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ABSTRACT: In Escherichia coli, 3-deoxy-D-arabino-heptulosonate-7-phosphate synthase (DAHP synthase) is the first
enzyme in aromatic amino acid synthetic pathway. It consists of three isoforms, AroG, AroF and AroH, which are
inhibited by L-phenylalanine, L-tyrosine and L-tryptophan, respectively. AroG, the major isoform, represents about
80% of the total DAHP synthase activity in the cells. To increase the production of L-phenylalanine in E. coli, it is
important to reveal the inhibition mechanism of AroG and relieve the degree of inhibition. Therefore, this study aims
to investigate the important amino acid residue that interacts with L-phenylalanine at the regulatory site and determine
its effect on L-phenylalanine feedback inhibition. From the previously reported 3D structure of AroG co-crystallized
with L-phenylalanine, GIn151 was mutated to construct L-phenylalanine feedback resistant AroG. Three mutant clones
(AroG1A | AroGOSI! and AroG?'>N) were prepared by using QuikChange site-directed mutagenesis. The mutated
enzymes exhibited a slightly higher DAHP synthase activity than the wild type, and a decrease in percentage of inhibition
by 20 mM L-phenylalanine from 51% to 12-27%. The results suggested that H-bonding between GIn151 of AroG and the
inhibitor, L-phenylalanine, had a high impact on L-phenylalanine feedback inhibition. aroG?™>N is the good candidate
to co-express with genes encoding key enzymes in aromatic amino acid synthetic pathway to obtain the L-phenylalanine

overproducing E. coli strain.
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INTRODUCTION

L-Phenylalanine is one of the most important aro-
matic amino acids for humans and animals [1-3].
It is widely used in food and feed industries
as, for example, supplementary food and precur-
sor for low calorie sweetener aspartame [4-6].
L-Phenylalanine is also used in pharmaceutical in-
dustries for production of pharmaceutically ac-
tive compounds like HIV protease inhibitor, anti-
inflammatory drugs [ 7], phenylethylamine [8], and
catecholamines [9]. Moreover, L-phenylalanine, in
combination with UV-C, is used for the production
of mulberroside A like resveratrol and rutin [10]; or
with UV-A therapy for the treatment of vitiligo [11].
Currently, L-phenylalanine is increasingly in great
demand for the production of low-calorie sweet-
ener, aspartame [12,13]. In early industrial pro-
cesses, L-phenylalanine was produced by chemical
synthesis, which led to various problems and was
costly. The synthesis is gradually being replaced
with bioprocessing, such as microbial fermentation
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and enzymatic transformation [14]. More recently,
metabolic engineering in Escherichia coli has been
focused because the main metabolisms of E. coli
have enabled the introduction of such genetic mod-
ifications [15]. Furthermore, genetic engineering
technique has been used as another approach to
enhance L-phenylalanine yield [16].

The aromatic amino acid biosynthesis pathway
in E. coli begins with the condensation of phos-
phoenolpyruvate (PEP) and erythrose 4-phosphate
(E4P) to form 3-deoxy-D-arabino-heptulosonate-7-
phosphate through the catalysis of DAHP synthase
(EC 4.1.2.15). DAHP synthase is the primary tar-
get for metabolic regulation by feedback inhibition
since each of the three DAHP synthase isozymes
is sensitive to regulation by the individual aro-
matic amino acid end products, L-phenylalanine,
L-tyrosine or L-tryptophan [17-19]. About 80%
of total DAHP synthase activity is due to AroG,
L-phenylalanine-sensitive isozyme. Therefore, the
AroG, which is resistant to L-phenylalanine, should
solve the mechanism of feedback inhibition and
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leads to overproduction of aromatic amino acids
through fermentation.

In regard to the 3D structure of AroG co-
crystallized with the substrate PEP determined by
Shumilin and coworkers in 1999 [20], Hu and col-
leagues investigated the feedback inhibition site of
AroG by amino acid replacement at Phe144, Pro150,
Leul75, Leul79, Phe209, Trp215, and Val221. The
enzyme activity assay showed that the mutated en-
zymes completely or partially relieved feedback in-
hibition of AroG addressed by L-phenylalanine [21].

