CO-EXPRESSION OF FEEDBACK RESISTANT ENZYMES IN PHENYLALANINE BIOSYNTHESIS
PATHWAY TO INCREASE PHENYLALANINE PRODUCTION

Miss Charintip Yenyuvadee

A Thesis Submitted in Partial Fulfillment of the Requirements
for the Degree of Master of Science in Biochemistry and Molecular Biology
Department of Biochemistry
FACULTY OF SCIENCE
Chulalongkorn University
Academic Year 2019

Copyright of Chulalongkorn University



2

N5LENIDBNTINVBWIU I NAUNIUNSHANSTUgUUdaunduludfnsduns1eviidass

a <

a A a a a
ANUULNDLNUNITHARN LR AU

a &a § @ a
U VIUNITNNY LUYIN

¥ <

'3‘1/Imﬁwuﬁ‘ﬁLﬂudawﬁwaamiﬁﬂmmwé’ﬂqmﬂ%m@ﬁwmmamumﬁ’msﬁm
NV ATLaETINENLANa AT AL
ANEINIANERS PAINTUUNTINESY
Un1sfnwn 2562

AUAVISURIPAINTAUN TN



Thesis Title CO-EXPRESSION OF FEEDBACK RESISTANT ENZYMES IN
PHENYLALANINE BIOSYNTHESIS PATHWAY TO INCREASE
PHENYLALANINE PRODUCTION

By Miss Charintip Yenyuvadee
Field of Study Biochemistry and Molecular Biology
Thesis Advisor Associate Professor KANOKTIP PACKDIBAMRUNG, Ph.D.

Accepted by the FACULTY OF SCIENCE, Chulalongkorn University in Partial

Fulfillment of the Requirement for the Master of Science

__________________________________________________________ Dean of the FACULTY OF SCIENCE
(Professor POLKIT SANGVANICH, Ph.D.)

THESIS COMMITTEE
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, Chairman
(Associate Professor TEERAPONG BUABOOCHA, Ph.D.)
__________________________________________________________ Thesis Advisor
(Associate Professor KANOKTIP PACKDIBAMRUNG, Ph.D.)
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, Examiner
(Assistant Professor Rath Pichyangkura, Ph.D.)
__________________________________________________________ External Examiner

(Assistant Professor Ratree Wongpanya, Ph.D.)



§ @ a

WIUNSANG LEULIA : N1SUERILINITINTBLaULYLNFUNIUNISAANSTUSILUY

9

Founsuluiinsdunsevlassarduiiefiunisuanifasvanilu. ( CO-
EXPRESSION OF FEEDBACK RESISTANT ENZYMES IN PHENYLALANINE
BIOSYNTHESIS PATHWAY TO INCREASE PHENYLALANINE PRODUCTION) @.17{

[y

USnwwen : se. as.nuniing AnAunge

woa-Hiaszarilu (L-Phe) unsmezilusniunianudfyi@anaydfgnuunldedns

Y

uwninanelugnainnssuomisuare lutlagiufinnudesnisvosea-fiassardugeluauaing
Foan1stunisnanueatunudaluasiamumuunuiaaiiiunaedem Ty Escherichia coli 13
dupsgiiea-fdaorardugnaruauuatsdidudu lelewesy AroG 489 3-deoxy-D-arabino-
heptulosonate-7-phosphate synthase (DAHP synthase) W & ¢ chorismate mutase/prephenate

dehydratase (PheA) Wutoulasifidhdsy 2 vlia Aigndudauvudeunduldlag L-Phe n1suanssansau

L359D) N

Y03 pheA NApAIUNITIUTILUUTDUNAU (pheA AuBudu q ndragludtnisdunsigi L-Phe

euwA aroB, arol, phedh, tktA, aroG, pheA, yddG \ag glpF Tu pRSFDuet-1 (pPTFBLYALESgD) @u1san

v
=

Wiun1suda L-Phe 18du 3.78 wir dledisudulaaudisl pheA™ (pPTFBLYA™) lusAdeiiu aro6™

L1750 Q151L
G

wag aroG NAIUNIUNITAIUANLULERUNGY (aroG ™, aro G

GQ]51N) 1éjgﬂ

, aro Lay aro
1Aaudn pRSFDuet-1 wamsudnesud £ coli BL21(DE3) wuiilaau AroG2™ ™ fueafifanizaes
DAHP synthase ganluneiifl L-Phe 20 findluans fedudsldvhnisasndlaauues £ coli BL21(DE3)
Tl PBLPTA™®G" & pYF way pBLPTA G2 & pYF wd1911n1505393An150u80 L-Phe Tu
minimum medium 7ifindesoaievas 6 1oufulanaudfiil pBLPT & pYF wuinlaau
PBLPTA*PGY™N & pYF fin1swdn L-Phe qaéﬁu 8.7 Wi waglmaudisl Ao wdn L-Phe léu1nnin

Trauitsl AroG™ 1.2 wh

A Fualiuazdiinenluana R VR 11 [ O

Unsfinen 2562 AL . AUSAVIEN ooeeeeeer



# # 6072041223 : MAJOR BIOCHEMISTRY AND MOLECULAR BIOLOGY
KEYWORD: L-Phenylalanine, PheA, AroG, feedback inhibition, Aromatic amino acid
pathway
Charintip  Yenyuvadee : CO-EXPRESSION OF FEEDBACK RESISTANT ENZYMES IN
PHENYLALANINE ~ BIOSYNTHESIS ~ PATHWAY  TO  INCREASE  PHENYLALANINE
PRODUCTION. Advisor: Assoc. Prof. KANOKTIP PACKDIBAMRUNG, Ph.D.

L-Phenylalanine (L-Phe) is an important commercial amino acid. It is widely used in
food and pharmaceutical industries. Currently, the requirement of L-Phe is increased according
to the great demand for the low-calorie sweetener, aspartame. In Escherichia coli, the
synthesis of L-Phe is controlled by the multi-hierarchical regulations. AroG isoform of 3-deoxy-
D-arabino-heptulosonate-7-phosphate  synthase  (DAHP  synthase) and  chorismate
mutase/prephenate dehydratase (PheA), two important enzymes, are feedback inhibited by L-

Phe. Co-expression of feedback-resistant pheA (pheA™™)

with other pivotal genes in L-Phe
biosynthesis pathway: aroB, aroL, phedh, tktA, aroG, pheA, yddG, and ¢lpF in pRSFDuet-1
(pPTFBLYA"™) elevated L-Phe production of E. coli BL21(DE3) 3.78 fold in comparison to that
of wildtype (pPTFBLYA™). In this research, wildtype aroG (aroG") and feedback resistant aroG

L175D 151L
GQ

151A
genes (aroG—"", aro G3F

151N
and aroG®

, aro ) were cloned into pRSFDuet-1 and then
transformed into E. coli BL21(DE3). AroG™"™ clone gave the highest specific activity of DAHP
synthase in the presence of 20 mM L-Phe. Therefore, E. coli BL21(DE3) containing
PBLPTA"*’G" & pYF and pBLPTA*’G¥*™ & pYF were constructed and their production of L-
Phe in 6% glycerol medium were determined in comparison to pBLPT & pYF clone. The
presence of PheA™" and AroG?™™ elevated L-Phe production 8.7 fold while the clone

containing AroG?*™ produced L-Phe 1.2 fold higher than AroG" clone.

Field of Study: Biochemistry and Molecular Student's Signature .......cccccoeeveeiieenne.
Biology

Academic Year: 2019 Advisor's Signature .........ccceeeeeeinenes



ACKNOWLEDGEMENTS

This thesis could not be successfully completed without the great carefulness
of my advisor Associate Professor Dr. Kanoktip Packdibamrung. Therefore, | would like
to thank for her excellent advice, skillful guidance, warmful encouragement, and
fruitful discussion throughout the period of my study.

My gratitude is also extended to Associate Professor Dr. Teerapong Buaboocha,
Assistant Professor Dr. Rath Pichyangkura and Assistant Professor Dr. Ratree Wongpanya
for giving me your precious time on being my thesis’s defense committee and for their
valuable comments and useful suggestions.

| would like to thank Department of Biochemistry, Faculty of Science where |
carried out the research work. Moreover, | would like to thank all members in room
707 in Department of Biochemistry for helping me all the times and making the
laboratory enjoyable. Their assistance and suggestions given to this research work have
always been constructive.

| would like to thank Sci Super II Grant to develop research potential of the
Department of Biochemistry, Faculty of Science, Chulalongkorn University for partial
support to my study.

Finally, | would like to express my very profound gratitude to my parents and
all members in my family for providing me with unfailing support and continuous
encouragement throughout my years of study and through the process of researching
and writing this thesis. Moreover, | would like to thank all members in BC45 and my
special friend for listening, offering me advice, and supporting me through this entire

process. This accomplishment would not have been possible without them. Thank you.

Charintip  Yenyuvadee



TABLE OF CONTENTS

ABSTRACT (THAI)
ABSTRACT (ENGLISH)
ACKNOWLEDGEMENTS
TABLE OF CONTENTS
LIST OF TABLES
LIST OF FIGURES
CHAPTER I Introductions
1.1 Aromatic amino acid
1.2 L-Phenylalanine
1.3 L-Phenylalanine production
1.4 L-Phenylalanine biosynthesis pathway in E. coli

1.5 L-Phe sensitive DAHP synthase

1.6 Chorismite mutase and prephenate dehydratase (CM-PDT)

1.7 Glycerol as a carbon source
1.8 Our previous works
CHAPTER Il MATERIALS AND METHODS
2.1 Materials
2.1.1 Equipments
2.1.2 Chemicals
2.1.3 Antibiotics

2.1.4 Markers




Vii

215 KITS e 19
2.1.6 Enzymes and restriction @NzZyMES........cocvierniiieeeeeeeeeee e 20
2.1.7 OligoNUCLeotide PrIMETS .....vuiviicieiiieiee s 20
2.1.8 Bacterial STraiNS ......ccuiciicccc s 20
2.1.9 PlasmaS ..o 20
2.2 IMETNOAS .ttt 23
2.2.1 Construction of pPheA™ and pPheA™ " ..., 23
2.2.1.1 Plasmid preparation ... 23
2.2.1.2 Agarose gel eleCtrophOresis .......cooiieriiiciercee e, 23
2.2.1.3 PCR amplification of pheA™ and pheA™™ .......ccoeeeccee. 23
2.2.1.4 Cloning of pheA" and PREA ™ ... ..., 24
2.2.1.4.1 Preparation Of INSEIS .......oceiriieiieeiseeeeee e 24

2.2.1.4.2 Preparation of VECLON ......ccceiuirieiiieeceeeeeeeene 24

2.2.1.4.3 Ligation of inserts and VECtOr......ccoccevienicncncnceen, 24

2.2.1.5 Transformation of recombinant plasmid ........ccccccoevininninncnn. 25
2.2.1.6 Confirmation of recombinant plasmid.........ccccocoeneninnirnicnn. 25
2.2.1.7 Nucleotide SEQUENCING......cccoiriiriieiieneeeee et 27
2.2.1.8 EXpression of PReA™ ... ..o 27
2.2.1.9 SDS-PAGE @N@lYSiS...c.cviueieieirieieieieieieieieieieeieieieie et 27

2.2.2 Construction of pBLPTG#"*"" A" and pBLPTG? A0 e, 28
2.2.2.1 PBLPTG?™ Preparation.............ccoeeeveveoeeeeeveceeeeeeeeeeeeeeeeoseeseeeeseeeee 28
2.2.2.2 pheA"™ and pheA " preparation ..............cooeeceeeeeeeoeeeeeceeeeeeeeseeenne, 28
2.2.2.3 Cloning of pheA™ and pheA™** into pBLPTG™™ ... 28

2.2.2.4 Confirmation of pBLPTG?"""A™ and pBLPTGR!M AR ... 28



Viii

2.2.3 EXPression Of ATOG ... 30
2.2.3.1 Thiobarbiturate assay .......cccveerrieesceeeee e 30
2.2.3.2 Protein MeasuremMENT ..ot 31

2.2.4 Reconstruction of PAroG and PAIOG™ ... 31
2.2.8.1 Plasmid extraclion .........coccveriirinienienceceeeeee e 31
2.2.0.2 Forward primer deSIGN ...ttt 31
2.2.4.3 PCR amplification of aroG" and aroG"™ ..., 31
2.2.4.4 Preparation of inserts and VECtOr........ocvirieienicceceene 32
2.2.4.5 Ligation and transformation ...........cccceceeviieeenicceeeceee e, 32
2.2.4.6 Confirmation of recombinant plasmid...........cccooeenieneninninninnn. 32

2.2.5 Construction of pBLPTA*"G"* and pBLPTA-*°G™N i, 34
2.2.5.1 PBLPTA™P preparation ............cccoooomvveeceooeeeeeeeoeeeeeeeeeeeeeeeeeeeeeeeeee 34
2.252 T7_aroG™ and T7_aroG?™™ preparation........cccccoowmrevvvvvvvvvvvvnn, 34

2.2.5.2.1 PCR amplification of T7_aroG" and T7_aroG*™"........ 34
2.2.5.2.2 Double digestion with restriction enzymes.........cccoueneee. 35
2.2.5.3 Ligation and transformation ...........ccceceeiieeeeiccieeeee e, 35
2.2.5.4 Confirmation of pBLPTA*?°G"* and pBLPTA->PGIN ... 35

2.2.6 Co-transformation of pBLPTA**° G and pBLPTA-**PGR™N with pYF into

E. COUIBL2TIDES) ..o 37

2.2.7 Determination of L-Phe production by HPLC ... 38
CHAPTER 1l RESULTS AND DISCUSSIONS ..ottt 39
3.1 Construction of pPheA™ and PPheA™ .o 39
3.1.1 Plasmid @XTraClioN ....c.cciieieiicceie et 39

3.1.2 Amplification of pheA™ and PReA™™ ..., 39



3.1.3 Cloning of pheA™ and PREA™ ™ .. ..o, 39
3.1.4 NUCleotide SEQUENCING ...c.cuiiiiieiicirieei e 40
3.1.5 EXPression of PREAM ... 40

3.2 Construction of pBLPTG?™™A™ and pBLPTGRM AR . 50
3.3 EXPression Of ATOG™ ..........ovceeoeceeeeeeoeeeeeee e 50
3.4 Reconstruction of PAroG and PAIOG™ ... 55
3.4.1 Plasmid @XTraClioN ..o 55
3.4.2 Primer design at 5’end of QroG.......ccccoveeeiiieiieee e, 58
3.4.3 PCR amplification of aroG"* and QroG™" ..o 58
3.4.4 Digestion of aroG"" and aroG" fragments and pRSFDUet-1 ....................... 58
3.4.5 Nucleotide sequence of QroG GENES ........ccoveeriieieeriieee e 65
3.4.6 Expression of AroG"™" and AroG™ ... 65
3.4.6.1 Protein @XPreSSION ..ottt 65

3.0.6.2 DAHP synthase actiVIty ... 73

3.5 Construction of pBLPTA"*PG** and pBLPTA=**° G ™ . 78
3.5.1 PBLPTA P Dreparation...........oovvveoeeeeeceeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee e 78
3.5.2 Amplification of T7_aroG"" and T7_aroG?™ ... 78
3.5.3 Cloning of pBLPTA™*PG"" and pBLPTA- PG i, 78
3.5.4 Nucleotide SEQUENCING ....c.cciiiieieiriicee e 82

3.6 Co-transformation of pBLPTA"**°G" and pBLPTA"**PGR*™N with pYF into E. coli

BL2LUDEB) oo e ettt ettt et et erer s 82
3.7 PrOAUCTION OF LrPR@ oottt ettt n et et e 86
CHAPTER IV CONCLUSIONS. ..ottt ettt ettt eeereeeeaenes 88

REFERENCES ..ottt ettt 89






LIST OF TABLES
Table 1. The oligonucleotide primers for PCR amplification and DNA sequencing used

IN IS STUAY. 1ot 21
Table 2. Plasmids used in this STUAY. ... 22

Table 3 DAHP synthase activities and feedback inhibition of various AroG clones. .... 77



LIST OF FIGURES

Figure 1. The aromatic amino acid pathways support the formation of numerous

Natural Products iN PLANTS. ... 2
Figure 2. Structure of L-phenylalaning. ..o 3

Figure 3. Pathway of aromatic amino acid biosynthesis and its regulation in E. coli.... 6

Figure 4. The inferred binding site of Phe in AroG.. ... 8
Figure 5. All important genes in this StUAY........cccoeiierniieee s 13
Figure 6. The 3D structure of AroG co-crystallized with inhibitor L-Phe. .......cccccco........ 14
Figure 7. Construction of pPheA™ and pPheA> . e 26
Figure 8. Construction of pBLPTG?""AY and pBLPTG®"" AR . 29
Figure 9. Construction of PAroG™ and PAIOG™ ... 33
Figure 10. Construction of pBLPTA"**"G™ and pBLPTA=*PGM N . 36
Figure 11. Construction of pBLPTA"**°G* & pYF and pBLPTA"*PGRP™N & pYF........... 37
Figure 12. Electrophoretic patterns of pPheA"t and pPheA">*" _......ervvei. 41
Figure 13. Aflll and Hindlll digestion patterns of pPheA™ and pPheA=*. ... 42
Figure 14. PCR products of pheA™ and pheA > ..., a3
Figure 15. Notl and BsrGl digestion patterns of PCR products and pRSFDuet-1........... a4
Figure 16. Electrophoretic pattern of plasmid from pPheA transformants. .................. a5
Figure 17. Notl and BsrGl digestion patterns of pPheA™ and pPheA™*P. ... 46
Figure 18. Nucleotide sequence of PhEA™ ........c...coovvomreeeceeeeeeeeeeeeeeee e ar
Figure 19. Nucleotide sequence of PheA™ . ..o 48

Figure 20. SDS-PAGE of whole cell extracts of E. coli BL21(DE3) harboring pheA™ after
INAUCEION WIth T MM IPTG. oo 49

Figure 21. Notl and BsrGl digestion pattern of pBLPTG®™™"...........cooorrvooioeeeceeee e 51


file:///D:/@Proposal%20bow/1%20Project%20ป%20โท/Bow%20thesis/thesis/เล่ม%20thesis/แก้/6072041223%20edit%201.docx%23_Toc51082568
file:///D:/@Proposal%20bow/1%20Project%20ป%20โท/Bow%20thesis/thesis/เล่ม%20thesis/แก้/6072041223%20edit%201.docx%23_Toc51082568

Xiii

Figure 22. Notl and BsrGl digestion patterns of pPheA™ and pPheA™*P. ... 52
Figure 23. Xhol digestion patterns of pBLPTG"*""A" and pBLPTG AP .. 53

Figure 24 SDS-PAGE of whole cell extracts of E. coli BL21(DE3) harboring aroG" after

INAUCTION WIth 1T MM IPTG. oot 54
Figure 25. Frameshift mutation of QroG ... 56
Figure 26. Electrophoretic patterns of pDuet AroG"™ and pDuet AroG™ ... 57
Figure 27. PCR products of aroG"” and QroG™ ... 59
Figure 28. Ncol and Hindlll digestion pattern of pRSFDUEt-1. .....cocviivieicricrce 60
Figure 29. Ncol and Hindlll digestion pattern of PCR products. .......cccccoocvivvenininirennen. 61
Figure 30. Electrophoretic pattern of plasmid from pAroG"* and pAroG-'""
ETANSTOIMNANTS. ottt 62
Figure 31. Electrophoretic pattern of plasmid from pAroG*'" and pAroG2*
ETANSTOIMNANTS. .ttt 63
Figure 32. Electrophoretic pattern of plasmid from pAroG2**™ transformants........... 64
Figure 33. Ncol and Hindlll digestion patterns of pAroG™ and pAroG™. ... 66
Figure 34. Nucleotide sequence of AroG" .............coowwceevooeeeooeeeeeeeeceeeeeeeeeeeeeeeeee e 67
Figure 35. Nucleotide sequence of aroG " ............ccoivwccommmreeecoeeeeeeeeeeeeeeeeeeeeeeeo 68
Figure 36. Nucleotide sequence of aroGM ... 69
Figure 37. Nucleotide sequence of aroG? ™ ... 70
Figure 38. Nucleotide sequence of aroG?™ ... 71
Figure 39. SDS-PAGE of crude extract of aroG clones..........ccccovievnniicssniceene, 72

Figure 40. The amino acid residues that interact with phenylalanine at the regulatory

SIEE OF ATOG. ..t 74
Figure 41. Phenylalanine inhibition pattern of DAHP synthase activities. ........cccooe...... 76

Figure 42. Pacl and Avrll digestion pattern of pBLPTA™ . .. 79



Xiv

Figure 43. PCR products of T7 aroG" and T7_aroG2™™ ... 79

Figure 44. Pacl and Avrll digestion patterns of PCR products of T7_aroG" and

T ArOG Y™, 80
Figure 45. Xhol digestion patterns of pBLPTA"*?° G and pBLPTA->PGRPIN. .. 81
Figure 46. Nucleotide sequence of aroG" in pBLPTA™ P G™ ..o 83
Figure 47. Nucleotide sequence of aroG?"™" in pBLPTA*PGMN . 84

Figure 48. BamH digestion patterns of pBLPTA=*?° G" & pYF and pBLPTA-*PGN &
DY . covvvomennssrvemsssessenmssssssssnsssssssssns s RNl fl s sssssssesmssssssssssassssssssmsssssssesmssssssssssassssssssnsan 85

Figure 49. Growth curve of recombinant clones in minimum medium. .........cccocoeueeee. 87

Figure 50. L-Phe production of recombinant clones in minimum medium.................. 87



Ala
aroB

AroG

AroG™"

aroG

aroG¥"

aroL
Asn

Asp

BSA
°C
CMPD
DAHP
DNA
dNTP
EDTA

E4P

LIST OF ABBREVIATIONS
alanine
3-dehydroquinate synthase gene

L-phenylalanine sensitive isoform of 3-deoxy-D-arabinoheptulosonate-

7-phosphate synthase
L-phenylalanine feedback resistant AroG

L-phenylalanine sensitive isoform of 3-deoxy-D-arabinoheptulosonate-

7-phosphate synthase gene

L-phenylalanine-feedback resistant 3-deoxy-D-arabinoheptulosonate-

7-phosphate synthase gene

shikimate kinase Il gene

asparagine

aspartate

base pairs

bovine serum albumin

degree celsius

chorismate mutase/ prephenate dehydratase
3-deoxy-D-arabinoheptulosonate-7-phosphate synthase
deoxyribonucleic acid

2’-deoxynucleoside 5’-triphosphate

ethylene diamine tetraacetic acid

erythrose 4-phosphate



XVi

fbor feedback resistant

glpF glycerol facilitator gene

Gln glutamine

h hour

HPLC high-performance liquid chromatography
IPTG isopropyl-3-D-thiogalactoside
kb kilobase pairs

kDa kilodalton

L liter

L-Phe L-phenylalanine

L-Trp L-tryptophan

L-Tyr L-tyrosine

LB Luria-Bertani

Leu leusine

g microgram

L microliter

UM micromolar

M mole per liter (molar)

mA milliampere

mg milligram

min minute



XVil

mL milliliter

mM millimolar

MW molecular weight

ng nanogram

nm nanometer

OD optical density

PCR polymerase chain reaction

PEP phosphoenolpyruvate

PheA chorismate mutase/ prephenate dehydratase
pheA chorismate mutase/ prephenate dehydratase gene
pheA™" L-phenylalanine feedback resistant chorismate mutase/ prephenate

dehydratase gene

phedh phenylalanine dehydrogenase gene
RNase ribonuclease

rom revolution per minute

S second

tktA transketolase gene

Tm melting temperature

U unit (Mmol/min)

uv ultraviolet

Val valine



XViii

v/v volume by volume
wt wildtype

yddG aromatic amino acid exporter gene



CHAPTER |

Introductions
1.1 Aromatic amino acid

Aromatic amino acids are amino acids that have an aromatic ring in the side
chain. Among the 20 standard amino acids, the following are aromatic: L-tryptophan
(L-Trp), L-phenylalanine (L-Phe) and L-tyrosine (L-Tyr). Aromatic amino acids are the
building blocks of proteins. Normally, they constitute less than 10% of the protein. L-
tryptophan is the largest and the rarest of the amino acids in proteins [1].

