
C H A P T E R  I

IN T R O D C U T IO N

1.1 A m in o  a c id s

A m ino acids are sim ple organic com pounds containing at least one amino group 
(NH 2 ) and one carboxylic acid group (COOH). They have served an important role 
as the building blocks o f  life since they constitute the biopolym er proteins in all 
organisms ( พ endisch, 2007). Am ino acids are compounds o f  considerable industrial 
importance, which used as feed and food additives, taste and aroma enhancers, 
pharmaceuticals or building blocks for drugs, dietary supplements, nutraceuticals and 
ingredients in cosm etics (Bongaerts et ah, 2001).

There are 22 proteinogenic L-amino acids that are genetically encoded for cellular 
protein synthesis. The essential L-amino acids: L-isoleucine, L-leucine, L-lysine, 
L-methionine, L-phenylalanine, L-threonine, L-tryptophan and L-valine are not 
synthesized by humans and animals, but have to be ingested with food or feed. 
In addition, infants required more amino acids: L-arginine and L-histidine (W endisch, 
2007). O w ing to its specific characteristics o f  L-amino acid especially, chirality, 
it is greatly important and o f  interest for chem ical, pharmaceutical, cosm etic and 
agricultural industries. In global market for fermentation products, the largest 
generating product is ethanol followed by antibiotics. The amino acids are the third 
most important product (Leuchtenberger, Huthmacher, and Drauz, 2005).

The global market volum e o f  amino acids is increasingly progressive with 
annual growth rates o f  5-7%. The largest segment o f  the total amino acid in 
worldwide market is the animal feed amino acids (L-lysine, DL-methionine, 
L-threonine, and L-tryptophan). The flavoring segment or food segm ent holds 
a smaller share. The food sector consists o f  overall three amino acids L-glutamic acid, 
L-aspartic acid and L-phenylalanine. L-glutamic acid is particularly used in form o f  
a flavor enhancer monosodium  glutamate (M SG). The last two amino acids 
(L-aspartic acid and L-phenylalanine) are starting materials for the peptide artificial 
sweetener called as Aspartame (Leuchtenberger et ah, 2005).
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The remaining proteinogenic am ino acids can be synthesized by itself 
organism with interconversion from each uptaken amino acid or from other metabolic 
intermediates. These amino acids are required in the pharmaceutical and cosm etics 
industries and are also ideal raw materials for synthesis o f  chiral active ingredients. 
In recent years, the productions o f  proteinogenic amino acids are widely established 
by the fermentation processes using high performance strains o f  C o r y n e b a c te r iu m  
g lu tc im ic u m  and E s c h e r ic h ia  c o l i  from sugar sources such as m olasses, sucrose, or 
glucose w hile the use o f  enzym e and w hole cell biocatalysts are still remained the 
valuable preferred production method for nonproteinogenic amino acids and amino 
acid derivatives (Leuchtenberger et ah, 2005).

1.2 A r o m a t ic  a m in o  a c id s

The three proteinogenic aromatic am ino acids are L-tryptophan (L-Trp), 
L-phenylalanine (L-Phe) and L-tyrosine (L-Tyr). They com m only have an aromatic 
ring structure as a core side group. These aromatic amino acids specially absorb u v  

light with maximum absorption around 260 nm  for L-Phe or 280 nm for L-Tyr and 
L-Trp. This is the specific basis o f  an easy  spectrophotometric measurement o f  
protein concentrations at wavelength 280 nm ( A 280)  (Layne, 1957). The three aromatic 
amino acid together averagely constitute less than 10% o f  proteins. L-Trp is 
the largest and the rarest o f  the 20 different proteinogenic amino acids (Sprenger, 
2007a).

1 .2 .1  L -T r y p to p h a n
L-Trp is produced at a multiple thousand-ton scale and predominantly used 

as animal feed and pharmaceutical purposes as described in Table 1.1. On account o f  
its low abundance in protein com positions and its lability during acidic hydrolytic 
processes, L-Trp cannot be provided from acidic protein hydrolysates. It can be 
prepared through biotransformation with E . c o l i  cells by catalytic reaction o f  
tryptophanase (Kawasaki, Yokota, and Tom ita, 1995) and tryptophan synthase (Bang  
et al., 1983). However, the majority o f  L-Trp production is generated by microbial 
fermentations mainly with C o r y n e b a c te r iu m  strain and E. c o l i  (Bongaerts et al., 
2001).



T able 1.1 Market volum es o f  three aromatic amino acids

Use M ethods o f  production Main producers Market size"
L -T ryptophan Feed additive Microbial fermentations 

Biotransformation
Ajinom oto (55%  
feed-market share)

Feed-use: 
6 , 0 0 0  tons

Sleep aid (precursor o f  
5-hydroxytryptophan, serotonin), 
nutritional therapy, intravenous 
solutions, dietetic foods, 
antidepressant

Enzymatic methods 
Protein hydrolysates

Mitsui Chem.
Tanabe Seiyaku 
K yow a Hakko K ogyo  
Archer Daniels Midland 
Am ino
Rexim  / Degussa

per year (tpa)

L -P henylalan ine Aspartame precursor Microbial fermentations Nutrasweet Kelco Aspartame: 
24,000-25 ,000  tpa

Flavour enhancer, infusion fluids

Dietetical and nutraceutical 
building block for pharma 
(rennin inhibitors, HIV protease 
inhibitor, anti-inflammatory drugs)

Chemical synthesis 

Enzymatic syntheses

Ajinom oto

M iwon
HSC (aspartame process)
K yow a Hakko
Several Chinese com panies

(Aspartame 
35-40%  share)

L -T yrosine Raw material for L-DOPA  
production, treatment o f  
B asedow ’ร disease, 
dietary supplement

Microbial fermentations 
Protein hydrolysates

Ajinom oto  
K yow a Hakko 
Daebong LS 
Tanabe Seiyaku

1 0 0  ~  2 0 0  tpa

"Estimations for 2011. Source: modified from Sprenger, 2007a; Ajinomoto, 2011: online.
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1.2 .2  L -T y r o s in e
L-Tyr is not an essential am ino acid because it can be synthesized in 

mammals from essential amino acid L-Phe. In the presence o f  L-Phe source, 
the conversion o f  L-Phe to L-Tyr by phenylalanine hydroxylase is taken place. 
The production scale o f  this amino acid is rather low  (< 200 tons per year, Table 1.1). 
L-Tyr can be formed via biotransformation by activity o f  tyrosine phenol-lyase in 
E r w in ia  h e r b ic o la  (Lloyd-George and Chang, 1995). Moreover, L-Tyr fermentation 
has been established by microbial production strain, C o r y n e b a c te r iu m  strain (Ikeda, 
2006). L-tyr is potential use for the production o f  the anti-Parkinson’ร drug L-3,4- 
dihydroxyphenylalanine (L-DOPA), for the treatment o f  B asedow ’s disease and as 
a dietary additive.

