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Abstract: [Background] Escherichia coli synthesizes porphyrins through the C5 pathway.
S-aminolevulinic acid (5-ALA) is an important precursor for the synthesis of porphyrins through
the C5 pathway. Heme is formed by the chelation of an iron to protoporphyrin IX (PPIX).
However, it is still not clear how the secretion of 5-ALA and porphyrin affects the accumulation
and conversion of porphyrin to heme. [Objective] To construct E. coli without rhtA and tolC,
which encode 5-ALA and porphyrin secretion proteins, respectively, to accumulate porphyrins.
Iron was added exogenously, and the ferrochelatase gene hemH and efeB involved in iron
uptake were over-expressed to promote the conversion of porphyrins to heme. [Methods] The
rhtA and tolC of E. coli BL21(DE3) were knocked out by Red homologous recombination, and
different concentrations of FeSO4; and Fe,(SO4); were supplemented. Meanwhile, the
recombinant plasmid pEHE for overexpressing hemH and efeB was constructed. The content of
porphyrin and heme was analyzed to evaluate the conversion of porphyrins to heme. [Results]
The removal of rhtA and tolC did not affect the strain growth significantly. As compared with
wild-type strain WT, the porphyrin content of knockout strain WT-RT increased, and the
synthesis of heme increased slightly. When 100 pmol/L Fe** was added exogenously, the heme
content in WT-RT strain was 29.44 pmol/g-DCW. When 25 pmol/L Fe’™ was added
exogenously, the heme content in WT-RT reached 38.22 umol/g-DCW, which was 1.78 times
compared with that in WT. The heme content in efeB-overexpressed strain RT-pEE decreased
significantly, while that increased significantly in RT-pEHE strain with over-expressed efeB and
hemH. [Conclusion] The deletion of tolC and rhtA leads to the accumulation of porphyrins. The
addition of Fe*" and Fe’" at appropriate amount and the co-expression of hemH and efeB can
promote the conversion of PPIX to heme. The results provide a new strategy for producing
heme by recombinant E. coli.

Keywords: Escherichia coli; rhtA; tolC; porphyrins; accumulation; transformation
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Heme metabolism pathway in Escherichia coli.
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GltX: Glutamyl-tRNA synthetase; HemA:

Glutamyl-tRNA reductase; HemL: Glutamate-1-semialdehyde-2,1-aminomutase; HemB: 5-ALA dehydrogenase;
HemC: Hydroxymethylbilane synthetase; HemD: Uroporphyrinogen III synthase; HemE: Uroporphyrinogen
IIT decarboxylase; HemF: Coproporphyrinogen III oxidative decarboxylase; HemG: Protoporphyrinogen

oxidase; HemH: Ferrochelatase.
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1 )H— 5'@'_ —l;_j 7‘?% B4, TaKaRa /A#]; ClonExpress® MultiS

1.1 &

One Step Cloning Kit, Fg 5% i MEFE A= W B I 0y
ANl N E R R (Amp) FIHLIR RIIB%E 2 (Kan),

L1l Bk RS I
BFSEPBTH T Ok otk Sl ey B DA DERCEI RO A A T S B 2L

FRAAIILE 1R 2, %, Sigma-Aldrich A7) ; KEHRRR, EHENH
1.1.2 FERFIMNE AT BR A D
BRI PEAZ% R N VIS Xho T, Xba I FlF0ki4R PR VKA 2 D) RERG A7, Bio-Rad 24

® 1 ARSI PR A BRI AN AR

Table 1 Plasmids and strains used in this study

Plasmids and strains Related characteristics Sources
Plasmids
pET-28a Expression plasmid, T7 promoter, Kan® [14]
pET-22b Expression plasmid, T7 promoter, Amp® [15]
pKD4 Plasmid for red homologous recombination [15]
pKD46 Plasmid for red homologous recombination [15]
pCP20 Plasmid for red homologous recombination [15]
pEE pET28a inserted with efeB [16]
pEHE pET28a inserted with hemH and efeB [17]
Strains
WT F ompT gal dcmlon hsdS; (rg mp; E. coli B strain), with DE3, a A prophage carrying [14]
the T7 RNA pol gene
WT-R Strain WT deleted rhtA [15]
WT-RT Strain WT deleted rhtA and tolC This study
RT-pEE Obtained by transformating plasmid pEE into strain WT-RT This study
RT-pEHE Obtained by transformating plasmid pEHE into strain WT-RT This study

x2 WA
Table 2 Primer used in this study

Primer No. Primer sequence (5'—3") Purpose

Fl1 CTAGTCTAGAATCTCCAGTAGCCAGGGGGTTT To amplify homologous sequence
R1 CTAGTCTAGAATCTCCAGTAGCCAGGGGGTTT upstream to tolC

