h e  f r o m  g l y c e r o l  i n  a n  e n g i n e e r e d  E. co li e x p r e s s i n g  P h e D H  

t o g e t h e r  w i t h  a n  a r o m a t i c  a m i n o  a c i d  e x p o r t e r ,  a  g l y c e r o l  t r a n s p o r t  f a c i l i t a t o r  a n d  

g l y c e r o l  k i n a s e .  C o - e x p r e s s i o n  o f  t h e  a r o m a t i c  a m i n o  a c i d  e x p o r t e r  i n  E. co li 

c o n t a i n i n g  phedh  p r o m o t e d  t h e  p r o d u c t i o n  o f  L - P h e  a n d  p r o d u c t i o n  c o u l d  b e  

i m p r o v e d  a  l i t t l e  m o r e  b y  a l s o  c o - e x p r e s s i n g  a  g l y c e r o l  f a c i l i t a t o r .  I n  c o n t r a s t ,  

t h e  e x p r e s s i o n  t a n d e m  o f  g l y c e r o l  f a c i l i t a t o r  a n d  g l y c e r o l  k i n a s e  c o u l d  n o t  i n c r e a s e  

t h e  p r o d u c t i o n  r a t e  o f  L - P h e  f r o m  E. co li c o n t a i n i n g  phedh  a n d  yddG  g e n e s  b u t  i t  

s h o w e d  i n s i g n i f i c a n t l y  d i f f e r e n t  f r o m  p P Y  c l o n e ’ s  p r o d u c t i v i t y .  A l s o ,  i t s  p r o d u c t i o n  

r a t e  w a s  d e c r e a s e d  w h e n  c o m p a r i n g  t o  t h a t  o f  p P Y F  c l o n e .
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I n  t h i s  w o r k ,  t h e  f u n c t i o n  o f  a l l  e x p r e s s e d  p r o t e i n s  c o u l d  n o t  b e  

d e t e r m i n e d  d i r e c t l y  b e c a u s e  s o m e  p r o t e i n s  w e r e  d i f f i c u l t  t o  m e a s u r e  t h e i r  a c t i v i t y  

( Y d d G  a n d  G l p F  p r o t e i n s ) .  A s  f i r s t l y  m e n t i o n e d ,  t o  a v o i d  t h e  t r o u b l e  u s a g e  o f  

r a d i o i s o t o p e  a n d  a n t i b o d y  c o n j u g a t e d  p r o b e ,  t h e  w e s t e r n  b l o t  a n a l y s i s  w a s  n o t  

a p p r o a c h e d .  M o r e o v e r ,  t h e  d e t e c t i o n  o f  e x p r e s s e d  Y d d G  a n d  G l p F  p r o t e i n s  b y  

p u r i f i c a t i o n  o f  t h e  H i s - t a g g e d  p r o t e i n  w a s  i m p o s s i b l e  d u e  t o  t h e  f a c t  t h a t  

t h e  c o n s t r u c t i o n  o f  r e c o m b i n a n t  p l a s m i d s  w a s  n o t  p l a n n e d  t o  e x p r e s s  p r o t e i n  f u s e d  

w i t h  H i s - T a g .  M a n y  p r e v i o u s  w o r k s  o n  i d e n t i f i c a t i o n  a n d  c h a r a c t e r i z a t i o n  o f  s p e c i f i c  

f u n c t i o n s  o f  Y d d G  a n d  G l p F  p r o t e i n s  ( S w e e t  e t  a h ,  1 9 9 0 ;  L u  e t  a h ,  2 0 0 3 ;  D o r o s h e n k o  

e t  a h ,  2 0 0 7 ;  A i r i c h  e t  a h ,  2 0 1 0 )  w e r e  r e p o r t e d .  T h e r e f o r e ,  i f  t h e  n u c l e o t i d e  s e q u e n c e s  

o f  i n s e r t e d  yddG  a n d  g lp F  g e n e s  i n  t h e  r e c o m b i n a n t  p l a s m i d  w e r e  a c t u a l l y  c o r r e c t  a n d  

d i d  n o t  s h o w  r e a d i n g  f r a m e  s h i f t ,  a s  w e l l  a s  t h e  a d d i t i o n  o f  t h e s e  g e n e s  i n  E. co li 

c o n t r i b u t e d  p o s i t i v e  r e s u l t  t o  L - P h e  p r o d u c t i o n ,  i t  i s  l i k e l y  t h a t  b o t h  g e n e s  w e r e  a b l e  

t o  e x p r e s s  a n d  f u n c t i o n  a s  s p e c i f i e d  m e m b r a n e  p r o t e i n s .  I n  a d d i t i o n ,  w e  o b s e r v e d  t h a t  

c o l o n y  o f  r e c o m b i n a n t  c e l l s  h a r b o u r i n g  g e n e  e n c o d i n g  m e m b r a n e  p r o t e i n  a p p e a r e d  t o  

s h o w  d i f f e r e n t  m o r p h o l o g y  f r o m  t h a t  o f  t h e i r  p a r e n t a l  s t r a i n .  T h e  s m a l l  f l a t  c o l o n i e s  

w e r e  f o r m e d  o n  a g a r  p l a t e  w i t h  u n d u l a t e  m a r g i n .  T h e  a l t e r e d  m o r p h o l o g y  o f  c o l o n y  

w a s  s h o w n  t o  o c c u r  f r o m  b a s a l  l e v e l  e x p r e s s i o n  o f  m e m b r a n e - a s s o c i a t e d  p r o t e i n  

w i t h o u t  i n d u c t i o n  o f  E. c o / i - b a c t e r i o p h a g e  T 7  R N A  p o l y m e r a s e  e x p r e s s i o n  s y s t e m  

( M i r o u x  a n d  W a l k e r ,  1 9 9 6 ) .  T h i s  s u p p o r t e d  t h a t  g e n e s  e n c o d i n g  m e m b r a n e  p r o t e i n s  

i n  t h i s  w o r k  w e r e  r a t h e r  e x p r e s s e d .  M o r e o v e r ,  w h e n  c o m p a r e d  P h e D H  b a n d  i n t e n s i t y  

i n  w h o l e  c e l l s  o f  c l o n e s ,  a n  e x p r e s s i o n  o f  phedh  g e n e  b y  p P Y ,  p P Y F  a n d  p P Y F K  

c l o n e s  h a d  d r a s t i c a l l y  l o w e r  e x p r e s s i o n  l e v e l s  t h a n  t h a t  o f  p P h e D H  c l o n e  b o t h  w i t h  

a n d  w i t h o u t  I P T G  i n d u c t i o n s .  H o w e v e r ,  p P Y ,  p P Y F  a n d  p P Y F K  c l o n e s  g a v e  t h e  

h i g h e r  L - P h e  t i t e r  t h a n  t h a t  o f  p P h e D H  c l o n e .  T h i s  r e s u l t  c o n f i r m e d  t h a t  g e n e s  

e n c o d i n g  m e m b r a n e  p r o t e i n s  w e r e  e x p r e s s e d .  P r o t e i n  p a t t e r n s  o f  w h o l e  c e l l  o f  t h e s e  

t h r e e  c l o n e s  a t  s p e c i f i e d  t i m e s  a f t e r  i n d u c t i o n  w e r e  c l o s e l y  s i m i l a r ,  o n l y  t h o s e  o f  p P Y  

c l o n e  a r e  s h o w e d  i n  F i g u r e  3 . 4 6 .

I n  E. co li,  g l y c e r o l  m o l e c u l e s  e n t e r  t h e  c e l l  b y  p a s s i v e  d i f f u s i o n  v i a  

c h a n n e l  p r o t e i n s  c a l l e d  p o r i n s  t h a t  a r e  l o c a t e d  i n  t h e  o u t e r  m e m b r a n e  a n d  t h e n  

g l y c e r o l  m o l e c u l e s  c r o s s  t h e  i n n e r  m e m b r a n e  b y  f a c i l i t a t e d  d i f f u s i o n  a c h i e v e d  

t h r o u g h  a n  i n t e g r a l  m e m b r a n e  p r o t e i n ,  g l y c e r o l  f a c i l i t a t o r  G l p F .  T h e  c y t o p l a s m i c
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F i g u r e  3 . 4 6  S D S - P A G E  o f  w h o l e  c e l l  e x t r a c t s  o f  E. co li h a r b o u r i n g  p P Y  i n d u c e d  b y  

0  m M  ( A ) ,  0 . 2 5  m M  ( B ) ,  0 . 5  m M  ( C )  a n d  1 m M  ( D )  I P T G  a t  v a r i o u s  t i m e s  o f  s h a k e  

f l a s k  c u l t i v a t i o n  ( F o r  ( A ) ,  s a m p l e  v o l u m e  f o r  l o a d i n g  w a s  t w o  t i m e s  h i g h e r  t h a n  t h a t  

o f  t h e  o t h e r s ) .  T h e  a r r o w  i n d i c a t e d  P h e D H  b a n d .

