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Effect of Promoters on the Heme Production in a Recombinant Corynebacterium glutamicum
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We published that bacterial heme was over-produced in a recombinant Corynebacterium glutamicum
expressing 5-aminolevulinic acid synthase (hemA*) under control of a constitutive promoter (P;g) and the
heme-producing C. glutamicum had commercial potentials; as an iron feed additive for swine and as a pre-
servative for lactic acid bacteria. To enhance the heme production, the hemA* gene was expressed under
controls of various promoters in the recombinant C. glutamicum. The hemA”* expression by Pgq,4 (a consti-
tutive glycolytic promoter of glyceraldehyde-3-phosphate dehydrogenase) led 75% increase of heme pro-
duction while the expression by Pyss (a constitutive, very strong synthetic promoter) resulted in 50%
decrease compared with the control (hemA* expression by Pig) constitutive promoter). The hemA* expres-
sion by a late log-phase activating Py, (an oxidative-stress responding promoter of superoxide dismutase)
led 50% greater heme production than the control. The hemA* expression led by a heat-shock responding
chaperone promoter (Pg,.x) resulted in 121% increase of heme production at the optimized heat-shock con-
ditions. The promoter strength and induction phase are discussed based on the results for the heme pro-
duction at an industrial scale.
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A XA (ROS: reactive oxygen species)ol] of gt o] 7} £
E51A Hol HAHLoE AL AFE7HA] o] 2A Hrt. ¥HA
of BagFHtt o2 HAAJEH A2 AAHG 43}
Sh Wh3ofl ofa 2 o] EAdAtaTt WA Eof GA] A}
717 o|2A Hrh2]. NlEZW FHo FAF 28 A &
Ae 2299 HLEZQ] 5-aminolevulinic acid (ALA)2)
AAolth. M, A, A8 B XFoA EHEHE C5 7
Z(C5 pathway)o] A= glutamateE 7|2 S =2, NADPH
(Nicotinamide adenine dinucleotide phosphate)?} ATP
(Adenosine Tri-Phosphate)E AF&3}l9] glutamyl-tRNA,
glutamate-1-semialdehydeS # A ALA7} A=Y, 2
9 A FAE &ust= 849 glutamyl-tRNA reductase
(hemA)7F N2 U] AE &% o wa} AAZE (transcription
level) ©7| 2} HemA Thaf A o] BEajchA o A A A5HA A
HoH3). NAF(Escherichia coli)] hemA AX= 2709 67
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ZarE Ao g 2HEw 1H Z2HF A Ho| 85-
90%, 2¥ TERE AFo| 10-15%2] HAHE "3sh=H[4],
19 Z2 g A8 = A E A 3 E (free heme-
iron)- A A T 2 Bk o s AAISGAE FaAIZITH5].
T, T BejdA oA g AR E A AEo] Al
EZ Yo 2459 HemA T2 (glutamyl-tRNA reductase)
1 AgstA =W N-Zeho] k=& 5 o] Lon/ClpAP Tl a2
fass YA o3 a7t SR THe].

AAEL AEE BFo 2 PGS A2FE Aol
FRH g 7H5 Y ARHTHA (A0l 8Bl =2 FHY &
4 FDYU FAHE(lactic acid bacteria)®] R EA| A3
A @A AARLY HAEZAS AlF) TY thget
G487 AAIRE HE QUTHT7). ol AREE Alatoll A
WA= Cb F29 247125 J9sl7] o], axy =
FriRolA HAEE C4 FE(C4 pathway)® A w3
(succinyl-CoA%} glycine®] &§EHgol 25 ALA AEH)S
Z1j5}l= ALA synthase (hemA") [3]1E Aol =3t J
A S $ESAT, 8. 220, e AT A
o PRae] AR M HoR SAAA AxTE A2
o] Aol AAE7| ol AAFH FE2o A TaAYito
A oz A A E 7| = SHATHI) AFA A oA Bol A

£33 3l Corynebacterium glutamicum-= A2 G

Table 1. Strains, plasmids, and promoters.