In 2002, Shumilin and coworkers determined
the crystal structure at 2.8 A of AroG in complex
with its inhibitor, L-phenylalanine, PEE and metal
cofactor, Mn?*. Aromatic ring of L-phenylalanine is
surrounded by hydrophobic side-chains of Pro150,
GIn151, Leul75, Leul79, Phe209, Ser211, Val221,
Ile10* (* represents amino acid residue of the com-
panion subunit of the tight dimer), Ile13* and by
main-chain atom of Met147, Ile148 and Val212. The
carboxylate group of L-phenylalanine is coordinated
by O and N of Ser180 and N of Asp7*, while the
amino group of the inhibitor interacts with the side-
chain oxygen atom of GIn151, as well as Asp6* and
Asp7* [22]. In this study, GIn151 was selected for
site-directed mutagenesis to determine the effect on
L-phenylalanine feedback inhibition of AroG in the
attempt to increase L-phenylalanine production.

MATERIALS AND METHODS

Selection of the amino acid residue at
L-phenylalanine binding site for mutagenesis

The crystal structure of AroG from E. coli com-
plexed with Mn?", PER and L-phenylalanine in the
Protein Data Bank with the code 1KFL was used
for analysing the amino acid residues that interact
with L-phenylalanine at the regulatory site of AroG.
BIOVIA Discovery Studio 2020 software (Accelrys
Co., Ltd., USA) was used to display the structure.

Plasmids, bacterial strains and culture
conditions

All E. coli strains and plasmids used in this study
are described in Table S1. E. coli Top10 was applied
for molecular cloning. E. coli strains were cultured
at 37°C in LB medium. Antibiotic (kanamycin
30 p.g/ml) was added to maintain the plasmids.

Cloning of aroG

The aroG (1053 bp) was amplified from ge-
nomic DNA of E. coli JM109 using forward primer
(F_AroG_Ncol) containing Ncol site and reverse
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Fig. 1 Map of pAroG. aroG from E. coli JM109 was
inserted into pRSFDuet-1 at Ncol and HindllII sites.

primer (R_AroG_HindIII) containing HindIII site.
The PCR product was cloned into pRSFDuet-1 vector
and then transformed into E. coli Top10 by electro-
poration. The recombinant plasmid was confirmed
by digestion with Ncol and HindIIl. The nucleotide
sequencing was performed by Bioneer Inc. (Ko-
rea) using ACYCDuetUP1 and DuetDOWN1 primers
(Table S2).

Site directed mutagenesis and construction of
pAroG“* and pAroG®*

The L-phenylalanine feedback resistant aroG
(aroG™) mutants, Q151A, Q151L and QI51N,
were constructed by QuikChange site directed
mutagenesis. Each aroG mutant gene was amplified
using pAroG template and the primers shown
in Table S2. After that, the Dpnl digestion was
performed to cut parental methylated DNA. The
plasmids harboring the mutation site (pAroG™:
pAroGPSA - pAroGPSL and pAroGPPIN) were
verified by the nucleotide sequencing (Bioneer
Inc., Korea). The pAroG"' and pAroG™ were
transformed into E. coli BL21(DE3) and selected
on LB agar containing kanamycin 30 ug/ml. The
plasmid of each clone was extracted and confirmed
by Ncol and HindIIl digestion. Map of pAroG is
shown in Fig. 1.

Expression of aroG

The single colonies of pAroG"' and pAroG™" were
separately cultured in 5 ml LB medium containing
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30 pg/ml of kanamycin and then incubated with
shaking at 37°C for 16-18 h. A starter was made
by inoculating 5% (v/v) of each culture into 50 ml
of the same medium and conditions. For shake flask
cultivation, the 5% (v/v) of starters were transferred
into 200 ml of LB medium and incubated with shak-
ing at 37 °C. After the OD, reached 0.6 (log phase),
expression of aroG was induced by 1 mM isopropyl-
p-D-thiogalactoside (IPTG) for 2 h. The cells of
each mutant clone were collected by centrifugation
at 8000 x g for 10 min and resuspended in 5 ml
of resuspend buffer (0.1 mM potassium phosphate
buffer (KPB), pH 7.0, 0.2 mM PEB 0.5 mM 1,4-
dithiothreitol, 0.1 mM phenylmethylsulfonyl fluo-
ride, and 10 mM ethylenediaminetetraacetic acid).
The cell pellet of each clone was dissolved in resus-
pend buffer, and cells were broken by ultrasonic cell
disruption. The crude extracts were centrifuged at
10000 x g for 20 min to collect the supernatants for
dialysis. After dialysis, 1.5 ml of crude extracts was
centrifuged at 10000 x g for 20 min to collect the
supernatant for assay of enzyme activity and SDS-
PAGE analysis.