F2 CCCAAGCTTTGAACGTAAGGCAACGTAAAGATACG To amplify homologous sequence
R2 CCGCTCGAGGGCATCCAGAAACTCCCGC downstream to tolC

F3 CCGGAATTCATTGTGTAGGCTGGAGCTGCTTC To amplify Kan-resistance gene
R3 CCCAAGCTTGACATGGGAATTAGCCATGGTCC containing FRT sites at both ends
F4 ATCTCCAGTAGCCAGGGGGTTT To amplify target fragments

R4 GGCATCCAGAAACTCCCGC

F5 ATGCCCACTCATTTTTTAACGCTTG To verify tolC deletion

RS TTTTGGTGCCATTGCCGTC

F6 ATCCAGATGATCGATCAGTGCG To verify rhtA deletion

R6 GCTGTTGTCTTCTTCATAGCGG
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Al AOGEETE, BWESERR AR A RA A
pH it, MR M 2 A6, MeEEmRIL, dt
LR BH R RA IR AH
1.1.3 EHHEE

LB WA 73 (g/L): BEEE PR 10.0, R
¥ 5.0, NaCl10.0, pH 7.0, 121 °CK % 20 min.
PUtkE IR LB WA IR KRS
IIAZHE N 50 mg/L #9 Kan F1/8% 100 mg/L
) Amp. LB [E{A3EFRHE: 78 LB WlAASE 75
T 20 g/L BOBIE .
1.2 7k
1.2.1 KBEAFE tolC IR FR

>R FH ARed [v] Y 5 2H % B R WT-R #9 tol C
AT AR . LA E. coli BL21 K&K 4H 41 Wit ,
PL FI/RL R519%H 38 tolC _FUE[EIEF41 Ut,
LI F2/R2 Jy5 | # %1 tolC R i [Rl 5 51 Dt.
L pKD4 ki AR, DL F3/R3 A5 W%t i
Wikt & FRT ) Kan HrdEIERE tK, PCR W4k
R B A WA B Ut Dt & KK 54k
YEAL Y pET-22b JFAifdi ] ClonExpress® MultiS
One Step Cloning Kit ## )5, AKX H
BL21(DE3)#z 8401, 7£7% 50 mg/L Kan Fl
100 mg/L Amp HiPE Ry A IR | 37 °C K3
WG, PRECBH M v I IE A5 2 5 A SR
pEQT. LA pEQT Mt , LA F4/R4 J5| Xty
14755 tolC i DNA fT# /1 BL QT

KA, BT R B QT #AEA
pKD46 JF kL) BL21(DE3)&AZ A4, %%
gE S, SERIIMA 1 mL B LB Wi Es 3R 3t
37 °C.200 r/min & 75 12 h, 15 000xg &[> 2 min
JE AR K 1A T 50 mg/L Kan ¥ LB -4,
37 °C KiFR I BH I sl . LABARE WT gkt
B, f S 0% F4/R4 E4T 1RV PCR, 75 PCR
A FR e S AT WA e ) O pCP20 TR
BRI EA R, WA TS Amp Ptk

) LB 35575, 28 °C #5370 7, BRERHE s b
B %F F5/RS #£47 PCR ¥, Ky =
Wik )y, W IE 6 AL TR T LB B
FrHk 42 °C #5538, LUHBRMN pCP20 JBikL, 1%
F| WT-RT k.
122 BERSWEEETRIAEKRNEE