AL Hdsts TAER AHEE £ Qlom[10], AE 54
2= A-o| diit2 HAE T3l AE7] YA e A=
of AL AL HE FALE ZERH[7)E T} A
A AAME 2 AAAZ|E 58 P A4k Eo] a4y
Aok APAFoA AHEEH Z2HE AEQ Py C.
glutamicum® A A oA A¥EE hypothetical membrane
protein®] AFRA| Y (upstream) A L2 A UH Al5o2 H
LEQTH11]. wetA] B Ao APdFEn SHE
WA SaYAE Al hemA” AARE ZERER Pog ©]
Q)9 g HAEAE Hole 4 TFPuss, Peapar Psod,
Pinaw)E A3t hemA™ FHAAE AASHE S of 8 A
AbFE vBlast gt B3 2 FH YA 9 AAEE ARE
Hiegro 2 oiqt i A Ha Aol e T2 RE L 1 o]
L5 EE3}

ERTETE

FFot Bepavle

of¥l Aol M AHEE FFEY ZeFATESL Table 1
ol estsict. PCR SZo] A48 Lelny2d g s A
Ao Bzatgo| A THTable S1). AFLE hemA* SA
HGE o] AolA AEE pSL360 (PrsorhemA (2 53

Description Reference
Strains
Escherichia coli DH10B E. coli F- mcrA A(mrr-hsdRMS-mcrBC) ®@80lacZAM15 AlacX74 recA1 endA1 araD139 Invitrogen
A(ara leu)7697 galU galK rpsL. nupG A~
Corynebacterium glutamicum C. glutamicum wild-type, Biotin auxotroph ATCC
ATCC 13032
Plasmids
pSK1Cat E. coli and C. glutamicum shuttle vector Km®, Cm®(promoterless) [11]
pSL360-hemA* pSK1Cat with P180 promoter-hemA* [
pSK1Cat Py3g-hemA* pSK1Cat with synthetic H36(high expression) promoter-hemA* In this study
pSK1Cat Pggpa-hemA* pSK1Cat with gapA(glycealdehyde-3-phosphate dehydrogenase A) promoter-hemA*  In this study
pSK1Cat P,q-hemA* pSK1Cat with sod(superoxide dismutase) promoter-hemA* In this study
pSK1Cat Pgna-hemA* pSK1Cat with dnak(Hsp70, heat-shock protein) promoter-hemA* In this study
Promoters
P1so A constitutive promoter, upstream of a hypothetical membrane protein [11]
Puss A constitutive, very strong synthetic promoter, screened from the random 70-nt [14]
library
Pgapa A constitutive promoter under glycolytic conditions, upstream of glyceraldehyde-3- [15]
phophate dehydrogenase A(gapA)
Psod An inducible promoter under oxidative-stress conditions, upstream of superoxide [19]
dismutase(sod)
Panak An inducible promoter under heat-shock conditions, upstream of Hsp70(dnak) [20]
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02 3}o] PCR ZE549th T2 W E Q] Pyae pCES-H36
[17] ¥ 223 F PCR 3E(121 bp) = %1, C. glutamicum
ATCC 130329] 434 DNA (eDNA) %% 0 2HE P,y
(253 bp), Panax (266 bp), Peq (182 bp)7t SEEH AT 5F
H z2HE AE9 PCRAEES 24 hemA* 32 DNA
%22Z+1735 bp)} Gibson assembly 3 (Gibson assembly®
master mix, New England Biolab, USA)S.2 HZ3 3,
Z+zt A4Z%" DNA 2ZE52 TA vector (T-blunt PCR
Cloning Kit, SolGent Co., Korea)o] subcloningA]Zl %
DNA A ¥& &elstHct ZF ZERE-hemA® 272 X3
3l= TA vector52 PsiIZ Y3 & gel extraction kit
(Biofact, Korea)2 &3ttt 2% DNA 2752 Psil
o2 Ad pSKiCat #E[11]o] AZAsHHT. AzE
pSK1Cat-Z2 2 E-hemA* WE &2 C. glutamicum TAE
o A7|1s4¥es FAMEsI