1 .2 .3  L -P h e n y la la n in e
L-Phe can be obtained by chem ical synthesis from benzaldehyde, glycine 

and acetic acid anhydride, through extraction from protein hydrolysates, or via 
enzymatic or microbial processes. L-Phe synthesis by enzym e processes either with 
whole cells or purified enzym es have been  approached by amination o f  tr a n s -  
cinnamic acid catalyzed by phenylalanine am m onia-lyase (PAL) or transamination o f  
phenylpyruvate catalyzed by aromatic am ino acid aminotransferase (AAT) or 
reductive amination o f  phenylpyruvate catalyzed by phenylalanine dehydrogenase 
(PheDH) (de Boer and Dijkhuizen, 1990).

Microbial approach for L-Phe production involves either biotransformations 
o f  phenylpyruvate and aspartate by recom binant E. c o l i  cells with elevated levels o f  
aminotransferases and phosphoe«o/pyruvate (PEP) carboxykinase or fermentations 
from glucose, sucrose, or m olasses (B ongaerts et ah, 2001; Ikeda, 2006; Sprenger, 
2007a).

Most amino acids are produced by fermentation. This process ensures that 
only the biologically active L-forms are synthesized (Burkovski and Kramer, 2002). 
Industrial use o f  microbial production strains for L-Phe fermentation has been focused  
especially recombinant strains o f  E. c o l i  and c. g lu ta m ic u m  (Bongaerts et ah, 2001). 
L-Phe is an important building b lock  in  the pharmaceutical and food additive 
industries (Bongaerts et ah, 2001; Sprenger, 2007a; Wang et ah, 2011) as shown in
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T able 1.1. A spartam e (a-L -asparty l-L -pheny la lan ine  m ethyl ester) is synthesized by 
condensation  biotransform ation reaction  o f  tw o  starting am ino acids, L -aspartate and 
L-phenylalanine m ethylester, catalyzed by  therm olysin  as show n in Figure 1.1. 
This enzym e has been isolated fro m  B a c illu s  s te a r o th e r m oph ilu s  and 
Therm oac tm om yce tes th a lp op h ilu s  (M aju m d er and K anekar, 2012). A spartam e is 
a low -caloric sw eetener w hich is app ro x im ate ly  200 tim es sw eeter than  sucrose and is 
w idely used in foods and beverages in m o re  than 130 countries and regions. 
(L euchtenberger et al, 2005; Raval, V asw an i, and M ajum der, 2012) w ith  an estim ated 
total m arket volum e o f  23,000-24,000 tons in  2011 (Table 1.1). T he dem and for free 
L-Phe is steadily grow ing in recent years to  satisfy  the needs for its m ain use in 
synthesis o f  aspartam e. The beneficial use  o f  L-Phe has resulted  in an increased 
dem and for L-Phe and has prom pted re sea rch  to im prove its p roduction  m ainly in 
E. c o li (Takors et ah , 2001; Liu et ah, 2004; W an g  et al., 2011).

1 .3  P h e n y l a l a n i n e  d e h y d r o g e n a s e
Phenylalanine dehydrogenase (P h eD H , EC 1.4.1.20) is one o f  the m ost 

in teresting am ino acid dehydrogenases, w h ic h  catalyzes the reversib le  pyridine 
nucleotide-dependent reductive am ination  o f  phenyl pyruvate to form  L-Phe as show n 
in F igure 1.2 (B runhuber and B lanchard , 1994). M uch attention has been paid to 
th is enzym e because it is useful as an in d u stria l catalyst in the asym m etric  synthesis 
o f  L -Phe and related L -am ino acids from  th e ir  keto analogs, and as a clinical reagent 
for the selective determ ination  o f  L -Phe an d  phenylpyruvate (A sano, N akazaw a, and 
Endo, 1987a).

The PheD H  activity w as first d isc o v e re d  in B re v ib ac te r ium  species in 1984 
(H um m el, W eiss, and Kula, 1984). C o n seq u en tly , it w as found that the enzym e 
activity  w as very narrow ly d istribu ted  in  aerobic spore-form ing, gram -positive 
bacteria, Rhodococcus  sp. M 4 (H um m el e t  ah, 1987), S p o ro sa rc in a  u reae  (A sano 
et ah , 1987a), B a c illu s  sphaericus  (A sano  e t a l., 1987a), B a c illu s  bad ius  (A sano et al., 
1987b), Rhodococcus m a ris  (M isono et a l., 1989) and N o c a rd ia  sp. 239 (de Boer 
et ah, 1989). The m ain  d isadvantage o f  PheD H  activ ity  from  m esophilic 
m icroorganism s is that its stability is n o t  enough for industrial and clinical 
application. T herefore, therm ophilic  m icro o rg an ism s predom inantly  conferred
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a prom ising  source for biocatalysts w ith  h igher stability. The appearance o f  
therm ostable PheD H  has been reported in The rm oac tinom yces  in te rm ed iu s  (O hshim a 
et ah, 1991).

In 2005, our research group sc reen ed  for therm otolerant P heD H -producing 
bacteria from  soil sam ples. A m ong them , a n  iso late  show ing a h igh activity  o f  PheD H  
w as selected and further identified as B a c il lu s  len tils . L ater on, the enzym e w as 
purified  and characterized  for its properties an d  kinetic m echanism . T he enzym e had a 
m olecular m ass o f  about 340,000 D a a n d  consisted o f  8 identical subunits. 
The enzym e show ed high substrate sp ec ific ity  in the ox idative deam ination  on 
L-Phe and the reductive am ination o n  pheny lpyruvate . The optim um  pH s for the 
oxidative deam ination  and the reductive am in a tio n  w ere 10.4 and 8.5 and optim um  
tem peratures w ere 50 °c and 55 °c, resp ec tiv e ly . The enzym e w as stable over a broad 
pH range o f  6.0 and 12.0. Furtherm ore, no lo ss  o f  the enzym e activ ity  w as observed 
upon incubation at 50 °c, pH 7.4 for 4  h. T h e  enzym e retained 50%  o f  the activity 
after incubation  at the sam e tem p era tu re  for 3 days (Inkure, 2005). O nce the 
nucleotide sequence o f  B. len tus p h e d h  w as obtained, the gene w as cloned 
into pE T -17b resulting in pB L pheD H  (F ig u re  1.3) and transform ed into E. c o li

B L21(D E3). The optim um  condition fo r p h e d h  gene expression  w as induction w ith
0.2 m M  IPTG  for 8 h. The specific ac tiv ity  o f  crude recom binant enzym e w as 77.9 
fold h igher than that o f  the enzym e from  B. le n tu s  (T hongchuang, 2006).