DAHP synthase activity assay

DAHP synthase activity was determined by the
method modified from Schoner and Liu [23,24].
The reaction mixture contained 50 mM KPB, pH 6.5,
5 mM PEB 2 mM E4B 0-20 mM L-phenylalanine,
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 ul of 10%
(w/v) trichloroacetic acid. After that, the 45 ul of
25 mM sodium periodate in 62.5 mM sulfuric acid
was added to the mixture and incubated at 37 °C for
30 min. Then, 45 pl of 2% (w/v) sodium sulfate in
0.5 M hydrochloric acid was rapidly mixed to stop
the reaction; and 450 pl of 0.36% (w/v) thiobar-
bituric acid was added and mixed. The reaction
mixture was boiled for 20 min and then cooled at
room temperature. The absorbance at 549 nm was
measured by a spectrophotometer. Protein concen-
tration was determined by Lowry’s method [25].

SDS-PAGE analysis

The expression of aroG was confirmed by SDS-PAGE
analysis. The slab gel solution consisted of 12.5%
separating gel and 5% stacking gel. For protein
loading preparations, the crude enzymes of AroG"*
and AroG™ were mixed with 5x sample buffer
(312.5 mM Tris-HCl pH 6.8, 50% (v/v) glycerol
and 1% (w/v) bromophenol blue) and boiled for
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15 min. After that, the pellets were eliminated
by centrifugation at 10000 x g for 15 min. The
supernatants containing about 100 u.g protein were
used for SDS-PAGE.

RESULTS AND DISCUSSION

The amino acid residues at L-phenylalanine
binding site

The amino acid residues that interact with L-
phenylalanine at the regulatory site of AroG are
displayed in Fig. 2a. Hydrophobic side chain of
L-phenylalanine interacts with GIn151, Leul?75,
Leul79, Phe209 Ser211, and Ile13* by van der
Waals interactions, as well as Pro150, Val221 and
Ile10* by pi-alkyl interactions. The carboxylate
group of L-phenylalanine forms two H-bonds with
Ser180, one H-bond with Asp7* and salt bridge
interaction with Arg40; while the amino group
forms one H-bond with GIn151 as well as salt bridge
interactions with Asp6* and Asp7*. Among these
amino acid residues in the regulatory site, Ser180,
GIn151, Asp6*, and Asp7*, which can form H-bonds
with L-phenylalanine, are interesting.

Ger et al [26] performed random mutagene-
sis of the cloned aroG on a plasmid vector and
found that substitution of Ser180 to Phe relieved
the degree of feedback inhibition from approxi-
mately 60% to less than 10% in the presence of
20 mM L-phenylalanine. Replacement of Phel80
with Ser, Asn and Cys by site-directed mutagenesis
demonstrated that Ser180 is a critical residue in the
feedback inhibition of AroG.

Recently, Chen et al [27] used a method which
integrates CRISPR/Cas9-facilitated engineering of
the target gene(s) with growth-coupled and sensor-
guided in vivo screening (CGSS) to obtain variants
of AroG™ with increased resistance to feedback
inhibition of L-phenylalanine. Two residues, Asp6
and Asp7, involved in the L-phenylalanine binding
site of AroG were chosen for saturated mutagen-
esis. They successfully identified several novel L-
phenylalanine-resistant AroG variants which exhib-
ited higher specific DAHP synthase activity than
that of the reference variant S180F at the presence
of 40 mM L-phenylalanine. The replacement of
AroGS18F with AroGP®¢P7A which gave the high-
est specific activity in the L-tryptophan-producing
strain, significantly improved the L-tryptophan pro-
duction by 38.5% (24.03+1.02 g/l at 36 h) in
simple fed-batch fermentation.

In 2003, Hu et al [21] investigated the impact
of Leul75 on L-phenylalanine feedback inhibition
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Fig. 2 Amino acid residues that interact with L-phenylalanine at the regulatory site of AroG (a) AroG"t, (b) AroG>1A,
(c) AroGPIN | (d) AroGP™!L, Red circle represents Q151 and equivalent residues in the mutated enzymes. Yellow

color refers to the mutated amino acid residues. Blue, pink, green, red, and orange colors represent the atoms which
interact with L-phenylalanine using van der Waals interaction, pi-alkyl interaction, conventional hydrogen bonding,
unfavorable donor-donor interaction as well as salt bridge and attractive charge, respectively. The display was made

by using the BIOVIA Discovery Studio 2020 software.

by replacement with Ala, GIln and Asp. They con-
cluded that L175D was mostly resistant to feedback
inhibition. L175D enzyme elevated specific enzyme
activity at 0 mM L-phenylalanine from 2.70 U/mg
of wild type to 4.46 U/mg and increased of relative
enzymatic activity at 1 mM L-phenylalanine from
8.2% to 83.5%. Surprisingly, in our simulation
only van der Waals interaction was found between
Leul75 and L-phenylalanine.