The aromatic amino acids are produced from the shikimate pathway which is
found in bacteria, fungi, plants, and some protists. In the three aromatic amino acids
metabolism, L-Phe has the highest carbon flux because up to 30% of organic matter
constitutes from L-Phe-derived compounds. Plant and microbe can synthesize their
own aromatic amino acids to make proteins. In plants, the aromatic amino acids also
use as precursors of plant natural products that play a key role in plant growth,
development, reproduction, defense and environmental responses. L-Trp is used as
a precursor of alkaloids, phytoalexins, indole glucosinolates and auxin. L-Tyr is used
as a precursor of isoquinoline alkaloids, pigment betalains and quinones while L-Phe
is also used as a precursor of numerous phenolic compounds including flavonoids,
tannins, lignans, lignin, and phenylpropanoid/benzenoid volatiles (Figure 1) [2]. For
animals, L-Phe and L-Trp are essential amino acids. However, animals have lost the
metabolic pathway for aromatic amino acid. They must derive these amino acids
through their food and L-Phe can be converted to L-Tyr by Phe hydroxylase. In
animals and humans, the aromatic amino acids are used as precursors for the
synthesis of biologically and neurologically active compounds that are essential for
maintaining biological functions. Nowadays, the aromatic amino acids are important
examples of chemical products that can be produced by renewable raw material in

microorganisms such as glucose or glycerol [3].
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Figure 1. The aromatic amino acid pathways support the formation of
numerous natural products in plants. The shikimate pathway (shown in green)
produces chorismate, a common precursor for the Trp pathway (blue), the
Phe/Tyr pathways (red), and the pathways leading to folate, phylloquinone,
and salicylate. Trp, Phe, and Tyr are further converted to a diverse array of
plant natural products that play crucial roles in plant physiology, some of
which are essential nutrients in human diets (bold). Abbreviations: ADCS,
aminodeoxychorismate synthase; AS, anthranilate synthase; CM, chorismate

mutase; CoA, coenzyme A; ICS, isochorismate synthase [2].



1.2 L-Phenylalanine

L-Phenylalanine (CgH;1;NO,) is an essential hydrophobic aromatic amino acid.
It has a benzyl group as a side chain as shown in Figure 2. It is classified as nonpolar
and neutral because of the hydrophobic nature and inert of the side chain. L-Phe is
also one of the most important commercial aromatic amino acid for humans and
animals [4, 5] . It is provided from diet such as meat, cottage cheese, and wheat
germ. In human brain, L-Phe is converted to L-Tyr which is used as a precursor to
produce catecholamines such as tyramine, dopamine, epinephrine, and
norepinephrine. The neurotransmitter catecholamines act like adrenalin substances
that transmit signals between nerve cells and the brain for keeping us awake and
alert, reduce hunger pains, function as an antidepressant and help improvement of

memory [6-8].

In pharmaceutical industries, L-Phe is used for chemical synthesis of
pharmaceutically active compounds like HIV protease inhibitor, anti-inflammatory
drugs [9], phenylethylamine, catecholamines [10] and combination with UVA therapy
for the treatment of vitilico [11]. Moreover, L-Phe also used in several psychotropic
drugs (mescaline, morphine, codeine, and papaverine). In food industries, L-Phe is
used as a supplementary food and a precursor for low calorie sweetener, aspartame
(L-aspartyl-L-phenylalanine methyl ester) which is 160-180 times sweeter than
sucrose [12]. Currently, the requirement of L-Phe is increased according to the great
demand for the low-calorie sweetener, aspartame which approximate the world

market of US $1.5 billion.

o)

I
@—CH; CH — C —OH

NH;

Figure 2. Structure of L-phenylalanine [7].



1.3 L-Phenylalanine production

The L-Phe can be produced by chemical synthesis and bioprocessing such as
enzymatic transformation or microbial process [13]. In early industrial process of L-
Phe, it was mainly produced by chemical process. However, the chemical synthesis
of L-Phe has many disadvantages for example, chemical synthesis uses toxic raw
materials that are nonrenewable and generate racemic mixtures of D and L Phe
isomers which make it difficult for the purification processes. Furthermore, the
process has a high cost and various problems. Therefore, the L-Phe biosynthesis is an
attractive alternative since it is a clean technology and uses renewable simple
carbohydrates that generates less environmental pollution [14, 15] . More recently,
metabolic engineering in Escherichia coli (E. coli) has been focused because the main
metabolisms of E. coli have enabled the introduction of such genetic modifications
[16]. Furthermore, researchers can use a genetic engineering technique to enhance L-

Phe yield [17].

1.4 L-Phenylalanine biosynthesis pathway in E. coli

When E. coli cell was cultured in medium containing carbon sources such as
glucose or glycerol, the carbon sources can be converted to phosphoenolpyruvate
(PEP) by glycolysis pathway and erythrose 4-phosphate (E4P) by pentose phosphate
pathway. The biosynthesis of aromatic amino acids is started from the condensation
of PEP and E4P to D-arabinoheptulosonate7-phosphate (DAHP) by DAHP synthase
(EC 2.5.1.54). This step is tightly regulated by its final product, phenylalanine, tyrosine
and tryptophan to convert the carbon flow into the shikimate pathway. There are
three isozymes of DAHP synthase encoded by arof (L-Tyr-sensitive), aroH (L-Trp-

sensitive) and aroG (L-Phe-sensitive) [18-20].

In the second step of the pathway (shikimate pathway), there are 2 rate

limiting enzymes including 3-dehydroquinate (DHQ) synthase encoded by aroB and



shikimate kinase I, which is encoded by aroL. At chorismite (CHA), the pathways of
each aromatic amino acid are separated. To produce L-Phe, chorismate is converted
to phenyl pyruvate (PPA) and then PPA is changed to phenylpyruvate (PPY) by
bifunctional enzyme chorismate mutase/prephenate dehydratase (CMPD) encoded
by pheA. This enzyme is feedback regulated by L-Phe. Finally, PPY is converted to L-
Phe by amino transferase. The excess L-Phe is excreted by aromatic amino acid
exporter encoded by yddG. The aromatic amino acid biosynthesis pathway is shown

in Figure 3 [21].
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Figure 3. Pathway of aromatic amino acid biosynthesis and its regulation in E. coli. To
indicate the type of regulation, different types of lines are used: — — —, transcriptional
and allosteric control exerted by the aromatic amino acid end products; - - -,
allosteric control only; —, transcriptional control only. Abbreviations used: ANTA,
anthranilate; aKG, a-ketoglutarate; CDRP, 1-(o-carboxyphenylamino)-1-deoxyribulose
5-phosphate; CHA, chorismate; DAHP, 3-deoxy-d-arobino-heptulosonate 7-phosphate;
DHQ, 3-dehydroquinate; DHS, 3-dehydroshikimate; EPSP, 5 enolpyruvoylshikimate
3-phosphate; E4P, erythrose 4-phosphate; GA3P, slyceraldehyde 3-phosphate; HPP,
4-hydroxyphenlypyruvate, 13GP, indole 3-glycerolphosphate; IND, indole; L-Gln,
L-glutamine; L-Glu, L-glutamate; L-Phe, L-phenylalanine; L-Ser, L-serine; L-Trp,
L-tryptophan; L-Tyr, L-tyrosine; PEP, phosphoenolpyruvate; PPA, prephenate; PPY,
phenylpyruvate; PRAA, phosphoribosyl anthranilate; PRPP, 5-phosphoribosyl-a-
pyrophosphate; Pyr, pyruvate; SHIK, shikimate; S3P, shikimate 3-phosphate [21].



1.5 L-Phe sensitive DAHP synthase

In E. coli, the three isozymes of DAHP synthase are L-Phe sensitive (AroG), L-
Tyr sensitive (AroF) and L-Trp sensitive (AroH) which are encoded by aroG, arof and
aroH, respectively [22]. About 80% of total DHAPS activity is made up by AroG while
AroF and AroH share 20% and 1% of total activity, respectively [20]. The structure of
AroG is a homotetramer whereas AroH and AroF are homodimer. Specific activities of
AroG varied widely with different metal ions as follows; Mn?* > Cd**, Fe** > Co**>
Ni**, Cu*, Zn** > Ca?*. Moreover, metal variation significantly affectes the apparent
affinity for the substrate, E4P, but not for the second substrate, PEP or for feedback

inhibition, L-Phe [23].

The first reported 3D structure of DAHP synthase is the crystal structure of
AroG complexed with PEP and Pb?* [24]. The tetramer consists of two tight dimers.
The monomers of the tight dimer are coupled by interactions including a pair of
three stranded intersubunit B-sheets. The monomer is a (B/a)s barrel with several
additional B strands and o helices. The PEP and Pb*" are at the C-ends of the P
strands of the barrel. Mutations that reduce feedback inhibition cluster 15 A from the

active site, indicating the location of a separate regulatory site (Figure 4).

In 2002, crystal structure of AroG in complex with it inhibitor, L-Phe, PEP and
metal ion cofactor, Mn?* was determined to 2.8 A resolution [25]. L-Phe binds in a
cavity formed residues of two adjacent subunits and is located about 20 A from the
closet active site. The mechanism of allosteric mechanism was derived from
conformational difference between Phe-bond and Phe-free structures. The inhibitory
signal is transmitted from Phe-binding site to the active site of AroG by two
interrelated paths. The first path is transmission within a single subunit of clone
segments of the protein. The second involves alternative in the contact between
subunits. On binding of Phe, AroG loses binding ability to E4P and binds PEP in a

flipped orientation.



Figure 4. The inferred binding site of Phe in AroG. The proposed binding site of Phe
in AroG is delineated by nine mutations—Pro19(a00), Asp146(33-03), Met147(33-a3),
Ile148(B3-03), Pro150(a3), Gln151(a3), Ala154(a3), Gly178(ad—B5), and Ser180(ad-B5)
(indicated in green, that eliminate or strongly reduce feedback inhibition. Elements
that belong to subunit B are represented in darker colors and labeled with*.
Residues forming the inferred pocket for binding Phe are labeled in magenta. (a)
Ribbon diagram of the Phe-binding site of subunit A. (b) Stereoview of the Phe-
binding site [24].



Hu and coworker (2005) investigated the feedback inhibition site of AroG using
3D structure of AroG co-crystallized with PEP. Pheldl, Leul75, Leul79, Phe209,
Trp215 and Val221 was replaced by using site-directed mutagenesis. The DAHP
synthase activity in the presence of L-Phe from 0 mM to 3 mM showed that L175D
was mostly resistant to feedback inhibition. The specific enzymatic activity of L175D
at 0 mM of L-Phe increased significantly about 4.46 U/mg when compared with that
of wild-type AroG and the relative enzymatic activity remained at 1 mM of L-Phe is

about 83.5% [26].

Kikuchi and colleagues also studied the Phe-binding site of AroG. They
performed hydroxamine mutagenesis on aroG. The mutant A220T, D146N and M147|
were partially resistant to Phe inhibition [22]. From this result, Ding and coworker
integrated different combinations of two mutation sites into the aroG, generating
three double-site mutants. The E. coli clone possessing AroG"2%?"P1N showed the
highest enzymatic activity and greatest resistant to feedback inhibition. The relative

enzymatic activity of AroG**?"P14N remained at 20 mM of L-Phe was 96.66% [27].

1.6 Chorismite mutase and prephenate dehydratase (CM-PDT)
The chorismite mutase (CM) and prephenate dehydratase (PDT) (EC

5.4.99.5/4.2.1.51) is one of the allosteric enzymes in the aromatic amino acid
biosynthesis pathway. CM-PDT which is encoded by pheA catalyzes the second
committed step of L-Phe biosynthesis. It can be feedback inhibited by L-Phe. CM-PDT
contains 386 amino acids with a molecular mass of 43 kDa. It is a bifunctional
enzyme which contains two catalytic domains chorismite mutase domain (residues 1-
109) and prephenate dehydratase domain (residues 101-285) and one regulatory-
domain (residues 286-386) for L-Phe inhibitor binding site [28-30]. The feedback
inhibition regulation of CM-PDT is mediated through allosteric binding of L-Phe which

contributes a shift in the aggregation state of the enzyme from an active dimer to
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less active tetrameric and octameric species [29]. Inhibition of the prephenate
dehydratase activity at ImM of L-Phe showed that almost total activity was inhibited
(85% inhibition). In contrast, chorismate mutase activity was inhibited only 55% [31].
Overexpression of the CM-PDT domain of PheA could improve the metabolic influx
to overproduce L-Phe and improve the survival ability under m-fluoro-DL-

phenylalanine (an analog of Phe) stress [32].

To investigate L-Phe binding site, Nelms and coworker (1992) constructed four
mutants which located within codons 304 to 310 of the pheA and measured the
enzyme activity at various the L-Phe concentrations. They suggested that the
recombinant £. coli harboring pheA"* displayed almost complete resistance to
feedback inhibition of prephenate dehydratase by L-Phe concentrations up to 200
mM [29].

1.7 Glycerol as a carbon source

Biofuels, such as ethanol and biodiesel, are among the most promising source
for the substitution of fossil. About 10% (w/w) glycerol as a main by-product is
generated in biodiesel production. The excess glycerol may become an environment
problem. The market price of crude glycerol is low with the price of USS$ 0.13-0.24
per kilogram [33]. Therefore, glycerol has been considered as a feedstock for new
industrial fermentations [34]. Compared to the conventionally fermentation used
glucose and sucrose, glycerol is efficient low-cost carbon source. The initial step of
glycerol utilization in E. coli is the uptake of glycerol molecule into the cytoplasm via
protein-mediated glycerol facilitator (GlpF) encoded by ¢lpF. Glycerol is trapped
by an ATP-dependent glycerol kinase (GlpK) to yield glycerol- 3-phosphate (G3P)
which is then oxidized by a membrane-bound ubiquinone-8(UQ8)-dependent G3P
dehydrogenase (GlpD) to dihydroxyacetone phosphate (DHAP) that enters glycolysis
[35-37].
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1.8 Our previous works

Thongchuang (2011) cloned ¢lpF, tktA, aroG, aroB, arol, yddG from E. coli and
phenylalanine dehydrogenase gene (phedh) from Bacillus lentus. Each gene was
regulated under T7 promoter in pRSFduet-1. The clone harboring pPTFBLY which
contained phedh, tktA, ¢lpF, aroB, aroL and yddG produced high level of L-Phe
about 429 mg/L when it was cultured in minimum medium containing 3% glycerol
for 240 h. The disadvantage of this clone were slowly growth rate and the colonies
changed into flat shape when it was grown on the agar plate because of
overexpression of membrane proteins under the regulation of T7 promoter [38]. To
solve the problem, Ratchaneeladdajit (2014) applied the dual plasmid system.
phedh, tktA, aroB, and aroL under T7 promoter was cloned into pRSFduet-1 (pBLPT)
while ¢lpF and yddG were expressed under ara promoter of pBad-33 (pYF). The ara
promoter is tight regulated promoter and it uses arabinose as an inducer. After that,
these two plasmids were co-transformed into E. coli BL21(DE3). The high level of L-
Phe production at 746 mg/L was found when the medium was optimized (3.1%
glycerol) [39]

Naksusuk (2015) improved the production of L-Phe by overexpression of
phenylalanine feedback resistant PheA (PheA™). Five Leu/Met residues in L-Phe
binding pocket were selected for site-directed mutagenesis. The pheA™ was co-
expressed with phedh, tktA, aroB, arol, glpF and yddG in pRSFDuet-1. Among these
mutated clones, pPTFBLYA"**® produced the highest concentration of L-Phe at 135
mg/L which was 3.8 fold of that of wildtype PheA clone (pPTFBLYA"") [40] when the
clones were cultured in glycerol medium formulated for pBLPT & pYF clone. All
genes that were overexpressed in E. coli BL21(DE3) for L-Phe production are shown in
Figure 5.

Kanoksinwuttipong analysed the amino acid residues that interact with L-Phe
in the regulatory site of AroG using the crystal structure of AroG complex with Mn?*,

PEP and Phe (code 1KFL in protein Data Bank). The structure was displayed by UCSF
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chimera program (Figure 6). Q151 was selected for substitution by Leu, Ala and Asn.
The these mutated genes were cloned into pRSFDuet-1 and transformed into £. coli

BL21(DE3) on phenylalanine feedback inhibition L175D was used as a control [41] .

Therefore, the objectives of this research are

1. To determine the expression of PheAand AroG.

2. To co-express pheA™** and aroG"™ with phedh, tktA, aroB, aroL, glpF and
yddG using dual plasmid system of pRSFDuet-1 and pBad33 in order to
produce high quantity of L-Phe.
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Figure 5. All important genes in this study. Abbreviations used: F6P, fructose 6-
phosphate; G3P, glycerol 3-phosphate; GA3P, glyceraldehyde 3-phosphate; glpF,
slycerol facilitator; phedh, phenylalanine dehydrogenase, yddG, aromatic amino acid
exporter

Source: modified from Bongaert, et al 2001 [21]
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Figure 6. The 3D structure of AroG co-crystallized with inhibitor L-Phe [41].
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CHAPTER Il

MATERIALS AND METHODS
2.1 Materials
2.1.1 Equipments
Autoclave: MLS-3020, SANYO Electric Co, Ltd., Japan

Autopipette: Pipetman, Gilson, France
Analytical Balance: AB135-S/FACT, Mettler Toledo, Germany

Balance: GB1501-S, Mettler Toledo, Germany

Benchtop centrifuge: SorvallBiofuge Primo, Kendro Laboratory Products L.P., USA

Centrifuge, refrigerated centrifuge: Sorvall Legend XTR, Thermo Scientific, USA
Centrifuge, microcentrifuge: Microfuge 22R, Beckman Instrument Inc., USA
Dry bath incubator: MD-01N, Major Science, USA

Electrophoresis unit: Minis-150, Major Science, USA

Electroporator: MicroPulser™ electrophoretor, Bio-Rad Laboratories Inc., USA
Electroporation cuvette: Gene Pulser®/E. coli Pulser® Cuvettes, Bio-Rad, USA
Gel documentation instrument: BioDoc-ItTm Imaging system, UVP, USA

High Performance Liquid Chromatography (HPLC): UFLC, Shimadzu, Japan
HPLC column: Chirex® Chiral 3126 (D)-penicillamine, Phenomenex, USA
Incubator Shaker: Model E24R, New Brunswick Scientific, USA

Incubator Shaker: Innova™4000, New Brunwick Scientific, USA

Incubator oven: Series04067, Contherm Scientific., Ltd., New Zewland

Laminar flow: HT123, ISSCO, USA
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Magnetic stirrer: Model Cerastir CH-1 series, Nickel-electro., Ltd., UK

Membrane filter: 0.45 llm Nylon Membrane Disc, Gs-Tek, USA

Microcentrifuge tube: 1.5 mL, Nest biotechnology, China

Microwave oven: GX-2021M, Galaxy, Korea

Mini personal centrifuge: Model microONE, Tomy Digital Biology Co., Ltd., Japan
PCR tube: thin-well dome-cap PCR tube, MCT-150, Axygen Inc., USA

pH meter: Model S200, Mettler ToledoCo., Ltd., Switzerland

Pipette: Labwarehouse, New Zealand

Pipette tip: Axygen Inc., USA

Sonicator: Vibra cellTm, SONICS & MATERIALS, Inc., USA

Spectrophotometer: BioSpectrometer® kinetic, Eppendorf, Germany

Syringe: 3 mL, 5 mL, 10mL, 20 mL latex free disposable syringe, Nipro Co., Ltd.,
Thailand

Syringe membrane filter: 0.2 Am Supor® Membrane Acrodisc®, PALL, USA
Thermal Cycler: T100™, Bio-Rad, USA

UV Transilluminator: MacroVueTM UV-25, Hoefer Inc., USA

Vacuum pump: Model number. WP6111560, Millipore Inc., USA

Vortex mixer: TopMix FP15024, Fisher Scientific, USA



2.1.2 Chemicals

Acrylamide: Sigma, USA

Agar: Himedia Laboratories Pvt. Ltd., India

Agarose: SERVA Electrophoresis GmbH, Germany
Agarose: ISC BioExpress, USA

Aluminium sulfate: Univar, USA

Ammonium sulphate: Carlo Erba Reagents, Italy

Boric acid: Merck, Germany

Bovine serum albumin: Sigma, USA

Bromophenol blue: Merck, Germany

Calcium chloride: Scharlau Chemie S.A., Spain

Cobalt sulphate: Sigma, USA

Copper sulfate: Carlo Erba, Italy

Coomassie brilliant blue R-250: Sigma, USA
D-Erythrose 4-phosphate sodium salt: Sigma, USA
Di-sodium hydrogen arsenate: Sigma, USA

6X DNA Loading Dye: Thermo Fisher Scientific Inc., USA
dNTP: Biotechrabbit, Germany

Ethanol (Absolute): RCl Labscan Limited, Thailand
Ethylene diaminetetraacetic acid di-sodium salt (EDTA): Scharlau Chemie S.A., Spain

Glacial acetic acid: Carlo ErbaReagenti, Italy
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Glycerol: Analytical Univar Reagent, Ajax finechem, Australia
Glycine: BDH, England

Hydrochloric acid: Carlo ErbaReagenti, Italy
Isopropylthio-B-D-galactosidase (IPTG): Serva, Germany

Iron (Il) sulfate heptahydrate: Sigma, USA

- mercaptoethanol: Acros Organics, USA

Maganese sulfate heptahydrate: Carlo Erba Reagents, Italy
Magnesium sulfate heptahydrate: Carlo Erba Reagents, Italy
Methanol (HPLC grade): RCI Labscan, Thailand
N,N’-methylene-bis-acrylamide: Sigma, USA
N,N,N’,N’-tetramethyl-1, 2-diaminoethane (TEMED): Carlo Erba Reagents, Italy
Nickel(ll) sulfate hexahydrate: Carlo Erba Reagents, Italy
Pancreatic digest of casein: Criterion, USA

10X pfu buffer with MgSOy: Biolabs, England

Phenol reagent: Sigma, USA

L-Phenylalanine: Sigma, USA

Phosphoenol pyruvate: Sigma, USA

Potassium di-hydrogen phosphate: Carlo Erba Reagents, Italy
di-Potassium hydrogen phosphate: Carlo Erba Reagents, Italy
RedSafe™: Intron Biotechnology, Hongkong

Sodium (meta) arsenite: Sigma, USA

18



Sodium chloride: Univar, New Zealand

Sodium citrate: Carlo Erba Reagents, Italy

Sodium hydroxy: Carlo Erba Reagents, Italy

Sodium molybdate dihydrate: Carlo Erba Reagents, Italy
Sodium periodate: Sigma, USA

Thiamine hydrochloride: Sigma, USA

2-Thiobarbituric acid: Sigma, USA

Trichloroacetic acid: Sigma, USA
Tris(hydroxymethyl)-aminomethane: Carlo Erba Reagents, Italy
Yeast Extract: Scharlau Chemie S.A.; Spain

Zinc sulfate heptahydrate: Carlo Erba Reagents, Italy

2.1.3 Antibiotics

Chloramphenicol: Sigma, USA
Kanamycin: Sigma, USA

2.1.4 Markers
100 base pair DNA ladder: Fermentas Inc., USA

GeneRuler 1 kb DNA Ladder: #5M0311, ThermoFisher Scienctific, Inc., USA
Lamda (A) DNA /Hindlll: #SM0102, BioLabs, Inc., USA
TriColor protein ladder: Biotechrabbit, Germany

2.1.5 Kits
GenepHlow™ Gel/PCR Kit: Geneaid Biotech Ltd, Taiwan

Presto™ Mini Plasmid Kit: Geneaid Biotech Ltd, Taiwan
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2.1.6 Enzymes and restriction enzymes

Pfu DNA polymerase: Biotechrabbit, Germany

Phusion High-Fidelity DNA Polymerase: Thermo Scientific, USA
Restriction enzymes: New England BioLabs, Inc., USA

T4 DNA ligase: Biotechrabbit, Germany

Tag DNA polymerase: Apsalagen, Thailand

2.1.7 Oligonucleotide primers
The oligonucleotide primers were synthesized by Integrated DNA
Technologies, Singapore. The oligonucleotide primers used in this study are

described in Table 1.