From  the properties o f  B. len tus  P h eD H , the enzym e is o f  in terest to be used in 
the industrial synthesis o f  various am ino  a c id s  due to its high substrate  specificity. 
H ow ever, the use o f  isolated enzym e in c re a se s  process cost, especially  substrate cost. 
To overcom e this problem , a com plete  fe rm en ta tiv e  route using  w hole cells w ith  
renew able and sustainable resources is  o f  co m m erc ia l interest. In general, the use o f  
renew able w aste substrates is an en v iro n m en ta l friendly choice that contributes to 
the reduction  o f  w aste treatm ent costs an d  increases the econom ic value o f  
by-products (da Silva, M ack, and C ontiero , 2 0 0 9 ).



Chromosomal DNA of B a c i l l u s  l e n t u s

PCR am plification

Nde I p h e d h  BamHi

Nde\ +  B a m  HI 
Digestion

Ligation

P ET-17b

F ig u re  1.3 The construction o f  recom binan t p lasm id  pB LpheD H  
Source: T hongchuang, 2006
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1 .4  U s e  o f  g l y c e r o l  a s  c a r b o n  s o u r c e
Since petro leum  oil (or fossil fuel) availab ility  is lim ited, searching for the new  

renew able b ioenergy source is o f  m ajo r in terest. B iodiesel, the m ost prom ising  source 
for the substitu tion  o f  fossil fuels, is p ro d u ced  from  vegetable oils such as from  rape 
seeds, soybeans, sunflow er seeds o r an im al fats through transesterification  with 
alcoholysis (m ethanol or ethanol), genera lly  cata lyzed  by N aO H  or K OH. Inevitably, 
th is process generates an abundant b y -p ro d u c t glycerol w ith a ratio o f  10% (พ /พ ) 
relating to b iodiesel produced. T h e  fo rm ation  o f  surplus glycerol leads to 
an environm ental problem  since it canno t be d isposed (da S ilva et ah, 2009). 
The conversion o f  cheaper resources such as glycerol to value-added products can 
econom ically  support v iability  o f  b iod iesel industry . G lycerol is used as an ingredient 
for several p roductions including cream , food, feed, paper, cosm etic, paint 
pharm aceutic, tex tile  and leather (W ang  et a l., 2001).

N ow adays, several m icrobial fe rm en ta tio n s have been attractively  adjusted to 
use glycerol as carbon and energy source  b ased  on w hether the desired product has 
predom inantly  been carried out from  g ly cero l as substrate. Besides, g lycerol is h igher 
degree o f  reduction  per carbon th an  su g ars  allow ing the opportunity  to produce 
reduced chem icals at h igher yields th an  those  attained by sugars (D harm adi, M urarka, 
and G onzalez, 2006). M icrobial b io tech n o lo g ica l production from  glycerol have been 
developed for the production o f  d ihyd ro x y ace to n e , 1,2-propanediol, 1,3-propanediol, 
ethanol, succinic acid, citric acid, 2 ,3 -b u tan ed io l, glyceric acid, p ropionic acid, 
polyhydroxyalcanoate, p igm ent, b io su rfac tan t and am ino acid.

T he b iosynthesis o f  L -g lu tam ate , L -ly sin e , and L-Phe from  glycerol has been 
reported in engineered c. g lu ta m ic u m  and E . c o li producers. Presently , for E. c o li, 
only L-Phe production  from  glycerol has b e e n  accom plished. This result m ay refer to 
capability  o f  the other arom atic  am ino  acid  p roductions. The ferm entation  for L-Phe 
production  w as carried out from  1% g ly ce ro l using recom binant E. c o li B L21(D E3) 
expressing PheD H  from  A c in e to b a c te r Iw o f f i i .  A  higher yield o f  L-Phe on glycerol 
(0.58 g/g) (K ham duang et al., 2009๖) w as obtained  w hen com pared to the use o f  
glucose (0.25 g/g) (Ikeda, 2003). T his su p p o rts  that glycerol tends to be effective and 
alternative carbon source for m icrob ia l fe rm en ta tio n  o f  am ino acid biosynthesis. 
In principle, production  o f  am ino ac id s  fro m  glycerol should possib ly  approach
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because relevant pathw ays for am ino ac id  synthesis start from  interm ediates o f  
g lycolysis (L -valine from  pyruvate; L -serine  from  3-phosphoglycerate), in term ediates 
o f  g lycolysis and pentose phosphate p a th w ay  (arom atic am ino acids L -T yr L-Phe, and 
L-Trp from  phosphoeno/pyruvate and e ry th ro se  4-phosphate), and interm ediates o f  
tricarboxylic  acid (TC A ) cycle (L -g lu tam ate , L-glutam ine from  2-oxoglutarate; 
L -aspartate, L-lysine from  oxaloacetate) (S p ren g er, 2007a).

