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5 . [% %1 KMAFH (Escherichia coli)vt &R A FTIRE C5 AL mA R E., [B#] F
TR BB B R BE-tRNA LR B A B (hemA) it & ik 2t 5- 2k 2B 7 8% (5-Aminolevulinic Acid,
ALAYFe 21 RS M e %5om. [ %] 1L Red B R F 413 5 5 R BRKAA X 89 mscS 5 aroG, #&E
hemA & XA BAKFHFAL B LK FRFT . [4FE ImscS £ R mscS 5 aroG MRt H kA K LS
F¥oh., HHEAARML, BHRE WHR ARG S RREZIHA T, ALA B E%BMT R, @
LELENHNEMT 11.6%A 35.7%. EXFHRH M T it —F L L4 hemA &, A Mo i EFHE
47.603 umol/L. [4#] @ iLif4x 5 R B ARMA T S LA L hemA T it X 69 &K, R R A
% C5 &R0y i1 & A mRAREET 3169 B3,
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Enhancing heme synthesis in Escherichia coli by regulating
glutamic acid metabolism and over-expressing hemA
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Abstract: [Background] Escherichia coli uses glutamic acid as a precursor to synthesize limited heme
through the C5 pathway. [Objective] The purpose of this study was to investigate the effects of the
regulation of intracellular glutamic acid metabolism and over-expression of glutamyl-tRNA reductase gene
(hemA) on 5-aminolevulinic acid (ALA) and heme synthesis. [Methods] Through Red homologous
recombination, mscS and aroG which are related to glutamate metabolism were knocked out, and the hemA
expression vector was constructed and introduced into the gene-knockout strains. [Results] The single and
double gene-knockout had no significant effect on cell growth, but the content of glutamic acid increased,
whereas that of ALA decreased slightly. The heme content in single and double gene-knockout strains
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increased by 11.6% and 35.7% compared with that in the parental strain respectively. [Conclusion] The
over-expression of hemA in the double gene-knockout strain caused the increase of heme to 47.603 umol/L.
Heme synthesis can be promoted by regulation of intracellular glutamate metabolic flow and
over-expression of hemA which provides a new approach for heme enhancement through C5 pathway.

Keywords: Escherichia coli, glutamyl-tRNA reductase, Red homologous recombination, glutamic acid,
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A TS gk R Al T L TR A A bt
B SREUMN 2L R AL AR . IR AP S s
AT ARG W A B s A 7 I 41 22 e A I 21 R
B, (HEHTIMELER MM A B2 4 R,
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LA IMET 3R G R ) B E %,

KT 14 (Escherichia coli)fF o B 22 iy B A T
FRIE F I, FELUANERNATAZ C5 et sl
a1 % (17 1), Hrh hemA 4if3 i 73 4 HE-tRNA i

JEREHA N2 C5 iR Eaml . LI RFIE IR
i Z DLt m 5-2 3 £ Ik N R (5-Aminolevulinic
Acid, ALA)RIHELA G R LSS5 ALA R
W Y 7 SR T I A B, T
ALA & R stascks hrsh EleQss, RutkmrdEs -
WA AR s, A P B A i B 2 b it
MBIAS IR, 45A 355 hemA, LIRS ML R
i

FEPRPEAT PR AR 7 T, 3-M48-D-Falhir 11 B
il 4 - 7 - 152 (3-Deoxy-D-Arobino-Heptulosonate-
7-Phosphate, DAHP)& Hififi(aroG)fFE & DAHP & %
P 2w T, S A X N R R R AL e
JE& W Wi 2 O 1 X 9 i 52 (Phosphoenolpyruvate,,
PEP)M | fittfl 35 7 i S SL BR AT /K DAHP Y4,
M43 T PEP ) BE 1% £, i (4 A 3 12, E T 5%
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Figure 1 The C5 pathway of heme synthesis in E. coli

¥ : DAHP: 3-fli%E-D-P[Hi{f1 BEFAME-7 Bif2; aroG: DAHP & AHE; gdhA: ZFEBRMGENE; mscS: HULWMBUEGEIEE 1; gltX: A&
BE-tRNA 45856 ; hemA: 5% BE-tRNA iR 5 ; hemL: ALA 58