2.1.8 Bacterial strains
E. coli Top10, genotype: F~ mcrA A(mrr—hstMS—mchC)(I)80(aCZAI\/\15
Alacx7a recAl araD139  Dlara-lew)7697 galU calk N rpsL(Str®) endAl nupG, was

used for cloning and plasmid preparation.

E. coli BL21(DE3), genotype: F~ ompT hsdSg (15, mg’) gal dcm (DE3),

was used as an expression host for the overexpression of all genes.

2.1.9 Plasmids

pRSFDuet-1 was used for cloning and expression of aroB, aroL, tktA,

phedh, aroG and pheA under T7 promoter (Appendix A).

pPBAD33 was used for cloning and expression of glpF and yddG under
arabinose pBAD promoter (Appendix B).

All plasmids used in this study are shown in Table 2.
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Table 1. The oligonucleotide primers for PCR amplification and DNA sequencing used

in this study.

Primer Sequence T (°O)

For PCR amplification

aroG Pacl F 5’-CCTTAATTAATCCCTTATGCGACTCCTGCATTAGG-3"  63.3

aroG_Avrll R 5’-ACTCCTAGGTTACCCGCGACGCGCTTTCACT-3’ 67.0

F AroG Ncol 5'-CATGCCATGGTGTATCAGAACGACGATTTACGCATCAA 65.0
AGAA ATC-3'

R _AroG_Hindlll 5’-CCAAGC ACCCGCGACGCGCTTTCACTGC-3’ 62.6

PheA F2 5’-ATAAGAATGCGGCCGCCGATCCCGCGAAATTAA-3’ 61.4

PheA R 5’-TGATGTACATCAGGTTGGATCAACAGGCA-3’ 67.2

For DNA sequencing

ACYCDuetUP1 5’-GGATCTCGACGCTCTCCCT-3’ 60.0

DuetDown1 5’-GATTATGCGGCCGTGTACAA-3’ 57.3

F_tktA aroG Int 5’-GCTATCGTCGGTATGACCACCTTCGGTGAAT-3’ 63.9

T7 terminator 5’-GCTAGTTATTGCTCAGCGG-3’ 57.0

Seqduet R 5’ -CGCTTATGTCTATTGCTGGTTTACCGG-3’ 59.4




Table 2. Plasmids used in this study.
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Plasmids Characteristics Source or reference
pAroG PRSFDuet-1 inserted with aroG"* at Ncol and This study
Hindlll sites.
|oAronbr pRSFDuet-1 inserted with aroG” (L175D, This study
Q151L, Q151A and Q151N) at Ncol and Hindlll
sites.
pPBLPT pRSFDuet-1 inserted with aroB, arol, phedh Ratchaneeladdajit,
and tktA. 2014
pBLPTA-?°G" pRSFDuet-1 inserted with aroB, arol, phedh, This study
tktA, pheAB >0 and aroG™.
pBLPTA™?PGIN pRSFDuet-1 inserted with aroB, arol, phedh, This study
tktA, pheAL359 P and aroG¥*™,
|OBLPTGQ15 i pRSFDuet-1 inserted with aroB, arol, phedh, Ulfah, 2018
tktA and aroG“"".
pBLPTGA™ pRSFDuet-1 inserted with aroB, arol, phedh, This study
tktA, aroG?*"* and /oheAWt.
pBLPTG AP pRSFDuet-1 inserted with aroB, arol, phedh, This study
tktA, aroG?*"* and pheAL359 =
pDuet_AroG PRSFDuet-1 inserted with aroG"* at BamH| Kanoksinwuttipong,
and Hindlll sites. 2015
pDuet_Aronbr pRSFDuet-1 inserted with aroG"™" (L175D, Kanoksinwuttipong,

pDuet_pheA™
pDuet_pheAL359D
pPheA™

pPheAL359D

pYF

Q151L, Q151A and Q151N) at BamHI and
Hindlll sites.

PRSFDuet-1 inserted with pheA™ at Hindlll and
Aflll sites.

50 ot Hindlll

pRSFDuet-1 inserted with pheA
and Afll sites.

PRSFDuet-1 inserted with pheA™ at Notl and
BsrGl sites.

PRSFDuet-1 inserted with pheA™"

at Notl
and BsrGl sites.

pBAD33 inserted with yddG and g¢lpf.

2015

This study

This study

This study

This study

Ratchaneeladdajit,
2014
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2.2 Methods

2.2.1 Construction of pPheA" and pPheA->>"

GO the restriction sites

To clone pheA from pDuet pheA into pBLPT
at 57 and 3’ ends of pheA have to change from Hindlll and Aflll to Notl and BsrGl

because there are no Hindlll and Aflll sites on pBLPTG!™

2.2.1.1 Plasmid preparation
The single colony of each E. coli BL21(DE3) clones harboring

A= was cultured in 5 mL LB medium (Appendix C)

pDuet_pheA™ and pDuet phe
containing 30 mg/mL of kanamycin and incubated at 37 °C, 250 rpm for 16-18 h.
After that, the cell pellet was harvested by centrifugation at 5,000xg, 3 min. The

plasmid was extracted using Presto™ Mini Plasmid Kit as described in Appendix E.

2.2.1.2 Agarose gel electrophoresis

pDuet pheA™ and pDuet pheA~**® were analyzed by agarose
gel electrophoresis. To prepare agarose gel, 0.8% (w/v) agarose in 1x TBE buffer
containing 89 mM Tris-HCL, 8.9 mM boric acid and 2.5 mM EDTA, pH 8.0 was melted
in microwave oven. After the gel solution was cooled to 50 - 60 °C, RedSafe™ was
added to make 5% (v/v) of final concentration and then poured into the tray. The
DNA samples were mixed with 6x DNA loading dye and then loaded into the well of
gel. The electrophoresis was set at 100 volts for 40 min. The DNA bands were
detected by UV light of gel documentation instrument. The intensity and size of DNA
samples were compared with DNA marker (GeneRuler 1 kb DNA ladder and A DNA

/Hindlll).

2.2.1.3 PCR amplification of pheA" and pheA->>*"
pheA™ and pheA™™® (1,161 bp) were amplified from

pDuet pheA™ and pDuet pheA-** respectively, using PheA F2 forward primer
containing Notl site and PheA R reverse primer containing BsrGl site as listed in Table
2. To increase the level of gene expression, the PheA F2 primer was designed from

5" end of T7 promoter. The 50 plL of PCR reaction mixture contained 1x Pfu reaction
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buffer with MgSQ,, 1x PCR enhancer, 200 uM of dNTP mix, 1 uM of forward and
reverse primer, 1.25 U of Pfu polymerase, 1 ng of DNA template and nuclease free
water. The PCR condition consisted of initial activation at 95 °C for 2 min, 32 cycles
of denaturation at 95 °C for 30 s, annealing at 62 °C for 45s, extension at 72 °C for 2
min and final extension at 72 °C for 5 min. The PCR products were cleaned by using
GenepHlow™ Gel/PCR Kit (Appendix F). After that, the PCR fragments were separated

by agarose gel electrophoresis.

2.2.1.4 Cloning of pheA™ and pheA->>*"
2.2.1.4.1 Preparation of inserts

Fach pheA” and pheA~>" fragments from section
2.2.1.3 was digested with BsrGl. The 25 pL of digestion mixture contained 1x
NEBuffer™ 2.1, 10 U of BsrGl and 200 ng of DNA fragment. The digestion mixture was
incubated at 37 °C for 16 h. After cleaning by GenepHlow™ Gel/PCR Kit, each DNA
fragment was checked by agarose gel electrophoresis. Next step, BsrGl digested
pheA™ and pheA™*™ fragments were used as DNA templates for digestion with Notl
in 1x CutSmart® Buffer. After incubation at 37 °C for 16 h, purified DNA fragments

were confirmed by agarose gel electrophoresis.

2.2.1.4.2 Preparation of vector

pRSFDuet-1 was extracted by using the method
described in section 2.2.1.1. The single digestions with BsrGl and Notl of pRSFDuet-1
were performed as described in section 2.2.1.4.1. After incubation, linear form of

pRSFDuet-1 was confirmed by agarose gel electrophoresis.

2.2.1.4.3 Ligation of inserts and vector

Each purified DNA fragment (section 2.2.1.4.1) was
licated into pRSFDuet-1 (2.2.1.4.2) with vector to insert ratio of 3:1. The 20 pL of
ligation mixture contained 89 ng of DNA fragment, 100 ng of vector DNA, 1x T4 DNA
lisase buffer and 30 U of T4 DNA ligase. The ligation reaction was incubated at 16 °C

for 16 h. After incubation, the ligation reaction was purified by GenepHlow™ Gel/PCR
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Kit. The recombinant plasmids from ligation reaction were called pPheA™ and

pPheAL359D.

2.2.1.5 Transformation of recombinant plasmid

pPheA™ and pPheA">*" obtained from section 2.2.1.4.3 were
transformed into E. coli Top10 by electroporation. In electroporation step, each 5 plL
(5 ng) of pPheA" and pPheA~>*® was mixed with 50 L of competent E. coli Top10
cells (Appendix D) and chilled on ice. Each of reaction mixture was transferred to a
cold electroporation cuvette. After that, the electroporation cuvette was placed in
the chamber and applied for one pulse by electroporator. Five hundred uL of LB
medium was added in cuvette to resuspend the transformant cell and transferred to
1.5 mL microcentrifuge tube. After that, the transformant was incubated at 37 °C, 250
rom for 1 h. Two hundred pL of transformant was spread on LB agar plate that
contained 30 mg/mL of kanamycin and then incubated at 37 °C for 16-18 h. The

construction of pPheA" and pPheA"**® are shown in Figure 7.

2.2.1.6 Confirmation of recombinant plasmid

The plasmids of transformants from section 2.2.1.5 were
identified by double digestion with Notl and BsrGl. Each single colony of pPheA™ and
pPheA"*" clones was picked up to culture in 5 mL of LB broth containing 30 mg/mL
of kanamycin and incubated at 37 °C with shaking at 250 rpm for 16-18 h. Then
recombinant plasmids were extracted by Presto™ Mini Plasmid Kit. Each recombinant
plasmid was digested with Notl and BsrGl by the method described in section
2.2.1.4.1. The DNA fragments were identified by agarose gel electrophoresis. The

recombinant plasmids with correct size were sent to perform DNA sequencing.
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2.2.1.7 Nucleotide sequencing

The DNA sequencing of recombinant plasmids were performed
by Bioneer, Korean Korean using ACYCDuetUP1 as a forward primer and T7 terminator
as a reverse primer. The obtained DNA sequences were compared with wild type
pheA in NCBI database (https://blast.ncbi.nlm.nih.gov/Blast.cgi) and translated to

protein sequence using Genetyx-Win program.

2.2.1.8 Expression of PheA™
The single colony of pPheA" clone was cultured in 5 mL LB
medium containing 30 mg/mL of kanamycin and incubated at 37 °C, 250 rpm for 16-
18 h. The cell culture was inoculated into 100 mL of the same medium and cultured
in the same conditions. When ODgq, reached log phase (ODgqo = 0.6), the expression
was induced with 1 mM IPTG for 1-6 h. 1.5 mL of whole cells were harvested at

10,000xg for 3 min and kept for SDS-PAGE analysis.

2.2.1.9 SDS-PAGE analysis
The expression of PheA was confirmed by SDS-PAGE analysis.

The SDS-PAGE analysis was performed by the method of Bollag et al,,1996 [42]
(Appendix G). The slab gel solution consisted of 12.5% separating gel and 5% stacking
gel. Tris-glycine buffer (Appendix G) at pH 8.3 was used for running buffer. For protein
loading preparation, the whole cells from section 2.2.1.8 were mixed with 5x sample
buffer (Appendix G) and boiled for 15 min. After that, the cell pellets were
eliminated by centrifugation at 10,000xg for 15 min. The supernatants were loaded
into the gel. Tri-color protein color was used for protein molecular weight marker.
The electrophoresis was set at 20 mA per slab gel for 40 min. After running the gel,
the SDS gel was stained by the staining solution (Appendix H) with shaking for 30-45
min and then was destained by the destaining solution (Appendix H) with shaking for
30 min. After that, the destaining solution in SDS gel was changed and shaken for
overnight. The molecular weight of each protein was analyzed by comparing the

band with the protein marker.
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2.2.2 Construction of pBLPTG?**A™ and pBLPTG?'*'MAM*P
2.2.2.1 pBLPTG®!* preparation
The pBLPTGQlSlL containing aroB, arol, phedh, tktA and

Q151L

aroG was extracted using the method in section 2.2.1.1. The single digestions

with Notl and BsrGl of pBLPTG™!" were performed, respectively as described in

GQ151L

section 2.2.1.4.1. After incubation, purified linear form of pBLPT was confirmed

by agarose gel electrophoresis.

2.2.2.2 pheA™ and pheA-***" preparation
The pPheA™ and pPheA>*" from section 2.2.1.6 were digested

with Notl and BsrGl as described in section 2.2.1.4.1. After incubation, the pheA"" and

pheA*>?’ fragments were collected from agarose gel using GenepHlow™ Gel/PCR Kit.

2.2.2.3 Cloning of pheA™ and pheA"***” into pBLPTG!5!-
After digestion with Notl and BsrGl, each pheA™ and pheA~*”

fragment was ligated with pBLPTG?™!* using the method described in section
2.2.1.4.3. After that, the ligation reactions were transformed into E. coli BL21(DE3) by
electroporation method as described in section 2.2.1.5. The construction of

PBLPTG™A™ and pBLPTG®"*""A*>*" are shown in Figure 8.

2.2.2.4 Confirmation of pBLPTG?*""A" and pBLPTG?*1-AM>P
The single colonies of pBLPTGX®MA™ and pBLPTGYPHARP

from section 2.2.2.3 were picked up to culture in 5 mL of LB broth containing 30
meg/mL of kanamycin and incubated at 37 °C with shaking at 250 rpm for 16-18 h.
Each of recombinant plasmid was extracted by Presto™ Mini Plasmid Kit. The
recombinant plasmids were digested with Xhol by the method described in section
2.2.1.4.1. The recombinant plasmids with correct size were identified by agarose gel

electrophoresis.
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2.2.3 Expression of AroG
2.2.3.1 Thiobarbiturate assay

DAHP synthase activity was determined by the thiobarbiturate
assay method modified from Schoner, 1976 [43] and Liu, 2008 [44]. Each single
colony of pAroG"* and pAroG™ (pAroG-"P, pAroG™!, pAroG*™ and pAroG*™)
was cultured in 5 mL LB medium containing 30 mg/mL of kanamycin and then
incubated with shaking at 250 rpm, 37 °C for 16-18 h. 5% (v/v) of each culture was
inoculated into 50 mL of the same medium and cultured in the conditions. For shake
flask cultivation, the 5% (v/v) of starters were cultured into 200 mL of LB medium
and incubated with shaking at 250 rpm, 37 °C. After the ODgy reached 0.6 (log
phase), the expression was induced with 1 mM IPTG for 2 h. The cells of each clone
were collected by centrifugation at 8,000xg for 10 min and washed with resuspend
buffer (0.1 mM KPB, pH 6.5, 200 uM PEP, 0.5 mM DTT, 0.1 mM PMSF and 10 mM
EDTA) The cell pellet of each clone was dissolved in resuspend buffer and then
broken by ultrasonic cell disruption. The crude extracts were centrifuged at 10,000xg
for 20 min to collect the supernatants for dialysis. After dialysis, 1.5 mL of each crude
extract was centrifuged at 10,000xg for 20 min to collect the supernatants for assay

of enzyme activity.

In thiobarbiturate assay method, the reaction mixture
contained 50 mM potassium phosphate, pH 6.5, 5 mM PEP, 2 mM E4P, 0-20 mM
L-Phe, 30 uM MnCl,, crude enzyme and H,O in a total volume of 33.75 pL. The
mixture was incubated at 30 °C for 10 min. The reaction was initiated when the
enzyme was added and stopped by addition of 180 pL of 10% (w/v) trichloroacetic
acid. After that, the 45 pL of mL of 25 mM NalO, in 62.5 mM H,SO, was added in the
mixture and incubated at 37 °C for 30 min. Then, the 45 pL of 2% (w/v) Na,SO, in 0.5
M HCl was rapidly mixed for stopped the reaction and 450 pL of 0.36% (w/v)

thiobarbituric acid was added and mixed. The reaction mixture was boiled for 20 min
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and then cooled in room temperature. The absorbance at a wavelength 549 nm was

measured by spectrophotometer.

2.2.3.2 Protein measurement

The protein concentration of crude extracts were measured
using Lowry’s method [45]. The 250 pL of crude extract was mixed with 50 uL of
solution A and 2.5 mL of solution B and incubated at 30 °C for 10 min. After
incubation, 250 pL of solution C was added and rapidly mixed and then incubated at
room temperature for 20 min. The absorbance of protein was detected by
spectrophotometer at a wavelength 610 nm. The protein concentration was
calculated using the standard curve of BSA. All solutions were prepared as described
in Appendix I. The expression of AroG"" and AroG™ (L175D, Q151L, Q151A and
Q151N) under T7 promoter were detected by SDS-PAGE analysis using the method

described in section 2.2.1.9.

2.2.4 Reconstruction of pAroG and pAroG™
2.2.4.1 Plasmid extraction

The single colonies of E. coli ToplO clones harboring
pDuet AroG™ and pDuet_AroGfbr from Kanoksinwutthipong were cultured in 5 mL LB
medium containing 30 mg/mL of kanamycin and incubated at 37 °C, with shaking for
16-18 h. After that, the cell pellets were harvested by centrifugation at 5,000xg for 3

min. The plasmids were extracted using Presto™ Mini Plasmid Kit.

2.2.4.2 Forward primer design

The forward primer containing Ncol site at 5 end of aroG (5’
F_AroG_Ncol) was designed. The ATG of Ncol site was used as a start codon of aroG.

2.2.4.3 PCR amplification of aroG"* and aroG™
To construct the pBLPTA"*’G, restriction sites at 5’ and 3’ end

of inserted aroG"" and aroG® from pDuet_AroG"" and pDuet AroG™ have to change
to Ncol and Hindlll, respectively. For PCR amplification of aroG** and aroG® (1,053

bp), pDuet AroG™ and pDuet AroG™ were used as DNA templates, respectively
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Forward primer (F_AroG_Ncol) containing Ncol site and reverse primer (R_AroG_Hindlll)
containing Hindlll site as listed in Table 2 were used. The 50 pL of PCR reaction
mixture contained 1x Phusion HF buffer, 1 U Phusion DNA polymerase, 3% DMSO,
200 pM of dNTP mix, 1 uM of forward and reverse primers, 1 ng of DNA template and
nuclease free water. The PCR condition consisted of initial activation at 98 °C for 30
s, 32 cycles of denaturation at 98 °C for 10 s, annealing at 62 °C for 10 s, extension at
72 °C for 1 min and final extension at 72 °C for 10 min. The PCR products were
cleaned by using GenepHlow™ Gel/PCR Kit. After that, the PCR fragments were

separated by agarose gel electrophoresis.

2.2.4.4 Preparation of inserts and vector

The aroG™ and aroG” fragments from section 2.2.1.3 and
pRSFDuet-1 were digested with Hindlll. The 25 uL of digestion mixture contained 1x
NEBuffer™ 2.1, 10 U of Hindlll and 200 ng of DNA template. The digestion mixture
was incubated at 37 °C for 16 h. After cleaning by GenepHlow™ Gel/PCR Kit, each
DNA fragment was checked by agarose gel electrophoresis. Next step, aroG", aroG™"
and pRSFDuet-1 fragments digested with Hindlll were used as DNA template for
digestion with Ncol using 1x CutSmart® Buffer. After digestion, DNA fragments were

confirmed by agarose gel electrophoresis.

2.2.4.5 Ligation and transformation

After digestion with Ncol and Hindlll, the aroG" and aroG™
fragments were ligated with pRSFDuet-1 using the method described in section
2.2.1.4.3. After that, the ligation reactions were used for transformation into E. coli
BL21(DE3) by electroporation method as described in section 2.2.1.5. The

construction of pAroG"* and pAroG™ are shown in Figure 9.

2.2.4.6 Confirmation of recombinant plasmid

The plasmids of transformants from section 2.2.4.5 were
identified by double digestion with Ncol and Hindlll. Each single colony of pAroG"

and pAroG™ clones was picked up to culture in 5 mL of LB broth containing



33

BamHI

pDuet_AroG

5,039 bp

Hindlll

o | e
Ad 1 e

BSAP | e, ' L

V7 pro
fac operalor 17 py
fax

PCR amplification of aroG"* and aroG™

3

Ncol HindIII

RSFDuet-1
(3829 bp)

aroG"t and aroG™" Necol/HindIII i

BasS | (1aa) P (1782,

I digestion I

1 ligation

174

Ncol

=

aroG

/ Hindlll

E. coli BL21(DE3)/pAroG™ and pAroG™"

Figure 9. Construction of pAroG* and pAroG™



34

30 mg/mL of kanamycin and incubated at 37 °C with shaking at 250 rpm for 16-18 h.
Then recombinant plasmids were extracted by Presto™ Mini Plasmid Kit. Each of
recombinant plasmid was digested with Ncol and Hindlll by the method described in
section 2.2.1.4.1. The DNA fragments were identified by agarose gel electrophoresis.
The recombinant plasmids with the correct size was sent to perform DNA sequencing
by Bioneer, Korean using ACYCDuetUP1 as a forward primer and DuetDownl as a

reverse primer as described in section 2.2.1.7.

2.2.5 Construction of pBLPTA™**°G"™ and pBLPTA-*?PG!°IN
2251 pBLPTAL359D preparation
The recombinant pBLPTGA™*" containing aroB, arol, phedh,

tktA, aroG and pheA from section 2.2.2.4 was double digested with Pacl and Awvrll.
The 25 pL of digestion mixture contained 1x CutSmart® Buffer, 10 U of Pacl and Avrll
and 200 ng of DNA template. The digestion mixture was incubated at 37 °C for 16 h.
After incubation, linear fragment of pBLPTA“**® was separated by agarose gel
electrophoresis. The linear form of pBLPTA***° was purified by GenepHlow™ Gel/PCR

Kit. The size of pBLPTA** was confirmed by agarose gel electrophoresis.