A num ber o f  m icroorganism s su c h  as C itro b a c te r f r e u n d ii ,  K le b s ie lla  
pneum on iae , C lo s tr id iu m  p a s te u ria n um , C lo s tr id iu m  b u ty ric um , E n te robac te r  
agg lom é rons , E n te rob ac te r aerogenes, L a c to b a c illu s  re u te r i , Saccharom yces  
cerev is ia , D ebaryom yces hansen ii and P ic h ia  s o rb ito p h ila  (da S ilva et al., 2009; 
W endisch, Linder, and M eisw inkel, 2011), can  utilize glycerol as a sole carbon and 
energy source. The initial step o f  g lycero l u tilization  (Figure 1.4) is the uptake o f  
glycerol m olecule into the cell. A lthough th e  sm all uncharged m olecule can diffuse 
through m em branes w ithout a transport sy stem , various m icroorganism s possess 
glycerol transporters. In E. co li, g lycero l transport is m ediated by the glycerol 
facilita tor (G lpF) encoded by the g lp F  g en e  (Sw eet et al., 1990; V oegle, Sw eet, and 
B oos, 1993; Lu et al., 2003). In tracellu lar g lycero l can enter to the central carbon 
m etabolism  in form  o f  the glycolytic  in te rm ed ia te  dihydroxyacetone-phosphate 
(D H A P). The routes for the form ation o f  D H A P  from  glycerol have been div ided into 
tw o pathw ays as the glycerol-3-phosphate (G 3 P ) pathw ay and the dihydroxyacetone 
(D H A ) pathw ay. In the form er pathw ay, a n  im ported glycerol is phosphorylated to 
G 3P by A T P -dependent glycerol k in ase  encoded by g lp K  gene and G 3P is 
subsequently  ox idized to DF1AP by G 3P dehydrogenase . G lycerol k inase catalyzes 
the rate-lim iting  step in glycerol u tilization  (P ettig rew  et al., 1996). The conversion o f  
G 3P to D H A P can be catalyzed by e ith e r  quinone or FA D -dependent G3P 
dehydrogenase encoded by the g lp A B C  o p e ro n  in the absence o f  oxygen and presence 
o f  o ther e lectron  acceptors such as fu m ara te  o r N A D -dependent G 3P dehydrogenase 
encoded by g lp D  gene under aerobic co n d itio n . In the second pathw ay, glycerol is 
oxidized to D H A  by glycerol d eh y d ro g en ase  encoded by g ldA  gene before it is 
phosphorylated  to D H A P by A T P - o r  phosphoeno/pyruvate (PE P)-dependent 
dihydroxyacetone kinase encoded b y  d h a K  and d h a K L M  genes, respectively  
(G onzalez et al., 2008; W endisch et al., 2 0 1 1 ). In E. co li, the pathw ay via D H A
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F ig u re  1.4 Pathw ays o f  glycerol u tilization in  E. c o li
A bbreviations: 1,3PG, 1,3 phosphog lycera te ; D H A , dihydroxyacetone; D haK , A TP 
dependent d ihydroxyacetone kinase; D h aK L M , PEP dependent dihydroxyacetone 
kinase; D H A P, d ihydroxyacetone-phosphate ; F1,6BP, fructose-1 ,6-bisphosphate; 
G3P, g lycerol-3-phosphate; G 6P, g lucose-6 -phosphate ; G A P; g lyceraidehyde-3- 
phosphate; G A PD H , g lycera ldehyde-3-phosphate  dehydrogenase; G ldA , soluble 
glycerol dehydrogenase; G ldH , m em brane b o u n d  glycerol dehydrogenase; G lpA BC, 
quinone dependent glycerol-3-phosphate dehydrogenase; G lpF, glycerol facilitator; 
G lpK , g lycerol kinase; G lpD , g lycero l-3 -phosphate  dehydrogenase; Gly, glycerol; 
PEP, phosphoerco/pyruvate; Pi, inorganic phosphate; p p p , pentose phosphate 
pathw ay; Pyr, pyruvate; TC A , trica rb o x y lic  acid cycle; TPI, triosephosphate 
isom erase
Source: W endisch et ah, 2011
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operates only  under certain  anaerobic co n d itio n s, w hile the glycerol-3-phosphate 
pathw ay is m ajor under aerobic condition ( พ endisch et ah, 2011). Both D H A P and 
G 3P in tenned ia tes are further m e tab o lized  in g lycolysis to supply 
phosphoe/70/pyruvate, an initial precursor, for the com m on arom atic am ino acid 
biosynthetic pathw ay. M oreover, D H A P  and G 3P are m etabolized via 
gluconeogenesis to form  fruc tose-1,6 -b isphosphate  (F1,6B P) w hich is 
dephosphorylated by fructose-1 ,6 -b isphosphatase  to yield fructose 6-phosphate (F6P). 
F6P can be shunted from  glycolysis to th e  non-oxidative branch o f  the pentose 
phosphate pathw ay to supply erythrose 4 -p h o sp h a te , another initial precursor, o f  the 
com m on arom atic am ino acid b iosynthetic p a th w ay .

1 .5  A n  a r o m a t i c  a m i n o  a c id  b i o s y n t h e s i s  p a t h w a y
The b iosynthesis o f  arom atic am ino a c id s  in m ost m icroorganism s, fungi, or 

plants is through the com m on arom atic (a m in o  acid) biosynthetic pathw ay. T his is 
generally called the shikim ate pathw ay d u e  to the form ation o f  sh ik im ate as 
an in term ediate com pound. H ow ever, the la s t  com m on com pound in th is pathw ay is 
chorism ate w hich is served as the p re c u rso r  for all arom atic am ino acids. 
The shik im ate pathw ay does not appear in a n im a ls  leading to the fact that L -Trp and 
L-Phe are essential am ino acids for m an and m o st livestock (Sprenger et ah , 2007a).

The arom atic  am ino acid b iosynthesis p a th w a y  in E. c o li as depicted in Figure 1.5 
is initiated by the condensation  reaction b e tw e e n  phosphoeno/pyruvate (PEP) from  
the g lycolysis pathw ay and erythrose 4 -p h o sp h a te  (E4P) from  the pentose phosphate 
pathw ay to form  3 -d eoxy-D -aro6m o-hep tu losona te  7-phosphate (D A H P) catalyzed 
by three D A H P synthases. This reaction s te p  is  com m itted and m ost tightly  regulated. 
These isoenzym es are encoded by the g e n e s  a ro F , a ro G , and a ro H .  The three 
enzym es (A roF, A roG  and A roH ) con tribu te  to  the overall activ ity  o f  D A H P synthase. 
These are subjected to feedback inhibition  b y  individual arom atic am ino acids L-Tyr, 
L-Phe, and L-Trp, respectively. L -P h e -feed b ack  inhibited D A H P synthase (A roG ) 
usually accounts for about 80% o f  the to ta l  D A H P synthase activity and A roG  
dem onstrates a significantly  h igher re s is tan ce  to specific proteolysis than o ther D A H P 
synthases (B ongaerts et al., 2001). In th e  second step o f  the pathw ay, D A H P is
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converted to 3-dehydroquinate (D H Q ) ca ta ly zed  by D H Q  synthase (encoded by 
the a ro B  gene). Subsequently , DHQ dehydra tase  (encoded by a ro D  gene) catalyzes 
the w ater e lim ination  from  D H Q  leading to  3-dehydroshikim ate (D H S). DHS is 
reduced to  sh ik im ate (SH IK ) by activity  o f  shikim ate dehydrogenase (encoded by 
a ro E  gene) in the follow ing step. SH IK  is phosphorylated to yield shikim ate 
3-phosphate (S3P) by shikim ate kinase I and II. T hese tw o shikim ate kinase 
isoenzym es are encoded by a ro K  and a r o L  genes, respectively. The a ro L  gene 
apparently encodes the predom inant enzym e (isoenzym e II) w ith  the h ighest affinity 
to its substrates. The apparent K m o f  th is  isoenzym e for SH IK  is approxim ately  
100-fold low er than  the K m o f  sh ik im ate k inase I (D efeyter and P ittard , 1986). 
A second PEP m olecule enters the a ro m atic  am ino acid pathw ay in w hich PEP is 
condensed w ith  S3P by 5-eno/pyruvyl sh ik im ate  3-phosphate (E PSP) synthase 
(encoded by a ro D ) to yield EPSP. The th ree-carbon  fragm ent in troduction o f  PEP is 
destined to create the side-chain o f  L-Phe an d  L-Tyr afterw ards. The further step is 
catalyzed by chorism ate synthase (encoded  by a ro C  gene) w ith  a t ra n s -1,4 
elim ination o f  phosphate from EPSP to fo rm  chorism ate (CHA). The rate-lim iting  
enzym es for an  arom atic am ino acid p a th w ay  o f  E. c o li w ere identified as DHQ 
synthase (encoded  by a ro B ),  shikim ate k in ase  (encoded by a ro L  or a ro K )  by analysis 
o f  in term ediate m etabolite  accum ulation (D ell and Frost, 1993). The central pathw ay 
branches at C H A  to perm it the term inal pathw ays that are specific for relevant 
arom atic am ino acid (L -Phe or L-Tyr or L -T rp).