L a n e M  =  p r o t e i n  m o l e c u l a r  w e i g h t  m a r k e r

L a n e  1 =  E. co ll B L 2 1 ( D E 3 ) / p R S F D u e t - l

L a n e  2 - 9  =  E. co ll B L 2 1 ( D E 3 ) / p P Y  a t  2 4 ,  4 8 ,  7 2 ,  9 6 ,  1 2 0 , 1 4 4 ,

1 6 8 ,  1 9 2  a n d  1 9 2  h  a f t e r  i n d u c t i o n ,  r e s p e c t i v e l y
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g l y c e r o l s  a r e  p h o s p h o r y l a t e d  t o  g l y c e r o l  3 - p h o s p h a t e  ( G 3 P )  b y  g l y c e r o l  k i n a s e  t o  

p r e v e n t  g l y c e r o l  f r o m  p a s s i v e l y  d i f f u s i n g  o u t  o f  t h e  c e l l .  T h e  r e s u l t i n g  G 3 P  i s  t r a p p e d  

i n  t h e  c e l l  u n t i l  i t  i s  f u r t h e r  m e t a b o l i z e d  s i n c e  i t  i s  n o t  a  s u b s t r a t e  f o r  t h e  g l y c e r o l  

f a c i l i t a t o r  ( V o e g e l e  e t  a h ,  1 9 9 3 ) .  G 3 P  i s  t h e n  o x i d i z e d  t h r o u g h  t h e  a c t i o n  o f  G 3 P  

d e h y d r o g e n a s e  e n c o d e d  b y  glpD  g e n e  t o  f o r m  d i h y d r o x y a c e t o n e  p h o s p h a t e  ( D H A P ) ,  

w h i c h  i s  i n  t u r n  i s o m e r i z e d  t o  g l y c e r a l d e h y d e  3 - p h o s p h a t e  ( G A 3 P )  ( d a  S i l v a  e t  a h ,  

2 0 0 9 ) .  B o t h  D H A P  a n d  G A 3 P  a r e  f u r t h e r  m e t a b o l i z e d  i n  b o t h  t h e  g l y c o l y s i s  a n d  t h e  

p e n t o s e  p h o s p h a t e  p a t h w a y s .  A s  a  c o n s e q u e n c e  o f  t h i s ,  t h e  o v e r e x p r e s s e d  g l y c e r o l  

k i n a s e  s h o u l d  i n c r e a s e  t h e  t r a p p e d  g l y c e r o l  i n s i d e  t h e  c e l l s  l e a d i n g  t o  e n h a n c e m e n t  o f  

c a r b o n  f l u x  i n t o  f u r t h e r  m e t a b o l i s m s .  F r o m  t h e  r e s u l t  o f  L - P h e  p r o d u c t i o n  b y  p P Y F K  

c l o n e ,  o v e r e x p r e s s i o n  o f  g l y c e r o l  k i n a s e  t o g e t h e r  w i t h  g l y c e r o l  f a c i l i t a t o r  w a s  u n a b l e  

t o  s u p p o r t  L - P h e  p r o d u c t i v i t y  i n  E. co li c o n t a i n i n g  phedh  a n d  yddG  g e n e s .  P o s s i b l y ,  

t h i s  a p p r o a c h  m i g h t  n o t  b e  e f f e c t i v e  e n o u g h  t o  i n c r e a s e  g l y c e r o l  u t i l i z a t i o n .  I n  2 0 0 8 ,  

Corynebacterium glutam icum  p r o d u c i n g  a m i n o  a c i d  t h a t  c a n n o t  u t i l i z e  g l y c e r o l  w a s  

s u c c e s s f u l l y  e n g i n e e r e d  t o  g r o w  o n  g l y c e r o l  b y  h e t e r o l o g o u s  e x p r e s s i o n  o f  E. co li 

g l y c e r o l  u t i l i z a t i o n  g e n e s .  S i m u l t a n e o u s  e x p r e s s i o n  o f  g lpK  e n c o d i n g  g l y c e r o l  k i n a s e  

a n d  g lpD  e n c o d i n g  g l y c e r o l  3 - p h o s p h a t e  d e h y d r o g e n a s e  w a s  s u f f i c i e n t  f o r  g r o w t h  o n  

g l y c e r o l  a n d  a n  a d d i t i o n a l  e x p r e s s i o n  o f  t h e  g lp F  g e n e  i n c r e a s e d  g r o w t h  r a t e  a n d  

b i o m a s s  f o r m a t i o n .  T h i s  c .  glutam icum  s t r a i n  e x p r e s s i n g  E. co li g lpF , g lpK , a n d  glpD  

g e n e s  w a s  a b l e  t o  p r o d u c e  g l u t a m a t e  a n d  l y s i n e  f r o m  g l y c e r o l  a s  t h e  s o l e  c a r b o n  a n d  

e n e r g y  s o u r c e s .  M o r e o v e r ,  t h e  i n c r e a s e d  g l y c e r o l  k i n a s e  l e v e l  c a u s e d  t h e  i n t r a c e l l u l a r  

a c c u m u l a t i o n  o f  G 3 P  t h a t  i s  a  g r o w t h  i n h i b i t o r .  C o - e x p r e s s i o n  o f  g lp F  a n d  g lpK  g e n e s  

i n  c .  glutam icum  l e d  t o  a  m a x i m u m  a c c u m u l a t e d  i n t r a c e l l u l a r  G 3 P  c o m p a r e d  t o  c l o n e  

e x p r e s s i n g  g lp F  g e n e  a n d  c l o n e  e x p r e s s i n g  g lp F 5 g lpK  a n d  glpD  g e n e s .  T o  p r e v e n t  

i n t r a c e l l u l a r  a c c u m u l a t i o n  o f  G 3 P ,  glpD  g e n e  i s  r e q u i r e d  t o  c o - e x p r e s s  w i t h  g lpK  

g e n e  t o  b a l a n c e  b o t h  e x p r e s s i o n  l e v e l s  ( R i t t m a n n ,  L i n d n e r ,  a n d  W e n d i s c h ,  2 0 0 8 ) .  

A d d i t i o n a l l y ,  t h e  s i m u l t a n e o u s  e x p r e s s i o n  o f  gldA  e n c o d i n g  g l y c e r o l  d e h y d r o g e n a s e  

a n d  dhriK LM  e n c o d i n g  d i h y d r o x y a c e t o n e  k i n a s e  w a s  f o u n d  t o  a c c e l e r a t e  t h e  

f o r m a t i o n  o f  D H A P  f r o m  g l y c e r o l  t o  p r o m o t e  t h e  r a t e s  o f  g l y c e r o l  u t i l i z a t i o n  a n d  

p r o d u c t  s y n t h e s i s  i n  E. co li e i t h e r  t h r o u g h  t h e  f e r m e n t a t i v e  o r  t h e  r e s p i r a t o r y  g l y c e r o l  

d i s s i m i l a t i o n  p a t h w a y  ( Y a z d a n i  a n d  G o n z a l e z ,  2 0 0 8 ) .
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A s  t h e  p r o d u c t i o n  r a t e s  o f  L - P h e  w e r e  i m p r o v e d  ( 1 . 3 - ,  1 . 4 -  a n d  1 . 8 - f o l d )  

w h e r e a s  t h e  L - P h e  t i t e r  w a s  n o t  c h a n g e d  ( — 2 5 0  m g / L ) ,  s o m e  o t h e r  b o t t l e n e c k s  i n  

t h e  c o m m o n  L - P h e  s y n t h e s i s  p a t h w a y  s h o u l d  e x i s t .  T h i s  s e c t i o n  w a s  l i k e l y  f o c u s e d  

o n l y  o n  i m p r o v i n g  t r a n s p o r t  o f  t h e  s u b s t r a t e  a n d  t h e  e x c r e t i o n  o f  t h e  p r o d u c t ,  b u t  n o t  

o n  t h e  s t e p s  o f  t h e  t i g h t l y  r e g u l a t e d  b i o s y n t h e s i s  p a t h w a y  o f  a r o m a t i c  a m i n o  a c i d s .  

C o n s e q u e n t l y ,  m e t a b o l i c  e n g i n e e r i n g  p r o c e s s  o f  a n  a r o m a t i c  a m i n o  a c i d  b i o s y n t h e s i s  

p a t h w a y  f r o m  s t a r t i n g  c a r b o n  s o u r c e ,  g l y c e r o l  w a s  f u r t h e r  f o c u s e d  o n .

