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In this study the extraceliular production of 5-aminolevulinic aicd (ALA} by recombinant E. coli BL21 (DE3) pLysS harboring the
plasmid pFLS45 are investigated. Optimum concentrations of succinic acid and glycine for cell growth and ALA production were
found to be 30 mM and 15 mM, respectively. Levulinic acid (LA) as an inhibitor of ALAD was added to the culture medium in
the end of exponential cell growth phase and its optimum concentration was 30 mM. Growth of recombinant E.coli BL21 (DE3)
pLysS [pFLS45] was largely dependent upon the pH value of culture medium. When the pH of culture medium was in the
range of 6.0 and 8.5, high cell mass and ALA production were obtained. IPTG induction for the expression of the fusion gene
did not enhance the production of ALA. Recombinant cell grew at 30°C faster than at 37°C, but ALA productivity was lower
than at 377C. Repeated addition of glycine, succinic acid, and LA increased the production of ALA and the inhibition of
intracellular ALA dehydratase activity, with up to 1.3 g/L ALA having been produced in the cultivation.
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ALA2] AFA]-L- succinyl-CoA$} glycine 22 HE FAHE=
C4 A2 (Shemin pathway) & glutamateE ZHFHZ o] &
3tk €5 ARZHE  o]FoRwH], AAE ALAE
5-aminolevulinic acid dehydratase (ALAD, PBG synthetase)ol]
o8] W=7 porphonobilinogen (PBG)C. & ASFTHFig. 1).
4, C4 A2 o ALA ke F2 T v§3 2
A} M| (purple non-sulphur photosynthetic bacteria), % 4§
E (chemotrophs), T (1#2) vlel2lo} (thizobia), F¥o] 1
L FE AIZ Foll 23 o]FoA =, hemAd = hemTHr
Az o8] 2AHZ = ALA synthetase (ALAS)7} ALA §A
9 &% /) §42 #93it) §E, C5 H=2o) 9 ALA
o] Ao 3% 2E, 2%, AT 281 Xanthomonas
sp., Propionibacterium sp. 59 Hte oo A o]Fo|x =]
O gtXxsAApe) 93] ZEE+ glutamyl-tRNA synthetase )
glutamylRNA 33 A, @ hemAY hemM{-A A o] 23|
ZA5 = glutamyl-tRNA reductase®] glutamate-1-semialdehyde
GSA) A DA, @ hemlFHAN o3 FHHET GSA
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Table 1. Production of ALA by several microorganisms
ALA  Reference

Microorganisms C & N sources (mM) (yeat)
. ; methanol & 5
Metanobacterium barkeri 2-oxoglutamate 04 (1989)
: glucose & 6
Chlorella regularis. yeast extract 3.8 (2000)
i glucose & 7
Chlorella sp. slycine 2 (1995)
Rhodobacter sphaeroides swine waste 42 (19890)
Rb. sphaeroides CR-720 glucose, glycine 275 10
(sequential mutant) & yeast extract ' (2000)
Propionibacterium freudenreichii 1
(cloned with hemA in glucose 8.6 (2001)
Rb. sphaeroides)
E. coli (cloned with hemA succinyl-CoA & 20 12
in Rb. sphaeroides) glycine (1996)
E. coli (cloned with hemA succinate & 20 16
in Br. japonicum) glycine (1999)

hem A & or
hem T

[C5 pathway] T oo Yo i
1
hem A or Hydroxyamino- | (I‘,H: NH E
hem M tetraphydropy- , $=0 '
ranone (HATP) ! {
! H2 {ALA dehydratase Porhobil
H Glutamyl-tRNA Giutamyl-tRN. | CH orphobili-
i Glutamate Lmhise-p Gl -tRNA educiase hem L S i ! nogen {PBG)
U utamyl-t em § “O0H
g3 5-aminolevulinic !
° acid (ALA) ¢ Levlinic acid

Glutamate-1-semi- ‘- ---~=~—-==------2{LA)

aldehyde (GSA)

Protoporphyrinogen]X e Coproporphyrinogenlll e Uroporphyrinogen
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! !
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(Vitamin B;,)

Figure 1. Biosynthesis of 5-aminolevulinic acid (ALA) and tetrapyrrole compounds.
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ALAE 3984 9k (photodynamic reaction), & ALAZ
By $He FRE FAN AF G222 FUHER

(protochlorophyllide, protoporphyrin IX (PPIX))ol] ®lo] ZA}EH
W o At BAEE ARE APEATE B3t QoE
2 Fe/oorst Eofo HE&o] 7hesith Heme AT