L 2 ] D R =

DNA 232 93t E. coli ¥9FS Luria-Bertani (LB) Hj%,
37T, 220 xgo| Al wjFE U FAE BArstr] 9% C.
glutamicum @) ¥ %¥-2 YS vj X](Glucose 40 g/l, Yeast extract
10 g/1, Soytone 10 g/l MgSO, 1 g/l, (NH,).SO4 5 g/,
KoHPO4 1.5 g/, NaH,PO,4 0.5 g/, CaCl; 0.4 g/1, FeSO,4
0.02 g/Me]l 25 mg/ml®] Kanamycing #7}3}L, 30T, 220 xg
N A 96X 7H5 < Ml FE AUt Panax s Z 3t HEE
83t C. glutamicum dFoNA9 €543 $== HAE &
24h, 48 h, 72 ho] W{F 2 =5 30T A 37CE F7HAIZ
¥ LEE A% §AHA IR YT LE W e
33] ol4F s}t

2y
C. glutamicum® 4AFL 600 nm oA EFL T A
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AEAF(1 ODgonm = 0.25 mg/ml
o} gHibstiTh12].
22 Pranawidjaja 9| WS wsith
okl e 1 md AT T AR
xg, 10 min, 4C)E NEZTE £53%ch 452
= AAT & %o Wl (pellet)}> 1 N NaOH =& 1 mlo]|
AdE g FH, 0.2 g9 glass bead (A Glass bead, acid
washed, 212-300 um, Sigmaaldrich, USA)E 3Z33t
1.5 ml-BH o] Yl bead-beater (Minibeadbeater-16, biospec
products, USA)E o3 187+ 5% arfistqict. ohy) & o
A1 E22](12000 xg, 10 min, 4°C)% sample] AFZH 200 ul
£ 400 w19 acetonitrile : dimethylsulfoxide (DMSO) (4:1,
viv)I} A Qlth. Vortexing & A|RE YA EZ (12000 xg,
10 min, 4C)3} 3FEHE polytetrafluoroethylene (PTFE)
filterE A3l filtering stTh ©o|FA FHE AlRE&
HPLCE &% A4 Aol AH&E it HPLCEA S 5¢
2T (1 ml/min)2 A H(Waters xbridge C18 column, USA)]|
0]5AH1 M ammonium acetate buffer [pH 5.16] : Methanol
14:86 [vW])& T8 HdHEL EI3t, UV/Visable
detector (400 nm)E A& Gt B2 TH ZAL 93t =
ZE74-L hemin (Sigma Aldrich, USA)S AF&-3}31th.

zd

T
AL =2 e o] o3 I P4k

5-olu] = 2 H #Ak(5-aminolevulinic acid, ALA)}S 34 A3
T4 229 3 WA BRI DT, AE o ALAY FE
7F wotAlE Al71¢F Ao whet HF AR P At
gaFo] ujd AR Aiste] o 72 Z2RE it &
A8 AT, Pusg HAL AFHOZ T079] F29) A
Q2 YHE NLE /et NEE B B3 ANTE B
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Fig. 1. Effect of constitutive promoters for hemA* expression on growth and heme production. Closed circle: the P1go; open circle:

Pgapa; reverse triangle: Pyzg.
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ol AAYHE =2 o), A2 H endoxylanase?] I}
F dr3do] B H vt QItH[14]. Pggpa A B2 glyceraldehyde-
3-phophate dehydrogenase A (gapA)] TZHE A E=Z,
NI A7)0 AAT A HAbFo] Bl £& AL
2 BAFEACH15].

Ay Ao AHEE AAIEE Z2RE QL Pl
hemA™9} T2 HAFS 7= AR RAME AT
ERHE AHSSIAS WY Al A -] Ay Ayt
ot B T} (Fig. 1). Prgs Al €& AFE3E S Pigo A E
S A 2 die] FAFF] 27% FAR L, - YAt
FE 50% FETHLT gt ABE A BT A0 E 2
Fo i3l 200% FAoASE BT B AL 7%
F7letsic.