T o  d e t e r m i n e  t h e  u t i l i z a t i o n  o f  g l u c o s e  a s  c a r b o n  s o u r c e  f o r  L - P h e  

p r o d u c t i o n ,  g l y c e r o l ,  g l u c o s e  a n d  g l u c o s e - g l y c e r o l  m i x t u r e  w e r e  u s e d  a s  s i n g l e  

n u t r i e n t  o r  c o - n u t r i e n t .  E a c h  o f  t h e s e  r e c o m b i n a n t  c e l l s  p P h e D H ,  p P Y ,  p P Y F  a n d  

p P Y F K  w a s  c u l t i v a t e d  i n  p r o d u c t i o n  m e d i u m  i n  s h a k e  f l a s k .  N o r m a l l y ,  g l y c e r o l  

c o n c e n t r a t i o n  o f  3 0  g / L  w a s  a l w a y s  f i x e d  t h r o u g h o u t  e x p e r i m e n t s .  I n s t e a d  o f  g l y c e r o l ,  

g l u c o s e  w a s  u s e d  e i t h e r  i n  t h e  s a m e  g r a m  a m o u n t  o f  g l y c e r o l  ( 3 0  g / L )  o r  i n  t h e  s a m e  

m o l e  a m o u n t  o f  g l y c e r o l  ( 3 2 6  m m o l e / L ) .  A d d i t i o n a l l y ,  t o  i n v e s t i g a t e  c o - u t i l i z a t i o n  o f  

t w o  c a r b o n  s o u r c e s  ( g l u c o s e  a n d  g l y c e r o l ) ,  t h e  m i x t u r e  o f  t h e  s a m e  a m o u n t  o f  e a c h  

( 1 5  g / L )  w a s  u s e d .  E a c h  c l o n e  w a s  i n d u c e d  b y  I P T G  t o  t h e  s a m e  f i n a l  c o n c e n t r a t i o n  

t o  a t t a i n  t h e  m a x i m u m  y i e l d  o f  L - P h e  a s  p r e v i o u s l y  i d e n t i f i e d .  A s  s h o w n  i n  F i g u r e  

3 . 4 7 - 3 . 5 0 ,  i t  w a s  f o u n d  t h a t  a l l  f o u r  c l o n e s  h a d  c l o s e l y  s i m i l a r  p r o f i l e s  o f  g r o w t h ,  

s u b s t r a t e  u t i l i z a t i o n ,  L - P h e  p r o d u c t i o n  a n d  t h e  p H  v a l u e s  o f  m e d i u m ,  e x c e p t  f o r  t h e  

g r o w t h  c u r v e  o f  p P Y F K  c l o n e  i n  m e d i u m  c o n t a i n i n g  3 0  g / L  o f  g l u c o s e  ( F i g u r e  

3 . 4 7 D )  w h e n  t h e y  w e r e  c u l t u r e d  i n  d i f f e r e n t  m e d i a  ( i . e .  g l y c e r o l  ( 3 0  g / L ) ,  g l u c o s e  ( 3 0  

g / L ) ,  g l u c o s e  ( 3 2 6  m m o l e / L )  a n d  g l u c o s e - g l y c e r o l  m i x t u r e  ( 1 5  g / L  o f  e a c h ) .  

T h e  m e d i u m  c o n t a i n i n g  g l u c o s e  g a v e  t h e  v a l u e s  o f  b i o m a s s  c o n c e n t r a t i o n  ( 1 . 9 -  t o  2 . 6 -  

f o l d )  ( F i g u r e  3 . 4 7 )  a n d  L - P h e  p r o d u c t i o n  ( 4 . 5 -  t o  9 . 6 - f o l d )  ( F i g u r e  3 . 4 9 )  l o w e r  t h a n  

t h o s e  o f  m e d i u m  c o n t a i n i n g  s o l e  g l y c e r o l .

I t  w a s  f o u n d  t h a t  i n  g l u c o s e - g l y c e r o l  m i x t u r e  m e d i u m ,  g l u c o s e  w a s  g r a d u a l l y  

u t i l i z e d  w h i l e  g l y c e r o l  s e e m e d  h a r d l y  u t i l i z e d  ( F i g u r e  3 . 4 8 ) .  T h i s  r e s u l t  c o u l d  b e  

e x p l a i n e d  w e l l  w i t h  p r e v i o u s  o b s e r v a t i o n  i n  E. co li J M 1 0 1  t h a t  w a s  c u l t u r e d  i n  

a  m i x t u r e  o f  g l u c o s e  a n d  g l y c e r o l  a s  c a r b o n  s o u r c e s .  C l e a r l y ,  a f t e r  g l u c o s e  h a d  b e e n  

c o m p l e t e l y  e x h a u s t e d ,  g l y c e r o l  w a s  i n i t i a l l y  c o n s u m e d .  M o r e o v e r ,  f o r  E. co li, 

t h e  p r e s e n c e  o f  g l u c o s e  i n h i b i t s  t h e  u t i l i z a t i o n  o f  s e c o n d a r y  c a r b o n  s o u r c e s  k n o w n  a s  

c a r b o n  c a t a b o l i t e  r e p r e s s i o n  ( M a r t i n e z  e t  a h ,  2 0 0 8 :  o n l i n e ) .  F u r t h e r m o r e ,  t h i s  e v e n t
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F i g u r e  3 . 4 7  G r o w t h  p r o f i l e s  o f  E. co li B L 2 1 ( D E 3 )  h a r b o u r i n g  p P h e D H  ( A ) ,  p P Y  ( B ) ,  

p P Y F  ( C )  a n d  p P Y F K  ( D )  i n  p r o d u c t i o n  m e d i u m  c o n t a i n i n g  3 0  g / L  o f  g l y c e r o l  ( ♦ ) ,  

3 0  g / L  o f  g l u c o s e  ( B ) ,  3 2 6  m m o l e / L  ( o r  5 8 . 7 3  g / L )  o f  g l u c o s e  ( • )  a n d  t h e  m i x t u r e  o f  

1 5  g / L  o f  g l u c o s e  a n d  1 5  g / L  o f  g l y c e r o l  ( A )  i n  s h a k e  f l a s k  c u l t u r e .  D a t a  s h o w n  w e r e  

t h e  m e a n s  o f  t w o  i n d e p e n d e n t  c u l t i v a t i o n s .
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F ig u re  3 .48  C arbon source consum ption  p ro file s  o f  E . c o li B L 21(D E 3) harbouring 
pPheD H  (A ), pP Y  (B ), pPY F (C) an d  pP Y F K  (D ) in production  m edium  containing 
30 g/L o f  glycerol ( ♦ )3 0  g/L o f  glucose ( H ) ,  326 m m ole/L  (or 58.73 g/L) o f  glucose 
( • )  and the  m ixture o f  15 g/L o f  g lucose ( A )  and 15 g/L o f  glycerol ( A )  in shake 
flask culture. D ata show n w ere the  m eans o f  tw o  independent cultivations.
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T im e  a fte r  in d u c t io n  (h ) T im e  a fte r in d u c t io n  (h)

F ig u re  3 .49  L-Phe p roduction  profiles o f  E . c o l i  B L21(D E3) harbouring  pPheD H  (A ), 
pPY  (B ), pPY F (C ) and pPY FK  (D ) in p roduc tion  m edium  contain ing  30 g/L o f  
glycerol (♦ ), 30 g/L o f  g lucose (H ) , 326 m m ole/L  (or 58.73 g/L) o f  glucose ( # )  and 
the  m ix tu re  o f  15 g/L o f  g lucose and 15 g /L  o f  glycerol ( A )  in shake flask culture. 
D ata show n w ere the m eans o f  tw o independen t cultivations.
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m ay occur from  glucose inhibition  o f  g lycero l u tilization. In g lycerol utilization, 
E. c o li glycerol k inase catalyzes the ra te -lim itin g  step. Its cataly tic activity is 
aliosterically  regulated  at the protein  lev e l by  tw o effectors, the  fructose 1 ,6 - 
b isphosphate and the phosphocarrier p ro tein  o f  phosphotransferase system  (Pettigrew  
et ฟ ., 1996). A lso, it w as reported  that i f  p o ssib le , m edia contain ing glucose should 
usually  be avoided for culturing  E. c o li in sh ak e  flasks because th is induces overflow  
m etabolism  despite o f  under un lim ited-oxygen  conditions (L osen et ah , 2004) leading 
to acetate  undesirable by-product form ation th a t is know n to  cause several negative 
effects on  grow th and protein  production  (K lem an  and S trohl, 1994; E item an and 
A ltm an, 2006). H igh acetate titers not only caused  a  reduction  o f  g lucose uptake but 
also a  reduction  o f  L -Phe form ation (G erigk e t ah , 2002).