1.5.1 L - P h e n y la la n in e  b io s y n th e s is  p a th w a y
The pathw ays tow ard L-Phe or L -T y r  are diverged at p rephenate (PPA ) by 

the action o f  the  b ifunctional enzym es ch o rism ate  m utase/prephenate dehydratase for 
L-Phe (encoded  by p heA ) and chorism ate  m utase/prephenate dehydrogenase for 
L-Tyr (encoded  by ty rA ) .  In the term inal pathw ay o f  L-Phe b iosynthesis, PheA  
catalyzes the conversion  o f  chorism ate to  phenylpyruvate (PPY ) via prephenate 
(PPA). It is the key determ inant o f  L-Phe p ro d u c tio n  (H udson and D avidson, 1984). 
The PheA  activ ity  is feedback-inhibited b y  L-Phe. The activities o f  prephenate 
dehydratase and the chorism ate m utase w ere  inhibited by L-Phe w ith  nearly  90%  and 
55% , respectively . Feedback-resistant m u tan t for A roG  and PheA  are w ell established
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to be used in b io technology  for th e  L -P he production. The last step o f  L-Phe 
b iosynthesis is a transam ination  reaction  o n to  the a-keto  acids phenylpyruvate with 
am ino donor g lu tam ate to yield  L -Phe, w h ich  is catalyzed by three am inotransferases 
encoded by ty rB , aspC  and i lv E  genes. T heir catalytic reactions are d ifferen t in detail. 
The arom atic am inotransferase  encoded by ty rB  is the m ain enzym e for L-Phe (and 
L-Tyr) b iosynthesis from  PPY  (and 4-hydroxyphenylpyruvate (H PP)) under norm al 
conditions. In cases o f  high pheny lpyruvate  and 4-hydroxyphenylpyruvate pools, 
the aspartate am inotransferase encoded by  aspC  contributes to the b iosynthesis o f  
these am ino acids as w ell. The th ird  am inotransferase, isoleucine am inotransferase 
encoded by i lv E ,  norm ally  cata lyzes the synthesis o f  L -isoleucine, L-valine, and 
L-leucine. In aspC  and ty rB  deletion  m utants, isoleucine am inotransferase is able to 
perform  the synthesis o f  L -Phe, but not L -T yr (B ongaerts et al., 2001; K ram er et al., 
2003; M üller et al., 2006; Y akandaw ala  et a l., 2008; W endisch et al., 2011).

R egulation  o f  the L -Phe pathw ay has been  studied in detail, and three layers o f  
regulation can be distinguished: feedback inhibition o f  pacem aker enzym es, 
repression at the transcrip tional level and attenuation at the transcrip tional/ 
translational in terface. For L -Phe, the  first com m itted  step o f  arom atic  biosynthesis 
(D A H P synthase) and the step o f  chorism ate  m utase/prephenate dehydratase (PheA ) 
are contro lled  by feedback inhibition  exerted  by the final product, L-Phe. 
The in tracellu lar level o f  the three D A H P synthases in E. c o li is controlled by 
transcriptional repression through the rep resso rs TyrR  and T rpR , w hich bind 
the arom atic am ino acids. D eletion  o f  the ty rR  and trp R  genes alleviates 
the transcrip tional control. A ttenuation  is a  regulatory  elem ent in the biosynthesis o f  
L-Phe w here  p heL  gene encoding  a leader region is found upstream  o f  pheA  
(Sprenger, 2007b).

1 .6  M e t a b o l i c  e n g i n e e r i n g  f o r  a r o m a t i c  a m i n o  a c id  p r o d u c t i o n
T ypically , the m ajor steps o f  an a ttem pt to  develop a production strain  consist o f  