2.2.5.2 T7_aroG"* and T7_aroG**™N preparation
2.2.5.2.1 PCR amplification of T7_aroG" and T7_aroG®*™"
To construct pBLPTA™**°G, T7 aroG fragments were
amplified using forward primer containing Pacl and reverse primer containing Avrll site
at their 5 end. For PCR amplifications, aroG*" and aroG®*™ (1,053 bp) were

amplified from pAroG** and pAroG3>N

, respectively, using forward primer
(aroG_Pacl F) and reverse primer (aroG_Awrll R). To increase the level of gene
expression, the aroG_Pacl F primer was designed from 5’ end of T7 promoter. The
50 pL of PCR reaction mixture contained 1x Pfu reaction buffer with MgSO,, 1x PCR
enhancer, 200 uM of dNTP mix, 1 uM of forward and reverse primers, 1.25 U of Pfu

polymerase, 1 ng of DNA template and nuclease free water. The PCR condition

consisted of initial activation at 95 °C for 2 min, 32 cycles of denaturation at 95 °C
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for 30 s, annealing at 62 °C for 45s, extension at 72 °C for 2 min and the last step of
final extension at 72 °C for 5 min. The PCR products were cleaned by using
GenepHlow™ Gel/PCR Kit. After that, the PCR fragments were separated by agarose

gel electrophoresis.

2.2.5.2.2 Double digestion with restriction enzymes

Each aroG PCR fragment was double digested with Pacl
and Avrll using the method described in section 2.2.5.1.

2.2.5.3 Ligation and transformation

After digestion with Pacl and Avrll, each aroG"* and aroG?*™"

fragments was ligated with pBLPTA**" vector using the method described in section
2.2.1.4.3. After that, each ligation reaction was transformed into E. coli BL21(DE3) by
electroporation method as described in section 2.2.1.5. The construction of

PBLPTA*PG** and pBLPTA**°G?**!™N are shown in Figure 10.

2.2.5.4 Confirmation of pBLPTA®*°G™ and pBLPTA-**?PGe!>N

The transformants from section 2.2.5.3 were identified by
digestion of their plasmid with Xhol. The single colonies of pBLPTA"**PG™ and
pBLPTA*PGRP™N \were picked up to culture in 5 mL of LB broth containing 30
me/mL of kanamycin and incubated at 37 °C with shaking at 250 rpm for 16-18 h.
Then recombinant plasmids were extracted by Presto™ Mini Plasmid Kit. Each of
recombinant plasmid was digested with Xhol by the method in section 2.2.5.1. The
DNA fragments were identified by agarose gel electrophoresis. The recombinant
plasmids with correct size were sent to sequence by Bioneer, Korean using
F tktA aroG Int as a forward primer and Seqduet R as a reverse primer as described

in section 2.2.1.7.
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2.2.6 Co-transformation of pBLPTA"**°G" and pBLPTA™*°G> !N with pYF
into E. coli BL21(DE3)
The pBLPTA™*PG"™ and pBLPTA*°G?™ were co-transformed with

pYF into E. coli BL21(DE3) competent cell using method described in section 2.2.1.5.
The transformants were spreaded on LB agar plate containing 30 mg/mL of
kanamycin and 10 mg/mL of chloramphenicol and then incubated at 37 °C for 16-18
h. The growing colonies of pBLPTA=*°G"* & pYF and pBLPTA-*PGR™™N & pYF were
picked up to culture in 5 mL LB broth that contained 30 mg/mL of kanamycin and 10
me/mL of chloramphenicol and incubated at 37 °C with shaking at 250 for 16-18 h.
The pBLPTA"°G" & pYF and pBLPTA™*G¥*™N & pYF were extracted by Presto™
Mini Plasmid Kit. The recombinant plasmids were confirmed by restriction enzyme
digestion. Each of recombinant plasmid was digested with BamHI using method in
section 2.2.5.1. The size of pBLPTA-**’G" & pYF and pBLPTA*PGAPMN & pYF were
identified by agarose gel electrophoresis. The colonies containing pBLPTA-*G" &
pYF and pBLPTA-*PGPN & pYF were collected to determine of L-Phe production.
The construction of pBLPTA=*?°G" & pYF and pBLPTA-*PGP™ & pYF are shown in

Figure 11.
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2.2.7 Determination of L-Phe production by HPLC
Fach single colony of pBLPT & pYF, pBLPTA"**G" & pYF and

PBLPTARPGRPIN & pYF  clones from section 2.2.6 was cultured in 5 mL LB medium
containing 30 mg/mL of kanamycin and 10 mg/mL of chloramphenicol and then
incubated at 37 °C, 250 rpm for 16-18 h. 5% (v/v) of each culture was inoculated into
50 mL of the same medium and cultured of the same conditions. For shake flask
cultivation, the 5% (v/v) of starters were separately cultured into 200 mL of
minimum medium containing (g/L): 60 glycerol, 42.5 (NH4),SOq4, 0.3 MgSO4-7H,0, 0.075
FeSO,7H,0, 0.015 CaCly2H,0, 12 K,HPO, 3 KH,PO, 1 NaCl, 1 Na-citrate, 0.0075
thiamine-HCl and 1.5 mL of trace elements solution contained (g/L): 2.0
AlL(SOL)518H,0, 3.0 Na,MoOg2H,0, 0.75 CoSOqTH,0, 15 ZnSOq7H,0, 2.5 CuSOq-5H,0,
0.5 H3BOs, 24 MnSQOg4-7H,0 and 2.5 NiSO4-6H,0 at pH 7.0. The cultures were shaken at
37 °C, 250 rpm. After the ODgqo reached 0.6 (log phase), the expression of yddG and
glpF under ara promoter of pBAD33 were induced with 0.02% arabinose. The 1.5 mL
of each sample were collected every 24 h for 8 days to measure cell density (OD4y)
and L-Phe production. The supernatants of each sample were filtrated through 0.22
pm nylon syringe filter. The L-Phe production was measured by HPLC method using
Chirex 3126 (D)-penicillamine column. The ratio of 75:25 of 2 mM copper sulfate and
methanol was used as a mobile phase and the flow rate was 0.7 mL/min. The peak
of L-Phe was detected at wavelength 254 nm. The concentrations of L-Phe were

estimated from the standard curve of L-Phe.
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CHAPTER 1lI

RESULTS AND DISCUSSIONS
3.1 Construction of pPheA™ and pPheA-*>*°
3.1.1 Plasmid extraction

pDuet_pheA™ and pDuet_pheA->*" (5,078 bp) were extracted from E.
coli Top10. The agarose gel electrophoresis was shown in Figure 12. Then, the
pDuet_pheA™ and pDuet_pheA"**" were confirmed by digested with Aflll and BamH.
From the result of agarose gel electrophoresis in Figure 13, the DNA fragments were
observed around 3.4 kb and 1.2 kb. Therefore, pDuet pheA™ No.1 and

pDuet pheA"*" No.1 were used for pheA amplification.

3.1.2 Amplification of pheA”™ and pheA-**"
The pheA™ and pheA™>*® were amplified from pDuet pheA™ and

AL359D

pDuet phe , respectively, using forward primer containing Notl site and reverse

primer containing BsrGl site. After cleaning by GenepHlow™ Gel/PCR Kit, the PCR
fragments were separated by agarose gel electrophoresis. The size of pheA™ and

pheA-* fragments were detected around 1.2 kb as shown in Figure 14.

3.1.3 Cloning of pheA" and pheA"***P

The PCR products of pheA™ and pheA™® from section 3.1.2 and
PRSFDuet-1 vector were digested with Notl and BsrGl. The results of pheA™ and
pheA>? fragments (1.2 kb) and pRSFDuet-1 linear vector (3.9 kb) after digestion are
shown in Figure 15. After that, pheA” and pheA"*® fragments were ligated with
pRSFDuet-1 linear vector and then transformed into E. coli Top10 by electroporation.
Four colonies of pPheA™ and five colonies of pPheA-*" transformants were
randomly picked and cultured in 5 mL of LB broth containing 30 mg/mL of
kanamycin. Each recombinant plasmid was extracted and then detected by agarose
gel electrophoresis. From Figure 16, the plasmid from pPheA" transformant No.1, 3
and 4 and pPheA"*®" transformant No.1, 2 and 4 moved slower than pRSFDuet-1.
Thus, the pPheAWt No.1, 3 and 4 and pPheALmD No.l, 2 and 4 might harbor the

inserted genes. These six plasmids were confirmed by digestion with Notl and BsrGl.
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From digestion pattern, each recombinant plasmid gave two bands of DNA fragments

around 3.9 kb and 1.2 kb as shown in Figure 17. This result confirmed that pheA™

eAL35QD

and ph were successfully inserted into pRSFDuet-1. After that, the nucleotide

sequences of the inserts were checked by Bioneer Inc. (Korea).

3.1.4 Nucleotide sequencing

To verify the nucleotide sequence of pheA™ and pheA™® genes, the
DNA sequencing of recombinant plasmids were performed by Bioneer, Korean using
ACYCDuetUP1 as a forward primer and T7 terminator as a reverse primer. The
obtained DNA sequences were compared with wild type pheA reported by Naksusuk
in 2015 using nucleotide blast tools in NCBI and then translated to protein sequence
using Genetyx-Win program.

From Figure 18 - 19, nucleotide sequences of pheA" and pheA->>*"

are
similar to that of reference nucleotides [40]. Only nucleotide sequence at restriction
sites were changed from Aflll to Notl and BamHl to BsrGl. The correct pheA™" and

eAL35QD

ph were used in the further experiment.

3.1.5 Expression of PheA™

The expression of PheA"" under T7 promoter was evaluated by SDS-
PAGE analysis. The E. coli BL21(DE3) harboring pPheA" from section 3.1.4 was
cultured in LB medium containing 30 mg/mL of kanamycin. After cell culture reached
log phase, IPTG was added to 1 mM to induce pheA expression. The whole cells of
E. coli BL21(DE3) harboring pPheA™ were mixed with 5x sample buffer. The
supernatants were loaded into the gel. Tri-color protein color was used as protein
molecular weight marker. The protein of E. coli BL21(DE3) and E. coli BL21(DE3)
harboring pRSFDuet-1 were used as a control in lane 1 and 2, respectively. The
protein band of chorismite mutase/prephenate dehydratase was detected after 1
mM IPTG induction for 1-6 h in lane 3-8, respectively. The size of recombinant

protein was approximately 43 kDa as shown in Figure 20.



Figure 12. Electrophoretic patterns of pPheA"" and pPhe

Lane M1
Lane 1

Lane 2-4
Lane 5-7

Lane M2
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- A DNA /Hindlll marker

: pRSFDuet-1

: pPheA™ No.1-3, respectively

: pPheA>*° No.1-3, respectively
: Gene Ruler 1 kb DNA ladder
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M1 1 2 3 4 5 6 7 8 9 10 11 12 13 14 M2

kb

23.1

9.6
6.6

~3.4 kb

2.3
21

~1.2 kb

Figure 13. Aflll and Hindlll digestion patterns of pPheA™ and pPheA">*.

Lane M1 : Gene Ruler 1 kb DNA ladder
Lane 1 : uncut pRSFDuet-1
Lane 2 : Aflll/Hindlll digested pRSFDuet-1

Lane 3,5, 7 :uncut pPheAWt No.1-3 , respectively

Lane 4, 6,8  : Aflll/Hindlll digested pPheA™ No.1-3, respectively
Lane 9, 11, 13 : uncut pPheA~**" No.1-3, respectively

Lane 10, 12, 14 : Aflll/Hindlll digested pPheA"*>*" No.1-3, respectively

Lane M2 - N\ DNA /Hindlll marker
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Figure 14. PCR products of pheA" and pheA-*?°
Lane M : Gene Ruler 1 kb DNA ladder

Lane 1 : PCR product of pheA™

Lane 2 : PCR product of pheA"***
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Figure 15. Notl and BsrGl digestion patterns of PCR products and pRSFDuet-1.

Lane M :
Lane 1
Lane 2
Lane 3
Lane 4

Lane 5

~3.9 kb

~1.2 kb

Gene Ruler 1 kb DNA ladder

: uncut pRSFDuet-1

: Notl and BsrGl digested pRSFDuet-1

: uncut PCR product of pheA™

: Notl and BsrGl digested PCR product of pheA™

: Notl and BsrGl digested PCR product of pheA"***
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Figure 16. Electrophoretic pattern of plasmid from pPheA transformants.
Lane M : Gene Ruler 1 kb DNA ladder
Lane 1  : pRSFDuet-1
Lane 2-5 : pPheAWt from transformant No.1-4, respectively

Lane 6-10 : pPheA"* from transformant No.1-5, respectively
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Figure 17. Notl and BsrGl digestion patterns of pPheA™ and pPheA-*".

Lane M :

Lane 1

Lane 2

Lane 3

Lane 4

Lane 5

Lane 6

Lane 7

Lane 8

Lane 9

Lane 10 :

Gene Ruler 1 kb DNA ladder

: uncut pRSFDuet-1

: pRSFDuet-1 digested with Notl and BsrGl

: uncut pPheA™ transformant No.1

: Notl and BsrGl digested pPheA" from transformant No.1

: Notl and BsrGl digested pPheA" from transformant No.3

: Notl and BsrGl digested pPheA™ from transformant No.4

- uncut pPheA***" transformant No.1

: Notl and BsrGl digested pPheA"***® from transformant No.1

: Notl and BsrGl digested pPheA"***® from transformant No.2

Notl and BsrGl digested pPheA-**" from transformant No.4



Score Expect Identities Gaps Strand
2145 bits(1161) 0.0 1161/1161(100%) 0/1161(0%) Plus/Plus
Query 1 ATGACATCGGAAAACCCGTTACTGGCGCTGC AGAAAATCAGCGCGCTGGATGAAAAA
PEEEEERERE e e e e e e bbb e e e e et
Sbjct 1 ATGACATCGGAAAACCCGTTACTGGCGCTGC AAATCAGCGCGCTGGATGAAAAA
Query 61 TTATTAGCGTTACTGGCAGAACGGCGCGAACTGGCCGTCGAGGTGGGAAAAGCCAAACTG
PRERREEErE e e e et e e e e e et rerennd
Sbjct 61 TTATTAGCGTTACTGGCAGAACGGCGCGAACTGGCCGTCGAGGTGGGAAAAGCCAAACTG
Query 121 CTCTCGCATCGCCCGGTACGTGATATTGATCGTGAACGCGATTTGCT AAGATTAATT
IIIIIIIIIIIIIIIIIIIIIIIIlIIIIIlIllIlIIIlIIIIIIIIIIIIIIIIIII
Sbjct 121 CGCATCGCCCGGTACGTGATATTGATCGTGAACGCGATTTGCT AGATTAATT
Query 181 ACGCTCGGTAAAGCGCACCATCTGGACGCCCATTACATTACTCGCCTGTTCCAGCTCATC
FERERERE e e e e e e e e e e e rrrennl
Sbjct 181 ACGCTCGGTARAGCGCACCATCTGGACGCCCATTACATTACTCGCCTGTTCCAGCTCATC
Query 241 ATTGAAGATTCCGTATTAACTCAGCAGGCTTTGCTCCAACAACATCTCAATAAAATTAAT
PEEERRERER e e b e e e e e e e e e eerneel
Sbjct 241 ATTGAAGATTCCGTATTAACTCAGCAGGCTTTGCTCCAACAACATCTCAATAAAATTAAT
Query 301 CCGCACTCAGCACGCATCGCTTTTCTCGGCCCCAAAGGTTCTTATTCCCATCTTGCGGCG
PREREEEEER et e e e bbb bbb e e et
Sbject 301 CCGCACTCAGCACGCATCGCTTTTCTCGGCCCCAAAGGTTCTTATTCCCATCTTGCGGCG
Query 361 CGCCAGTATGCTGCCCGTCACTTTGAGCAATTCATTGAAAGTGGCTGCGCCAAATTTGCC
PREREEER Rt bbb e e b e e et
Sbjct 361 CGCCAGTATGCTGCCCGTCACTTTGAGCAATTCATTGAAAGTGGCTGCGCCAAATTTGCC
Query 421 GATATTTTTAATCAGGTGGAAACCGGCCAGGCCGACTATGCCGTCGTACCGATTGARAAT
PEELELREER e b e e e bbb e e et
Sbject 421 GATATTTTTAATCAGG AACCGGCCAGGCCGACTATGCCGTCGTACCGATTGARARAT
Query 481 ACCAGCTCCGGTGCCATARACGACGTTTACGATCTGCTGCAACATACCAGCTTGTCGATT
PEELELEEER et b e e et b e e e i et
Sbjct 481 ACCAGCTCCGGTGCCATAAACGACGTTTACGATCTGCTGCAACATACCAGCTTGTCGATT
Query 541 GTTGGCGAGATGACGTTAACTATCGACCATTGTTTGTTGGTCTCCGGCACTACTGATTTA
O CAL 951 4 T 0 o J 00 G 00 Jo o A CR A
Sbject 541 GTTGGCGAGATGACGTTAACTATCGACCATTGTTTGTTGGTCTCCGGCACTACTGATTTA
Query 601 TCCACCATCAATACGGTCTACAGCCATCCGCAGCCATTCCAGCAATGCAGCARATTCCTT
TEEEELEEER e e ee et e e rrnrrnnl
Sbjct 601 TCCACCATCAATACGGTCTACAGCCATCCGCAGCCATTCCAGCAATGCAGCAAATTCCTT
Query 661 AATCGTTATCCGCACTGGAAGATTGAATATACCGARAGTACGTCTGCGGCAATGGAARAAG
lIlll||I||||l|||Ill|||||II|l||||||l||||||||||||||||||II||||
Sbjct 661 CGTTATCCGCACTGGAAGATTGAATATACCGAAAGTACGTCTGCGGCAATGGAARAG
Query 721 GTTGCACAGGCAAAATCACCGCATGTTGCTGCGTTGGGAAGCGAAGCTGGCGGCACTTTG
PERLEEERR et bbb et e e e e ererinnl
Sbjct 721 GTTGCACAGGCAAAATCACCGCATGTTGCTGCGTTGGGAAGCGAAGCTGGCGGCACTTTG
Query 781 TACGGTTTGCAGGTACTGGAGCGTATTGAAGCAAATCAGCGACAARACTTCACCCGATTT
LEELELEREErr e e vt
Sbjct 781 TACGGTTTGCAGGTACTGGAGCGTATTGAAGCAAATCAGCGACAAAACTTCACCCGATTT
Query 841 GTGGTGTTGGCGCGTAAAGCCATTAACGTGTCTGATCAGGTTCCGGCGAAAACCACGTTG
LEELELEREErr e e e rrrreerrnnl
Sbjct 841 GTGGTGTTGGCGCGTARAGCCATTAACGTGTCTGATCAGGTTCCGGCGAARACCACGTTG
Query 901 TTAATGGCGACCGGGCAACAAGCCGGTGCGCTGGTTGAAGCGTTGCTGGTACTGCGCAAC
EELEEEEE e bbbt bbb e e ererrrnnl
Sbject 901 TTAATGGCGACCGGGCAACAAGCCGGTGCGCTGGTTGAAGCGTTGCTGGTACTGCGCAAC
Query 961 CACAATCTGATTATGACCCGTCTGGAATCACGCCCGATTCACGGTAATCCATGGGAAGAG
PEEEEEEREE e e b e e e e b e e e e erereerrrrenl
Sbject 961 CACAATCTGATTATGACCCGTCTGGAATCACGCCCGATTCACGGTAATCCATGGGAAGAG
Query 1021 ATGTTCTATCTGGATATTCAGGCCAATCTTGAATCAGCGGAAATGCAAARAGCATTGAARA
PELEEEER e e e e bbb e e errerntl
Sbjct 1021 ATGTTCTATCTGGATATTCAGGCCAATCTTGAATCAGCGGAAATGCARAAAGCATTGAAA
Query 1081 GAGTTAGGGGARATCACCCGTTCAATGAAGGTATTGGGCTGTTACCCAAGTGAGAACGTA
PEERERERERE e e e e e bbb e e e e r e e e el
Sbjct 1081 GAGTTAGGGGAAATCACCCGTTCAATGAAGGTATTGGGCTGTTACCCAAGTGAGAACGTA
Query 1141 'GCCTGTTGATCCAACCTGA 1161
IIIIIIIIIIIIIIIIIIIII
Sbjct 1141 CCTGTTGATCCAACCTGA 1161

Figure 18. Nucleotide sequence of pheA™
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Query represents the nucleotide sequence of pheA™ in this work.

Sbjct represents the nucleotide sequence of pheA™ reference [40].

The chromatogram of pheA™ is shown in Appendix N.
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Score Expect Identities Gaps Strand

2145 bits(1161) 0.0 1161/1161(100%) 0/1161(0%) Plus/Plus

Query 1 ATGACATCGGARAACCCGTTACTGGCGCTGCGAGAGARAATCAGCGCGCTGGATGARARR 60
FELEEREER e e et e e e e e e bbbt

Sbjct 1 ATGACATCGGAARACCCGTTACTGGCGCTGCGAGAGARAATCAGCGCGCTGGATGARARR 60

Query 61 TTATTAGCGTTACTGGCAGAACGGCGCGAACTGGCCGTCGAGGTGGGARAAGCCARACTG 120
PEELELER Rt e e e e b bbb b bbb el

Sbjct 61 TTATTAGCGTTACTGGCAGAACGGCGCGAACTGGCCGTCGAGGTGGGAARAGCCARACTG 120

Query 121 CTCTCGCATCGCCCGGTACGTGATATTGATCGTGAACGCGATTTGCTGGARAGATTAATT 180

EREEEEEEE e e e b e bbb e bt e e el
Sbjct 121  CTCTCGCATCGCCCGGTACGTGATATTGATCGTGAACGCGATTTGCTGGAAAGATTAATT 180

Query 181  ACGCTCGGTAAAGCGCACCATCTGGACGCCCATTACATTACTCGCCTGTTCCAGCTCATC 240
LELVLEVEECL DELELOEE R UV L REEELSL EV L LU L EL DR T L)
Sbjct 181  ACGCTCGGTAAAGCGCACCATCTGGACGCCCATTACATTACTCGCCTGTTCCAGCTCATC 240

Query 241 ATTGAAGATTCCGTATTAACTCAGCAGGCTTTGCTCCAACAACATCTCAATAAAATTAAT 300

N N N N NN N NNy
Sbjct 241  ATTGAAGATTCCGTATTAACTCAGCAGGCTTTGCTCCAACAACATCTCAATAAAATTAAT 300

Query 301 CCGCACTCAGCACGCATCGCTTTTCTCGGCCCCARA TCTTATTCCCATCTTGCGGCG 360

N N NNy
Sbjct 301 CCGCACTCAGCACGCATCGCTTTTCTCGGCCCCARAGGTTCTTATTCCCATCTTGCGGCG 360

Query 361 CGCCAGTATGCTGCCCGTCACTTTGAGCAATTCATTGAAAGTGGCTGCGCCARATTTGCC 420

LERLEETERE e e bbb e b e e e e el
Sbjct 361  CGCCAGTATGCTGCCCGTCACTTTGAGCAATTCATTGARAGTGGCTGCGCCAAATTTGCC 420

Query 421  GATATTTTTAATCAGGTGGAAACCGGCCAGGCCGACTATGCCGTCGTACCGATTGARAAT 480
N N N N N NNy
Sbjct 421  GATATTTTTAATCAGGTGGARACCGGCCAGGCCGACTATGCCGTCGTACCGATTGAAAAT 480

Query 481  ACCAGCTCCGGTGCCATAAACGACGTTTACGATCTGCTGCAACATACCAGCTTGTCGATT 540
PEERELERR e e b e bbb bbb b e bbb bbbt
Sbjct 481  ACCAGCTCCGGTGCCATAARACGACGTTTACGATCTGCTGCAACATACCAGCTTGTCGATT 540

Query 541 TTTGTTGGTCTCCGGCACTACTGATTTA 600

IIIIIIIIIIIIIIIIIIIIIIIIIIIIII[IIIIIIIlIIIIIIIIlIIIlIIIIIIII
sbjct 541 GCGAGATGACGTTAACTATCGACCATTGTTTGTTGGTCTCCGGCACTACTGATTTA 600