W hen observing the pH  value o f  g lycero l and g lucose m edium , it w as found 
that all m edium  contain ing glucose had a fa s te r  rate  o f  reducing  pH  value com pared to 
that in  m edium  contain ing glycerol (F igure 3 .50). T his w as consisten t w ith  previous 
report in w hich the form ation o f  acetic ac id  w as taken  place during the earlier phase 
o f  cu ltivation  in g lucose m edium . In con trast to in glycerol m edium , acetic acid w as 
initially  form ed later and w as particularly  ra p id  at the end o f  the cu ltivation  (N akano 
et ah , 1997).

From  these results, it w as suggested  that g lycerol w as absolutely  a  better 
carbon source than glucose. T his w as m a in ly  due to h igher b iom ass and L-Phe 
concentrations o f  recom binant clones in g lycero l m edium  than  those in m edium  
contain ing glucose.

From  section  3.9.2, the result o f  L -P h e  production  in d ifferen t engineered 
E. c o li (pPheD H , pPY , pPY F and pPY FK  clones) led to  an  im portant inform ation. 
It w as c lear that the overexpression o f  y d d G  gene encoding arom atic  am ino acid 
exporter could  significantly  im prove the L -P h e  production  in E . c o li containing phedh  
gene. C onsequently , each o f  these previous constructed  p lasm ids pPT , pPT F, pPTFK , 
pPTFB  should  be added w ith  the yddG  g en es and its T 7 /ac  prom oter to generate 
pPT Y , pPT FY , pPT FK Y  and pPT FB Y , respectively  to ensure that the L-Phe 
p roduction  o f  all c lones w as significantly  increased .
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F ig u re  3 .50  The m edium  pH profiles w hen E . c o li B L 21(D E 3) harbouring  pPheD H  
(A), pP Y  (B), pPY F (C ) and pPY FK  (D ) w ere grow n in  production  m edium  
contain ing  30 g/L  o f  glycerol (♦ ), 30 g/L  o f  glucose (H ) , 326 m m ole/L  (or 58.73 
g/L) o f  glucose (© )  and  the m ix ture  o f  15 g /L  o f  glucose and  15 g/L  o f  glycerol ( A )  
in shake flask culture. D ata  show n w ere  the m eans o f  tw o independent cultivations.
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3 .1 0  T h e  a d d i t i o n  o f  y d d G  g e n e  i n t o  p P T ,  p P T F ,  p P T F K ,  p P T F B  to  
p r o d u c e  p P T Y ,  p P T F Y ,  p P T F K Y  a n d  p P T F B Y

3 .1 0 .1  C lo n in g  o f  y d d G  g e n e  in to  r e c o m b in a n t  p la s m id  p P T
To prepare pPT Y  con ta in ing  phedh, tk tA  and yd d G  genes, the pPT  

(7,201 bp) w as d igested  w ith  B a m H l  and E c o R V  to  retain  the 5,682 bp fragm ent 
containing tk tA  gene and to delete  th e  D N A  fragm ent o f  1,339 bp contain ing phedh  
gene. The specified fragm ent o f  5 ,682  bp perfo rm ed  as vecto r w as purified  from  the 
gel. The insert fragm ent 2,315 bp co nsisting  o f  phedh  and yd d G  genes w as obtained 
by cutting the pPY  (5,931 bp) w ith  th e  sam e restric tion  enzym es. The insert fragm ent 
and the vecto r fragm ent w ere ligated  resu lting  in pP T Y  (7,997 bp) (Figure 2.12B). 
A fter the resu lting  ligation  had  been  in troduced  into  E. c o li B L 21(D E 3), the desired 
clone w as selected  and its p lasm id  w as identified  by cleaving w ith  B am W l and 
E c o K V .  The fragm ents o f  5,682 bp an d  2,315 bp  w ere obtained (F igure 3.51).

3 .1 0 .2  C lo n in g  o f  y d d G  g e n e  in to  r e c o m b in a n t  p la s m id  p P T F
The recom binant p lasm id  pP T F Y  contain ing  phedh, tktA , g lp F  and 

yd d G  genes w as created  by the  co m b in a tio n  o f  the D N A  fragm ents ob tained  from  
pPT FY  (6,817 bp) and pP T Y  (7 ,997 b p ) digestions. T he pR SFD uet-1 vector fragm ent 
o f  4,467 bp contain ing  g lp F  gene w as p repared  by digestion  o f  pPT FY  w ith 
restriction enzym es B a m H l and X h o l.  A lso , th e  insert fragm ent (4,416 bp) contain ing 
three genes, phedh, tk tA  and yd d G  genes, w as prepared by digestion  o f  pP T Y  w ith 
B a m H l and X h o l.  A fter both  o f  th ese  elig ib le  fragm ents had been purified  from  
the gel, these w ere ligated  to form  pP T F Y  (8,883 bp) (F igure 2.13A ) and transform ed 
into E. c o li host cell. T he engineered  E . c o li B L 21(D E 3) bearing  pPT FY  w as selected. 
The p lasm id pP T F Y  w as d igested  w ith  B a m H l and X h o l.  It w as likely  that only  single 
intense D N A  band o f  approx im ately  4.5 kb w as appeared as show n in F igure 3.52. 
H ow ever, th is band v irtually  co n ta in ed  the tw o  bands o f  4 ,416 and 4,467 bp. These 
fragm ent sizes w ere too close  to be separated  apart on 0 .8%  agarose gel.
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m  1 2 3 4 5

F ig u re  3.51 R estriction  pattern o f  re c o m b in a n t p lasm id pPT Y  
Lane m =  100 b p  D N A  ladder
Lane 1-5 =  fta/w H ITEcoRV -digested pPT Y

F ig u re  3.52 R estriction  pattern  o f  re c o m b in a n t plasm id pPT FY
Lane m =  100 b p  D N A  ladder
Lane 1 =  Ra/nHI/ATzoI-digested pPY F
Lane 2-7 =  Sa/wPII/YTzoI-digested pPTFY
Lane 8 = itam H I/A TîoI-digested pPTF
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3 .1 0 .3  C lo n in g  o f y d d G  g e n e  in to  r e c o m b in a n t  p la s m id  p P T F K
To produce pPT FK Y  co n ta in in g  phedh, tk tA , g lp F , g lp K  and yddG  

genes, the  pPT FK  (9,438 bp) w as cut w ith  A sc l and A f in  to  give the  pRSFD uet-1 
vector fragm ent inserted w ith  four genes o f  9 ,400  bp (i.e. phedh, tk tA , g lp F  and g lp K  
genes). The 1,014 bp fragm ent contain ing  yd d G  gene w as prepared  by digesting 
pY ddG  w ith  A sc l and A f l u  and p layed a s  insert fragm ent. T he ligation  betw een 
the vector and the insert fragm ents w as perfo rm ed  leading to pP T F K Y  (10,414 bp) as 
show n in F igure 2.13B. The pPT FK Y  w as tran sfo rm ed  into host cell and the  plasm id 
w as verified  by double d igestion  w ith  A s c l and A f l u .  The obtained  fragm ents in 
lengths o f  9,400 bp and 1,014 bp  are show ed  in  F igure 3.53.

3 .1 0 .4  C lo n in g  o f  y d d G  g e n e  in to  r e c o m b in a n t  p la s m id  p P T F B
E ventually , the p lasm id  p P T F B Y  contain ing phedh, tk tA , g lp F , a ro B  

and yd d G  genes w as constructed. The p P T F B  w as digested by  Bam YU  and X h o l  to  
give the potential vector contain ing g lp F  an d  a ro B  genes o f  5 ,186 bp. Sim ilarly, 
the pP T Y  w as digested w ith  the sam e restric tio n  enzym es to p roduce the D N A  
fragm ent o f  4 ,416 bp contain ing phedh, tk tA  and yddG  genes. A fter recovering  each 
o f  these tw o  w anted fragm ents from  the gel, they w ere ligated  to gether to  carry out 
pPT FB Y  (9,602 bp) (F igure 2.14). T his ligation  w as transfo rm ed  into  E. c o ll 
B L 21(D E 3) host cell. The E. c o ll B L 2 1 (D E 3 ) harbouring pPT FB Y  w as selected and 
the p lasm id  pPT FB Y  w as analyzed by d ig es tio n  o f  BamYU  and X h o l.  The restriction 
fragm ents o f  approxim ately  5.2 and 4.5 kb w e re  show ed in F igure 3.54.