435 HL 2 uL #) pEE Fl pEHE JFikr 5 100 uL
WT-RT B2 SR RIES), TUK Lk 30 min
J& 42 °CHA 90 s, FEUKIA 3 min, MIA 1 mL &
LB 5353, 37 °C. 200 r/min & 75 45 min 5
15 000xg #§.0> 2 min, 2% BIEWR, WRAA WAL
T 50 mg/L Kan 9 LB [H{&FHe |, 37 °C}
TR ARAG B v BT o
1.2.3 EFREH

PREUE MR WT ., WT-RT, RT-pEE ) RT-pEHE
R 2B LB 3R 5,37 °C 200 t/min
FiS% 12 h Je k4 248 W f O 150 mL LB K57 2k
1) 250 mL #fh, FEREEN 2%, A BRI
FRR TN ALHE Jy 50 mg/L B Kan, FF7EHE
Bl 2 h R INAMRE M 0.2 mmol/L By IPTG, LA
K 0. 50, 100, 150, 200 umol/L f¥) Fe* I/,
0. 25. 50, 75, 100 umol/L 4 Fe’", 37 °C,
200 r/min &5 10 h,
1.2.4 BE#REKEZENE

# ik WT. WT-RT, RT-pEE F1 RT-pEHE
PR R LB Ji ik ny e, 37 °C.200 r/min
FiFR 12 hJa, DL 2% i i i 2 36 150 mL
LB AR F2 349 250 mL $EHF, 0 E B AR
WIth ODgoo, 37 °C. 200 r/min 4kZE853%, 25
bR 2 h BORERIN, AR RO, AT
PRIEATIE S5 B, MRIE ODgoo 5 R R
AR .
1.2.5 EEHERNZE

T4 50 mL 25048 B F 105 °C HAa
T, BHIEHRE. LS50 mL A9 LB K557
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FAXF R, 43 ODgoo A 091, 1.11, 1.58,
1.83 #l 2.42 WK HEEW, 5 000xg B.L»
10 min, & L3, HEAREKNEOEERT
105 °C #AE Z W R 2T, BWHERE. L
KT 5 (dry cell weight, DCW) A AL R | X hif
1) 41 11 %% J3 (ODgoo) b D A 5 225 1l il 2, 75 %)
1 ODgoo X 17 0.395 8 g/L-DCW .,
1.2.6 M RKEEN

2% PR U g, RGN
TR TR L PN I 21 28V
1.2.7  ANWRESE

SN e 3 A S IR AR I o 0 P AR v
G, BUS R E AR VmL, fff ODgexV=8, T
4°C, 15000%xg &.0> 5 min J525 B, F#4iK
FEEAEIFEBE 1.5 mL EIEELE T,
4°C, 15 000xg FFKE L S min 25 Eif . 7EBO
BRI 500 pL (4 20 mmol/L F2, T 4 °CH#
B 16 h; FIBEBAE 500 pL (1 2 mol/L FEAERAN
AKELERIRERIES, FECE 30 min J5
15 000xg &5.0» 5 min, WH 200 L FiE T B4
96 FLE AR, f RS HEA T2 ARSI (B &
4 400 nm, KHHEK R 620 nm). 3 3-FATFE
1.2.8 ZitESH

S5y 3 YO E - ¥1E , SR A IBM SPSS
Statistics HY LA t K56 31780110 #r, P<0.05
AN A Gt

2 BRS04

2.1 tolC #0 rhtA BR&EXT KA EE KRS
i 25 2 B % F5/RS 1 F6/R6 X tolC Fll

rhtA XUBCR BRAR JEA T %572 o £TX) tolC, R 5]
WX F5/RS Xl o3 8 20 A R ok AT A 7R R e i
17 PCR "3 S B TR o347, Biie B 3P A AR 1Y)
YW B A 3022 bp, AEBRERE N 1503 bp.
B35 rhtA, FIF S F6/R6 X i bk i 2h i

PR A4 BB MR EAT PCR BRIE, FHIE b4
B R B3 BERC R 1946 bp, 1T R R A PR
1 067 bpo HIE 2 A4, BN HIEIE
o PR T kw24 4 WT-RT.