selection o f  a su itable host organism , deleting  branched pathw ays leading to undesired 
by-products, deregulation  o f  pathw ays at both the enzym e activ ity  level and 
the transcrip tional level, and overexpression  o f  enzym es in the desired  pathw ays.
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These processes are extensively  u ser-friend ly  in w ell-docum ented m icroorganism s 
such as E. c o li (Patnaik and L iao, 1994). M ostly , the first target for engineering is 
the term inal pathw ay leading to the desired  product. For exam ple, com peting pathw ay 
should be knocked out by gene deletions o r  disruptions resulting in an auxotrophic 
strain. L -T yr auxotrophic strains usually  have been used to obtain  high L-Phe 
production and to exclude unw anted carbon  flux into L -Tyr synthesis. Furtherm ore, 
genes encoding  feedback-resistan t key  enzym es (i.e. aroG^๖' and p heA '๖r genes) have 
been constructed  and overexpressed . A lso , com binations o f  genes on expression 
plasm ids that overcom e lim itations in pa thw ays are included (Sprenger, 2007b). 
In addition, the m anipulation  o f  cen tral m etabo lic  pathw ays m ediating m ore supply o f  
necessary precursors and energy for b iosyn theses can im prove production  rate and 
product yield leads to. As p rev iously  m en tioned , the precursors o f  the com m on 
arom atic am ino acid b iosynthetic  pa thw ay , PEP and E4P, are derived from  central 
m etabolism  (Figure 1.6). PEP is form ed d u rin g  g lycolysis and the pentose phosphate 
pathw ay supplies E4P. The o p tim ization  o f  bo th  the specific b iosynthetic pathw ay and 
the carbon flux from central carbon  m etabo lism  has to be subjected to im prove 
the production  o f  arom atic com pounds (F rost and D raths, 1995; Liao et al., 1994). 
Therefore, attem pts to im prove supp ly  o f  e ither PEP or E4P or o f  both have been 
reported (B ongaerts et al., 2001; Ikeda, 2006; Sprenger, 2007b). In the nonoxidative 
pentose phosphate pathw ay, the key enzym es are transketolase (encoded by tk tA )  and 
transaldolase (encoded by ta lB ) .  T hese  enzym es catalyze the reactions m ediating 
the in terconversion o f  m etabolic in term ediates fructose 6-phosphate (F6P), 
g lyceraldehyde 3-phosphate (G A 3P) and E 4P  linking the g lycolysis and the arom atic 
am ino acid pathw ays. O verproduction  o f  enzym es from  the pentose phosphate 
pathw ay, such as transketolase o r transa ldo lase , w as found to im prove E4P supply 
(Sprenger, 2007b). To im prove E 4P  p recu rso r supply, it w as concluded that 
transketolase is m ore effective in d irecting  the carbon flux to the arom atic pathw ay 
than transaldolase (L iao, H ou, and C hao, 1996). A nother attem pt to increase E4P 
availability is an inactivation o f  phosphog lucose  isom erase (p g i)  in  o rder to block 
glycolysis, then carbon flux is d iverted  into the pentose phosphate pathw ay 
(M ascarenhas, A shw orth  and C hen, 1991). A n increasing the PEP supply was 
successfully  approached by knocking  ou t th e  genes o f  PEP consum ing enzym es, PEP
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F ig u re  1.6 Schem atic overview  o f  reac tio n s in the central carbon  m etabolism  o f  
E. co ll. A bbreviations used: PTS, phosphoetto /pyruvate  phosphotransferase system ; 
G 6P dh, glucose-6-phosphate dehydrogenase; TktA , transketolase; TalB , 
transaldolase; Pgi, phosphoglucose isom erase ; Ppc, PEP-carboxylase; Pyk, pyruvate 
kinase; Pck, PEP carboxykinase; Pps, P E P  synthetase; G 6P, g lucose 6-phosphate; 
F6P, fructose 6-phosphate; G A 3P, glyceraldehyde 3-phosphate; PEP, 
phosphoe«o/pyruvate; O A A , o x aloacte ta te ; 6P-G nt, 6 -phosphogluconate; Rul5P, 
ribulose 5-phosphate; R ib5P, ribose 5 -phosphate; X ul5P, xylulose 5-phosphate; 
Sed7P, sedoheptulose 7-phosphate; E 4P , ery th rose  4-phosphate 
Source: B ongaerts et ah, 2001
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carboxylase (ppc) or pyruvate kinase (p yk ), in  E. c o li L-Phe producers (Patnaik and 
Liao, 1994) or com bining PEP carboxylase  gene (ppc) m utations w ith overproduction 
o f  the gluconeogenic PEP carboxykinase (p c k ) for im provem ent o f  carbon flux into 
the shikim ate pathw ay (Sprenger, 2007b). H ow ever, the m ost lim iting  factor in PEP 
supply in E. c o li is the PEP-dependent su g ar phosphotransferase system  (PTS), w hich 
is responsible for glucose uptake. F ifty  p e rcen t o f  PEP generated in glycolysis during 
grow th on g lucose has been spent for u p tak e  o f  glucose and is concom itantly  
converted into pyruvate. Thus, an ex ch an g e  o f  the glucose-PT S for o ther transport 
system s, w hich do not depend on PE P, w as studied  in E. c o li m utant strains deficient 
for the glucose-PT S (C hen e t ah, 1997). S av ing  PEP sugar uptake is possible e ither by 
activation o f  a galactose perm ease (g a lP ), w hich  transports glucose independently  
from PEP (G osset et ah, 1996), o r by  im porting  a glucose facilita tor (g if )  from  
Zym om onas m ob ilis , E. c o li m utants w ith  a  PE P-independent glucose uptake have 
been reported (W eisser et ah, 1995). A n o th e r approach to avoid PEP consum ption 
during substrate uptake is to use a non-P T S  carbon source, such as xylose, m altose 
and lactose (B ongaerts et ah, 2001). M o reo v er, the synthesis o f  L-Phe requires an 
additional m olecule o f  PEP. It w as found  th a t the concentration  o f  E4P is the first 
lim iting substrate for D A H P synthase, fo llow ed  by PEP (L iao et ah, 1996). N otably, 
the intense alterations o f  p recursor supp ly  could also bring about unw anted 
by-product form ation (e.g. acetate, py ruvate) o r grow th im pairm ent.

A part from  m etabolic pathw ays and  regu lato ry  netw orks, transport system s are 
also pivotal for understanding am ino acid  m etabolism  and production  in bacteria. 
A part from  substrate uptake, th is transport reac tion  refers to product excretion as well 
as product re-uptake. T hese transport system s are relevant for understanding their 
significance and for provid ing  a b asis  fo r rational m etabolic  design (M arin and 
K ram er, 2007).

A m ino acid transport system s are ub iquitously  found in eukaryotes and 
prokaryotes. The physiological advan tage  o f  the presence o f  am ino acid uptake 
system s for bacterial cells is well stud ied . E xternally  available am ino acids can be 
used d irectly  for protein synthesis w ithou t spend ing  energy for anabolism . M oreover, 
they can be served as carbon, energy an d /o r nitrogen source. This process m ight be 
a disadvantage to am ino acid production  because o f  re-uptake o f  the excreted product.
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This m ay resu lt in a w aste o f  m etabolic  energy and a decreased production rate 
(Burkovski and K ram er, 2002).