3 .1 1  E x p r e s s i o n  o f  r e c o m b i n a n t  p l a s m i d s  p P T Y ,  p P T F Y ,  p P T F K Y ,  
p P T F B Y ,  p P T F B L Y  a n d  p P T F B L Y A  in  E .  c o l i  B L 2 1 ( D E 3 )

W hen observing the  gene expression  lev e ls  o f  five transfo rm ants o f  individual 
recom binant clone as prev iously  m entioned in  section 3.8, it w as found that they had a 
sim ilar level o f  specified gene expression. T h ere fo re , one transfo rm ant w as random ly 
chosen fo r exploring ability  for L -Phe p ro d u c tio n  in shake flask. P rim arily , these six 
clones (i.e. pPT Y , pPT FY , pPT FK Y , p P T F B Y , pPT FB L Y  and pPT FB L Y A ) w ere 
investigated  w hether each gene appeared o n  recom binan t p lasm id  w as sim ultaneous
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in  1 2 3 4 5

F ig u re  3 .53  R estriction  pattern o f  reco m b in an t plasm id pPT FK Y  
Lane m  =  100 bp  D N A  ladder
Lane 1-5 =  risc l/r i/n i-d ig e s te d  fragm ent o f  pPT FK Y

m ! 2 3 4  5 6  7 8 9 m

F ig u re  3 .54  R estriction  pattern  o f  reco m b in an t plasm id pPT FB Y  
Lane m  =  100 bp  D N A  ladder
Lane 1 =  B a m H l/X h o l-digested fragm ent o f  pPTFB
Lane 2-7 = Ra/nH I/A TioI-digested fragm ent o f  pPT FB Y
Lane 8 =  ftamHI/ATzoI-digested fragm ent o f  pPT Y
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expressed in the  sam e E. c o li host cell as ju d g e d  by d istinct band  on C oom assie B lue 
stained SD S -P A G E  gel. The protein  patterns obtained from  both  crude extract and 
w hole cell ex tract o f  these clones w ere com pared  to that o f  the  control E. c o li 
B L21(D E 3) harbouring  pRSFD uet-1 vector, pPheD H  and pP Y  as show n in  Figure 
3.55. It w as show n that each clone could  p roduce  proteins in so luble form  because 
band density  o f  pro teins in crude extracts and  w hole cell ex tracts after induction  w ith  
1 m M  IPTG  for 3 h  w ere in good agreem ent (F igure  3.55A  and B).

W hen considering  each desired  p ro te in  band (PheD H , T ktA , G lpK , A roB , 
A roL  and PheA ) tha t could  be detected  u p o n  SD S-PA G E  sta ined  w ith  C oom assie 
B lue, it w as found tha t phedh  gene in  all recom binan t c lones w ere expressed w ith  
apparent m olecular w eigh t o f  42 kD a (lane 2 -9 ) that w as m atched  to  its theoretical 
one. The levels o f  visualized  PheD H  pro te in  band in each o f  these  d ifferen t clones 
w ere varied  as sim ilar to  PheD H  activ ity . T hese  six  c lones show ed the ir PheD H  
activity  rang ing  from  4.2-15.8 unit/m g p ro te in  (Table 3.3). D istinctly , all c lones had 
low er PheD H  activ ities com pared to  clone expressing phedh  gene only (pPheD H  
clone).

A ll c lones contain ing tk tA  gene en cod ing  transketo lase A  (i.e. pPT Y , pPTFY , 
pPT FK Y , pPT FB Y , pPT FB L Y  and p P T F B L Y A ) show ed sim ilar v isib le  levels o f  tk tA  
expression  w ith  sharp  T ktA  protein  band  o f  72  kD a (lane 4-9) in  bo th  crude extract 
and w hole cell. For pPT FK Y  clone, g lp K  g ene  encoding glycerol kinase show ed 
the h igher in tensity  o f  protein  band  o f  56  kD a (lane 6). F o r recom binant cells 
contain ing  a ro B  gene encoding 3 -dehydroqu inate  synthase (pPT FB Y , pPT FB L Y  and 
pPT FB L Y A  clones), it w as found th a t no  ex tra  intensity  o f  A roB  pro te in  band at 
predicted  size o f  39 kD a could be detected  (lan e  7-9). P ossib ly , th is  concentration  o f  
IPTG  (1 m M ) and induction  duration  (3 h) w a s  not suitable fo r a ro B  gene expression 
w ith in  these three clones. The useful m e th o d  for op tim ization  o f  the  expression o f  
m ultip le  genes is the  arrangem ent o f  sev era l genes as an  operon to  facilitate 
coordinated  expression  o f  m ultip le genes (Pfleger et al., 2006). M oreover, an 
expression  level for producing A roB  p ro te in  w as too low  to be v isualized  by 
C oom assie B lue stained SD S-PA G E gel. T h e  low  expression  tite r o f  a ro L  gene 
encoding shikim ate k inase II in (pPT FB L Y  a n d  pPT FB L Y A  clones) w as observed as 
faint band  at 19 kD a (lane 8-9). F o r the la tte r, expression  o f  pheA  gene encoding
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kD a

1 1 6 .0

66.2
4 5 .0

3 5 .0

2 5 .0

1 8 .4

1 4 .4

F ig u re  3 .55 SD S-PA G E  o f  recom binant E . c o li B L 21(D E 3) carry ing  d ifferen t gene 
com bination  a fter induction  w ith 1 m M  IP T G  for 3 h. T he  arrow s show ed the 
specified  protein  bands.

A: w hole cell 
B: crude ex tract

Lane M =  protein  m o lecu la r w eight m arker
Lane 1 =  E . c o li B L 21(D E 3)/pR S F D uet-l
Lane 2 =  E . c o li B L 21(D E 3)/pP heD H
Lane 3 =  E . c o li B L 21(D E 3)/pP Y
Lane 4 =  E . c o ll B L 21(D E 3)/pP T Y
Lane 5 =  E . c o li B L 21(D E 3)/pP T F Y
Lane 6 =  E . c a ll B L 2 1 (D E 3 )/p P T F K Y
Lane 7 =  E . c o li B L 21(D E 3)/pP T F B Y
Lane 8 =  E . c o li B L 21(D E 3)/pP T F B L Y
Lane 9 =  E . c o li B L 21(D E 3)/pR T F B L Y A
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chorism ate m u tase / prephenate dehydratase  in pPT FB L Y A  clone, the PheA  protein 
produced w as observed  as faint v isib le  band o f  43 kD a (lane 9).

By com parison  o f  protein  pattern  o f  cells w ith  (F igure 3 .55A; lane 4-8) and 
w ithout (F igure 3.56A ; lane 3-7) add itional expression  o f  yd d G  gene such as 
pPT/pPTY ; pPTF/pPTFY ; pPT F K /pP T F K Y  ; pPT FB /pPT F B Y ; and
pPT FB L /pPT FB LY ), it w as found tha t the p resence  o f  additional yd d G  gene rendered 
that clone to have a low  expression level o f  o ther co-expressed genes. It w as possible 
that the tox icity  o f  Y ddG  disturbed the expression  o f  o ther genes. The PheDH 
activities o f  pPT , pPTF, pPT FK , pP T F B  and pPT FB L  clones w ere varied from  21.3 to
27.2 unit/m g p ro tein  (Table 3.3). T hese ac tiv ities w ere h igher than those o f  clones 
existing additional yddG  gene (pPT Y , pPT FY , pPT FK Y , pPT FB Y  and pPT FB L Y  
clones).

3 .1 2  O p t i m i z a t i o n  o f  I P T G  c o n c e n t r a t i o n  f o r  L - P h e  p r o d u c t i o n  in  
c u l t i v a t i o n  o f  p P T Y ,  p P T F Y ,  p P T F K Y ,  p P T F B Y ,  p P T F B L Y  a n d  
p P T F B L Y A  c lo n e s

In o rder to investigate w hether hetero logous expression  o f  the E. c o li genes 
yddG , tk tA , g lp F , g lpK , a roB , a ro L  and  pheA  together w ith  phedh  gene w as sufficient 
to increase capability  o f  L-Phe p roduction  in E. c o li from  glycerol com paring  to 
that o f  E. c o li contain ing  phedh  gene alone. In shake flask, individual engineered E. 
c o li that harbouring  d ifferent com binations o f  genes arranged on single plasm id 
pRSFDuet-1 w ith  fixing existence o f  p hed h  and yd d G  genes (pPT Y , pPTFY , 
pPTFK Y , pP T F B Y , pPT FB L Y  and pP T F B L Y A ) w as inoculated in a m inim al 
m edium  contain ing  30 g/L  o f  g lycero l and 50  g/L o f  (N H ^ S C b  as sole carbon and 
nitrogen sources, respectively . The cu ltu rin g  flasks o f  each clone w ere added by 0-1 
m M  IPTG.