Prse= 37FA] AAIHE 2 2H QI Pigo, Prse, Peapa 5
7H w2 4SS Hole T2REE HAEHYoH, O
o 93t HemA9] 4H=¢1 ALAY| o] 2 #FEHT =
71 ¥ 22 =2 A&5Hthdata not shown). T L}
M2 ddeEd 22 AZY A4Ed T2 B
e ARl AE Y] YA 23] 8 Prgeoll B3l 50% 7+
235kt old A= AE AT FE7F AEA Wl A
- dAsHA 2HEHE AM[16]2 R0l ALE2E
hemA® §A7+2] @ o] w2 g ALA= F7HAIQL
porphobilinogen (PBG)°|U 4HE¢l Fo] Uehfi= A2 =
X AUAA S sho] AT} A} TSk Ashe Ao
2 334t Fig. 1904 7P =2 AAEE dAeEe s &
% Pygeoll Al 7H8 W2 dAFS Bl A3te o]t 4
T A3t} A, G A S glyceraldehyde-3-phosphate
dehydrogenaseS JAIL@8I= Pyopas AHER hemA+ EE
21 PF PAFL 5% Fedte 24E B o= Hl
AW Z23rd 2Ego] EAsts 27 TR = =24

g rir

o
3 =

=
=
S

o
-
=i

Cell mass (g-DCW)

Heme (umole/g-DCW)

Fed =2 eEd oF FH Y4t

Az oA Aol gz PAET, dd o 4 o]
2o] Aol wgato] ALY Af RS AATE
WE SHE[17)0] ofa) Ao Sqo) wASHE Ao el
St AIE ARE Adse Age) Ak Aol
$EUH ZRREE AsHe WE HeEo] nRTEo| 9
oB2[18), & AFo|AE B4 7o ofa WY ARAS
$ENY 5 Yk ohe B Z2uEY B3E 245

2, Pyoq= superoxide dismutase (sod)] T=
HE AEE @AALTE ol Ta Rt o HAFS
Aoz HuFJeH19). F HAZ, Poxe B
Z (heat-shock stress)®] Fo]X = ZAA FIz2EA
(global transcription regulator)?l SigHol| ¥H-g-3}e] AAL7}
4% %+= Hsp70 (a heat-shock protein; dnaK)| X 2 X E]
AgE B EQITH20].

F7HA A= Z2REHE ARRSIES U Pigo A ES
AR tf 22t v a gk A YA =3 dao|th(Fig.
2). 22 B, Popg A EE 9ol AT 25% 2
2FGPA T - BAFE 50% F7FFAT Paax A S A
23 Aol FAFS 18% FASFAA T, A A
121% &7}t

Pz B84 e 2o v 3| YdFo] Folxe Z2R
Eolung ¥ 27|os ¥ #Eo R WSt PAES
A TE B2 ol HolR7] fEol Py HEF
T H|Este] Fobd A= PP, FFA AE A

.

60 80

w
Time (h)

100

40 60

Time (h)

100

Fig. 2. Effect of inducible promoters for hemA* expression on growth and heme production. Closed circle: the P;g; open circle:
Psod; reverse triangle: Pgnak. The Psoq Was induced by autonomous oxidative stress and the Pg,qx was induced by changing culture tem-

perature (30C to 37 C) at 72 h.
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Table 2. Effect of induction time for hemA* expression on
heme production.

Heme-iron concentration

Induction time (umole/g-DCW)

Constitutive Pqgg

Control 4.50+0.19
Inducible Pgnax

Not induced 7.66 + 047

24 h 8.00 + 0.01

48 h 831 +£0.53

72 h 9.95 + 0.52

Control represents the heme production from the constitutive
P1so for hemA* expression. Heme concentration was measured
at 96 h.

Inducible Pgy,q indicates the heme productions from the heat-
shock inducible Pgnqx by changing culture temperature (30 C
to 37 C) at the given times. Heme concentrations were mea-
sured at 96 h.