Fie 2% HE Rl o AR AR WT & WT-RT
% LB 8373, B0 2 h BUREI 2 AR . LIRS
FRIF AR AR AR, BRARIRE IR AR, 15314
BRI 110 2 K 2R (] 3)

bp o (o T U« O o )

2000

1 000
750
500
250
100

2 WERKEHA PCR IE  M: DL2000
DNA Marker; 1: WT iy tolC %iiik; 2-5: WT-RT
() tolC B 1iF 5 6: WT [ rhtA BiiF; 7-10: WT-RT
() rhtA 56 F

Figure 2 PCR verification of double deletion strain.

M: DL2000 DNA Marker; 1: WT for tolC; 2-5:
WT-RT for tolC; 6: WT for rhtA; 7-10: WT-R for rhtA.

3.5 —®WT —@—WT-RT

Time (h)

3 WT # WT-RT B4 Khsk
Figure 3 Growth curve of WT and WT-RT.
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m & 3 AT %0, 78 0-12 h N, WT-RT f & {4
WER AT WT. XERMAE LB Wik IR T
tolC Al rhtA R I AN 52 AR A A= K .
2.2 tolC #A rhtA GREXFAMBKFI ML LT = & A
A

5-ALA X205 )6 EA ELEMER,
RhtA FH I E i RIES 5 5-ALA 421 TolC
EAM TR RESMEE, 52 NN
FHEAERT, 1) 240 L S HE 5 S5 26 0 Jo A L P G
Y. AR RN, Bk tolC AR i i Y
Bk AT AR B R R AL R Ik, AR
KIGAFE Y tolC F rhtA PEFTRERR , DLBFSE X
Pl 24 btk 5 121 2 A9 FL R IE B .

HE 4 AT %0, TR WT-RT HP L2022 5 &
i 4 2279 umol/g-DCW , 5 &bk WT #
21.42 umol/g-DCW #f b A7 4 & 25 34 Jn 5 1
WT-RT #2608 B 2 5 T WT, R B EER rhtA
55 tol C 4 in T HReR A A B o 31 B B T P Y
JRNIRIX i) I 2T 28 19 G 40 350 31K

B Heme [/ Porphyrin

seofeske ]

25k * 4600

- 4500
Z 1T =
2 {400 2
215+ 1 =
[=] i &
i . 4300 z
e .200 &
L -
T L

St 1100

0 0

WT-RT
Strain

4 EH WT 5 WI-RT WAMNKSE MO RS S
Figure 4 Contents of porphyrin and heme in
strains WT and WT-RT. *: P<0.05; ***: P<0.001.

2.3 NSRS T XM EE 1L Y S2 0

K FF oA P 20 3 & 1 PPIXCRR 2k 3 1
LA JERNIRIR HOE B o AR WT-RT A i Rk
AR R, (HILLT 2R F AR A T B AR T O
JCH] AR TE . AR RIS ] BE 2 TR AT
BRI N R F B b, PPIXTRIESS & %
MRS FEI M . BIABF BRI T AR
PR T 5 PPIXIH] IMLL1 2 H AL A1 I

meE s frR, FESMEEINE Fe’ W N
100 umol/L H}, FEHk WT-RT Y Ifil 2T % 5 1 ik )
il 29.44 pmol/g-DCW. 5 ICAME AN Fe**
BEAR L, IMZ0ER & AR 5T, Hibok
FI DGR AR o X UEBAZMIEAS I 100 pmol/L 1Y
Fe 1l LLAT 3 ks PPIXHE AL M I 4T % .

WE 6 Wras, ESMEEIN 25 wmol/L Ay
Fe*' B}, B Bk WT-RT B Il 21 2 ¥ B 7] 35
38.22 umol/g-DCW; [Ali}, WT-RT fi¥ PPIX%¢
JER K. XU IR R Fe I LA
SR T PPIX ) ML 2T 28 F 5 %

I Heme

35 r sk
I [/ APorphyrin 4 500

400

300

Porphyrin (AU)

200

Heme (umol/g-DCW)

100

50 100 150
Fe?* concentration (umol/L)

Bl5 Fe’ XiE#k WI-RT M4 EFANK S 2 IS0
Figure 5 Effects of ferrous ion on heme and
porphyrin contents of strain WT-RT. ***: P<0.001.
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A 25H 3
& 1300 2
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T 10t
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6 Fe’'X WT-RT B #k I 4T S FRNH 2 8 A9 F00
Figure 6 Effects of ferric ion on heme and
porphyrin contents of WT-RT strain.