The cell grow th, glycerol u tilization , m ed ium  pH  and L-Phe production  profiles 
o f  all six c lones w ere m onitored. T he  g ro w th  curves o f  these six clones show ed 
variable types o f  grow th (Figure 3 .57). A  few  clones (pPT FK Y  and pPT FB L Y ) 
show ed sim ilar b iom ass level both w ith  and w ithou t induction  (Figure 3 .57C  and E). 
The highest yield o f  biom ass o f  all c lones w as observed in range o f  4-5 g/L  and
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1 4 .4

2 5 .0
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B
MkDa

1 1 6 .0

66.2
4 5 .0

3 5 .0

kDa
1 1 6 .0

66.2
4 5 .0

3 5 .0

F ig u re  3 .56 SD S-PA G E o f  w h o le  c e ll  extracts derived  from  recom binant 
E . c o li B L 21(D E 3) carry ing d iffe ren t gene com bination  after induction  w ith  1 m M  
IPT G  for 3 h

A: w hole cell 
B: crude extract

Lane M =  protein  m o le c u la r  w eight m arker
Lane 1 =  E . c o li B L 2 1 (D E 3 )/p R S F D u et-l
L ane 2 =  E . c o li B L 21(D E 3)/pP heD H
L ane 3 =  E . c o ll B L 2 1 (D E 3 )/p P T
Lane 4 =  E. c o ll B L 2  l(D E 3 )/p P T F
Lane 5 =  E . c o li B L 2 1 (D E 3 )/p P T F K
Lane 6 = E . c o li B L 2 1 (D E 3 )/p P T F B
Lane 7 =  E . c a ll B L 21 (D E 3 )/p P T F B L
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0 24 48 72 96 120 144 168 192 216 240 0 24 48 72 96 120 144 168 192 216 240
T i m e  a f t e r  i n d u c t i o n  ( h )  T i m e  a f t e r  i n d u c t i o n  ( h )

F ig u re  3 .57 G row th profiles o f  E. c o li B L 2 1 (D E 3 ) harbouring pPT Y  (A ), pPT FY  (B), 
pP T F K Y  (C), pPT FB Y  (D ), pP T F B L Y  (E ) a n d  pPTFB LY A  (F) in glycerol m edium  
w ithou t IPTG  induction  (♦ ) and w ith  IP T G  induction  to  final concentrations o f  0.25 
m M  (H ) , 0.5 m M  ( • )  and  1 m M  ( A )  in sh ak e  flask  culture. D ata  show n w ere the  
m eans o f  tw o  independent cultivations.
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m ostly, b iom ass concentration  o f  un induced  clone w as low er than  those o f  induced 
clones (pPT Y , pPT FY , pPTFB Y  and pP T F B L Y A ; F igure 3 .57A , B, D  and F). 
In the absence o f  IPTG , pPT FY , pP T F B Y  and pPT FB L Y A  clones could  consum e 
m ore glycerol than  those o f  induced clones w ith  rem ain ing  less am ount o f  glycerol 
(~1 g/L) a t the  end o f  cultivation (Figure 3 .5 8 B , D and F). The pH  value o f  m edium  
o f  induced clones w as gradually decreased to  th e  sam e value o f  4 .2  (data  no t show n).

A s m entioned  in section 3.9.2, to se lec t w hich clone w as the  best for L-Phe 
production  (pPheD H , pPY , pPY F and p P Y F K  clones), the  L -Phe p roduction  rate w as 
considered due to the fact that their h ig h est values o f  L -Phe concentration  w ere 
approxim ately  250 m g/L  (230-280 m g/L) w h ich  w ere not clearly  d ifferen t am ong 
the four clones. T he production  rate should b e  considered w ith in  120 h  after induction 
in w hich it w as still linear. H ow ever, in  th is  section, the  critical param eters used for 
m onitoring  these  clones w ere the L -Phe p ro d u c tio n  rate  and the h ighest value o f  
L-Phe. T he production  rates o f  these rem ain in g  six clones are show n in F igure 3.59 
and sum m arized  in Table 3.4. It w as found  that all c lones show ed h igher in both 
L-Phe p roduction  rate and the m axim um  v a lu e  o f  L-Phe than  those o f  pPheD H  clone 
indicating all com binations o f  gene ex p ressio n  actually  caused an  im provem ent o f  
L-Phe p roduction  from  glycerol. The pP T F B L Y  clone gave the h ighest p roduction  
rate o f  3 .36  m g/L  h  w hich w as 2 .1-fold  h ig h e r  w hen com pared  to rate  o f  pPheD H  
clone. T he h ighest L -Phe production  o f  pP T F B L Y  clone w as observed at 429 m g/L. 
Surprisingly, th is  value w as obtained from  th e  condition  w ithout induction. T his w as 
consistent w ith  M oon and cow orkers’ w o rk . It w as reported  that increasing 
the inducer (IPT G ) concentration  to in c rease  expression  resu lted  in  low er product 
concentration. T hey  investigated the p ro d u c tio n  o f  glucaric  acid from  a  synthetic 
pathw ay in  recom binan t E. c o li by co -ex p ressio n  o f  pT rc99A  and pR SFD -IN -M I 
(a derivative o f  pR SFD uet-1) (M oon et a h , 2009). T he o ther five clones (pPTY , 
pPTFY , pP T F K Y , pPT FB Y  and p P T F B L Y A ) had the p roduction  rates o f  2 .21-2.94 
m g/L  h w ith  final values o f  L-Phe co ncen tra tions o f  340-390 m g/L. A s indicated  in 
Table 3.4, it w as suggested that som e c lones u sed  d ifferen t concentrations o f  IPTG  to 
reach the h ighest L -Phe production  rate and L -P he concentration . A s show n in  Figure 
3.59, som e clones had a  low er rate o f  p ro d u c tio n  during  initial cultivation bu t had 
the h ighest L -Phe concentration  at 240 h o f  cu ltivation . T hus, to attain  an appreciable
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T im e  a f t e r  i n d u c t i o n  ( h )  T im e  a f t e r  i n d u c t i o n  ( h )

F ig u re  3 .58 G lycerol consum ption  p ro files o f  E . c o li B L 21(D E 3) harbouring  pPT Y  
(A), pP T F Y  (B ), pPT FK Y  (C ), pPT FB Y  (D ), pPT FB L Y  (E) and  pP T F B L Y A  (F) in 
glycerol m edium  w ithout IPTG  induction  (♦ ) and w ith  LPTG induction  to  final 
concentra tions o f  0.25 m M  (SI), 0.5 ทาM  ( ® )  and 1 m M  ( A )  in shake flask  culture. 
D ata show n w ere th e  m eans o f  tw o  independen t cultivations.
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F ig u re  3 .59  L -Phe produciton  p ro files  o f  E . c o li B L 21(D E 3) harbouring pPT Y  (A ), 
pPTFY  (B ), pPT FK Y  (C ), p P T F B Y  (D ), pPT FB L Y  (E) and pPT FB L Y A  (F) in 
glycerol m ed ium  w ithout IPTG  in d u c tio n  (♦ ) and w ith  IPTG  induction  to final 
concentrations o f  0.25 m M  (H ) , 0 .5  m M  ( • )  and 1 m M  ( A )  in shake flask  culture. 
D ata  show n w ere the  m eans o f  tw o  in d e p e n d e n t cultivations.



T a b le  3 .4  C om parison o f  param eters in  shake flask  cu ltivation  o f  d ifferent 
recom binant E . c o li B L21(D E3)

No. R e c o m b in a n t
clone

L -P h e  p ro d u c tio n
L -P h e  p ro d u c tio n

(m g/L )
a t  240 h  o f  in d u c tio n  

( IP T G  (m M ))R a te  (m g /L  h ) 
( IP T G  (m M ))

Fold**

1 pPheD H 1.61 (0 ) 1.0 230 (0.5)

2 pPY 2.33 (0 .5) 1.4 255 (1)

3 pPY F 2 .8 6 ( 1 ) 1.8 2 8 0 (1 )

4 pPY FK 2.15 (0 .2 5 ) 1.3 268 (0.5)

5 pPT Y 2.94 (0 .5) 1.8 345 (0.5)

6 pPTFY 2.21 (0 .25 ) 1.4 345 (0.25)

7 pPT FK Y 2 .3 2 (1 ) 1.4 3 4 0 (1 )

8 pPT FB Y 2 .9 0 (1 ) 1.8 3 1 6 (0 )

9 p P T F B L Y 3.36 (0) 2.1 429 (0)

10 pPT FB L Y A 2 .7 6 (1 ) 1.7 389 (0)

The L -Phe p roduction  rate  w as considered  w ith in  120 h  after induction. 
"C a lcu la ted  b y  com parison to  L -Phe p ro d u c tio n  rate  o f  pPheD H  clone.
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value o f  L -Phe, the inducer concentration  a n d  tim e profile  o f  L -production  o f  each 
clone needed  to  be selected. It w as d ifficu lt to  indicate w hether addition  o f  one gene 
led to  th e  im provem ent o f  L -Phe p ro d u c tio n  w hen com pared to  clone tha t did  not 
contain th e  gene because the yield  o f  p ro d u c tio n  w as caused by overall collaboration 
o f  over-produced  proteins.