In the present study, we are interested in GIn151
because it can form H-bond with L-phenylalanine as
well as Ser180, Asp6 and Asp7. No mutation of this
residue has never before been reported. Moreover,
the pocket accommodating the aromatic ring of L-
phenylalanine is formed by hydrophobic side-chains
including that of GIn151. To investigate this amino
acid residue, structures of AroG when GInl51 was
substituted by Ala, Asn and Leu were simulated.
We found that all replaced amino acids cannot
form H-bond with L-phenylalanine (Fig. 2(b,c,d)).
In addition, unfavorable donor-donor interaction
occurred between amino groups of L-phenylalanine

and Lys214 of all mutated enzymes. Differ from Ala
and Asn, hydrophobic interaction between Leul51
and L-phenylalanine was detected.

Construction of pAroG** and pAroG®”

The aroG was cloned into pRSFDuet-1 vector and
then three aroG mutants: QI151A, Q151L and
Q151N, were constructed. The recombinant plas-
mids were confirmed by Ncol and HindIII digestion.
Two bands of DNA fragments were observed at
3800 bp and 1100 bp (Fig. 3). DNA sequencing in-
dicated that the sequences of all inserted fragments
were correct.

Overexpression of AroG proteins

pAroG"* and pAroG™ were transformed into E. coli
BL21(DE3). The transformants were cultured in
LB medium and induced with 1 mM IPTG for
2 h. After overexpression, the crude extracts were
dialysed to eliminate small molecular weight sub-
stances. Then, the expression of aroG"* and aroG™"
under T7 promoter was evaluated by SDS-PAGE
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Fig. 3 Ncol and HindIII digestion patterns of pAroG"*
and pAroG™. Lane M1: Gene Ruler 1 kb DNA ladder,
Lane 1: uncut pRSFDuet-1, Lane 2: Ncol and HindIIl
digested pRSFDuet-1, Lane 3: PCR product of aroG,
Lane 4: PCR product of aroG digested with Ncol and
HindIIl, Lane 5: uncut pAroG"', Lane 6: pAroG"* digested
with Ncol and HindIIIL Lane 7: uncut pAroG®'>A, Lane 8:
pAroG@'>1A digested with Ncol and HindIIl. Lane 9: uncut
pAroG! Lane 10: pAroGR®! digested with Ncol and
HindIIl. Lane 11: uncut pAroG®'>™N, Lane 12: pAroG@!>IN
digested with Ncol and HindIII.

Fig. 4 SDS-PAGE analysis of recombinant AroG in E. coli.
Lane M, TriColor Protein Ladder (10-180 kDa); Lane 1-3:
crude extracts of E. coli BL21(DE3), E. coli BL21(DE3)
harboring pRSFDuet-1, and E. coli BL21(DE3) harboring
PAroG, respectively.

analysis. As shown in Fig. 4, the crude extracts of
E. coli BL21(DE3) and E. coli BL21(DE3) harboring
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Fig. 5 L-Phenylalanine inhibition patterns of DAHP
synthase activities. (<: E. coli BL21(DE3), A: E. coli
BL21(DE3) harboring pRSFDuet-1, #: E. coli BL21(DE3)
harboring pAroG"', A: E. coli BL21(DE3) harboring
pAroGR>A m: E. coli BL21(DE3) harboring pAroG@'>:
and @: E. coli BL21(DE3) harboring pAroG®¥®N), The
data were obtained from three independent experiments.

PRSFDuet-1 were used as a control (lanes 1 and 2).
The band of the recombinant protein was detected
after 1 mM IPTG induction for 2 h (lane 3). The size
of recombinant protein was approximately 38 kDa.

DAHP synthase activity

DAHP synthase activity of crude extracts from AroG
mutants were assayed for sensitivity to feedback in-
hibition by L-phenylalanine at concentrations from
0 mM to 20 mM. The results are shown in Fig. 5.
In the absence of L-phenylalanine, all AroG™ clones
exhibited 12-20% higher specific activities than that
of AroG". This phenomenon was also reported
in L8E S180F [26], F144A, L175A, L1750, L175D,
and F209A [21]. The activities of all recombi-
nant enzymes were decreased in the same pattern
when L-phenylalanine was added. All AroG mu-
tants showed greater resistance to feedback inhibi-
tion when compared with AroG"'. AroG®*!N gave
the greatest inhibition pattern; while AroG@!>1A
mutant had the lowest inhibition pattern at O-
20 mM L-phenylalanine. Percentages of inhibition
by 20 mM L-phenylalanine were decreased from
51% of wild type to 12, 16 and 27% for Q151L,
Q151N and Q151A, respectively (Table 1). De-
struction of two H-bonding between Ser180 and L-
phenylalanine by substitution with Phe (S180F) was
reported to decrease the percentage of inhibition
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Table 1 DAHP synthase activities and feedback inhibitions of various AroG clones.