FAsleE &4 & ferrochelatasett PBG deaminase 59 §4
4L HolHoln EE AMIL}t A3 el dgFHoz 2
& 5 JorF ALAE v¢ ddxoz AgHE £ gk
a3 ALAE V1R ARl AAEE PPIXe ¥
(395415 nm)-S Pake EAE AR JenE A% Jd

oboll = ALA®] 289 7453k, 18-21).
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Table 2. Applications of ALA

. - Stage of Reference
Field Applications development (year)
Agriculture  Biodegradable herbicide Field test (Iég "
Biodegradable insecticide Laboratory 19
(1988)
Plant growth regulator Field test 22
(1999)
Cold temperature tolerance Field test 23
(1998)
Salt tolerance Field test 24
(2000)
Medical Photodynamic therapy Clinic 20, 21
(1990)
Diagnosis of lung cancer Clinic 21
(1996)
Diagnosis of oral cancer Laboratory 25
(2001)
Diagnosis ~ of  heavy-metal Clinic 15, 27
poisoning (1996)
Diagnosis of porphyria Clinic 15
(1997)
Fishing Prevention & healing the fish  Laboratory 26
industry disease (2001)

Table 201 &4, 2 o FopolA ALASY & 4§
B3tk WA QRolld ALAL RETe HuHom A
ARE N F CBANA AZAIZAY AE AR
ohleh 48, A% 2 $B Sl Fohsel A5 oA
B4 ol e BFAZA AHE FsAel ANHLT0S,
19). 183 §AF7EH AEA ”Zﬂxﬂ A22) e al,
Aol gt AFEE TR HE JfF Fokl® ALA
g At A7t Ko Ha ‘RAE} 23-24). Kennedy 5l
1990\l ALAS] 8tz A 8e 8% THIH20) o F
ofofRofel A= ALAS] Algo] &3] AFEo] 211 gtk
T ALATH 7*“ ZolA) AAAMEY GLESH S, basal
cell carcinoma, TX¢hH3} eIz} @A (actinic keratose) 2
L ﬁ%‘(nuﬁ)«] 580 FZ DRAXIS Health A} (USA)
9] Levulan® (ALA : HCl 20% £, 1999, 12)o] 5]+ FDA
(The Food and Drug Administration)?] <918 o) ojo]
ALAE o] &3 H89F 2 FHoko| A PhotoCure A} (Norway)
oA JHES Metvix AlF (ALASH ¥z A8 EFF) ®
% 2002 90) FDA%QIS Qo) 1 AT Fsol 9B
v gtk elm ALAZY gEAw MdAo g PRIXe)
$42 fEIEZ By APLollE 485D vkl

25). ko] ALAY 3t EME o] &3l o]Fe Aud &
wel alF Age AMEEAWRE), 4F FF45 vH AR
2 Apgste F(15, 27) ot Robd ALAE o[ 831A
e A7l A&HLoE o]Foixa Yo

B AFoae ALAY Ao BASkE  Bradyrhizobium
japonicum TFANA E2 hemA FHAZE egfp (enhanced
green fluorescent protein) FAA} 3 ZTav|=
(PFLS45)E Axgt §F o] Z@s AZF digddol o
% ALAS 44 542 A7amA 9o 53 ALAG AT
AT AgHE BYAT 244 T3 ALADS AsAZ
AR ElE= LA (levulinic acid)e] 7t wlE 4 A&
ALA A BEAL duiszal dvh agm wjgde] %,
PH % AZH 2409 §5 2uol B2 ALA 44 54
QA7E ALAS) 4 A 2R ZARLA B,

Az o

OE
1T

=3 AU uix|
B AFolA ALAY &S HI AMES fEAE
Bradyrhizobium japonicum dFo)X EE 3 hemAd F+AAEHN
pET-28b(+) (Novagen Co., USA, Kan®)o| st Az
Zalruls, pET-28b/ALASE A 23}t ALAS A3 =
3& 22k FFAMZ RUERE7] 438 pEGFP (Clontech
Co.,USA, Amp™) WEo] ZAa= egfp (from Aequorea
victoria) F+AAS pET-28b/ALASONA 2] hemA FHAS} &
grstod A3 ZelAn= pFLS4SE A %8t chFig. 2).
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Figure 2. Structure of recombinant plasmid pFLS45.

ol9} zo] Ax® AxY ZTehiv= pFLS45Z CaCl, ¥
W9 o)88la) E coli BL21 (DE3) pLysSol Ar¢latTh2s).
AzF Eekan| s pFLS459) HEAS #AsH7] flaf Al
9 A ul Ao ampicillin £ (75 pgmlL)S HArpstgrh