Note: DAHP: 3-Deoxy-D-Arobino-heptulosonate-7-Phosphate; aroG: DAHP synthase; gdhA: Glutamate dehydrogenase; mscS:
Mechanosensitive channel of small conductance protein; gltX: Glutamyl-tRNA synthetase; hemA: Glutamyl-tRNA reductase; hemL: ALA

synthase
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M o~ 1% — R (a-Ketoglutarate , a-KG) Fll 4 & ik
Al T2 N e S 2 ML e R B T
(Mechanosensitive Channel of Small Conductance,
MscS)TER AR T2 1k | fRAP A S 2 AR & 1Y
il P A, SLAE Ca®t IR | 4 SR
SEER G T HA R M Eal A pE R
TEAT SRR RAT I P 5 AR A iz & 1 MscCG
(tLFRA NCgl1221) /- FA8 . MscS 288 FIHY N smsh
WSS L-AAms™, ErizitHE, i
A SR B B it AT R Y MseS B 1
SR A BRERFT A MscCG [Rl TR, H. N JmabFaisg
MRS 25 b, ACHFST i % aroG I mscS,
FEARBEAR I Ok R p PEP [0] 97 A R 2 X IR 11T
i B SEN RO B T, A
SRR IRIST H R GA hemA Je T BE S 3L
A TR LN AR5 A 2 o AR SCHR B o A4 2R
P S hemA 5o S g ik I A 18 I 21 38 & LA F
FER .

1 MR5hE
1.1 ##

1.1.1 R, E%5S39
S BT FH A TR R SORE IL 2 1, FrFS19 (3R 2)

*1 ERSRA

Table 1 Strains and plasmids

M R AR A VIR BR A A (E1E) & .
1.1.2 FZERFIFLRF

RELH P2 P VDG . S DRI A B B, e Bt Ak i JBd
$RBGLH £, TaKaRa 24wl ; ClonExpress® MultiS
One Step Cloning Kit, F§atinMEREA: WRHEA BRA
Al prAEZE (Kan, Amp Fll Cmr) . L-Falifask, 4=
TAEY) TR HE) B A R W] 5 Fop=R 244
FEE kAt

HL ALY . BEIR 1L, Bio-Rad /AF]; 44k
S E RO AR (5 354% , Sykam 23] ; EnSpire 24510
K 22 52 (BEFR 1Y), PerkinElmer 23 ] .
113 EHRHE

LB ¥55:%E(g/L): NaCl 10.0, 7 A4 10.0,
MERHEEY) 5.0, ek 20 (BMAETFRIEMA).
pH 7.0, 1x10° Pa K[ 20 min, F5 & §InHid: %y
FERE, Kan, Amp Al Cmr J8 2 BE 43514 100,
50 F1 15 mg/L.
1.2 A%
121 EFERREKEE

FEDTHE R By 35 515275 SCHR[20] . BEDAT R
Jrik52 SCHk[21] . mscS FBRE 44~ WTAmscS,
mscS il aroG ALK R 44 WTAmscSAaroG.

BRRRI TR it P37
Strains/Plasmids Features Sources
Strains
E. coli BL21(DE3) Expression strain Our laboratory
WTAmscS E. coli BL21(DE3) deleted mscS This study
WTAmscSAaroG E. coli BL21(DE3) deleted mscS and aroG This study
WT/pET E. coli BL21(DE3) transformed with plasmid pET-28a Our laboratory
WT/pEA E. coli BL21(DE3) transformed with plasmid pEA Our laboratory
WTAmscS/pEA WTAmscS transformed with plasmid pEA This study
WTAmscSAaroG/pEA WTAmscSAaroG transformed with plasmid pEA This study
Plasmids

pET-28a, pET-22b
pKD46, pKD4, pCP20
pBUKD

PEA

Expression plasmids

Red homologous recombination deletion plasmids
Plasmid containing UmscS, KanM and DmscS
pET-28a inserted with hemA

Our laboratory
Our laboratory
This study

Our laboratory
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R2 FKHRPFAAY

Table 2 Sequence of primers used in this study

5144 P 519551

Primers name Primers sequence (5'—3')

UmscSF ggataacaattccccTCTAGAGCGAAGATCAGCCGAACA (Xba I)