A lso , SD S-PA G E  analysis w as u se d  to determ ine heterologous expression 
o f  each c lone  in  glycerol m edium  in the ab sen ce  and presence o f  0.25 to 1 m M  IPTG, 
it w as found  that i f  genes w ere co -expressed  w ith  yddG  gene (pPTY , pPTFY , 
pPT FK Y , pPT FB Y , pPT FB L Y  and pP T F B L Y A ), an expression  o f  individual gene in 
protein  p a tte rn  o f  w hole cell extract w as n o t clearly  observed w hen stain ing gel by 
C oom assie B lue as show n in  Figure 3 .46 . Possibly , all inserted  genes did  not 
sim ultaneously  express in a  given tim e. It is  n o t easy  to  co-express genes since they 
m ust be expressed  at approxim ately  b a lan ced  levels to  avoid  the accum ulation  o f  
toxic in term ediates o r bottlenecks that result in  grow th inh ib ition  or suboptim al yields 
(Pfleger e t ah , 2006).

T o  im prove L -Phe titer produced, th e  recom binant clone should  be cultured 
in a b io reacto r w ith  additional contro lled  p a ram ete rs  (i.e. pH , aeration). H ow ever, the 
b ioreactor experim ents w ere operated  w hen th e  op tim ization  o f  L -Phe production  o f  
recom binan t clones pPT Y , pPT FY , pP T F K Y , pP T F B Y , pPT FB L Y  and pPT FB L Y A  
has not com pleted . Thus, pPY F clone, that w a s  proven  to be the best for producing 
L-Phe am ong  the four clones (pPheD H , p P Y , pPY F and pPY FK ) as reported  in 
section 3 .9 .2 , w as used  as a m odel to exam ine L-Phe production  under the control o f  a 
b io reacto r system .

3 .1 3  F e r m e n t e r  c u l t u r e s

3 .1 3 .1  B a tc h  f e r m e n ta t io n
L-Phe production  by the p P Y F  clone w as exam ined in a 5 L stirred 

b io reacto r (3.5 L  w orking volum e). The cu ltiv a tio n  (37 ° c ,  pH  7.4) w as carried out 
for 84 h  a t an agitation  rate o f  400 rpm  and a n  aeration  rate 1 w m . The tim e courses 
o f  L -Phe production , b iom ass and residual g lycerol w ere show n in F igure 3.60.
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F ig u re  3 .6 0  Ferm entation  pro file  o f  ce ll grow th ( • ) 5 residual glycerol (A ) ,  
concentra tion  o f  L -Phe (▼ ) and d isso lv ed  oxygen (O )  o f  E. c o li  B L 21(D E 3) 
harbouring  pPY F. G lycerol m edium  at an ae ra tio n  rate o f  3.5 L /m in and an  im peller 
speed o f  400  rpm  w as used. D ata  show n a re  averaged values o f  tw o independent 
experim ents.
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The L-Phe p roduction  w as accum ulated  in  th e  m edium  before starting o f  induction 
with 1 m M  IPTG  (0 h) and reached  a m ax im u m  value o r 366 m g/L  at 56 h after 
induction. T his profile  coincided w ith  exhaustion  o f  glycerol in the m edium  and 
consequently  there  w as no further increase e ith e r in the concentration  o f  L -Phe or o f  
the biom ass.

In com parison  w ith  shake-flasks, the stationary phase o f  grow th occurred 
earlier (a t 64 h  from  start o f  induction) in th e  b ioreactor because o f  h ighly aerobic 
condition. C onsequently , all g lycerol w a s  consum ed. In shake flasks, L-Phe 
production  at the  beginning  o f  induction  (0  h ) cloud not be detected  and the first tim e 
that L -Phe could  be detected by  H P L C  w as at 24  h after induction  w hile 
the production  in the b ioreactor could  be d e tec ted  at To o f  induction. It m eans that 
L-Phe w as p roduced  and accum ulated  in m ed iu m  p rio r to  induction  suggesting  that 
a  pR SFD uet-1 v ecto r system  u nder the con tro l o f  T 7 /ac  prom oter had  a leaky 
production  o f  pro tein  sim ilar to  the pE T  v ec to r system  under the control o f  plain  
T7 p rom oter although T 7/ac p rom oter-con tro lled  system  had a strictly  greater 
regulation  than  that o f  T7 prom oter-driven system . Possib ly , in  b ioreactor condition, 
the leakiness o f  gene expression w ithou t in duc tion  could take p lace faster than  tha t in 
shake flask.

A n  expression vector, pR SFD uet-1  has a relatively  h igh-copy num ber 
contain ing the  R SF origin o f  rep lication  a llow ing  copy num bers o f  greater than 
100 per cell. H igh-copy p lasm ids are w ide ly  useful for generating num erous 
quantities o f  p lasm id  D N A , but are generally  inadequate for tigh tly  regulation  o f  gene 
expression. A lthough pR SFD uet-1 vector w as  reasonably designed to  carry  the la c l  
gene to ensure  the expression o f  sufficient L ac l repressor to control basal expression, 
gene expression  using  the la c  p rom oter is  w ell know n “ leaky” due to insufficient 
repressor m olecules available to suppress g en e  expression from  a  h igh-copy num ber 
plasm id. It is especially  difficult to avoid  basal gene expression  w hen using  the 
popular la c  repressor system , because four rep ressor m olecules (form ing a  tetram er) 
are needed  to b ind to a  single operato r sequence  in each cell in  order to  suppress gene 
expression  (G ruber et al., 2008). H ow ever, to  convert a h igh-copy p lasm id  to 
a regulatab le  expression  p lasm id by avo id ing  the process o f  subcloning D N A  
fragm ents into  low -copy plasm ids and to m ain ta in  a low  residual gene expression,
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G ruber and  cow orkers (2008) successfu lly  eng ineered  a  series o f  com patib le  plasm ids 
that perm it titra tion  o f  the LacI repressor p ro te in  in E. c o li by co-expression  w ith 
a h igh-copy p lasm id . O ne advantage o f  th is m ethod is that it can be applied  to  an 
expression o f  m em brane proteins and tox ic  o r poorly  tolerated  proteins to E. c o li.

T he peak  b iom ass concen tra tion  o f  4.9 g/L  in the b io reacto r w as not 
significantly  d ifferen t com pared  to in the sh ak e  flask culture (4.4 g/L). In bioreactor, 
the peak b iom ass concentration  o f  4.9 g /L  w as observed at 44 h  o f  induction. 
A fter that, it w as gradually  decreased  and a tta ined  3.9 g/L  a t the end o f  ferm entation 
(84 h). In shake flasks, the b iom ass co ncen tra tion  o f  4.5 g/L  w as obtained at 120 h o f  
induction and th is  level still rem ained  until th e  end o f  cultivation  (240 h). Probably, 
in b ioreactor g lycero l w as fully  consum ed and insufficient. B ut in shake flasks, 
glycerol co n cen tra tio n  w as sufficient and still re ta ined  ~ 8  g/L  at 240 h.

T he p eak  L -Phe concentra tion  in  the b io reacto r (366 m g/L ) w as nearly
1.3-fold th e  p eak  value obtained in the  shake  flasks (280 m g/L). In the bioreactor, 
the peak L -P he concen tra tion  w as attained a t 56 h, bu t shake flask  cultures required 
216 h to reach  th e  peak  concentration . T hus, L -P he productiv ity  o f  the b ioreactor was 
nearly 5 -fo ld  g rea te r than  the shake flask  p roductiv ity . A  better supply  o f  oxygen in 
the b ioreactor con tribu ted  its h igher p roductiv ity  com pared to the shake flasks.

T o  m im ic  the  pH  value ad justm en t o f  m edium  to 7.4 as in the  bioreactor, 
the p relim inary  experim en t concern ing  w ith /w ithou t pH  control o f  m edium  to 7.4 o f  
pPheD H  and  p P Y  clones in production  m ed ium  contain ing 40 g/L  o f  glycerol and 50 
g/L o f  (N H 4)2S Ü 4 supplem ented w ith  0.25 m M  IPTG  w as investigated. In shake 
flasks w ithou t p H  contro l, the  pH  gradually  declined  from  an initial value o f  7.4 to 4.2 
at 168 h; h ow ever, daily  adjustm ents o f  pH  to  7.4 during the cu ltivation  did no t show  
any im pro v em en t in  L -Phe titer com pared to control flasks (no pH  adjustm ent), 
although th e  fina l b iom ass concentration  in th e  pH -adjusted  flasks w as nearly  tw ice as 
high as in  con tro l cultures. It w as con firm ed  that cells grew  w ell in neutral pH. 
Beyond pH , th e re  are o ther factors causing lim ita tion  o f  L -Phe production  in shake 
flasks. P ossib ly , an  insufficien t oxygen supp ly  in  shake flask as aforem entioned in 
section 3 .9 .2  m ig h t be one reason  lead ing  to  lim ited  L-Phe production . T his supported 
w hy L -Phe p ro d u c tio n  in b io reacto r w as b e tte r than that in  shake flask.