F2 Pigooll Hl8l 50% S71ote 232 YERAT. Pawax A
gofl AT F=LAME €540 ¥ AE WNF S7HE
o] @34 ol AH AT F7HEl Wiste AA Fot

A RS B 5 A

A i) 2 454 F2EE A

Pinax A B0l &3t €52 229 A|7]7F I BAte] 1)
A= G 2459 C. glutamicum2 30-40CS &=
e ol A A 4 el 30TolA 2 UHE g
BE2[21], & A= A 1Y HolAw, 2 wjgE=
2l 2 370 94549 252 49 AAs. &
4 o|F MFXEE 30CE A BEAAT= A 37CE
FASE 212 AuAE A FAFT F- YA =
o]7} g1 = 2 (data not shown), & A A= EFF 9|
o 2= Ta FEAMA 37TCE XS 24 2
sttt

Pinax A G0l 3 €54 =LY HH AI7|E 24
a17) Yl & WFAITE 96A17F 5 24412 A 2 2 30T
A 3TCE EF4S S W A48 4gs vusiit
(Table 2). &r& FTREQI 72A|7 e %3 =2 3ol © 7
7t M =2 FE AAFEREHS fle 249 P180°l
ot izt A AR 121% F7hE B 3T
A 2 24A7b0] €54 fedde] H A9t MR W
2 PH YAFR =S fle 2149 P1809] 93 i+
A PAFET 0% F7hS UEETh 2= ¥t 93t
FELEE AZ 545 Uetd= A 38 At
S84 S AT 5 & Ao E AEn gy
g2 34 F WS 25 S/t olvA 287 H 2

|
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3t7] o] vEd SHAE dHo R AFF 4 it

ol A oA 57he] ZEREE vuLg ANE JAH A
Abell = dnaKe| T2 RE|E AHE-5Lo] hemA™E IS,
96A17F B A] T2A17ko]| heat-shockS T3 HEE X5t
e 7MY B2 PH TS 48 = Adte A
Sttt o] o]Yo| & JAH YAFS o FHA 7= IR
€ IE I BE E2A8t= o8 FAAEY LE =
dolup AFEA Q] ALAY AH 5=, AHof 2t Atstx
EfA A Fo Haf o B A7t BLesirt

Acknowledgment

This work was supported by a funding from NRF of Korea
(2016R1E1AT1A01943552). The authors extend their appreciation to
A3 Foresight Program (2016K2A9A2A10005545) for supporting
research network.

Conflict of Interest

The authors have no financial conflicts of interest to declare.

References

1. Becker J, Klopprogge C, Herold A, Zelder O, Bolten CJ, Witt-
mann C. 2007. Metabolic flux engineering of I-lysine produc-
tion in Corynebacterium glutamicum—over expression and
modification of G6P dehydrogenase. J. Biotechnol. 132: 99-109.

2. Kim HJ, Kwon YD, Lee SY, Kim P. 2012. An engineered Esche-
richia coli having a high intracellular level of ATP and enhanced
recombinant protein production. Appl. Microbiol. Biotechnol.
94: 1079-1086.

3. Schobert M, Jahn D. 2002. Regulation of heme biosynthesis in
non-phototrophic bacteria. J. Mol. Microbiol. Biotechnol. 4: 287-
294.

4. Verkamp E, Chelm B. 1989. Isolation, nucleotide sequence, and
preliminary characterization of the Escherichia coli K-12 hemA
gene. J. Bacteriol. 171: 4728-4735.

5. McNicholas PM, Javor G, Darie S, Gunsalus RP. 1997. Expression
of the heme biosynthetic pathway genes hemCD, hemH, hemM
and hemA of Escherichia coli. FEMS Microbiol. Lett. 146: 143-148.

6. Wang L, Elliott M, Elliott T. 1999. Conditional stability of the
HemA protein (glutamyl-tRNA reductase) regulates heme bio-
synthesis in Salmonella Typhimurium. J. Bacteriol. 181: 1211-
1219.