2.4 TFRiX EfeB 5 HemH XFAMHEE LAY
=AU

M 2.3 S5 0TA, SN IR B 1 nl e it
PPIX [f] 21 2 A% Ak, T H Fe’ BIRCR A W
. EfeUOB fEN—Fh = Gtz A RS,
Xf Fe’ 't Fe' HAT B B w1, P Y EfeB
Yo TefG izl Bl Fe® ik Fe ',
U, AHFFELL Fe MY, £ WT-RT Btk it
ik efeB, W58 EfeUOB £k#%is R4+ Fe' i)
Fe’ ' (HEALRE 1, JRiE—2 3 3k hemH, 425
R B G Tl I R Ak K, IR TR S5 R R
PPIX [ ML £T R FE AL A1 L o

WA RI, Hid Fik efeB (1) RT-pEE
Bk, HMLT R SR 4.7-5.9 pmol/g-DCW (F 7A),
AHEETF WT-RT [ 20.79-29.44 pmol/g-DCW (/4 5)
IR, 1M efeB 5 hemH $L55551% RT-pEHE [
PR, HIMZL R A BUK U5 & T RT-pEE (Kl 7B),
TEAMETRIN 150 pmol/L ) Fe* I, 4T &4
&} 30.85 pmol/g-DCW,,

XIBLEENE fur B MK BAFF R, 20)
1 # 3k hemH B efeB i 1ML 21 2 A9 45 ST T F

T AL FRIRIX 2 AN FE PR B DA R0 0 T £ R 1Y)
W, ABFTTEs RS 80

SR, AIREJEH T2 AR LR B R
M, PEAKR RT-pEHE B4 (B 7C) M3 T i bk
WR-RT (/& 3)FIHIEN 1 =K1 RT-pEE (&l 7C)
BRI ES, BT Z & & 5mK WT-RT 1
29.44 pmol/g-DCW £5F-, K IgEHN .

3 WAREER

ML R HA ELEWAEYFU6E, £
P27 SR PN B H R SR 2 . SR AT
I 2R R AL R B DR 1 A 7 i 2 AN B
ZARE KR AT R A AT A AN BRI A KA
H w38 1k 2T R A i BB 5% 32 B4 h e e At
Myt Rb B, D@ arh iy an 5-ALA
(KU B 2 3 o 22 3 R B A Ak o Rk 1A
2 aal /N | FARE 3 (0N A N (1S O N/
AR I 2138 G B ) B B SR 4 /0 o A 5 i
A BRAMIEE A g 3L rhtA 1 tol C U/ i
TRP SN, I 5 A& A2 1) SC B i HemH 1
S 52 E M BfeB ML RL, FEH AL
TR KB F 19 2518 T Rk PPIX ) If 21 R W %1k,
R KA TR A AR TR R SR

WF5E & B, FEBE rhtA Fl tol C X 1 4 A= K TG
WEFm, {5 PPIXAG 3| KEMFL R, PPIXY
Fe I B 4 Je I 21 3 A A 6 it Je o s —
¥, LS 7RIS HemH B9IE J1 %k 52
i 26 7= 4y I 21 28 3 i O &R AN IR TS
100 pumol/L Fe* Fll 25 pmol/L Fe’ X Ifil 41 2 1)
A, 43k E] 29.44 pumol/g-DCW Hi
38.22 umol/g-DCW,,

ViRt iz —BCIA EfeUOB Y4 4,
EfeB 25K Fe’ e fb ol Fe' MrE MY, A5
BB, TEAMBEIRIN Fe ST, Baphid %k
efeB J& 52 1M 38 UM £1 2 & it (9 R % T 5 hemH
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Figure 7 Heme synthesis and cell growth of gene overexpression strains. A: Heme and porphyrin contents

of RT-PEE. B: Heme and porphyrin contents of RT-PEHE. C: Growth curves of RT-pEE and RT-pEHE.
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