Query 601 TCCACCATCAATACGGTCTACAGCCATCCGCAGCCATTCCAGCAARTGCAGCARATTCCTT 660

IlI]IlIlIlIIIII[IIIIIIIIIIIII[[IIIIIIIIIIIIIIIIIIIIllIIIIIII
Sbjct 601 CACCATCAATACGGTCTACAGCCATCCGCAGCCATTCCAGCAATGCAGCAAATTCCTT 660

Query 661 AATCGTTATCCGCACTGGAAGATTGAATATACCGAAAGTACGTCTGCGGCAATGGARAAG 720
R N N N N RN AN
Sbjct 661 AATCGTTATCCGCACTGGAAGATTGAATATACCGAAAGTACGTCTGCGGCAATGGAAAAG 720

Query 721 GTTGCACAGGCARAATCACCGCATGTTGCTGCGTTGGGAAGCGAAGCTGGCGGCACTTTG 780

R N N NN NNy
Sbjct 721  GTTGCACAGGCAARATCACCGCATGTTGCTGCGTTGGGAAGCGAAGCTGGCGGCACTTTG 780

Query 781  TACGGTTTGCAGGTACTGGAGCGTATTGAAGCAAATCAGCGACAARACTTCACCCGATTT 840
PEEEEEREEEEEr e e e e r e b e e e el
Sbjct 781  TACGGTTTGCAGGTACTGGAGCGTATTGAAGCAAATCAGCGACAAAACTTCACCCGATTT 840

Query 841 GTGGTGTTGGCGCGTAAAGCCATTAACGTGTCTGATCAGGTTCCGGCGAARACCACGTTG 900

PEEEEERERR e e e bbb bbb e e bbbl
Sbjct 841 GTGGTGTTGGCGCGTARAGCCATTAACGTGTCTGATCAGGTTCCGGCGARRAACCACGTTG 900

Query S01 TTAATGGCGACCGGGCAACAAGCCGGTGCGCTGGTTGAAGCGTTGCTGGTACTGCGCAAC 960

LEEEREEEE et b e e bbb e bbb bbbl
Sbjct 901  TTAATGGCGACCGGGCAACAAGCCGGTGCGCTGGTTGAAGCGTTGCTGGTACTGCGCAAC 960

Query 961 CACAATCTGATTATGACCCGTCTGGAATCACGCCCGATTCACGGTAATCCATGGGAAGAG 1020

. FELEREREEEr et et r e e bbb bbb e b et
Sbjct 961 CACAATCTGATTATGACCCGTCTGGAATCACGCCCGATTCACGGTAATCCATGGGAAGAG 1020

Query 1021 ATGTTCTATCTGGATATTCAGGCCAATCTTGAATCAGCGGAAATGCARAAAGCAGACHAA 1080

R N N N N N NN NN Ny 1N
Sbjct 1021 ATGTTCTATCTGGATATTCAGGCCAATCTTGAATCAGCGGAAATGCAAAAAGCAGACHAA 1080

Query 1081 GAGTTAGGGGAARATCACCCGTTCAATGAAGGTATTGGGCTGTTACCCAAGTGAGAACGTA 1140

TELREERE e e e bbb bbb bbb e el
Sbjct 1081 GAGTTAGGGGARATCACCCGTTCAATGAAGGTATTGGGCTGTTACCCAAGTGAGAACGTA 1140

Query 1141 GTGCCTGTTGATCCAACCTGA 1161

FLLRLEEErEnrrrerntl
Sbjct 1141 GTGCCTGTTGATCCAACCTGA 1161

Figure 19. Nucleotide sequence of pheA->*"

AL359D

Query represents the nucleotide sequence of phe in this work.

AL359D

Sbjct represents the nucleotide sequence of phe reference [40].

Red box represents the mutation of Leu359Asp.

AL359D

The chromatogram of phe. is shown in Appendix O.
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Figure 20. SDS-PAGE of whole cell extracts of E. coli BL21(DE3) harboring pheA™ after
induction with 1 mM IPTG.
Lane M : TriColor Protein Ladder (10-180 kDa)

Lane 1 : E. coli BL21(DE3) after IPTG induction for 1 h

Lane 2 : E. coli BL21(DE3) harboring pRSFDuet-1 after IPTG induction for 1 h
Lane 3 : E. coli BL21(DE3) harboring pPheA™ after IPTG induction for 1 h
Lane 4 : E. coli BL21(DE3) harboring pPheA"" after IPTG induction for 2 h
Lane 5 : E. coli BL21(DE3) harboring pPheA™ after IPTG induction for 3 h
Lane 6 : E. coli BL21(DE3) harboring pPheA™ after IPTG induction for 4 h
Lane 7 : E. coli BL21(DE3) harboring pPheA" after IPTG induction for 5 h
Lane 8 : E. coli BL21(DE3) harboring pPheA™ after IPTG induction for 6 h
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3.2 Construction of pBLPTG2**'*A"* and pBLPTG!°1-A->%P

The pPheA™ and pPheA™>*" from section 3.1.4. were digested with BsrGl and
Notl. After that, the pheA™ and pheA™>* fragments were purified from agarose gel
using GenepHlow™ Gel/PCR Kit. The pBLPTG?™!" was digested with the same
restriction enzymes and purified using same method. From Figure 21, the linear form
of pBLPTG?™!" was shown at size around 9.9 kb in lane 3. For pheA" and pheA""
fragments, the DNA bands were obtained at size around 1.2 kb as shown in Figure 22
in lane 3 and 6, respectively. Then, pheA™ and pheA"® fragments were ligated with
linear pBLPTG®"'" vector and transformed into E. coli BL21(DE3). The single colonies
of transformants were randomly picked up and cultured in LB broth containing 30
me/mL of kanamycin. After extraction, the recombinant plasmids were digested with
Xhol to confirm the positive plasmids of pBLPTGR'"A™ and pBLPTGMASP 5
shown in Figure 23. The digestion of pBLPTG?""A™ and pBLPTG2"'"A=*P with Xhol
gave two DNA bands around 9.9 kb and 1.2 kb as shown in lane 2, 4, 6, 8 and 10.
This result showed that the pBLPTG?®"A™ and pBLPTGRPAS were successfully

constructed.

3.3 Expression of AroG""

The expression of AroG™ under T7 promoter was evaluated by SDS-PAGE
analysis. The E. coli BL21(DE3) harboring pDuet AroG™ from Kanoksinwutthipong was
cultured in LB medium containing 30 mg/mL of kanamycin. After cell culture reached
log phase, IPTG was added to 1 mM to induce aroG expression. The whole cells of
E. coli BL21(DE3) harboring pDuet AroG"* were mixed with 5x sample buffer. The
supernatants were loaded into the gel. Tri-color protein color was used as protein
molecular weight marker. The whole cell extract of E. coli BL21(DE3) harboring
pRSFDuet-1 was used as a control in lane 1. The protein bands of E. coli BL21(DE3)
harboring pDuet AroG"* after 1 mM IPTG induction for 1-6 h are shown in lane 3-8,

respectively (Figure 24).
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Figure 21. Notl and BsrGl digestion pattern of pBLPTGY*!.

Lane M :
Lane 1
Lane 2

Lane 3 :

Gene Ruler 1 kb DNA ladder

: uncut pBLPTG?!

: Notl digested pBLPTG?!>!-

Notl and BsrGl digested pBLPTG?**'-

~9.9 kb
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~1.2 kb
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Figure 22. Notl and BsrGl digestion patterns of pPheA™ and pPheA-*.

Lane M : Gene Ruler 1 kb DNA ladder

Lane 1 : uncut pPheA™

Lane 2 : Notl digested pPheA™

Lane 3 : Notl and BsrGl digested pPheA"
Lane 4 : uncut pPheA">*"

Lane 5 : Notl digested pPheA-*>*"

Lane 6 : Notl and BsrGl digested pPheA->""
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Figure 23. Xhol digestion patterns of pBLPTG?***"A"*and pBLPTG AP

Lane M : Gene Ruler 1 kb DNA ladder

Lane 1 : uncut pBLPTG***A"" from transformant No.1

Lane 2 : Xhol digested pBLPTGR"'*A" from transformant No.1
Lane 3 : uncut pBLPTG2*™A™ from transformant No.2

Lane 4 : Xhol digested pBLPTG2"*A™ from transformant No.2
Lane 5 : uncut pBLPTG2*A>? from transformant No.1

Lane 6 : Xhol digested pBLPTG?"!*A"**® from transformant No.1
Lane 7 : uncut pBLPTG*A*?C from transformant No.2

Lane 8 : Xhol digested pBLPTG?'*A"* from transformant No.2
Lane 9 : uncut pBLPTG*-A>?Y from transformant No.3

Lane 10 : Xhol digested pBLPTG*'"A~*>*" from transformant No.3
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kDa

Figure 24 SDS-PAGE of whole cell extracts of E. coli BL21(DE3) harboring aroG*" after
induction with 1 mM IPTG.
Lane M : TriColor Protein Ladder (10-180 kDa)
Lane 1 : E. coli BL21(DE3) harboring pRSFDuet-1 after IPTG induction for 1 h
Lane 2 : E. coli BL21(DE3) harboring pDuet_AroG™" after IPTG induction for 1 h
Lane 3 : E. coli BL21(DE3) harboring pDuet_AroG" after IPTG induction for 2 h
Lane 4 : E. coli BL21(DE3) harboring pDuet AroG™ after IPTG induction for 3 h
Lane 5 : E. coli BL21(DE3) harboring pDuet_AroG" after IPTG induction for 4 h
Lane 6 : E. coli BL21(DE3) harboring pDuet AroG™ after IPTG induction for 5 h
Lane 7 : E. coli BL21(DE3) harboring pDuet_AroG" after IPTG induction for 6 h
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In our previous work, we paid a lot of attempt to determine the
expression of AroG by SDS-PAGE analysis and DAHP synthase activity assay. The AroG
band could not be observed on SDS-PAGE. Moreover, DAHP synthase activity of the
recombinant clone was not differ from that of £. coli host cell. At first, we suspected
that there were some defects on T7 promoter of pRSFDuet-1 vector used in our
laboratory, so aroG was subcloned under T7 promoter of pET-28b and again the

protein band and activity of AroG could not be detected.

In this research, the sequence of pDuet AroG was rechecked. The
aroG was cloned into pRSFDuet-1 between BamH| and Hindlll sites. As shown in
Figure 25, the sequence of forward primer was 5’-CGGGATCCATGAATTATCAGA
ACGACGATTTACGC-3’. BamHI site is shown in blue and start codon of aroG is shown
in red. Translation of the gene inserted under T7 promoter-1 is started from Met of
His-tag (shown in red box). When aroG was inserted, the translation frame of aroG
was one base shifted and translation was stopped at TGA (shown in green box). Thus,

AroG could not be synthesized.

3.4 Reconstruction of pAroG and pAroG™
In this part, new forward primer was designed and used for cloning aroG into

PRSFDuet-1.

3.4.1 Plasmid extraction

pDuet AroG"™" and pDuet AroG™ (5,039 bp) were extracted from
E. coli Topl0. The agarose gel electrophoresis is shown in Figure 26. Each

recombinant plasmid was used as a template for aroG amplification.



A ACYCDuetUP1
. Pfo| ___ Primer #71178-3 T7 promoter-1
GCCATACCGCGAAAGGTTTTGCGCCATTCGATGGTGTCCGEGATCTCGACGCTCTCCCTTATGCGACTCCTGCATTAGGAAATTAATACGACTCACTATA

T7 transcription start-1
.

lac ator rbs His T
GGGGAATTGTGAGCGGATAACAATTCCCCTGTAGAAATAATTTTGTTTAACTTTAATAAGGAGATATAC) CAGCAGCCATCACCATCATCACCAC
| Met@lySerSerHisHisHisHisHisHis

EcoICR | Sbf| Tat| DuetUP2 Primer
BamH | EcoR| _Sac| _ Ascl _PStl__Sall Hind il _ Notl Al BsrG|  #71180-3

—
AGCCAGGATCCGAATTCGAGCTCGGCGCGCCTGCAGGTCGACAAGCTTGCGGCCGCATAATGCTTAAGTCGAACAGAAAGTAATCGTAT, l GTACACGGCC
SerGlnAspProAsnSerSerSerAlaArgLeuGlnValAspLysLeuAlaAlaAlaEnd DuetDOWN1 Primer

DuetUP1 Primer T7 transcription start-2 il

#71180-3 T7 promoter-2 lac operator rbs Nde |
GCATAATCGAAATTAATACGACTCACTATAGGGGAATTGTGAGCGGATAACAATTCCCCATCTTAGTATATTAGTTAAGTATAAGAAGGAGATATACAT

uetDOWN1 Primer
#71179-3 _Bael
_Nael Pwl  Zral Kpnl

Nde! _Bglll Mfel EcoRV_ Fsel AsiS1__ _Aatll Acc651 Xhol S-Tag
ATGGCAGATCTCAATTGGATATCGGCCGGCCACGCGATCGCTGACGTCGGTACCCTCGAGTCTGGTAAAGAAACCGCTGCTGCGAAATTTGAACGCCAG
MetAlaAspLeuAsnTrplleSerAlaGlyHisAlalleAlaAspValGlyThrLeuGluSerGlyLysGluThrAlaAlaAlaLysPheGluArgGln

S-Tag Pacl __Avrll Eco0109 |

CACATGGACTCGTCTACTAGCGCAGCYTMTTAACCTAGGCTGCTGCCACSGCTGAGCAATMCTAGCATAACCCCTTGGGGCCTCTAAACGGGTCTTG
HisMetAspSerSerThrSerAlaAlaEnd T7 Terminator Primer

#69337-3

BamHI

B. ..CAGGAT CCA ATTATCAGAACGACGATTTACGCATCAAAGAAATCAAAGAGTTACTTCCTCCTG

Stop codon

Figure 25. Frameshift mutation of aroG
A. pRSFDuet-1 vector, red box shows start codon of the recombinant protein.
B. Sequence of inserted aroG, BamHl site — blue letter
start codon of aroG - red letter

stop codon - green box
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Figure 26. Electrophoretic pattemns of pDuet AroG"* and pDuet AroG™

Lane M1 :
Lane 1
Lane 2
Lane 3
Lane 4
Lane 5

Lane 6

: pDuet_Aro

: pDuet_Aro

Gene Ruler 1 kb DNA ladder

: pRSFDuet-1
: pDuet_AroG™

: pDuet_AroG-"P

GQlSlL

: pDuet_AroGRM

GQlSlN

Lane M2 : A DNA /Hindlll marker
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3.4.2 Primer design at 5’end of aroG

The new forward primer containing Ncol at 5’end was designed. The

sequence of new forward primer F_AroG_Ncol is

5'-CATGCCATGGTGTATCAGAACGACGATTTACGCATCAAAGAAATC-3'

Blue letter indicates Ncol sites while blue underline shows start codon of aroG.

3.4.3 PCR amplification of aroG"* and aroG™"

The aroG™ and aroG™ were amplified from pDuet AroG™ and
pDuet_Aronbr using forward primer containing Ncol site and reverse primer containing
Hindlll site. After cleaning by GenepHlow™ Gel/PCR Kit, the PCR fragments were
separated by agarose gel electrophoresis. From the result shown in Figure 27, the

size of aroG"* and aroG"" fragments were detected around 1.1 kb.

3.4.4 Digestion of aroG"* and aroG"™ fragments and pRSFDuet-1

The aroG* and aroG" fragments from section 3.4.3 and
pRSFDuet-1 vector were digested with Ncol and Hindlll. The linear pRSFDuet-1
(3.9 kb) and aroG" and aroG"*" fragments (1.1 kb) after digestion are shown in Figure
28-29, respectively. After that, aroG"* and aroG” fragments were ligated to
pRSFDuet-1 linear vector and then transformed into E£. coli Top10 by electroporation.
The pAroG™ and pAroG™ transformants were randomly picked and cultured in 5 mL
of LB broth containing 30 mg/mL of kanamycin. Each recombinant plasmid was
extracted and then detected by agarose gel electrophoresis. The pAroG"* from
transformant No.1, 3, 4, 5 and 6, pAroG-"""® from transformant No.2 - 6 (Figure 30),
pAroG2*! from transformant No.3 and pAroG2"'* from transformant No.4 (Figure 31)
as well as pAroG?*™ from transformant No.6 (Figure 32) moved slower than that of

pPRSFDuet-1.



Figure 27. PCR products of aroG"* and aroG™

Lane M :
Lane 1
Lane 2
Lane 3
Lane 4

Lane 5

: PCR product of aro
: PCR product of aro

Gene Ruler 1 kb DNA ladder

: PCR product of aroG"

: PCR product of aroG-"?

GQZ51L

GOZ51A

: PCR product of aroG¥**™"

~1.1 kb
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~3.5 kb

1.0

Figure 28. Ncol and Hindlll digestion pattern of pRSFDuet-1.
Lane M : Gene Ruler 1 kb DNA ladder
Lane 1 : uncut pRSFDuet-1
Lane 2 : Ncol and Hindlll digested pRSFDuet-1



~1.1kb

Figure 29. Ncol and Hindlll digestion pattern of PCR products.

Lane M :
Lane 1
Lane 2
Lane 3
Lane 4
Lane 5
Lane 6
Lane 7
Lane 8
Lane 9

Lane 10

: uncut PCR product of aro

: uncut PCR product of aro

: Neol and Hindlll digested PCR product of aroG****

Gene Ruler 1 kb DNA ladder

: uncut PCR product of aroG"

: Ncol and Hindlll digested PCR product of aroG™

GL175D

: Neol and Hindlll digested PCR product of aroG-'""
: uncut PCR product of aroG2™!

: Neol and Hindlll digested PCR product of aroG*!-

GQ151A

: uncut PCR product of aroG?"™"

: Ncol and Hindlll digested PCR product of aroG3*™"
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Figure 30. Electrophoretic pattern of plasmid from pAroG"™* and pAroG-'"P
transformants.

Lane M : Gene Ruler 1 kb DNA ladder
Lane 1  : pRSFDuet-1
Lane 2-7 : pAroG"* from transformant No.1-6, respectively

Lane 8-13 : pAroG-1"P from transformant No.1-6, respectively
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Figure 31. Electrophoretic pattern of plasmid from pAroG2**' and pAroG*™
transformants.

Lane M : Gene Ruler 1 kb DNA ladder

Lane 1  : pRSFDuet-1

Lane 2-6 : pAroG2*!- from transformant No.1-5, respectively

Lane 6-11 : pAroG?*™ from transformant No.1-5, respectively
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1.0

Figure 32. Electrophoretic pattern of plasmid from pAroG®**™" transformants.

Lane M : Gene Ruler 1 kb DNA ladder
Lane 1  : pRSFDuet-1

Lane 2-7 : pAroG2*™ from transformant No.1-6, respectively
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Thus, the transformant No.1 from pAroG™, transformant No.2

GL175D GQlSlL

from pAro , transformant No.3 from pAro , transformant No.4 from
pAroG2* and transformant No.6 from pAroG2**'- were confirmed by digested with
Ncol and Hindlll. From digestion pattern, each transformant gave two bands of DNA
fragments around 3.9 kb and 1.1 kb as shown in Figure 33. This result confirmed that
aroG genes were inserted into pRSFDuet-1. After that, the nucleotide sequences of

the inserts were checked by Bioneer Inc. (Korea).

3.4.5 Nucleotide sequence of aroG genes

To verify the nucleotide sequences of aroG"' and aroG", the DNA
sequencing of recombinant plasmids were performed by Bioneer, Korean using
F tktA aroG Int as a forward primer and Seqduet R as a reverse primer. The
obtained DNA sequences were compared with wild type aroG reported by
Kanoksinwutthipong in 2014. Genetyx-Win program was used to translate protein

sequence [41].

The all of nucleotide sequence of aroG" and aroG" were changed
only at the mutated sites (Figure 34 - 38). The aroG"' and aroG™ were used in the

further experiment.

3.4.6 Expression of AroG"t and AroG™"
3.4.6.1 Protein expression

The expression of aroG" and aro@” under T7 promoter were
evaluated by SDS-PAGE analysis. The crude enzyme of AroG"* and AroG™ were mixed
with 5x sample buffer. The supernatants were loaded into the gel. Tri-color protein
color was used for protein molecular weight marker. Crude extracts of E. coli
BL21(DE3) and E. coli BL21(DE3) harboring pRSFDuet-1 were used as controls in lane
1 and 2. The protein bands of AroG™ and AroG™ were detected after 1 mM IPTG
induction for 2 h in lane 3-7, respectively. The sizes of recombinant proteins were

approximately 38 kDa as shown in Figure 39.
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kb

23.1

9.6
6.6

~3.9 kb

2.3
2.1

~1.1 kb

Figure 33. Ncol and Hindlll digestion patterns of pAroG"* and pAroG™.

Lane M1 :
Lane 1
Lane 2
Lane 3
Lane 4
Lane 5
Lane 6
Lane 7
Lane 8
Lane 9
Lane 10
Lane 11
Lane 12
Lane 13

Lane 14

Gene Ruler 1 kb DNA ladder

: uncut pRSFDuet-1

: Ncol and Hindlll digested pRSFDuet-1

: uncut PCR product of aroG"

: Ncol and Hindlll digested PCR product of aroG"

: uncut pAroG"! from transformant No.1

: Ncol and Hindlll digested pAroG" from transformant No.1

- uncut pAroG-' P from transformant No.2

: Ncol and Hindlll digested pAroG-1"P from transformant No.2
- uncut pAroG2™! from transformant No.3

: Ncol and Hindlll digested pAroG2™' from transformant No.3
- uncut pAroG2** from transformant No.4

: Ncol and Hindlll digested pAroG®™** from transformant No.4
- uncut pAroG?*™ from transformant No.6

: Neol and Hindlll digested pAroG®*™ from transformant No.6
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10 20 30 40 50 60
TTATACGACTCACTATAGGGGAATTGTGAGCGGATAACAATTCCCCTGTAGAAATAATTT
70 80 90 100 110 120

TGTTTAACTTTAATAAGGAGATATACCATGGTGTATCAGAACGACGATTTACGCATCARA
M V ¥ Q N D DL R I K
130 140 150 160 170 180
GAAATCAAAGAGTTACTTCCTCCTGTCGCATTGCTGGARARATTCCCCGCTACTGAARAT
E I K E L L P P V A L L E K F P A T E N
190 200 210 220 230 240
GCCGCGAATACGGT TGCCCATGCCCGAAAAGCGATCCATAAGATCCTGAAAGGTAAT GAT
A AN T V A HAJRI KA ATIU HIEKTITULTIEKG N D
250 260 270 280 290 300
GATCGCCTGTTGGT TGTGATTGGCCCAT GCTCAATTCATGAT CCTGTCGCGGCAARAGAG
D R L L VvV Vv I G P C S I HDZ&PJV A AZK E
310 320 330 340 350 360
TATGCCACTCGCTTGCTGGCGCTGCGTGARGAGCTGAAAGAT GAGCTGGARATCGTAATG
Yy A T R L LATULT RTETETLTEKTDTETLTETI V M
370 380 390 400 410 420
CGCGTCTATTTTGAARAGCCGCGTACCACGGTGGGCTGGARAGGGCTGATTAACGATCCG
R V Y F E K P R T TV GW K G UL I N D P
430 440 450 460 470 480
CATATGGATAATAGCTTCCAGATCAACGACGGTCTGCGTATAGCCCGTAAATTGCTGCTT
H M DN S F Q I NDOGTUILU® RTIA AT RTEKTILTL L
490 500 510 520 530 540
GATATTAACGACAGCGGTCTGCCAGCGECAGETGAGTTTCTCGATATGATCACCCCACAA
D I N D S G L P A A GETFLDMMTIT P Q
550 560 570 580 590 600
TATCTCGCTGACCTGATGAGCTGEGGCGCAATTGGCGCACGTACCACCGAATCGCAGGTG
Yy L. A DLMGS W GG ATIGATZRTTE S Q V
610 620 630 640 650 660
CACCGCGRACTGGCATCAGGGCTTTCTTGTCCGETCGECTTCARAAATGGCACCGACGGT
H R EULA AT SGUL S C P V G F KNG T D G
670 680 690 700 710 720
ACGATTAAAGTGGCTATCGATGCCATTAATGCCGCCGGTGCGCCGCACTGCTTCCTGTCC
T I K VvV A I DA I N A A G A P H C F L 8
730 740 750 760 770 780
GTAACGARATGGGGGCATTCGGCGAT TG TGAATACCAGCGGTAACGGCGATTGCCATATC
V T K W G H S A I V N T S G N G D C H I
790 800 810 820 830 840
ATTCTGCGCGGCGGTARAGAGCCTAACTACAGCGCGAAGCACGTTGCTGAAGTGARAGAR
I L R G G KE PN Y S A KH UV A E V K E
850 860 870 880 890 900
GGGCTGAACAAAGCAGGCCTGCCAGCACAGGTGATGATCGATTTCAGCCATGCTARACTCG
6 L N K A 6 L P A Q VM I DT F S H A N S
910 920 930 940 950 960
TCCARACAATTCAARAAAGCAGATGGATGTTTGTGCTGACGTT TGCCAGCAGATTGCCGGT
s K ¢ F WNHLALWIDYAIRUQNAUNIWER IS I g 1 A ©
970 980 950 1000 1010 1020
GGCGRAAAGGCCATTATTGGCGTGATGETGGRAAAGCCATC TGETGGAAGGCAATCAGAGC
6 E K A I I G V M V E S H L V E G N Q S
1030 1040 1050 1060 1070 1080
CTCGAGAGCGGGGAGCCGCTGGCCTACGGTAAGAGCAT CACCGATGCCTGCATCGGCTGG
L E S G E P LAY GEK S I TDWA AT CTIG W
1090 1100 1110 1120 1130 1140
GAAGATACCGATGCTCTGTTACGTCAAC TGGCGAATGCAGTGARAGCGCGTCGCGGGTAA
E DT DA ULULU R L ANU ATV KA AT RT R G *
1150
AAGCTT

Figure 34. Nucleotide sequence of aroG""
Orange and blue underlines represent the restriction site of Ncol and Hindlll,
respectively.