Tw o o f  the enzym es, A roG  and P heA , involved in the b iosynthetic pathw ay o f  
L-Phe are subject to feedback inh ib ition  b y  L-Phe, the end product o f  the pathw ay. 
To overcom e this, the genes encod ing  these  enzym es have been successfully  altered 
through m utagenesis to produce enzym es that are resistant to feedback inhibition 
(N elm s et ah, 1992; K ikuchi, T su jim oto , and K urahashi, 1997; G er et ah, 1994). 
An alternative route to relieve the feedback  inhibition is to reduce intracellular 
accum ulation o f  L-Phe in E. c o li by en h an c in g  the ce ll’s ability to export the arom atic 
am ino acid. A m ong the ~4,500 open  read in g  fram es o f  the E. c o li genom e, 
approxim ately  900 (20% ) are p red icted  to encode inner m em brane proteins 
(D iaz-M ejia, Babu, and Em ili, 2009). B eside  passive diffusion, arom atic  am ino acids 
are actively  transported by distinct ca rrie rs  across the cytoplasm ic m em brane o f  
E. co li. The a ro P  gene product transports L -Phe, L-Tyr, and L-Trp, w hile PheP is 
a h igh-affinity  transporter specific for L -Phe (B urkovski and K ram er, 2002). 
Form erly, efflux  o f  arom atic am ino acid  from  producer cells is generally  assum ed to 
proceed v ia  sim ple diffusion since all th ree  com pounds are hydrophobic enough to 
pass the m em brane. In 2007, D oroshenko and  cow orkers reported that Y ddG  protein 
from E. c o li prom oted export o f  arom atic  am ino acids. The yd d G  overexpression 
enhanced the production  o f  L-Phe, L -T yr o r L-Trp by the respective am ino acid- 
producing E. c o li strains. On the o ther hand , the inactivation o f  yddG  decreased the 
arom atic am ino acid accum ulation. T he  ce ils  o f  the L -Phe-producing E. c o li strain 
containing overexpressed yddG  accum ulated  less L-Phe inside and exported 
the am ino acid at a higher rate than  the  cells o f  the isogenic strain containing 
w ild-type yd d G  (D oroshenko et al., 2007). M ore than 10 exporter proteins have been 
identified for various am ino acids and the ir analogs such as exporter for L-cysteine, 
L-lysine, L -threonine, L-valine, L -arg in ine, arom atic am ino acid (L-Tyr, L-Trp, 
L-Phe) and L-alanine. M any reports have linked  overexpression  o f  the genes encoding 
specific am ino acid exporters w ith  en h an ced  production  o f  the relevant am ino acid 
in E. c o li (K ruse et al., 2002; Franke e t al-, 2003; L ivshits et al., 2003; K utukova et 
al., 2005; Y am ada et al., 2006; D oroshenko et al-, 2007; Park et al., 2007; Hori et al.,
2011).
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Up to  now , m etabolic engineering  for th e  production  o f  arom atic am ino acids and 
derivative com pounds has been ex tensively  reported. E ngineering o f  regulatory 
circuits, am plification  and overexpression o f  genes o f  the com m on and term inal 
pathw ays, and im provem ents in the p recu rso r supply have all been targeted 
(B ongaerts et ah , 2001). M etabolic eng ineering  o f  arom atic am ino acid pathw ays 
requires first alleviation o f  all control leve ls  (repression, attenuation and feedback 
inhibition), to identity  and rem ove ra te -lim iting  steps by the appropriate 
overproduction  o f  enzym es o f  the com m on arom atic  am ino acid pathw ay, and then to 
reduce com peting  pathw ays and to im prove and balance p recursor supply both in 
the com m on pathw ay as well as in the specific  branch (Sprenger, 2007b). I f  degrading 
enzym es exist (e.g. tryp tophanase in E. c o l i), these have to be rem oved as well 
(A iba T sunekaw a, and Im anaka, 1982). T ransport and re-uptake o f  p roducts can cause 
unw anted futile cycles. This trouble can b e  overcom e by knockout o f  appropriate 
transporter genes as show n for L-Trp p roduction  in c. g lu tam icum  (Ikeda and 
K atsum ata, 1994). In L -T rp-producing E. c o l i  strain, each o f  the three genes (m tr, 
tnaB , and a ro P ) o f  L-Trp uptake system  w as knocked out. The knockout m utants all 
show ed low er L-Trp uptake activ ities and h ig h er L-Trp production than their parent 
(Zhao et ah, 2012).

1 .7  M e t a b o l i c  e n g i n e e r i n g  f o r  L - P h e  p r o d u c t i o n
M icrobial production  o f  L-Phe has been focused m ainly on E. c o li,  

c. g lu tam ic u m  and B re v ib ac te r ium  strains (de  B oer and D ijkhuizen, 1990). C lassic 
m ethods have been applied to screen for auxotrophs and m utants w ith  feedback 
deregulated  key enzym es. In m any cases, th e  resistance relies on altered  allosteric 
b inding sites o f  the pacem aker enzym es or leads to deregulation  o f  a pathw ay and 
product accum ulation  in the culture supernatant. For classical strain im provem ents by 
m utagenesis and selection, econom ically  su ffic ien t product titers for L -Phe had not 
been achieved for industrial p roductions (Ikeda, 2006).

L -Phe-producing  strains o f  E. c o li and c. g lu tam ic um  have also been constructed 
w ith  the use o f  recom binant D N A  technology . The strategies used for im proved 
production  include am plification  o f  possible rate-lim iting  enzym e(s) and/or the first 
enzym e in the com m on pathw ay. The rational constructions o f  E. c o li L-Phe
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producers have been extensively  reported v ia  m etabolic engineering. Sugim oto and 
cow orkers used a tem perature contro llable exp ression  vector to conditionally  express 
the deregulated  a ro F 4̂  and pheA tbr genes in  an L-T yr-auxotrophic E. c o li strain and 
obtained a m axim al L-Phe titer o f  16.8 g /L  at the optim al tem perature o f  38.5 ๐c  
(Sugim oto et ah, 1987). This process w as fu rth e r  developed leading to titers o f  46 g/L 
o f  L-Phe (K onstantinov et al., 1991). B ackm an  and cow orkers also engineered E. c o li 
for L -Phe production  w ith feedback-resistan t PheA  (pheA*๖r) and feedback-resistant 
A roF (a roF^๖')  genes, w ith  w hich a  titer o f  50 g/L L-Phe w ith  a yield o f  0.25 (g 
L -Phe/g g lucose) w as obtained after 36 h (B ackm an  et ah, 1990). In addition to these 
strain  constructions, central m etabolism  w a s  also m odified for im proved L-Phe 
production. For exam ple, inactivation o f  PE P  carboxylase ippc ) has been show n to be 
effective for L -Phe production  by E. c o l i , although such a  m odification was 
accom panied by unw anted by-products su ch  as acetate and pyruvate (M iller et ah, 
1987). T atarko and R om eo reported a un ique approach to engineer a global regulatory 
netw ork in central carbon m etabolism  fo r im proved L-Phe production  by E. co li. 
A global regulatory  gene (cs rA ) w as d isrup ted  to cause both increasing flux o f  
g luconeogenesis and decreasing flux o f  g ly co ly sis  resulting in an  elevation o f  the 
intracellu lar PEP pool for L-Phe b io sy n th esis  and a tw ofold  increase o f  L-Phe was 
obtained (T atarko and R om eo, 2001). M oreover, the construction  o f  strains for L-Phe 
production  can be approached through a p rec ise  chrom osom al deletion. The gene 
cluster p h e A -a ro F - ty rA  w as rem oved to g e th e r w ith  the T yrR  repressor site and pheL  
attenuator region to attain  the basic double-auxo troph ic  (L -Phe and L-Tyr) strain F4, 
w hich  served as host for various p lasm id constructions. To enhance L-Phe production, 
tw o genes in altered form s (a ro E ftr and pheA *๖')  w ere introduced on a m edium -copy- 
num ber vector under control o f  a la c f fP la c  control generating pJF119E H  (Ftirste 
et ah, 1986). In shake-flask  experim ents, L -P h e  form ation w as found. C onsequently, 
trial ferm entations in a 20-L  ferm enter (in itia l volum e o f  7.5 L; 37 °C) w ere 
perform ed (G erigk et ah , 2002). T w o prom inen t by products o f  these ferm entations 
w ere sh ik im ic acid and 3-dehydroshikim ic acid indicating that the flux through 
the arom atic  pathw ay w as im peded, m o s t likely by insufficient activity o f  
the shik im ate kinases. T herefore, the  a ro L  gene (encoding the m ajor shikim ate 
kinase) w as cloned as third  gene under the con tro l o f  P tac prom oter to yield plasm id
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pF46 ( a r o F br-pheA f๖'-a ro L ) .  Indeed, the exp ression  in strain  F4 led to reduced 
production  o f  shikim ic acid  and 3-dehydrosh ik im ic acid. H ow ever, L -Phe yields w ere 
not im proved, pointing to still other lim ita tions in the pathw ay. Eventually , D A H P 
and its dephosphorylated  derivative D A H  w ere  found in culture supernatants. This 
pointed to  a suboptim al activity  o f  the second  step o f  arom atic b iosynthesis catalyzed 
by dehydroquinate synthase (A roB). T h erefo re , a ro B  was added to the gene construct. 
E xpression o f  the extra  a ro B  gene abo lished  form ation o f  D A H P and D A H  (Rtiffer 
et al-, 2004). A lthough an addition o f  p lasm id-borne  extra  copies o f  a ro L  and a ro B  
significantly  low ered form ation o f  by -p roducts , there w as no concom itant increase in 
overall y ields o f  L-Phe as could have b een  predicted (Sprenger, 2007b). Though 
the classical know ledge o f  strain im provem en t w hich states that the pacem aker 
enzym es should be feedback-resistan t, the observations during long-term  
ferm entations led to the idea that the feedback-resistan t D A H P synthase should be 
exchanged w ith the w ild-type A roF  fo rm . E xpression p lasm ids that carried 
the w ild-type a ro F  ( a r o F * 1)  instead o f  that encod ing  the feedback-resistant enzym e 
(A roFftr) w ere constructed  as plasm id pF 69  (a ro b w{-pheAVo!-a ro L ) .  W hen the tyrosine 
feedback-sensitive form  w as used, L -T y r feeding had to be strictly  lim ited in 
the production phase. In fed-batch fe rm en ta tion  w ith the aid o f  L -T yr control, w ild- 
type a ro F  ( a ro F * 1)  could be used for L -Phe production  w ith h igher final L-Phe titers 
(34 g/L) than the a ro F i๖1 strain  (28 g/L) by p rov id ing  higher D A H P synthase activities 
(G erigk et al., 2002). I f  the a ro B  gene w as com bined as p lasm id  pF81 (a r o F ฬ- 
p h e A ^ -a ro L -a ro B ) ,  a h igher L-Phe tite rs (u p  to 38 g/L) could  be reached with 
virtually no by-products from  the a ro m atic  biosynthesis pa thw ays and w ith  low  
acetate form ation after 50-h process tim e (R üffer et al., 2004). To obtain  arom atic 
am ino acid-producing E. c o li strains inc lud ing  m echanism s for an  arom atic am ino 
acid export, engineered E. c o li stra in  D V 1060  overexpressing yddG  gene w as 
constm cted  by D oroshenko and co w o rk ers (D oroshenko et al., 2007). A fter 
the ferm entation, the accum ulation o f  L -T y r and L-Phe in the culture m edium  
increased three tim es, and that o f  L -T rp e levated  1.5 tim es.