Mutant SA at 0 mM SA at 20 mM Percentage of
L-phenylalanine L-phenylalanine inhibition at 20 mM
(U/mg protein) (U/mg protein) L-phenylalanine (%)
E. coli BL21(DE3) 0.31+£0.04 0.18+0.05 42
pRSFDuet-1 0.40+0.07 0.24+0.04 41
AroG™ 1.89+0.39 0.93+0.45 51
AroGQ1A 2.11£0.75 1.55+0.41 27
AroGosit 2.15+0.11 1.90£0.05 12
AroGsIN 2.26+0.06 1.90+0.06 16

SA = specific activity.

by L-phenylalanine at concentration of 20 mM from
58% to 7.4% [26].

In conclusion, the results suggested that H-
bonding between GInl51 of AroG and the in-
hibitor, L-phenylalanine, had a high impact on L-
phenylalanine feedback inhibition. Thus, we can
use Asn substitution at GIn151 of AroG to increase
the enzymatic activity of DAHP synthase especially
under high L-phenylalanine concentration.

Appendix A. Supplementary data

Supplementary data associated with this arti-
cle can be found at http://dx.doi.org/10.2306/
scienceasial513-1874.2021.004.
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Appendix A. Supplementary data

Table S1 Bacterial strains and plasmids used in this study.

S1

Strain/Plasmid Characteristic Source/Reference
Strain
E. coli BL21(DE3)  F-ompT hsdSy (15—, mz—) gal dem (DE3) Novagen
E. coli JM109 F’ traD36 proA*B* lacl? A(lacZ)M15/A(lac-proAB) glnV44 e14- gyrA96 Novagen
recAl relAl endAl thi hsdR17
E. coli Top10 FE- mcrA A(mrr-hsdRMS-mcrBC) ¢80lacZAM15 AlacX74 recAl araD139 Invitrogen
A(ara-leu) 7697 galU galK A— rpsL(Str®) endAl nupG
Plasmid
pRSFDuet-1 PpRSF1030 replicon, T7 promoter expression vector, lacl, Kan" Novagen
pAroG™ pRSFDuet-1 inserted with aroG"™ under the control of T7 promoter This study
pAroGRIS1A pRSFDuet-1 inserted with aroG?**'* under the control of T7 promoter This study
pAroGQ>1L pPRSFDuet-1 inserted with aroG°'>'" under the control of T7 promoter This study
pAroGRPIN PRSFDuet-1 inserted with aroG**!N under the control of T7 promoter This study

Table S2 The sequences of oligonucleotide primers for PCR amplification, DNA sequencing and site-directed
mutagenesis in this study.

Primer Sequence T, (°C)
For PCR amplification and DNA sequencing
F_AroG_Ncol 5'—-CATGCCATGGTGTATCAGAACGACGATTTACGCATCAAAGAAATC-3’ 61.4
R_AroG_HindIll 5-CCAAGCTTTTACCCGCGACGCGCTTTCACTGC-3’ 67.2
ACYCDuetUP1 5-GGATCTCGACGCTCTCCCT-3’ 60.0
DuetDOWN1 5'-GATTATGCGGCCGTGTACAA-3’ 57.0
For Site-directed mutagenesis
F 5 Q151A 5'-GGTGAATTCCTCGATATGATCACTCCTGCCTATCTCGCTGACCTGATGAGCTGGGGC-3’ 75.4
R_3' Q151A 5'-GCCCCAGCTCATCAGGTCAGCGAGATAGGCAGGAGTGATCATATCGAGGAATTCACC-3’ 75.4
F 5 Q151L 5'-GGTGAATTCCTCGATATGATCACTCCTCTGTATCTCGCTGACCTGATGAGCTGGGGC-3’ 74.7
R_3' Q151L 5'-GCCCCAGCTCATCAGGTCAGCGAGATACAGAGGAGTGATCATATCGAGGAATTCACC-3' 74.7
F 5 Q151N 5 -GGTGAATTCCTCGATATGATCACTCCTAATTATCTCGCTGACCTGATGAGCTGGGGC-3' 73.2
R_3' Q151N 5'-GCCCCAGCTCATCAGGTCAGCGAGATAATTAGGAGTGATCATATCGAGGAATTCACC-3’ 73.2
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