The chromatogram of aroG"' is shown in Appendix P.



10 20 30 40 20 60
TTATACGACTCACTATAGGGGAATTGTGAGCGGATAACAATTCCCCTGTAGAAATAATTT
70 80 g0 100 110 120

TGTTTAACTT TAATAAGGAGATATACCATGGTGTATCAGAACGACGATTTACGCATCARA
M V Y Q N D D L R I K
130 140 150 160 170 180
GAAATCARAGAGTTACTTCCTCCTGTCGCATTGCTGGARAARARATT CCCCGCTACTGARAAT
E I K E L L P P V A L L E K F P A T E N
190 200 210 220 230 240
GCCGCGAATACGGTTGCCCATGCCCGARRAAGCGATCCATARAGAT CCTGARAGGTAATGAT
A A N T V A H A R KA A I H K I L K G N D
250 260 270 280 290 300
GATCGCCTGTTGGTTGTGATTGGCCCATGCTCAATTCATGATCC TGTCGCGGCARAAGAG
D R L L V Vv I G P C S I HDUPJV A A K E
310 320 330 340 350 360
TATGCCACTCGCTTGCTGGCGCTGCOTGRAAGAGCTGARAGATGAGCTGGAAATCGTAATG
Y A TR LLATLT RTETETLTZE KDTETLTE I V M
370 380 390 400 410 420
CGCGTCTATT PTTGAAAAGCCGCGTACCACGGT GGGCTGGARAGGGCTGATTAACGATCCG
R V Y F E K P RTTV GWIE KGTILIDNTDP
430 440 450 460 470 430
CATATGGATAATAGCTTCCAGATCARCGACGGTCTGCETATAGCCCGTARATTGCTGCTT
H M DN S F QI NDGILT&RIATZRTIEKTLTLL
490 500 510 520 530 540
GATATTAACGACAGCGGTCTGCCAGCGGCAGGTGAGTTTC TCGATATGATCACCCCACAA
D I N DS GGL PAAGTETFULTDMTIT P Q
550 560 570 580 590 600
TATCTCGCTGACCTGATGAGCTGGGEGCGCAAT TGGCGCACGTACCACCGAATCGCAGGTG
¥y L A D LM S WG A I GA RTTE S Q V
[ 620 630 640 650 660
CACCGCGAAGATECGTCTGGTC TTTCTTGT CCGGTCGECTTCAAAAATGGCACCGACGGT
H R E|JpJaz 5 6 L §s ¢ P V G F K N G T D G
670 630 690 700 710 720
ACGATTAAAGTGGCTATCGATGCCATTAATGCCGCCGETGCGCCGCACTGCTTCCTGTCC
T I K v A I D A I N A A G A P H C F L 8§
730 740 750 760 770 780
GTAACGARATGGGGGCATTCGGCGATTGTGAATACCAGCGGTAACGGCGATTGCCATATC
Vv T K W G H S A I V N T 8 6 N 6 D C H I
790 800 810 820 830 840
ATTCTGCGCGGCGGTARAGAGCCTAACTACAGCGCGAAGCACGT TGCTGAAGT GARAGAA
I L. R G G K E P N Y S A K H V A E V K E
850 860 870 880 890 200
GGGCTGARCARAGCAGGCCTGCCAGCACAGGTGATGATCGATTT CAGCCATGCTAACTCG
6 L N KA G L P A Q V M I DF S H A N S
910 920 930 940 950 960
TCCAAACAATTCAAAAAGCAGATGGATGTT TGTGCTGACGTT TGCCAGCAGAT TGCCGGT
S K Q F K K Q M DV C A DVYV C Q @ I A G
970 980 950 1000 1010 1020
GGCGARARGGCCATTATTGGCGTGATGGTGGARAGCCATC TGGT GGAAGGCAATCAGAGC
G E KA I I G VMV ESHTILVEGN Q 8
1030 1040 1050 1060 1070 1080
CTCGAGAGCGGGGAGCCGCTGGCCTACGGTAAGAGCATCACCGATGCCTGCATCGGCTGG
L ES GEPLATYGTI K S TITTDA AT CTIGTW
1090 1100 1110 1120 1130 1140
GAAGATACCGATGCTCTGTTACGTCAACTGGCGAATGCAGTGAARGCGCGTCGCGGGTAR
EDTDATLTLU RGOTL AUN ATYIEKUSAT RT®ER G *
1150
AAGCTT

GLJ 75D

Figure 35. Nucleotide sequence of aro

68

Orange and blue underlines represent the restriction site of Ncol and Hindlll,

respectively.

Red box represents the mutation of Leul75Asp (CTG to GAT).

GL] 75D

The chromatogram of aro is shown in Appendix Q.



Figure 36. Nucleotide sequence of aroG

10 20 30 40 50 60
TTATACGACTCACTATAGGGGAATTGTGAGCGGATAACAATTCCCCTGTAGAAATAATTT
70 80 S0 100 110 120

TGTTTAACTTTAATAAGGAGATATACCATGGTGTATCAGAACGACGATTTACGCATCARA
M vV ¥ Q N D D L R I K
130 140 150 160 170 180
GAAATCAAAGAGTTACTTCCTCCTGTCGCATTGCTGGAAAAATTCCCCGCTACTGAAAAT
E I K E L L p P V A L L E K F P A T E N
190 200 210 220 230 240
GCCGCGAATACGGTTGCCCATGCCCGAAAAGCGATCCATAAGAT CCTGAAAGGTAATGAT
A A N T V A HAREKM ATIUHI KTITLK G N D
250 260 270 280 290 300
GATCGCCTGTTGGTTGTGATTGGCCCATGCTCAATTCATGATCCTGTCGCGGCAARAGAG
prRL L VvV I G P C S I HDUP V A A K E
310 320 330 340 350 360
TATGCCACTCGCTTGCTGGCGCTGCGTGAAGAGCTGAAAGATGAGCTGGAAATCGTAATG
Yy A T R L L A L R EE L K DETULE I V M
370 380 380 400 410 420
CGCGTCTATTTTGAAAAGCCGCGTACCACGGTGGGCTGGAAAGGGCTGATTAACGATCCG
R v ¥ F E K P R T T V G W K G L I N D P
430 440 450 460 470 480
CATATGGATAATAGCTTCCAGATCAACGACGGTCTGCGTATAGCCCGTAAATTGCTGCTT
H M DN S F Q I N D GGL R I AUPREKULULL

490 500 510 520 530 leE:3v)
GATATTAACGACAGCGGTCTGCCAGCGGCAGGTGAATTCCTCGATATGATCACTCCYCTG

b I N D S8 G L P A A G EVF LDMTIT P|L

550 560 570 580 590 T00
TATCTCGCTGACCTGATGAGCT GGGGCGCAATTGGCGCACGTACCACCGAATCGCAGGTG
Yy LA DILMS W G A I GA RTTE S Q V

610 620 630 640 650 660
CACCGCGAACTGGCATCAGGGCTTTCTTGTCCGETCGECT TCAARAATGGCACCGACGGT
HREULASG UL S C PV G T FKUNGT D G

670 680 690 700 710 720
ACGATTAAAGTGGCTATCGATGCCAT TAATGCCGCCGETGCGCCGCACTGCTTCCTGTCC
T I K VvV A I DA I N A A G AP UHOCT F L S
730 740 750 760 770 780
GTAACGAAAT GGGGGCATTCGGCGAT TGTGAATACCAGCGGTAACGGCGATTGCCATATC
VvV T K W G H 8 A I VvV N T s ¢ N G D ¢ H I
790 800 810 820 830 840
ATTCTGCGCGGCGETARAGAGCCTAACTACAGCGCGAAGCACGT TGCTGAAGTGARAGAR
I L R G G KE P N Y S A K H UV A E V K E
850 860 870 880 890 900
GGGCTGRAACARAGCAGGCCTGCCAGCACAGGTGATGATCGATTT CAGCCATGCTAACTCG
6 L N KA G L PA QV MTIDTEFS HAN S
910 920 930 940 950 960
TCCARACAATTCAAAAAGCAGATGGATGTTTGTGCTGACGTTTGCCAGCAGATTGCCGGT
S K Q F K KQ MDV CADUYCQ QI A G
970 980 990 1000 1010 1020
GGCGARRAAGGCCATTATTGGCGTGATGGTGGAAAGCCATC TGGT GEAAGGCAATCAGAGT
G E K A I I G VMV E S H LV E G N Q 5
1030 1040 1050 1060 1070 1080
CTCGAGAGCGGGGAGCCGCTGGCCTACGGTAAGAGCATCACCGATGCCT GCATCGGCTGG
L ES G E PLATY 6 K S I TODATZ CTIG W
1090 1100 1110 1120 1130 1140
GAAGATACCGATGCTCTGTTACGT CAACTGGCGAATGCAGTGARAGCGCGTCGCGGGTAR
E DT DOATILTLU R QILAINIG ATV KAUR R G *
1150
AAGCTT

Q151L
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Orange and blue underlines represent the restriction site of Ncol and Hindlll,

respectively.

Red box represents the point mutation of Gln151Leu (CCA to CTG).

The chromatogram of aro

G is shown in Appendix R.



Figure 37. Nucleotide sequence of aro

10 20 30 40 50 60
TTATACGACTCACTATAGGGGAATTGTGAGCGGATAACAATTCCCCTGTAGAAATAATTT
70 80 90 100 110 120

TGTTTAACTTTAATAAGGAGATATACCATGGTGTATCAGAACGACGATTTACGCATCAAR
M v ¥ @ N D D L R I K
130 140 150 160 170 180
GAAATCAAAGAGTTACTTCCTCCTGTCGCATTGCTGGAAARATT CCCCGCTACTGAARAAT
E I K E L L P P V A L L E K F P A T E N
190 200 210 220 230 240
GCCGCGAATACGGTTGCCCATGCCCGAARAGCGATCCATAAGAT CCTGAAAGGTAATGAT
A A N T V A H AR KA ATIMHI KTITLEK G N D
250 260 270 280 290 300
GATCGCCTGTTGGTTGTGATTGGCCCATGCTCAATTCATGATCCTGTCGCGGCARAAGAG
D R L L VvV v I G P C s I H D P V A A K E
310 320 330 340 350 360
TATGCCACTCGCTTGCTGGCGCTGCGTGRAAGAGCTGAAAGATGAGCTGGAAATCGTAATG
Yy AT R L L A L R E E L K D E L E I V M
370 380 390 400 410 420
CGCGTCTATTTTGAARAGCCGCGTACCACGGTGGGCTGGARAGGGCTGATTAACGATCCG
R VvV Y F E K P R T TV G W K GG L I N D P
430 440 450 460 470 480
CATATGGATAATAGCTTCCAGATCAACGACGGTCTGCGTATAGCCCGTARAATTGCTGCTT
H M D N S8 F @@ I NDGULURTIAUZRIEKILL L

490 500 510 520 530 70
GATATTAACGACAGCGGTCTGCCAGCGECAGGTGAATTCCTCGATATGATCACTCC
D I N DS G L P AAGETF LDMTIT P|la
550 560 570 580 590 600
TATCTCGCTGACCTGATGAGCTGGGGCGCAATTGGCGCACGTACCACCGAATCGCAGGTG
Yy LA DLMS WG ATIGA AT RTTTES Q V
610 620 630 640 650 660
CACCGCGAACTGGCATCAGGGCTTTC TTGTCCGGETCGGCTTCARAAATGGCACCGACGGT
HRETLASSG L S C PV G FIE KUNGT D G
670 680 690 700 710 720
ACGATTAAAGTGGCTATCGATGCCAT TAATGCCGCCGETGCGCCGCACTGCTTCCTGTCC
T I K VvV A I DA I N A A GA AU PUHTCT F L S
730 740 750 760 770 780
GTAACGRAATGGGGGCATTCGGCGAT TGTGAATACCAGCGGTAACGGCGAT TGCCATATC
VvV T K W 6 H 8 A I V N T s G N G D C H I
790 800 810 820 830 840
ATTCTGCGCGGCGETARAGAGCCTAACTACAGCGCGAAGCACGTTGCTGAAGTGAARGAR
I LR GG KEUPN Y S A KHVATEV K E
850 860 870 880 890 900
GGGCTGAACARAGCAGGCCTGCCAGCACAGGTGATGATCGATTT CAGCCAT GCTAACTCG
G L N KA G L P A Q VM I DZF S HAN 5§
910 920 930 940 950 960
TCCARACAATTCARAAAGCAGATGGATGTT TGTGCTGACGTTTGCCAGCAGAT TGCCGGT
S K Q F K K @ M DV CADUV CQ QI A G
970 980 990 1000 1010 1020
GGCGARBAGGCCATTATTGGCGTGAT GGTGGARAGCCATCTGGT GGAAGGCAATCAGAGC
G E K A I I GV M V E SHILVEGTNGQQ S
1030 1040 1050 1060 1070 1080
CTCGAGAGCGGGGAGCCGCTGGCCTACGGTAAGAGCATCACCGATGCCT GCATCGGCTGE
L E S G E P L A Y G K S I T D-AG CTI G W
1090 1100 1110 1120 1130 1140
GRAGATACCGATGCTCTGTTACGTCAACTGGCGAATGCAGTGARAGCGCGTCGCGGGTAA
E DT DA L L R Q L A NAV KA AU R R G *
1150
ARGCTT

GQJ51A

70

Orange and blue underlines represent the restriction site of Ncol and Hindlll,

respectively.

Red box represents the point mutation of Gln151Ala (CCA to GCQO).

The chromatogram of aro

G is shown in Appendix S.
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10 20 30 40 50 60
TTATACGACTCACTATAGGGGAATTGTGAGCGGATAACAATTCCCCTGTAGAAATAATTT
70 80 S0 100 110 120

TGTTTAACTTTAATAAGGAGATATACCATGGTGTATCAGAACGACGATTTACGCATCARA
M V ¥ Q N DD L R I K
130 140 150 160 170 180
GARATCAAAGAGTTACTTCCTCCTGTCGCATTGCTGGAAARATTCCCCGCTACTGAARAT
E I K E L L P P V A L L E K F P A T E N
190 200 210 220 230 240
GCCGCGAATACGGTTGCCCATGCCCGAARAGCGATCCATAAGATCCTGARAGGTAATGAT
A AN TV A H AR KA ATIUHIEKTITLTE K GND
250 260 270 280 290 300
GATCGCCOTGTTGGTTGTGATTGGCCCATGC TCAATTCATGATCCTGT CGCGGCARAAGAG
D R L L VvV Vv I G P Cc S I HDUZPJV A A K E
310 320 330 340 350 360
TATGCCACTCGCTTGCTGGCGCTGCGTGAAGAGC TGARAGATGAGC TGGARATCGTAATG
Y A TR L L A LRTETETLTEKT DTETLTETI V M
370 380 390 400 410 420
CGCGTCTATTTTGARAAGCCGCGTACCACGGTGGGCTGGARAGGGCTGATTAACGATCCG
R V Y F E K P RTTV G WK GTL I N D P
430 440 450 460 470 480
CATATGGATAATAGCTTCCAGATCAACGACGGTCTGCGTATAGCCCGTARATTGCTGCTT
H M DN S F Q I NDOGULZ RTIUZ AR RIEKTLTILL
490 500 510 520 530 BZ0
GATATTAACGACAGCGETCTGCCAGCGGCAGGTGRAATT CCTCGATATGATCACTCCTAAT
D I N DS G L P A AGEF L DMTIT P|N
550 560 570 580 590 600
TATCTCGCTGACCTGATGAGCTGEGECGCAAT TGGCGCACGTACCACCGAATCGCAGGTG
Y LA DL M S WG A I GAURTTE S Q V
610 620 630 640 650 660
CACCGCGAACTGGCATCAGGGCTTTCTTGT CCGGTCGGCTTCARAAATGGCACCGACGGT
H REULASG L S CUP V G FE KIDNTGT D G
670 680 690 700 710 720
ACGATTARAGTGGCTATCGATGCCATTART GCCGCCGGTGOGCCGCACTGOTTCCTGTCC
T I K vV A I DA I N A A G A P H C F L 8
730 740 750 760 770 780
GTAACGAAATGGGGGCATTCGGCGAT TGTGAATACCAGCGGTAACGGCGATTGCCATATC
V T K W G H S A I V N T S G N G D C H I
790 800 810 820 830 840
ATTCTGCGCGGCGGTARAGAGCCTAACTACAGCGCGAAGCACGTTGC TGAAGTGAAAGAA
I L R G G K E P N Y S A K H UV AEV K E
850 860 870 880 890 200
GGGCTGAACARAGCAGGCCTGCCAGCACAGGTGATGATCGATTTCAGCCATGCTARCTCG
G L N KA G L P A Q YV M I DTF S HA N S
910 920 930 940 950 960
TCCAAACAATTCAAAAAGCAGATGGATGTT TGTGCTGACGTTTGCCAGCAGATTGCCGGT
S K Q F K K Q M DV CADUVYVYTCOQgQOQTIAG
970 980 990 1000 1010 1020
GGCGAAAAGGCCATTATTGGCGTGATGGTGGARAGCCATCTGGTGGAAGGCAATCAGAGC
G E KA I I GV MV ESUHTLTUVYVTEGN Q 8
1030 1040 1050 1060 1070 1080
CTCGAGAGCGGGGAGCCGOTGECCTACGGT AAGAGCAT CACCGATGOCTGCATCGGCTGG
L E S GE P LAY G K S I TODA AT CTIGTW
1090 1100 1110 1120 1130 1140
GAAGATACCGATGCTCTGTTACGTCAACTGGCGAATGCAGTGARAGC GCGTCGCGGGTAA
E DT DAL LR L ANU ATYVE KA AT RT R G *
1150
ARAGCTT

Figure 38. Nucleotide sequence of aroG?*™"

Orange and blue underlines represent the restriction site of Ncol and Hindlll,
respectively.

Red box represents the point mutation of GIn151Asn (CCA to AAT).

GQ]EJN

The chromatogram of aro was shown in Appendix T.
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38 kDa

Figure 39. SDS-PAGE of crude extract of aroG clones.
lane M : TriColor Protein Ladder (10-180 kDa)

Lane 1 : E. coli BL21(DE3)

Lane 2 : E. coli BL21(DE3) harboring pRSFDuet-1
Lane 3 : E. coli BL21(DE3) harboring pAroG™
Lane 4 : E. coli BL21(DE3) harboring pAroG-'""
Lane 5 : E. coli BL21(DE3) harboring pAroG2*>!
Lane 6 : £ coli BL21(DE3) harboring pAroG3*#
Lane 7 : E. coli BL21(DE3) harboring pAroG2*>™N
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3.4.6.2 DAHP synthase activity

In  previous studies, Hu and coworkers investigated the
feedback inhibition site of AroG using the 3D structure of AroG co-crystallized with
PEP. The amino acids were replaced at Pheldd, Prol50, Leul75, Leul79, Phe209,
Trp215 and Val221. DAHP synthase activity in crude extract of each clone was
measured in the presence of L-Phe from 0 mM to 3 mM. The results showed that
the mutant at position L175D was mostly resistant to feedback inhibition. L175D
enzyme elevated specific enzyme activity at 0 mM phenylalanine from 2.70 U/mg of
wild type to 4.46 U/mg and increased of relative enzymatic activity at 1 mM
phenylalanine from 8.2% to 83.5% [26]. In 2014, Ding and coworkers constructed
three single-site mutant and combined to generate three double-site aroG”™ mutant
alleles. They analyzed enzymatic activity in all of mutants. The results showed that
AroG8/15 had high level of feedback resistance to L-Phe at 20 mM of L-Phe. The

relative enzymatic activity of AroG8/15 remained at 20 mM of L-Phe was 96.66% [27].

The amino acid residues that interact with phenylalanine at
the regulatory site of AroG are displayed in Figure 40 using Discovery Studio 2020
program. Van der Waal interaction was found between Leul75 and phenylalanine.
Among Gln151 as well as Asp6 and Asp7 of the companion tight subunit which form
one H-bonding with phenylalanine, we interested in Gln151 since the pocket
accommodative the aromatic ring of phenylalanine is formed by hydrophobic side-
chains including that of GIn151. To investigate this amino acid residue, structure of
AroG when GIln151 was substituted by Ala, Asn and Leu were simulated. All replaced
amino acid cannot form H-bonding with phenylalanine (Figure 40B-40D). Differ from
Ala and Asn, hydrophobic interaction between Leul51 and phenylalanine was

detected.
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A. ey B.
MSE
A:147
VAL
A:221
SER
A:211
Interactions
D Van Der Waals
- Salt Bridge - Conventional Hydrogen Bond ILE
! Attractive Charge I:] Pi-Alkyl &:L3
C. ASN D.
A:151
LEU
3 LEU
A:175 AT
MSE
A:147
@ VAL
S~ X MSE A:221
PHEN ~~_ A\ A:147
VAL A:209 e
A:221 ‘+Nf
\ LEU
A:151
SER
A:211 SER
A:211
ILE
A'-%JQ ARG B:13
ILE GLY 4 A:40
B:13 PRO
Al78 A:150

Figure 40. The amino acid residues that interact with phenylalanine at the regulatory

site of AroG.