The potential m ethods o f  m etabo lic  engineering  applied to the production o f  
L-Phe or other arom atics in E. c o li are sum m arized  in Figure 1.7.
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F ig u re  1.7 D ifferent approaches o f  m etab o lic  engineering applied  to the production  o f  
L-Phe or o ther arom atics in E. co ll
A bbreviations used: a ro B , 3 -dehydroqu inate  synthase; a ro F ,  L -Tyr-feedback 
inhibited D A H P synthase; a ro L ,  sh ik im ate  k inase II; CA , chorism ate; csrA , carbon 
storage regulator A; D A H P, 3 -deoxy-D -araè/tto -hep tu losonate  7-phosphate; E4P, 
erythrose 4-phosphate; g i f  glucose fac ilita to r; pck, PEP carboxykinase; PEP, 
phosphocw o/pyruvate; p g i, phosphog lucose  isom erase; pheA , chorism ate 
m utase/prephenate dehydratase; ppc, P E P -carboxy lase ; pps, PEP synthetase; p ts , 
phosphoeno/pyruvate phosphotransferase sy s tem ; pyk , pyruvate kinase; Pyr, pyruvate; 
ta lB ,  transaldolase; tk tA , transketolase; ty rA , chorism ate m utase/prephenate 
dehydrogenase; ty rR ,  tyrosine repressor; y d d G ,  arom atic am ino acid exporter.
Source: m odified from  Ikeda, 2006
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1 .8  O b j e c t i v e  o f  t h i s  r e s e a r c h
In E. c o ll, phenylpyruvate can be transfo rm ed  to L-Phe by the activ ities o f  three 

am inotransferases (encoded by ty rB , aspC  and  i lv E  genes) at the last step o f  L-Phe 
b iosynthesis pathw ay. Thus, PheDH ac tiv ity  from B. le n t ils  is able to link to 
the activities o f  the three native am ino transferases through cloning  o f  phedh  gene into 
E. co ll.

Entirely, th is w ork aim ed to co n stru c t the engineered E. c o li cells containing 
phedh  from  B. len tns  w ith high efficiency  fo r L-Phe p roduction  from  glycerol by 
a process o f  m etabolic  engineering. To ach ieve  this goal, phedh  w as overexpressed in 
com bination w ith  som e o f  the follow ing genes:

- a ro B  encoding rate-lim iting  enzym e, 3-dehydroquinate synthase, in 
the com m on arom atic am ino acid b iosyn thesis pathw ay

- a ro L  encoding  rate-lim iting  enzym e, shikim ate k inase II, in the com m on 
arom atic am ino acid b iosynthesis pathw ay

- g lp F  encoding glycerol facilitator fo r  glycerol uptake
- g lp K  encoding rate-lim iting enzym e, glycerol kinase, in glycerol utilization
- pheA  encoding  branch point enzym e, chorism ate m utase/prephenate 

dehydratase, in L-Phe b iosynthesis pathw ay
- tk tA  encoding transketolase for increase  in E4P availab ility
- yddG  encoding  arom atic am ino acid  exporter for L -Phe excretion
A ll seven genes are show n in Figure 1.8.
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F ig u re  1.8 All genes that w ere o v erex p ressed  w ith  phedh in  E . c o ll B L 21(D E 3) for 
L -Phe production  are show n in  oval. A bbrev ia tions used are the sam e as those 
described for Figure 1.5. In add ition , F 6 P , fructose 6-phosphate; G 3P, glycerol 
3-phosphate; G A 3P, g lyceraldehyde 3 -phosphate  
Source: m odified  from  B ongaerts et al., 2001


	CHAPTER I INTRODCUTION
	1.1 Amino acids
	1.2 Aromatic amino acids
	1.3 Phenylalanine dehydrogenase
	1.4 Use of glycerol as carbon source
	1.5 An aromatic amino acid biosynthesis pathway
	1.6 Metabolic engineering for aromatic amino acid production
	1.7 Metabolic engineering for L-Phe production
	1.8 Objective of this research