7. Choi S+, Park J, Kim P. 2017. Heme derived from Corynebacte-
rium glutamicum: A potential iron additive for swine and an
electron carrier additive for lactic acid bacterial culture. J.
Microbiol. Biotechnol. 27: 500-506.

8. Lee MJ, Kim HJ, Lee JY, Kwon AS, Jun SY, Kang SH, et al. 2013.
Effect of gene amplifications in porphyrin pathway on heme

September 2019 | Vol. 47 | No. 3



342

Yang and Kim

biosynthesis in a recombinant Escherichia coli. J. Microbiol. Bio-
technol. 23: 668-673.

. Na YA, Lee JY, Bang WJ, Lee HJ, Choi SI, Kwon SK, et al. 2015.

Growth retardation of Escherichia coli by artificial increase of
intracellular ATP. J. Ind. Microbiol. Biotechnol. 42: 915-924.

. Lee MJ, Kim P. 2018. Recombinant protein expression system in

Corynebacterium glutamicum and its application. Front. Micro-
biol. 9:2523.

. Park S-D, Lee S-N, Park I-H, Choi J-S, Jeong W-K, Kim Y-H, et al.

2004. Isolation and characterization of transcriptional ele-
ments from Corynebacterium glutamicum. J. Microbiol. Biotechnol.
14:789-795.

. Lee J-Y, Lee HJ, Seo J, Kim E-S, Lee H-S, Kim P. 2014. Artificial oxi-

dative stress-tolerant Corynebacterium glutamicum. AMB Express.
4:15.

. Pranawidjaja S, Choi S-I, Lay BW, Kim P. 2015. Analysis of heme

biosynthetic pathways in a recombinant Escherichia coli.
J. Microbiol. Biotechnol. 25: 880-886.

. Yim SS, An SJ, Kang M, Lee J, Jeong KJ. 2013. Isolation of fully

synthetic promoters for high-level gene expression in Coryne-
bacterium glutamicum. Biotechnol. Bioeng. 110: 2959-2969.

. Toyoda K, Teramoto H, Inui M, Yukawa H. 2008. Expression of

the gapA gene encoding glyceraldehyde-3-phosphate dehy-
drogenase of Corynebacterium glutamicum is regulated by the

http://dx.doi.org/10.4014/mbl.1901.01016

16.

17.

18.

19.

20.

21.

global regulator SugR. Appl. Microbiol. Biotechnol. 81: 291-301.
Zhang J, Kang Z, Chen J, Du G. 2015. Optimization of the heme
biosynthesis pathway for the production of 5-aminolevulinic
acid in Escherichia coli. Sci. Rep. 5: 8584.

Sadrzadeh S, Graf E, Panter SS, Hallaway P, Eaton J. 1984.
Hemoglobin. A biologic fenton reagent. J. Biol. Chem. 259:
14354-14356.

Patek M, Holdtko J, Busche T, Kalinowski J, Nesvera J. 2013.
Corynebacterium glutamicum promoters: a practical approach.
Microb. Biotechnol. 6: 103-117.

Hassett DJ, Woodruff W, Wozniak D, Vasil M, Cohen M, Ohman
D. 1993. Cloning and characterization of the Pseudomonas
aeruginosa sodA and sodB genes encoding manganese-and
iron-cofactored superoxide dismutase: demonstration of
increased manganese superoxide dismutase activity in algi-
nate-producing bacteria. J. Bacteriol. 175: 7658-7665.

Ehira S, Teramoto H, Inui M, Yukawa H. 2009. Regulation of
Corynebacterium glutamicum heat shock response by the
extracytoplasmic-function sigma factor SigH and transcrip-
tional regulators HspR and HrcA. J. Bacteriol. 191: 2964-2972.
Ohnishi J, Hayashi M, Mitsuhashi S, lkeda M. 2003. Efficient 40 C
fermentation of L-lysine by a new Corynebacterium glutam-
icum mutant developed by genome breeding. Appl. Microbiol.
Biotechnol. 62: 69-75.