A. AroGM B. AroGP1A C. AroGeIN D. AroGtt
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DAHP synthase activity of crude extract from AroG clones were
assayed for sensitivity to feedback inhibition by L-Phe at a concentration from 0 mM
to 20 mM. The results are shown in Figure 41. In the absent L-Phe, all mutated AroG
at Gln151 exhibited higher specific activities than AroG"" (1.88 U/mg). In contradiction

GHP mutant showed lower

to the result of Hu and co-worker [26], the control Aro
specific activity (0.82 U/mg) than AroG"" (1.88 U/mg). The activity of all recombinant
enzymes were decreased in the same pattern when L-Phe was added. Moreover, all
AroG mutants at Gln151 showed greater resistance to feedback inhibition when
compared with AroG** and AroG-'"". AroG?**™" gave the greatest inhibition pattern at
the concentration of L-Phe at 0 - 20 mM. % inhibitions by 20 mM phenylalanine were
decreased from 51% of wild type to 12, 16 and 27% for Q151L, Q151N and Q151A,
respectively (Table 3). Destruction of two H-bonding between Ser180 and
phenylalanine by substitution with Phe (S180F) was reported to decline % inhibition
by phenylalanine at concentration of 20 mM from 58% to 7.4% [46]. The result
indicated that H-bonding between Gln151 of AroG and the inhibitor, phenylalanine,

had a high impact on phenylalanine feedback inhibition. Then, the aroG?**" gene

was used for combination with other genes.
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Figure 41. Phenylalanine inhibition pattern of DAHP synthase activities.

The data were received from three independent experiments.

(opened diamonds: E.coli BL21(DE3), opened triangles: E.coli BL21(DE3) harboring
PRSFDuet-1, closed diamonds: E.coli BL21(DE3) harboring pAroG", crosses: E.coli
BL21(DE3) harboring pAroG-'"P, closed boxes: E.coli BL21(DE3) harboring pAroG2*°!
closed triangles: E.coli BL21(DE3) harboring pAroG®™" and closed circles: E.coli
BL21(DE3) harboring pAroG2*™)



Table 3 DAHP synthase activities and feedback inhibition of various AroG clones.

Mutant Specific activity (U/mg) %inhibitor
0 mM L-Phe 20 mM L-Phe
E. coli BL21(DE3) 031 + 0.04 0.18 + 0.05 a2
PRSFDuet-1 0.40 + 0.07 0.24 + 0.04 a1
AroG 1.89 + 0.39 0.93 + 0.45 51
AroG Y 0.82 + 0.40 0.25 + 0.09 69
AroG T 215+ 0.11 1.90 + 0.05 12
AroG A 211+ 0.75 155 + 0.41 27
Arog M 2.26 + 0.06 1.90 + 0.06 16
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3.5 Construction of pBLPTA*°G™ and pBLPTA*?PG2!>N
3.5.1 pBLPTA"*® preparation
The pBLPTGQl51LAL359D containing aroB, arolL, phedh, tktA, aroG and

pheA was double digested with Pacl and Avrll. After digestion, linear fragment of
PBLPTA**® was separated by agarose gel electrophoresis and purified by
GenepHlow™ Gel/PCR Kit. From Figure 42, the linear form of pBLPTA™**® vector

around 9.9 kb was detected (lane 3).

3.5.2 Amplification of T7_aroG" and T7_aroG?*™"

T7_aroG"" and T7_aroG?"™" fragments were amplified from pAroG"

and pAroG3PN

using forward primer containing Pacl site and reverse primer
containing Avrll site. After cleaning, the PCR fragments were separated by agarose gel
electrophoresis. The size of T7 aroG" and T7 aroG®"*™" fragments were detected
around 1.2 kb as shown in Figure 43. Then, PCR fragments were double digested with
Pacl and Avrll. After digestion, T7_aroG** and T7_aroG®"'" fragments were purified by
GenepHlow™ Gel/PCR Kit. The size of T7_aroG"* and T7_aroG?""" fragments were

confirmed by agarose gel electrophoresis. From Figure 44, size of T7_aroG" and

T7_aroGOZ51N fragments were around 1.2 kb in lane 2 and 4, respectively.

3.5.3 Cloning of pBLPTA*°G™ and pBLPTA*?PGe">N

The aroG"" and aroG°"™" fragments were ligated into pBLPTA-*"
linear vector and then transformed into E. coli BL21(DE3) by electroporation. The
single colonies of pBLPTA-*?°G" and pBLPTA-**PG2"™ transformants were randomly
picked and cultured in 5 mL of LB broth containing 30 mg/mL of kanamycin. Each
recombinant plasmid was extracted, digested with Xhol and then detected by
agarose gel electrophoresis. From digestion pattern, each recombinant plasmid gave
two DNA bands around 10.0 kb and 1.1 kb as shown in Figure 45. This result
confirmed that aroG genes were inserted into pBLPTA->*". After that, the nucleotide

sequences of the inserts were checked by Bioneer Inc. (Korea).
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kb kb
293'61 ~9.9 kb
: 10.0
6.6 6.0
23 3.0
2.1
1.0

Figure 42. Pacl and Avrll digestion pattern of pBLPTA-®.
Lane M1 : Gene Ruler 1 kb DNA ladder
Lane 1 : pBLPTA"**® uncut

Lane 2 : Pacl and Avrll digested pBLPTA-**"

kb

10.0
6.0

3.0

~1.2 kb
1.0

Figure 43. PCR products of 77 _aroG" and T7_aroG®"™"
Lane M : Gene Ruler 1 kb DNA ladder

Lane 1 : PCR product of T7_aroG"*

Lane 2 : PCR product of T7_aroG?"*™"
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6.0

3.0

~1.2 kb
1.0 =—

Figure 44. Pacl and Avrll digestion pattems of PCR products of T77_aroG"* and

T7_aroGePM,

Lane M : Gene Ruler 1 kb DNA ladder

Lane 1
Lane 2
Lane 3

Lane 4

: uncut PCR product of T7_aro

: uncut PCR product of T7_aroG"*

: Pacl and Awrll digested PCR product of T7_aroG"

GOIEJN

: Pacl and Avrll digested PCR product of T7_aroG?"™"
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~10.0 kb

~1.1 kb

Figure 45. Xhol digestion patterns of pBLPTA"**° G" and pBLPTA-*?PGAtN,

Lane M :
Lane 1
Lane 2
Lane 3 :

Lane 4 :

Gene Ruler 1 kb DNA ladder

: uncut pBLPTAR*PGM
: Xhol digested pBLPTA"*PG"

uncut pBLPTA-?PPGRIN
Xhol digested pBLPTA-**PGR1!N
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3.5.4 Nucleotide sequencing

To verify the nucleotide sequences of aroG*" and aroG°" ™", the DNA
sequencing of recombinant plasmids were performed by Bioneer, Korean using
ACYCDuet! as a forward primer and DuetDownl as a reverse primer. The obtained
DNA sequences were compared with aroG sequence from section 3.4.4 by

nucleotide blast tools in NCBI.

The nucleotide sequence of aroG" and aroG?"™ showed 100%
similarity to these of aroG in pAroG (Figure 46 - 47). The correct aroG™* and aroG?*™"

genes were used in the further experiment.

3.6 Co-transformation of pBLPTA"*°G"t and pBLPTA-**°GR**!N with pYF into E.
coli BL21(DE3)
The correct pBLPTA*PG" and pBLPTA"PGR"™N from section 3.2.3.4 were

co-transformed with pYF into E. coli BL21(DE3) competent cell using electroporation.
The growing transformants of pBLPTA*°G** & pYF and pBLPTA-*PGRPIN & pYF
clones were picked up to culture in 5 mL LB broth that contained 30 mg/mL of
kanamycin and 10 mg/mL of chloramphenicol. After extraction, the pBLPTA"**"G" &
PYF and pBLPTAS*PGRPIN & bYF were confirmed by digestion with BamHI. From
Figure 48, pBLPTA"*’G" & pYF digested with BamHI in lane 10 gave three bands at
10.0 kb, 6.0 kb and 1.1 kb which were same size as pBLP'I'A“SQDGWt (10.0 kb) in lane 2
and pYF (6.0 and 1.1 kb) in lane 6. pBLPTA"**° G2 & pYF also gave the same result
(lane 12). Then, pBLPTA*?°G" & pYF in lane 8 and pBLPTA"*PGPMN & pYF were

used to determine L-Phe production.



Score Expect Identities Gaps Strand
1949 bits(1055) 0.0 1055/1055(100%) 0/1055(0%) Plus/Plus
Query 123 CCATGGTGTATCAGAACGACGATTTACGCATCAAAGAAATCARAGAGTTACTTCCTCCTG
T8 801 0 A LS 0 e 0 A W B K
Sbjct 1 CCATGGTGTATCAGAACGACGATTTACGCATCAAAGAAATCARAGAGTTACTTCCTCCTG
Query 183 TCGCATTGCTGGAARRATTCCCCGCTACTGAARATGCCGCGAATACGGTTGCCCATGCCC
FOREEREEEr e e et e e e e e e r e e e e e et
Sbjct 61 TCGCATTGCTGGAARARATTCCCCGCTACTGARAATGCCGCGAATACGGTTGCCCATGCCC
Query 243 GARAAGCGATCCATAAGATCCTGAAAGGTAATGATGATCGCCTGTTGGTTGTGATTGGCC
PEEEEEERrr et e e e e e e e bbb e e e e e
Sbjct 121 GAAAAGCGATCCATAAGATCCTGAAAGGTAATGATGATCGCCTGTTGGTTGTGATTGGCC
Query 303 TCATGATCCTGTCGCGGCARAAGAGTATGCCACTCGCTTGCTGGCGCTGC
|IIIIIIIIII|III|IIIlII|IIIIIIIIIIIIIIIIIIIIIlIIIIIIIllIIIIll
Sbjct 181 TCATGATCCTGTCGCGGCAARAGAGTATGCCACTCGCTTGCTGGCGCTGC
Query 363 GTGAAGAGCTGAAAGATGAGCTGGAAATCGTAATGCGCGTCTATTTTGAAAAGCCGCGTA
PEEEEERREr e e e e e e e e e e e e e e e e bbbl
Sbjct 241 GTGAAGAGCTGAARAGATGAGCTGGAAATCGTAATGCGCGTCTATTTTGAARAGCCGCGTA
Query 423 CCACGGTGGGCTGGARAGGGCTGATTAACGATCCGCATATGGATAATAGCTTCCAGATCA
FRREEREREr e e e e e e bbb e bbb e e e b et
Sbjct 301 CCACGGTGGGCTGGAAAGGGCTGATTAACGATCCGCATATGGATAATAGCTTCCAGATCA
Query 483 GTAAATTGCTGCTTGATATTAACGACAGCGGTCTGCCAG
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
Sbjct 361 TAAATTGCTGCTTGATATTAACGACAGCGGTCTGCCAG
Query 543 CGGCAGGTGAGTTTCTCGATATGATCACCCCACAATATCTCGCTGACCTGATGAGCTGGG
PRREREEREe e e e e e bbb e e e e e e b e e b el
\ sbjct 421 CGGCAGGTGAGTTTCTCGATATGATCACCCCACAATATCTCGCTGACCTGATGAGCTGGG
Query 603 GCGCAATTGGCGCACGTACCACCGAATCGCAGGTGCACCGCGAACTGGCATCAGGGCTTT
PEREREEEEr e e e e e e rrl
Sbjct 481 GCGCAATTGGCGCACGTACCACCGAATCGCAGGTGCACCGCGAACTGGCATCAGGGCTTT
Query 663 CTTGTCCGGTCGGCTTCAAARATGGCACCGACGGTACGATTARAGTGGCTATCGATGCCA
PEEEREERRE et e e e e e e e e e e e b e e el
Sbjct 541 CTTGTCCGGTCGGCTTCAARAAATGGCACCGACGGTACGATTARAGTGGCTATCGATGCCA
Query 723 TTAATGCCGCCGGTGCGCCGCACTGCTTCCTGTCCGTAACGARATGGGGGCATTCGGCGA
PELELEEREE e bbbt bbb e bbb e bbb el
Sbjct 601 TTAATGCCGCCGGTGCGCCGCACTGCTTCCTGTCCGTAACGARATGGGGGCATTCGGCGA
Query 783 TTGTGAATACCAGCGGTAACGGCGATTGCCATATCATTCTGCGCGGCGGTAAAGAGCCTA
PEEEREEre e e e e e e e e e
Sbjct 661 TTGTGAATACCAGCGGTAACGGCGATTGCCATATCATTCTGCGCGGCGGTARAGAGCCTA
Query 843 ACTACAGCGCGAAGCACGTTGCTGAAGTGARAGAAGGGCTGAACAAAGCAGGCCTGCCAG
FELELEEREr e e e et e b e e e e e e e et
Sbjct 721 ACTACAGCGCGAAGCACGTTGCTGAAGTGARAGAAGGGCTGAACARAGCAGGCCTGCCAG
Query 903 CACAGGTGATGATCGATTTCAGCCATGCTAACTCGTCCARACAATTCAAARAGCAGATGG
00 8 0 0 o D O I
sbjct 781 CACAGGTGATGATCGATTTCAGCCATGCTAACTCGTCCAAACAATTCAAARAGCAGATGG
Query 963 ATGTTTGTGCTGACGTTTGCCAGCAGATTGCCGGTGGCGAAAAGGCCATTATTGGCGTGA
|||ll||I|||l||||||||l||l|||11|||||||||||||||l|||l|||l||||||l
Sbjct 841 TGTTTGTGCTGACGTTTGCCAGCAGATTGCCGGTGGCGAAAAGGCCATTATTGGCGTGA
Query 1023 TGGTGGAAAGCCATCTGGTGGAAGGCAATCAGAGCCTCGAGAGC CGCTGGCCT
PEEEREETREEr et e r bbb e e e e e e e e e e el
Sbjct 901 TGGTGGAAAGCCATCTGGTGGAAGGCAATCAGAGCCTCGAGAGCGGGGAGCCGCTGGCCT
Query 1083 ACGGTAAGAGCATCACCGATGCCTGCATCGGCTGGGAAGATACCGATGCTCTGTTACGTC
PEEEREEEEE e e e e e e e e e e e e e e v e e el
Sbjct 961 ACGGTAAGAGCATCACCGATGCCTGCATCGGCTGGGAAGATACCGATGCTCTGTTACGTC
Query 1143 AACTGGCGAATGCAGTGAAAGCGCGTCGCGGGTAA 1177
PEEErrrrrrerreererrer et
Sbjct 1021 AACTGGCGAATGCAGTGARAGCGCGTCGCGGGTAA 10SS

Figure 46. Nucleotide sequence of aroG"" in pBLPTA->PG"

Query represented the nucleotide sequence of aroG" in pBLPTA

Sbjct represented the nucleotide sequence of in pAroG™
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300
482
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542
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662
540
722
600
782
660
842
720
902
780
962
840
1022
900
1082
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Score Expect Identities Gaps Strand
1949 bits(1055) 0.0 1055/1055(100%) 0/1055(0%) Plus/Plus

Query 123 CCATGGTGTATCAGAACGACGATTTACGCATCAAAGARATCAAAGAGTTACTTCCTCCTG 182
PEEEEEEE e e e e e e e e e e e e e r e r e el
Sbjct 1 CCATGGTGTATCAGAACGACGATTTACGCATCAAAGARATCARAGAGTTACTTCCTCCTG 60

Query 183 TCGCATTGCTGGAAARATTCCCCGCTACTGARRATGCCGCGAATACGGTTGCCCATGCCC 242

. 0 0O 0 o M O
Sbjct 61 TCGCATTGCTGGAAARAATTCCCCGCTACTGAARATGCCGCGAATACGGTTGCCCATGCCC 120

Query 243  GRARAGCGATCCATAAGATCCTGARAGGTAATGATGATCGCCTGTTGGTTGTGATTGGCC 302
R N N N NNy
Sbjct 121  GAAAAGCGATCCATAAGATCCTGAAAGGTAATGATGATCGCCTGTTGGTTGTGATTGGCC 180

Query 303 CATGCTCAATTCATGATCCTGTCGCGGCAARAGAGTATGCCACTCGCTTGCTGGCGCTGC 362

0 0 L0 8 T 1 6 0 0 0 O o A U O 00 L 00 o
Sbjct 181 CATGCTCAATTCATGATCCTGTCGCGGCARRAGAGTATGCCACTCGCTTGCTGGCGCTGC 240

Query 363 GTGAAGAGCTGAAAGATGAGCTGGAAATCGTAATGCGCGTCTATTTTGAARAGCCGCGTA 422

O 08 T 0 A O T L L DL
Sbjct 241  GTGAAGAGCTGAAAGATGAGCTGGARATCGTAATGCGCGTCTATTTTGARAAGCCGCGTA 300

Query 423 CCACGGTGGGCTGGARAGGGCTGATTAACGATCCGCATATGGATAATAGCTTCCAGATCA 482
PEREEEEEr e e e e e e e e e e e e e e e
Sbjct 301 CCACGGTGGGCTGGARAGGGCTGATTAACGATCCGCATATGGATAATAGCTTCCAGATCA 360

Query 483 ACGACGGTCTGCGTATAGCCCGTAAATTGCTGCTTGATATTAACGACAGCGGTCTGCCAG 542

FLELEEEERER e e bbb e e bbb b e et
Sbjct 361  ACGACGGTCTGCGTATAGCCCGTAAATTGCTGCTTGATATTAACGACAGCGGTCTGCCAG 420

Query 543  CGGCAGGTGAATTCCTCGATATGATCACTCCTAATTATCTCGCTGACCTGATGAGCTGGG 602
FEELEEEEEET e e e e bbb bbbt e e et
Sbjct 421  CGGCAGGTGAATTCCTCGATATGATCACTCCTAATTATCTCGCTGACCTGATGAGCTGGG 480

Query 603 GCGCAATTGGCGCACGTACCACCGAATCGCAGGTGCACCGCGAACTGGCATCAGGGCTTT 662

EELTAEL LN VR ey R LR RV R bty i ey i
Sbjct 481 GCGCAATTGGCGCACGTACCACCGRATCGCAGGTGCACCGCGAACTGGCATCAGGGCTTT 540

Query 663 CTTGTCCGGTCGGCTTCAAARATGGCACCGACGGTACGATTARAGTGGCTATCGATGCCA 722
PERLEREREER e e bbb bbb bbb bbbt
Sbjct 541  CTTGTCCGGTCGGCTTCAAAAATGGCACCGACGGTACGATTAAAGTGGCTATCGATGCCA 600

Query 723 CGCCGGTGCGCCGCACTGCTTCCTGTCCGTAACGARATGGGGGCATTCGGCGA 782

lIIIIIIIlIIIIIIIIIIIIIIIIIIIIIIIIIIIIlIIIIIlIIlIII||||||||H
Sbjct 601  TTAATGCCGCCGGTGCGCCGCACTGCTTCCTGTCCGTAACGARATGGGGGCATTCGGCGA 660

Query 783 TTGTGAATACCAGCGGTAACGGCGATTGCCATATCATTCTGCGCGGCGGTARAGAGCCTA 842

PORREEERR e e e e e e bbb e e bbb e el
Sbjct 661 TTGTGAATACCAGCGGTAACGGCGATTGCCATATCATTCTGCGCGGCGGTARAGAGCCTA 720

Query 843 ACTACAGCGCGAAGCACGTTGCTGAAGTGAAAGAAGGGCTGAACARAGCAGGCCTGCCAG 902
R R R N NN R R N R RN RN RN RN RN RN R
Sbjct 721 ACTACAGCGCGAAGCACGTTGCTGAAGTGARAGAAGGGCTGAACAAAGCAGGCCTGCCAG 780

Query 903 CACAGGTGATGATCGATTTCAGCCATGCTAACTCGTCCAAACAATTCARAAAGCAGATGG 962
0 80 T T R R L o o L U 0 P LR o B
Sbjct 781 CACAGGTGATGATCGATTTCAGCCATGCTAACTCGTCCAAACAATTCARAAAGCAGATGG 840

Query 963  ATGTTTGTGCTGACGTTTGCCAGCAGATTGCCGGTGGCGAAAAGGCCATTATTGGCGTGA 1022
AR N N N N AR RN NNy
Sbjct 841  ATGTTTGTGCTGACGTTTGCCAGCAGATTGCCGGTGGCGAAAAGGCCATTATTGGCGTGA 900

Query 1023 TGGTGGAAAGCCATCTGGTGGAAGGCAATCAGAGCCTCGAGAGCGGGGAGCCGCTGGCCT 1082

0 0 0 L o o Lo R T T D
Sbjct 901  TGGTGGAAAGCCATCTGGTGGAAGGCAATCAGAGCCTCGAGAGCGGGGAGCCGCTGGCCT 960

Query 1083 ACGGTAAGAGCATCACCGATGCCTGCATCGGCTGGGAAGATACCGATGCTCTGTTACGTC 1142

R L o L L e R R B
Sbjct 961  ACGGTAAGAGCATCACCGATGCCTGCATCGGCTGGGAAGATACCGATGCTCTGTTACGTC 1020

Query 1143 AACTGGCGAATGCAGTGAAAGCGCGTCGCGGGTAA 1177

PRELEEEERR e e ereerrrreinnl
Sbjct 1021 AACTGGCGAATGCAGTGARAGCGCGTCGCGGGTAA 1055

Figure 47. Nucleotide sequence of aroG?*™" in pBLPTA-*?PG*N

Query represented the nucleotide sequence of aroG?**" in pBLPTA-*?PGAN,

GOI51N GQ151N

Sbjct represented the nucleotide sequence of aro in pAro
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Figure 48. BamHI digestion patterns of pBLPTA*°G** & pYF and pBLPTA-**?°G>!N &,

PYF.
Lane M :

Lane 1
Lane 2
Lane 3
Lane 4
Lane 5
Lane 6
Lane 7
Lane 8
Lane 9
Lane 10:
Lane 11 :

Lane 12 :

Gene Ruler 1 kb DNA ladder

: uncut pBLPTA-*PG™

: BamHI digested pBLPTA"*?°G""

: uncut pBLPTARPGRIN

: BamH! digested pBLPTA-*?PGAMN
s uncut pYF

: BamH| digested pYF

:uncut pBLPT & pYF

: BamHI digested pBLPT & pYF

: uncut pBLPTA"*PG* & pYF

BamH! digested pBLPTA*PG" & pYF
uncut pBLPTARPGRIN & pYF

BamHI digested pBLPTA-*PGRPIN g pYF
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3.7 Production of L-Phe

Each recombinant clone was cultured in 200 mL of minimum medium
containing 6% glycerol as a carbon source (Ulfah, 2018). Membrane protein genes
(¢lpF and yddG) under the tight regulation of ara promoter were induced by 0.02%
arabinose. The growth profile measured at a wavelength of 600 nm showed that
growth of pBLPTA™*PG" & pYF and pBLPTA™*PG*N & pYF were not significantly
different and higher than that of pBLPT & pYF. Cell growth of each clone exhibited
the exponential phase until 72 h (Figure 49). L-Phenylalanine production was
correlated with phase of cell growth. At 192 h, the recombinant pBLPTA*?°G3"*!N &,
pYF clone gave the highest L-Phe production at 1.95 ¢/L that was 8.7 and 1.2 fold of
that obtained from pBLPT & pYF (0.224 ¢/L) and pBLPTA™*PG™ & pYF (1.61 ¢/L),
respectively (Figure 50). Addition of recombinant phenylalanine feedback resistant
PheA clearly showed to have more impact on L-Phe production than the addition of
feedback resistant AroG. PheA (chorismite mutase/prephenate dehydratase) catalyzes
a conversion of chorismite to phenylpyruvate through prephenate intermediate that
is the key step in determining the L-Phe production while AroG, a main isoform of
DAHP synthase, catalyzes the first step of aromatic amino acid biosynthesis pathway.
DAHP, the product of AroG can be used not only in the biosynthesis of
phenylalanine but also in the syntheses of tyrosine and tryptophan. The cultivating
conditions and medium used in this experiment was optimized by Ulfah (2018) for
PBLPT & pYF clone. Thus, the composition of glycerol medium as well as culture

conditions should be adjusted to improve yield of L-Phe.
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Figure 49. Growth curve of recombinant clones in minimum medium.