UmscSR acCGTGCCGCCACGATGTTTA

DmscSF tcatatggaccTAAGCGGGTGAAAGAAGACA

DmscSR ttgtcgacggagctcGAATTCAGGCTGCCCAGTACAACAAA (EcoR 1)

KmscSF taaacatcgtggcggcacGTGTAGGCTGGAGCTGCTTC

KmscSR acccgcttaGGTCCATATGAATATCCTCCTTAG

rmscSF GCGAAGATCAGCCGAACA

rmscSR AGGCTGCCCAGTACAACAAA

QmscSF GAACGAAGCTTATCTGCAGG

QmscSR GGTTCCACATCAAGTTGCC

UaroGF ATGAATTATCAGAACGACGATTTACGCATCAAAGAA
ATCAAAGAGTTACTGTGTAGGCTGGAGCTGCTTC

DaroGR TTACCCGCGACGCGCTTTTACTGCATTCGCCAGTTGA
CGTAACAGAGCATCATGGGAATTAGCCATGGTC

QaroGF CCCGTTTACACATTCTGACG

QaroGR TGATTCATCGGATACGCCAC

TE: TRIZARINLA
Note: The sequences of restriction sites are underlined

122 HAKHZENE

P& BT 37 °C. 200 r/min G4k, H
DL 1%F7) e 5% 32T 50 mL /19 LB 3533k, &(a)
B 2 h BURE, I %E TRRCZE 600 nm R HIROGEE(E,
FEME 12 he
123 AIREENE

il 2R & FH = RORHR €8 335 (00 7 4% 2
g, HARERAEWR WS, K H
KR 7 he BUEFREMIERT 4 °C. 8 000 r/min
20 15 min, BERRZE MR VR RS SR AL,
TEAR M 2520 0 4l B b AT B S ke, F 4 °C
10 000 r/min #.0> 30 min, B4 mL R, fOA
4 mL iR IR , FRART, A 120 °C MR KfF 22 h.,
BrASRAES A 10 mol/L NaOH WA, E&E
25 mL. XUZUELACYE, Bl mL BERTERT
12 000 r/min %.L> 30 min, B 400 pL FiH K& TR
AR A A TR A3 BT AN
124 MOERS-BECHABRIKRENE

2 B SCHR[L01 22 1M 27 2V, 2 BESCHR[22]
W5 ALA 2. SR GraphPad Prism %444k

sk
2 ZRG54h
2.1 HJE mscS EREBHRKE

L pBUKD Jitki At . rmscSF il rmscSR 4
I 2 639 bp RFTHE T BL, A pKD46
JFORLY E. coli BL21(DE3)H & i B 5% B2 A5 40 il
H(E 2A), L QmscSF/QmSCSR i % 5 5 [ # %t B
HUR ST PCR P4 I0IE . BlE I, 4 PCR ¥4
J&, RS I RN AR RS EES 2 704 bp
MR BE, T IR WT Y385 A9 5 BEK A
1950 bp. HLPKEER Eon: BHYER PCR P 5 15
RN SIS TR E A —B(& 2B), FRT AN
PEATIRIVREZH . K pCP20 Jokifhs ATEZH M, il
QmscSF/QmscSR 5| ¥y %t BH % AL B i1 T PCR 474
ISUE, BEE b mscS #AJ5 PCR 4734 n R4 K
1311 bp ¥ 38 - B, xS BEEE A 1 950 bp, Hiyk
RN WYE PCR ¥ 145 B4 /N 5 LRI
A —E(E 2C). ¥ PCR F=H A5 ¥ 4347
PRI F AN E R R, RU] mseS C BBk, #
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BRI T MReAir 452 WTAmsES.
2.2 #33 mscS/aroG WEfE &

LI pKD4 Sk AR . UaroGF/DaroGR A5 |
Yy s 1 607 bp MUATHE A B A WTAmscS
(# 3A), Lk QaroGF/QaroGR % 2 5 | % BH - ot
BT IR UE . #he b, £ PCR Y45, [FIUE
AW TERN G EHEE R 1 724 bp B9 I F
B 6 BEEE (W) 385 19 i Be 1 4 1180 bp.
HL YK S5 3 R« BRI BH A B 95 97 35 I 2t K/
SR —B(& 3B), R WA AR A .
14 pCP20 Jitki i AEAI N, il QaroGF/QaroGR
A bp M 1 bp B
968