186

3 .1 3 .2  F e d - b a tc h  f e r m e n ta t io n
A s reported  in section 3.13.1, L -P h e  concentration  o f  around 366 m g/L  

w as achieved. T his w as o f  course low  co m p ared  to the best published L-Phe 
production p rocesses (50 g/L, B ackm an e t a l., 1990; 46  g/L , K onstantinov et al., 
1991; 45 g/L , W ang et al., 2011). The final co n cen tra tio n  o f  L -Phe approached 50 g/L 
in the fed-batch ferm entation. B atch fe rm en ta tio n s invariably attain  a low  final 
product concentra tion  because only a sm all co ncen tra tion  o f  substrate can be added to 
the m edium  at the  start to  prevent substra te  inh ib ition  o f  ferm entation  (K ham duang 
et al., 2009b). T hus, fed-batch fe rm en ta tio n  in attem pts to  increase the L-Phe 
production w as perform ed.

In batch  ferm entation , it w as fo u n d  that glycerol w as com pletely  depleted 
at 60 h  w hile a t th e  sam e tim e the o b ta in ed  m axim um  biom ass concentration  w as 
gradually decreased . A n  optim um  glycerol concen tra tion  o f  30 g/L  in shake flasks 
could be identified tha t allow ed an in su ffic ien t carbon supply  for L -Phe production  in 
bioreactor. C onsequen tly , the ferm entation  w a s  started w ith  a  relatively  low  initial 
volum e o f  3 L using  exactly  the sam e c o n d itio n  as used in the batch  operation  (an 
aeration rate  o f  3 L /m in  (1 w m )  and an  im p e lle r  speed o f  400 rpm ). O ne m M  IPTG  
w as added into cu ltu re  w ith  an O D ôoo value o f  0.6  for induction.

F or fed  batch  operation, to  m a in ta in  glycerol concentration  nearly  to 30 
g/L, the feeding o f  a  concentrated  m edium , co n ta in in g  200 g/L  o f  glycerol w as started 
at 40 h after induction  in w hich the h igh  ce ll density  w as reached  as w ell as residual 
glycerol w as approx im ately  o f  10 g/L. F o r th e  next 20 h, the  feeding w as applied 
again. A n air flow  rate  o f  1 w m  and an  a g ita tio n  speed o f  400 rpm  w ere operated  
throughout the  experim ent. The m edium  from  the b ioreactor w as continuously 
w ithdraw n every  4 -h  interval until 120 h. T im e  course o f  L -Phe production , biom ass 
grow th and residual g lycerol w ere show n in F ig u re  3.61. T he h ighest yield  o f  biom ass 
concentration w as 3 .8  g/L, that w as 1.3 tim e s  low er than  tha t in the form er batch 
(4.9 g/L). The m ax im um  value o f  L -Phe t i te r  in fed-batch w as 445 g/L  leading to
1 .3-fold above the  level o f  m axim al tite r in b a tc h  culture.

F o r the  first and second tim es o f  feed ing  new  m edium  (a t 40 h  and 60 h), 
residual glycerol w ere  observed to be 26 and  30 g/L, respectively . A fter first feeding, 
glycerol w as p rog ressively  consum ed bu t a f te r  second feeding, glycerol still rem ained
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F igure 3.61 Fermentation profile o f cell growth ( • ) ,  residual glycerol (A ), concentration o f 
L-Phe (▼ ) and dissolved oxygen (O ) o f E. c o ll BL21(DE3) harbouring pPYF w ith  tw o 
tim es feeding o f  glycerol. Glycerol medium a t an aeration rate o f 3.5 L/min and an impeller 
speed o f 400 rpm was used. The feeding o f new concentrated medium is indicated by arrow.
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Figure 3.62 Fermentation profile o f cell growth ( • ) ,  residual glycerol (A ), concentration o f 
L-Phe (▼ ) and dissolved oxygen (O ) o f E. c o li BL21(DE3) harbouring pPYF w ith  one tim e 
feeding o f  glycerol. Glycerol medium at an aeration rate of 3.5 L/min and an impeller speed 
o f 400 rpm was used. The feeding o f new concentrated medium is indicated by arrow.
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nearly 30 g/L. It suggested that one feed ing  o f  g lycerol w as clearly  sufficient. 
The profiles resu lting  from  one feeding at 4 0  h w as show n in F igure 3.62. This result 
w as closely  sim ilar to the first fed batch. T he m axim al L -Phe p roduction  o f  545 m g/L  
w as attained at 112 h  w ith  residual g lycero l o f  18 g/L. This w as 1.4- and 1.2-fold 
greater than  those in batch  and first fed batch  cultures, respectively .

O w ing to  the supply o f  d isso lved  oxygen (D O ) to  b ioreactor for L-Phe 
production  by E. c o li , a  num ber o f  previous w orks reported  the  variation  o f  dissolved 
oxygen concentra tion  that each ferm entation  system  intensively  required. To prevent 
oxygen lim itation , som e experim ental w orks k ep t the d isso lved  oxygen  concentration 
above 20%  (G erigk  et ah , 2002), o r at 40%  (R iiffer et ah, 2004; W ang e t ah, 2011), 
o r above 70%  (F ôrberg  and H àggstrôm , 1988) by cascading the  ag itation  speed or 
aeration rate. In  our w ork, the b ioreactor system  did not control D O  concentration. 
D O  levels w ere  a lw ays above 10% saturation.

To enable  sufficient oxygen supp ly  to th is fed-batch , an aeration rate o f  
3 L /m in (1 พ !ท ) and  an  agitation speed o f  im p elle r o f  400 rpm  w ere m odified. F irstly, 
the agitation  speed w as increased from  400  rpm  to 600 rpm  w ith  the sam e aeration 
rate o f  3 L /m in. It w as found that the m ax im um  attainable b iom ass concentration  w as
2 g/L , a 2-fo ld  low er titer com pared w ith  th a t o f  the best fed-batch  ferm entation. 
Later on, the  aera tion  rate  o f  4.5 L /m in (1.5 vvm ) w as used  w ith  fix ing the  agitation 
speed o f  400  rpm . T he peak biom ass concen tra tion  o f  1.7 g/L  w as observed leading to 
2.2-fold  decrease  from  that o f  the best fed -batch  ferm entation . T he h ighest yield  o f  
L -Phe d id  no t exceed  1.96 g/L. The d isso lved  oxygen concentration  w as m aintained 
nearly  100%  in these  tw o altered ferm enta tion  conditions. T hus, an aeration  rate o f
3 L /m in (1 vvm ) and agitation speed o f  4 0 0  rpm  w ere optim um  values for supply 
oxygen to  th is fed-batch  ferm entation.

In  th is w ork , although the fed-batch  ferm entations w ere operated, the L-Phe 
production  w as still low er than prev iously  published  by E. c o li producer, especially  
L -T yr auxotroph ic  strain that can produce substan tially  h igher level o f  L -Phe from  
glucose. In  order to  enhance L-Phe ferm enta tion  process u sing  L -T yr auxotrophic 
E. c o li, th e  effects o f  several factors (g lucose  feeding, L -T yr feeding and oxygen 
supply) w ere  investiga ted  (K onstantinov et a l., 1991; G erigk e t al, 2002; W ang et al.,
2011) norm ally , in  h igher scale o f  b io reacto r (20  L).
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3 .1 4  F u r t h e r  w o r k s
In the p resen t study, the co m b in a tio n  o f  six genes encoding PheD H , 

transketolase, g lycerol facilitator, 3 -dehydroqu inate  synthase, sh ik im ate k inase II, and 
an arom atic am ino acid  exporter o f  p P T F B L Y  clone conferred  the best L-Phe 
production  from  glycerol bu t the m ax im um  final concentration  o f  L -Phe w as less than 
previously  achieved in  p roduction  by E. c o l i  from  glucose (50 g/L) (B ackm an et al., 
1990) or glycerol (5.6 g/L ) (K ham duang  et al., 2009b). P robably, several 
com positions o f  production  m edium  m ight n o t be suitable for th is constructed  E. c o li 
because th is w ork used  an optim ized  m ed iu m  as previously  published  (K ham duang 
et al., 2009b). Furtherm ore, th is w ork  u se d  the w ild  type E. c o li B L21(D E 3) as 
producer m icroorganism  w hereas o ther stud ies used E. c o li w ith  extensively  
engineered pathw ay o f  arom atic  am ino ac id  b iosynthesis.

To im prove L -Phe p roduction  o f  p P T F B L Y  clone, further w orks suggested  are:
1. To optim ize th e  com positions o f  p rod u c tio n  m edium  in  shake flask  cu ltivation
2. To im prove the  L -Phe production  in  b ioreactor
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