The data were received from three independent experiments.
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Figure 50. L-Phe production of recombinant clones in minimum medium.

The data were received from three independent experiments.
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CHAPTER IV
CONCLUSIONS
The expression of PheA in pRSFDuet-1 (pPheA) was confirmed by the
appearance of a high intensity protein band around 43 kDa in SDS-gel.

Frame shift mutation of aroG inserted at BamHI site of pRSFDuet-1 was found.
Therefore, pAroG™ and pAroG™ (pRSFDuet-1 harboring aroG** and aroG",

respectively) were reconstructed.

All obtained aroG clones gave the protein band approximately 38 kDa on
SDS-gel. The mutated enzymes exhibited slightly higher DAHP synthase
activity to the wildtype enzyme and %inhibitions by 20 mM L-Phe were
decreased from 51% to 12 — 27%. Thus, H-bonding between Gln151 of AroG
and the inhibitor, phenylalanine, has a high impact on phenylalanine

feedback inhibition.

The recombinant E. coli BL21(DE3) clones containing aroB, arol, phedh, tktA,
aroG, ¢lpF, yddG and pheA was successfully constructed. After 8 days of
fermentation in 6% glycerol medium, pBLPTA"**PG"*™N & pYF clone gave the
highest L-phenylalanine production (1.95 g/L) that was 8.7 and 1.2 fold of that
obtained from pBLPT & pYF and pBLPTA-**°G™ & pYF clones, respectively.
The result revealed that feedback resistant PheA and AroG could elevate

L-phenylalanine production.



10.

REFERENCES

Wendisch VF: Amino acid biosynthesis-pathways, regulation and metabolic
engineering, vol. 5: Springer science & business media; 2007.

Maeda H, Dudareva N: The Shikimate Pathway and Aromatic Amino Acid
Biosynthesis in Plants. Annual review of plant biology 2012, 63:73-105.
Baez-Viveros JL, Osuna J, Hernandez-Chavez G, Soberdon X, Bolivar F, Gosset G:
Metabolic engineering and protein directed evolution increase the yield of
L=phenylalanine synthesized from glucose in Escherichia coli. Biotechnology
and bioengineering 2004, 87:516-524.

Liu SP, Zhang L, Mao J, Ding ZY, Shi GY: Metabolic engineering of Escherichia
coli for the production of phenylpyruvate derivatives. Metabolic engineering
2015, 32:55-65.

Yakandawala N, Romeo T, Friesen A, Madhyastha S: Metabolic engineering of
Escherichia coli to enhance phenylalanine production. Applied microbiology
and biotechnology 2008, 78:283-291.

Mahalakshmi R, Jesuraja S, Das SJ: Growth and characterization of L-
phenylalanine. Crystal research and technology: Journal of experimental and
industrial crystallography 2006, 41:780-783.

Daniel P, Moorhouse S, Pratt O: Amino acid precursors of monoamine
neurotransmitters and some factors influencing their supply to the brain.
Psychological medicine 1976, 6:277-286.

Fernstrom JD, Fernstrom MH: Tyrosine, phenylalanine, and catecholamine
synthesis and function in the brain. The journal of nutrition 2007, 137:1539-
1547.

Weiner M, Albermann C, Gottlieb K, Sprenger GA, Weuster-Botz D: Fed-batch
production of L-phenylalanine from glycerol and ammonia with
recombinant Escherichia coli. Biochemical engineering journal 2014, 83:62-69.
Silkaitis  RP, Mosnaim AD: Pathways linkingl-phenylalanine and 2-

phenylethylamine withp-tyramine in rabbit brain. Brain research 1976,



11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

90

114:105-115.

Siddiqui A, Bhaggoe R, Hu R, Schutgens R, Westerhof W: L-phenylalanine and
UVA irradiation in the treatment of vitiligo. Dermatology 1994, 188:215-218.
Liu SP, Liu RX, Xiao MR, Zhang L, Ding ZY, Gu ZH, Shi GY: A systems level
engineered E. coli capable of efficiently producing L-phenylalanine. Process
biochemistry 2014, 49:751-757.

Zhang C, Zhang J, Kang Z, Du G, Yu X, Wang T, Chen J: Enhanced production
of Lphenylalanine in Corynebacterium glutamicum due to the
introduction of Escherichia coli wild-type gene aroH. Journal of industrial
microbiology & biotechnology 2013, 40:643-651.

Berry A: Improving production of aromatic compounds in Escherichia coli
by metabolic engineering. Trends in biotechnology 1996, 14:250-256.

Wu YQ, Jiang PH, Fan CS, Wang JG, Shang L, Huang WD: Co-expression of five
genes in E coli for L-phenylalanine in Brevibacterium flavum. World journal
of gastroenterology: WJG 2003, 9:342.

lkeda M: Towards bacterial strains overproducing L-tryptophan and other
aromatics by metabolic engineering. Applied microbiology and biotechnology
2006, 69:615.

Wu WB, Guo XL, Zhang ML, Huang QG, Qi F, Huang JZ: Enhancement of -
phenylalanine production in Escherichia coli by heterologous expression of
Vitreoscilla hemoglobin. Biotechnology and applied biochemistry 2018,
65(3):476-483.

Gottlieb K, Albermann C, Sprenger GA: Improvement of L-phenylalanine
production from glycerol by recombinant Escherichia coli strains: the role
of extra copies of glpK, glpX, and tktA genes. Microbial cell factories 2014,
13:96.

Lin S, Meng X, Jiang J, Pang D, Jones G, OuYang H, Ren L: Site-directed
mutagenesis and over expression of aroG gene of Escherichia coli K-12.
International journal of biological macromolecules 2012, 51:915-919.

McCandliss RJ, Poling M, Herrmann K: 3-Deoxy-D-arabino-heptulosonate 7-



21.

22.

23.

24,

25.

26.

27.

28.

91

phosphate synthase. Purification and molecular characterization of the
phenylalanine-sensitive isoenzyme from Escherichia coli. Journal of
biological chemistry 1978, 253:4259-4265.

Bongaerts J, Kramer M, Maller U, Raeven L, Wubbolts M: Metabolic engineering
for microbial production of aromatic amino acids and derived compounds.
Metabolic engineering 2001, 3:289-300.

Kikuchi Y, Tsujimoto K, Kurahashi O: Mutational analysis of the feedback sites
of phenylalanine-sensitive 3-deoxy-D-arabino-heptulosonate-7-phosphate
synthase of Escherichia coli. Applied and environmental microbiology 1997,
63:761-762.

Stephens CM, Bauerle R: Analysis of the metal requirement of 3-deoxy-D-
arabino-heptulosonate-7-phosphate synthase from Escherichia coli. Journal
of biological chemistry 1991, 266:20810-20817.

Shumilin IA, Kretsinger RH, Bauerle RH: Crystal structure of phenylalanine-
regulated 3-deoxy-D-arabino-heptulosonate-7-phosphate synthase from
Escherichia coli. Structure 1999, 7:865-875.

Shumilin 1A, Zhao C, Bauerle R, Kretsinger RH: Allosteric inhibition of 3-deoxy-
D-arabino-heptulosonate-7-phosphate synthase alters the coordination of
both substrates. Journal of molecular biology 2002, 320:1147-1156.

Hu C, Jiang P, Xu J, Wu Y, Huang W: Mutation analysis of the feedback
inhibition site of phenylalanine=sensitive 3-deoxy=D=arabino-
heptulosonate 7-phosphate synthase of Escherichia coli. Journal of basic
microbiology: an international journal on biochemistry, physiology, genetics,
morphology, and ecology of microorganisms 2003, 43:399-406.

Ding R, Liu L, Chen X, Cui Z, Zhang A, Ren D, Zhang L: Introduction of two
mutations into AroG increases phenylalanine production in Escherichia coli.
Biotechnology letters 2014, 36:2103-2108.

lkeda M, Ozaki A, Katsumata R: Phenylalanine production by metabolically
engineered Corynebacterium glutamicum with the pheA gene of

Escherichia coli. Applied microbiology and biotechnology 1993, 39:318-323.



29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

92

Nelms J, Edwards R, Warwick J, Fotheringham I: Novel mutations in the pheA
gene of Escherichia coli K-12 which result in highly feedback inhibition-
resistant variants of chorismate mutase/prephenate dehydratase. Applied
and environmental microbiology 1992, 58:2592-2598.

Zhang S, Pohnert G, Kongsaeree P, Wilson DB, Clardy J, Ganem B: Chorismate
mutase-prephenate dehydratase from Escherichia coli study of catalytic
and regulatory domains using genetically engineered proteins. Journal of
biological chemistry 1998, 273:6248-6253.

Dopheide TA, Crewther P, Davidson BE: Chorismate mutase-prephenate
dehydratase from Escherichia coli K-12 Il. Kinetic properties. Journal of
biological chemistry 1972, 247:4447-4452.

Liu SP, Xiao MR, Zhang L, Xu J, Ding ZY, Gu ZH, Shi GY: Production of L-
phenylalanine from glucose by metabolic engineering of wild type
Escherichia coli W3110. Process biochemistry 2013, 48:413-419.

Nicol R, Marchand K, Lubitz W: Bioconversion of crude glycerol by fungi.
Applied microbiology and biotechnology 2012, 93:1865-1875.

Wang Z, Zhuge J, Fang H, Prior B: Glycerol production by microbial
fermentation: a review. 2001, 19:201-223.

Sweet G, Gandor C, Voegele R, Wittekindt N, Beuerle J, Truniger V, Lin E, Boos W:
Glycerol facilitator of Escherichia coli: cloning of glpF and identification of
the glpF product. 1990, 172:424-430.

Zwaig N, Kistler W, Lin EJJob: Glycerol kinase, the pacemaker for the
dissimilation of glycerol in Escherichia coli. 1970, 102:753-759.

Murarka A, Dharmadi Y, Yazdani SS, Gonzalez RJ, microbiology e: Fermentative
utilization of glycerol by Escherichia coli and its implications for the
production of fuels and chemicals. 2008, 74:1124-1135.

Thongchuang M: Improvement of phenylalanine production in Escherichia
coli by metabolic engineering process. Ph.D. thesis. Chulalongkorn University;
2011.

Ratchaneeladdajit P: L-phenylalanine production by recombinant

Escherichia coli under regulation of T7 and ara promoters. Master's thesis



40.

41.

4z.

43.

44,

45.

a6.

93

Chulalongkorn University; 2014.

Naksusuk B: Enhancement of |-phenylalanine production by mutagenesis of
pheA gene in Escherichia coli. Master’s Thesis. Chulalongkorn University;
2015.

Kanoksinwuttipong N: Construction of phenylalanine feedback-resistant 3-
deoxy-D-arabino-heptulosonate-7-phosphate synthase. Senior Project.
Chulalongkorn University; 2014.

BOLLAG DM, ROZYCKI, M. D. & EDELSTEIN, S. J. : Protein methods. New York,
USA, John Wiley-Liss, Inc.; 1996.

Schoner R, Herrmann KM: 3-Deoxy-D-arabino-heptulosonate 7-phosphate
synthase. Purification, properties, and kinetics of the tyrosine-sensitive
isoenzyme from Escherichia coli. Journal of biological chemistry 1976,
251:5440-5447.

Liu YJ, Li PP, Zhao KX, Wang BJ, Jiang CY, Drake HL, Liu SJ: Corynebacterium
glutamicum  contains = 3-deoxy-D-arabino-heptulosonate  7-phosphate
synthases that display novel biochemical features. Applied and
environmental microbiology 2008, 74:5497-5503.

Lowry OH, Rosebrough NJ, Farr AL, Randall RJ: Protein measurement with the
Folin phenol reagent. Journal of biological chemistry 1951, 193:265-275.

Ger YM, Chen SL, Chiang HJ, Shiuan D: A single Ser-180 mutation desensitizes
feedback inhibition of the phenylalanine-sensitive 3-deoxy-D-arabino-
heptulosonate 7-phosphate (DAHP) synthetase in Escherichia coli. The
Journal of biochemistry 1994, 116:986-990.



APPENDICES



Appendix A

Map of pRSFDuet-1
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Appendix B

Map of pBAD-33
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Appendix C
Preparation of Luria-Bertani (LB) broth

Luria-Bertani (LB) broth is used for medium growth of E. coli. LB medium
contained 1% pancreatic digestion of casein, 0.5% NaCl and 0.5% yeast extract. For
agar plate, the LB medium is supplemented with 1.5% (w/v) agar. The medium was
sterilized by autoclave for 15 minutes at 121 °C, 15 psi. Then, antibiotic drug

(kanamycin, ampicillin or chloramphenicol) was added for selection.
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Appendix D
Preparation of competent cell

In this study, we used E. coli Top10 and E. coli BL21(DE3) as competent cells.
Each single colony of E. coli Top10 and E. coli BL21(DE3) was picked up to culture in
5 ml of LB broth and incubated at 37 °C with shaking at 250 rpm for 16-18 h. 5% of
starter was inoculated into 50 ml of LB broth. The cultures were incubated at 37 °C
with shaking at 250 rpm for 16-18 h. The 5% of each starter was inoculated into 200
ml of LB broth and grown at 37 °C with shaking at 250 rpm until ODgq, reached 0.3-
0.4. The cultures were chilled on ice and centrifuged at 4°C, 3,000xg for 10 min. The
supernatants were removed and the cell pellets were washed with 2 volume of cool
sterilized DI water for 2 times. After that, the cell pellets were washed with 20 ml of
cool sterilized 10% glycerol and centrifuged at 4 °C, 3,000xg for 10 min. Then, the
cell pellets were resuspended with cool sterilized 10% slycerol to the final volume 2
ml. Finally, 50 pl of competent cell was aliquoted into microcentrifuge tube and

stored at -80 °C.
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Appendix E
Protocol of Presto™ Mini Plasmid Kit

Plasmid extraction was performed using Presto™ Mini Plasmid Kit (Geneaid).
1. Harvesting

The 1.5 ml of cultured bacterial cells was transferred to a microcentrifuge
tube and centrifuged at 5,000 x ¢ for 2 min at room temperature. Then, the
supernatant was discarded. The harvesting step was repeated using the same 1.5 ml
microcentrifuge tube.
2. Resuspension

Two hundred pl of PD1 buffer contained RNaseA was added to the tube
containing the cell pellet and then mixed by vortex.
3. Cell Lysis

Two hundred pl of PD2 buffer was added to lyse the cell, mixed gently by
inverting the tube and incubated at room temperature for 2 min.
4. Neutralization

Three hundred ul of PD3 buffer was added to neutralize the reaction and
then mixed immediately by inverting the tube. After that the supernatant was
separated by centrifugation at 10,000 x g for 15 min at room temperature.
5. DNA Binding

All the supernatant was transferred to the PDH column and centrifuged at
10,000 x g for 2 min at room temperature and the flow-through was discarded.
6. Wash

Four hundred ul of W1 Buffer was added into the PDH column. The column
was taken centrifuged at 10,000 x g for 2 min to discard the flow-through. After that,
600 pl of wash buffer containing absolute ethanol was added into the PDH column.
Centrifugation was performed at 10,000 x g for 2 min at room temperature to discard

the flow through follow by centrifugation at 10,000 x ¢ for 3 min at room
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temperature to dry the column matrix. The dried PDH column was transferred to a
new microcentrifuge tube.
7. Elution

fifty pl of water was added into the center of the column matrix and stood
for at least 2 min. Centrifugation was performed at 10,000 x ¢ for 3 min at room

temperature to elute the purified DNA.
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Appendix F
Protocol of GenepHlow™ Gel/PCR Kit

Purification of DNA fragment using Gel/PCR DNA Fragments Extraction Kit
(Geneaid) was performed following these steps:
1. Sample preparation

Gel Dissociation

The 300 mg of agarose gel slice containing relevant DNA fragments

was cut and transferred into a microcentrifuge tube. Five hundred pl of Gel/PCR
Buffer was added to the sample then mix by vortex. The sample was incubated at
55-60°C for 10-15 min to completely dissolved the gel. After incubation, cool the
dissolved sample mixture was cooled to room temperature.

PCR reaction

The 5 volumes of Gel/PCR Buffer was added to the PCR reaction and

mixed.
2. DNA Binding

The sample mixture was transferred to the DFH column and centrifuged at
10,000 x g for 2 min. The flow-through was discarded then place the DFH column
back in the 2 ml collection tube.
3. Wash

Four hundred upl of W1 buffer was added into the DFH column and
centrifuged at 10,000 x g for 2 min and discarded the flow-through. After that, 600 pl
of wash buffer contained absolute ethanol was added into the DFH column and
stood for 1 min. Centrifugation at 10,000 x ¢ for 2 min was performed to discard the
flow-through followed by centrifugation at 10,000 x ¢ for 3 min at room temperature
to dry the column matrix. The dried DFH column was transferred to a new

microcentrifuge tube.



102

4. Elution

The dried DFH column was transferred to a new microcentrifuge tube. 20-50
ul of water was added into the center of the column matrix and stood for at least 2
min. The column was centrifuged at 10,000 x ¢ for 3 min at room temperature to

elute the purified DNA.
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Appendix G
Preparation for SDS-PAGE analysis
1. Stock solution
2 M Tris-HCL (pH 8.8)
Tris (hydroxymethyl)-aminomethane 242 ¢
Adjusted pH to 8.8 with 1 N HCl and adjusted volume to 100 ml with distilled water.
1 M Tris-HCL (pH 6.8)
Tris (hydroxymethyl)-aminomethane 121 ¢
Adjusted pH to 6.8 with 1 N HCl and adjusted volume to 100 ml with distilled water.
10% (w/v) SDS
Sodium dodecyl sulfate (SDS) 10 g
Dissolved in distilled water to a total volume of 100 ml.
50% (w/v) Glycerol
100% Glycerol 50 ml
Dissolved in distilled water to a total volume of 100 ml.
1% (w/v) Bromophenol blue
Bromophenol blue 100 mg
Brought to 10 ml with distilled water and stirred until dissolved.

The aggregated dye was removed by filtration.



Appendix G (continued)
2. Working solutions
Solution A (30% (w/v) acrylamide, 0.8% (w/v) bis-acrylamide)
Acrylamide 29.2
N, N’-methylene-bis-acrylamide 0.8
Adjusted volume to 100 ml with distilled water.

Solution B (1.5 M Tris-HCl, pH 8.8 and 0.4% SDS)

2 M Tris-HCL (pH 8.8) 75
10% (w/v) SDS q
Distilled water 21

Solution C (0.5 M Tris-HCL, pH 6.8, 0.4% SDS)

1 M Tris-HCL (pH 6.8) 50
10% (w/v) SDS il
Distilled water 46

10% (w/v) Ammonium persulfate
Ammonium persulfate 0.5

Distilled water 5.0

ml

ml

ml

ml

ml

ml

ml
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Appendix G (continued)

Electrophoresis buffer (25 mM Tris, 192 mM glycine and 0.1% (w/v) SDS)

Tris (hydroxymethyl)-aminomethane 3.0 g
Glycine 144  ml
SDS 1 g

Dissolved and adjusted to total volume to 1 liter with distilled water

(final pH should be approximately 8.3)

5x Sample buffer (312.5 mM Tris-HCl pH 6.8, 50% (v/v) glycerol, 1% (w/v)

bromophenol blue)

1 M Tris-HCl (pH 6.8) 0.6 ml
50% (v/v) Glycerol 5.0 ml
10% (w/v) SDS 2 ml
1% (w/v) Bromophenol blue 1 ml
B-Mercaptoethanol 0.5 ml

Distilled water 1.4 ml
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Appendix G (continued)
3. SDS-PAGE
12.5% Separating gel
Solution A
Solution B
Distilled water
10% (w/v) Ammonium persulfate
TEMED
5.0% Stacking gel
Solution A
Solution C
Distilled water
10% (w/v) Ammonium persulfate

TEMED

4.2

25

3.3

50

0.67

1.0

23

30

ml
ml

ml

ul

L

ml
ml

ml

L

L
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Appendix H
Preparation for protein staining solution
Staining solution, 1 liter
Coomassie brilliant blue R-250
Methanol
Distilled water
Destaining solution, 1 liter
Methanol
Glacial acetic acid

Distilled water

1.0

450

450

100

100

800

ml

ml

ml

ml

ml

ml

107



108

Appendix |

Preparation for Lowry’s method solution
Solution A (0.5% copper sulfate and 1% potassium tartate, pH 7.0)
Copper sulfate 0.5 g
Potassium tartate 1 g
Adjusted pH to 7.0 and adjusted to total volume to 100 ml.
Solution B (2% sodium carbonate and 1 N sodium hydroxide)
Sodium carbonate 20 g
Sodium hydroxide il g
Dissolved in distilled water to a total volume of 1 liter.
Solution C (phenol reagent)

Folin-Ciocalteu phenol reagent : distilled water is 1:1
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Appendix J
Preparation of 10X TBE for agarose gel electrophoresis

Electrophoresis buffer (10X TBE)

Tris (hydroxymethyl)-aminomethane 54 g
Boric acid 275 ¢
Ethylenediaminetetraacetic acid, disodium salt 9.3 g

Adjust volume to 1 liter with deionized water
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Appendix K

Standard curve for protein determination by Lowry’s method
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Appendix L

Standard curve for L-Phe determination by HPLC
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==== Shimadzu LabSolutions Calibration Curve ====
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Appendix M

HPLC Chromatogram of L-Phenylalanine

L-Phe Standard

A) L-Phe at 0.2 g/L
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C) L-Phe at 0.6 g/L
<Chromatogram>
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Appendix N

The sequencing chromatogram of pheA" in pRSFDuet-1
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Appendix N (continued)
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Appendix O

The sequencing chromatogram of pheA-~***” in pRSFDuet-1
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Appendix O (continued)
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Appendix P

The sequencing chromatogram of aroG" in pRSFDuet-1

using ACYCDuetUP1 (A) and DuetDown1 (B) primers
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Appendix P (continued)
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Appendix Q

The sequencing chromatogram of aroG*”?" in pRSFDuet-1

using ACYCDuetUP1 (A) and DuetDown1 (B) primers
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Appendix Q (continued)

A‘\Bm e s e -l A%mm 308008 s 35 O -
2 121168848981 0w3 23 Ounmant im0 pow wOra 151103089501 000 63 vt 3730 o W e
B 04904 A S T G 754 gy MY L
SR R R s b e R

SCATTATC08CCACANSE TTT TACCCOGOA COCAE T T TCAG TRCAT TEOTCAS

TN R O B 04903 T ) CaToM, CH0D W P e T AL Ovise st
o LT R LT

I T
I CoTAcceTcoarac
IR - i A~y ey i S A

llllIlllllllllllllllllnllIIIIIIIIIlllllllllllllllllllllllllllllll
Teoccr 710G 1004,
oo Lo Ul s

u "
[eTeiceTaccocr sacasaccocToTRT




122

Appendix R

The sequencing chromatogram of aroG?*!* in pRSFDuet-1

using ACYCDuetUP1 (A) and DuetDown1 (B) primers
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Appendix R (continued)
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Appendix S

The sequencing chromatogram of aroG?*** in pRSFDuet-1

using ACYCDuetUP1 (A) and DuetDown1 (B) primers
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Appendix S (continued)
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Appendix T

The sequencing chromatogram of aroG?**!" in pRSFDuet-1

using ACYCDuetUP1 (A) and DuetDown1 (B) primers
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Appendix T (continued)
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