4000

2 000

1 000

500
250

B 2 mscS BiFR Bk IE
Figure 2 Electrophoretic verification of mscS knockout

Sl 4%t PHPE R AL UE AT PCR §7 38 00 0F . BRiE
aroG it 2k J5 AT S4B R 331 bp i) PCR 3
B, Xt BREE R 1180 bp, HLIKES R BN P
AR A 450 /N S ELSEA — 80’ 3C); Xt
PCR ¥yt A M /¥ 434, Ji 45 e 90 45 SR EH
FW aroG 1 BB R, Bk R T PR 24 R
WTAmscSAaroG,
2.3 EREBREXMNFRETFREERKSHF M
TE LB 3535 Jk Hpobs 25 X6 BE TR (W) R el B v
W 7 A ] 3 75 B 0] 1 1) B 1A ok B 22 T A G ih 2k
(B 4). 455 R, ZEARF R EEFRE RN, WTAmscS

¢
4 M bp bp | 2 M bp

10 000

7000 1950 2 000

4 000 1311

2 000 1 000
700

1 000 500

500 250

250 100

7:: M: DL10000 DNA Marker, A: ¥ 34T B 1. THURBL; B: [WUREAIGUE; 1-3: FHAIMIIW; 4. WT XHHEE; C. Bt

PETEBRIETE; 1. mscS BRICH; 2. WT X8

Note: M: DL10000 DNA Marker. A: Amplification of target fragment; 1: Target fragment; B: Verification of homologous recombination;
1-3: Strain with homologous recombinant; 4: WT control. C: Verification after elimination of resistance; 1: Strain with mscS deletion; 2: WT

control

A B

bp bp bp 1 2 3

2000 1724
1180

1 607

1 000
700

500

250
100

3 mscS/aroG & [k B K58 iE

Figure 3 Electrophoretic verification of mscS/aroG knockout

C
bp M bp

2000

M bp
2 000
1180

1 000 _1, 00000
700

500
500

250
250 100

100

: M: DL2000 DNA Marker, A: ¥ 38FT#IR Bt 1. FT#UR B B: [RUREMARE; 1. WT XHHIE; 2-4: S|AMIIE; C: Bt

PEWBRIE; 1. WT; 2-3: mscS/aroG itk i

Note: M: DL2000 DNA Marker. A: Amplification of target fragment; 1: Target fragment; B: Verification of homologous recombination; 1:
WT control; 2-4: Strains with homologous recombinant; C: \erification after elimination of resistance; 1: WT control; 2-3: Strains with

mscS/aroG deletion
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y, s
3k / /&
< 2t
= —a—WT
—o— WTAmscS
i —a— WTAmscSAaroG
O 1 1 1 1 1 1 1

t (h)
4 FBHEMEKMLZ

Figure 4 Growth curve of each strain

5 WT WREEEEILF—%, LRFEES;
2-10 h N, WTAmscSAaroG [ B 1A ik 5 B 1K T
WT; 7 10-12 h W XK 35 WT —ZiK-F-.
DL b2t SR F2 B Eie mseS 5 aroG X AT
WA RKREA REZm, 5 E ARl T
(1) TERME IR L 2 DU R AL 2 1l 18 , MscS
FIELIE H 2R BRI AN , A2 SRR A K
JIT s LR B =, DR AN 2 5 2l it A 7= A AR

A 4r

Heme (umol/L)

WT WTAmseS WTAmscSAaroG
Strains

E5 |REHKMMIZEA)S ALA (B)SE L

Figure 5 Contents of heme (A) and ALA (B) in each strain

Note: *: P<0.05; **: P<0.01

20 5 (2) aroG e 34~ DAHP & i fiff (aroG .aroH .
aroF)z —U"8 Hifii aroG 4, aroF 1 aroH {/3%%
AT DAL 55 B I S SR BRI A 1, Tl A2 Al AR K1
24 EEREMTABHESRERIR R0

Yt WT ., WTAmscS F1 WTAmscSAaroG A% 1R
ST g5 R R, WTAmseS Fi
WTAmscSAaroG 4 2R & 1534 0.248 g/lg-DCW
#10.260 g/g-DCW, 5 WT L, 2351RTFT 2.0%
1 7.0%. mscS Fl aroG A k4 A 1 MU N A &
R R LR A &R 2 A F ML R MG
BT B — 2 B T o
25 EREREMNTREFETE ALA FAREMML =
=R EAD

XIMET 2 F ALA 52, WTAmscS
5 WTAmscSAaroG ) Jifg Y IfiL 21 & % & 4 51
2.357 umol/L 5 2.866 umol/L, 5 WT AL, 4351
BT 11.6%7#1 35.7% (1%l 5A); Mish ALA &4y
%k 8.822 mg/L F118.354 mg/L, 5 WT #lt, 4
ST RE T 3.5%7F1 8.6% (141 5B), #EM ALA i —
AU T AT

T\ [ ok
8 \ T\

ALA (mg/L)

! ! J
. WT WTAmseS WTAmscSAaroG

Strains
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2.6 IFikhemAFREE ALATREML &
AL

C5 i&f2 1 hemA JEICHIL , il A ZHE-tRNA
WERE, ZEE2 5 ALA &, =ML R A gk
g B R BRIP4 hemA S A2 B Hh O 25
R, WT/pEA HIMZL 2 ok 34.117 umol/L,
WTAmMsCS/pEA Fil WTAmscSAaroG/pEA Ay IfL4T &
Tt WT/pEA MIIZLER &I T 34.4%F
39.5%; H:i, WTAmscSAaroG/pEA (Il 41 & & &
iK% 47.603 umol/L, ZymATFRIKFEE WT 1Y
2215 (1%1 6A) . WT/pEA [ ALA & 54 10.827 mg/L,
BRI FIREMA BRI, A A T ML R G
(%1 6B). I, TEGRK PR L RIK hemA 7] 1 2
ORI 2T 2R A Ao

3 WitE4®w

LT ZR ISP 2 | SR 2 BRI R A
M 1 TS PR T, O RIS, A
IEAE L e S RO R BRSO E RS £

= wn
(=] <

Heme (pmol/L)
(¥5)
=

Strains

6 FEHMLIEZWA)S ALAB)EE
Figure 6 Contents of heme (A) and ALA (B) in each strain
Note: *: P<0.05

FELAMLZT 28 0 4 3 A0 B A A b, 20 2R S
SEFHE AR EE N Z S,
I 21 2 48 R 19 70 A2 48 17 Xk T 95 2 R0 ) R
IEARA B AT oy TR M E AW
VAR E M, HRG S B S i £ %
AU ALA, DAIEB A 0 8 A 5 RN 2T A 3045
AW DR M 2T A S A R T T RS
Pk, TELMESET E. coli MLTEA MR BT
o, EEF ALA AU 2 5 T ARSI DR Z [ )
PR R B D I 2T 28 A s . i, Kwon
26 28y 1 41 2% 4 LR 721 Y hemA . hemB/C/D .
hemE 1 hemH 2£3£i5, 7 LB 5 5RArh 324000
k45 3.300 pmol/L JIAIMAL % ; Pranawidjaja 2
AL LRI hemA TGS PN IIZ BRI coaA,
FHTEREFRIL PN INBEER . H2RM FeCly, JLpIm
4T A A F) 9.100 pmol/g-2i ; 45t s vt
W21 2 A R 12 B A 20 8 O Ak R L o HE &
T, ML M 2r 3R fe ik 3] 1.399 my/L.

B
12 -
T T T
10 - \ \ \x
T
8 \
)
g o6r
<
—
< 4+
2 |-
TR e eI
A DY
,‘bﬂls
Strains
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5 FIRHGEA ], ASCEESE T i R BN IR

hemA J& LRI A0 BEES TR, i Oy A AR
B I DR A R R TS ZA RSN Y L ZE , P4 2 IR

(A%

W . A5 RWT, 7R Rk Ok T R R Rk

hemA, IM£1E 5w E 47.603 umol/L, Z5 Mk
R 22 %

AFFAGLFRIE T hemA, EARGTFE RIS H M

LTF R RATI BRI, (HRRELE G ALA Tl

[l

FOFR KR . A T AR B A 19 Sk fi it 100

AT ALA R SRk i b it E—
Al C5 AR I MAL R
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