Zo] #8482 93l LB agar #]A| (Yeast extract: 5 g/L,
Trypione: 10 g/L, NaClt 10 g/L)E Al83tgew ZEdwt
% 2 WUolE LB uA GH 728 AHSshaich 2 ujel
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B B39 LB AY Ha wixel Mss A (9,
Glucose: 6 g/L, MgSO,7H,O: 1 g/L, NH.Cl: 02 g/,
KH:PO4: 13 g/L, K;HPO4: 10 g/L, NaH,POs: 6 g/L, Trace
elements stock solution: 0.4 mL/mL, Vitamin stock solution:
04 mL/mL)o] ALAS ATAE ALE-HE FNF S-S
AT W 3 w371 121T, 14 psiolA) Ak 20
¥ oy BFSEen, A2 uAY Bigd M8 9
H

l‘lo

#estol 29 TP
Wy g

WE BAEQ ANZY E coli T3E Aujd s Ao
ampicilling &3 LB agar H] o] ©oala] 37°CHA] B4
StAZTh 1A vzl A 82 E43tE colonyE R BHEI%Y)
(Jeiotech Co., Korea)oll Al 37°C, 180 mpm o 12X]17F & )
F (HFRI; 5 mL)E T 1% (vv)E Aok WA el 5
7]; 50 mL)ol| HE3Hch

Ay MY Bjeg whx] 100 mLo] Wwieele] 1%
(vivE AEst AgujdriolM 37T, 180 pmo R g3
Qoh ALA 44 A7A S S04¢ BE, LA
(levulinic acid)e] HA FYUxT U /A7 o2 F319
974 8 ALAY) 4238 ZAlsldch AENE7] A8 9
3 25 L =& 7 L AE¥S7]) (KoBiotech Co. Korea)E A}
L3819 w7 Wie] Eujok vx] (working vol; 1 L or
55 Lol AujgAe) 1%E HEsArh #&719 &3 =4
< 377, 400 pm (or 370 pm), E7]%F 1 vwmo g 3d}F o
o, BEdo) pH ZAH|E= 3 N NaOHS} 3 N HCIS A}&3)
ok ZEA, S g LA s AP & g )
%o 48 AAZ ol &gtk AEF hemd AR fE
d AxE Ayl A8 wABe RAF A Fuke 04
mM$] isopropyl-B-D-thio-galactopyranoside (IPTG)E H7}514
o &, WY S50l BE hemd $74e) HE YEE 2
ARE7) 98 AZRY #5E 30T 37CoIAM W &
PIGE A7kgich 42087 el 4% IRusE 3
pH, §&4e F5k, Wizl 58 BUEE] 98 pH H3
(pH electrode, Mettler Co., Germany), £ZEXAAA (O,
sensor, Mettler Co., Germany), O,/CO, 7-2~ FX7] (LOKAS
Co., Korea) 5& AM8-5l9th 22Xz mUEHAE AEE 4
As7] 98 vlolH 4-BE (PCI 6024E DAQ board,
National Instrument Co., USA)E A}-85}%5 0™ LabVIEW ver.
6.1 (National Instrument Co., USA)E o]-25le] =2 1w}
Qt

T
J:

e

Ao A5d Y EEY FE+= GOD-POD (glucose
oxidase-peroxidase)$} ABTS (2,2 -azino-bis (3-ethylbenz-
thiazoline-6-sulfonic acid))Z ©] &3 vlAWMo g =435 9ct
(37). Az A AL 15 mLy ABEE 94 By
(13000 rpm, 5 min$ & FHE TAS TS5 AT

A& AFE A W BB F 80TAA 3% Fo H=E

1

3l T7ﬂ~ 2459t Y & AZFEEE 600 nm 9%
M FFT (ODen)E ZAHstded AzxdAdzs £ A
FAAE Esﬁ{u}m, DCW = 0.3457 * ODgyp + 0.1757, R® =
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0.9983, 00 < ODew < 50). 3#A, F& F colonyS FAL
+ A+ A E$ (CFU, colony forming mit)E £33}7) 93
ik 2 e A28 1A LB w0 50~1007) Axe
colony’} AT E FAH4s AP g4t mde
37CoAA shFFt wFath. LaY F AEY ALA
¢k AZU &, ALAS (ALA synthetase)o] A
Mauzerall®} Granick?] WH(G0)S AME3lH .01 ALAD (ALA

flo off Hor Lo

o ”

3t
ook whl A o) g % ALADQ} ALAS«] ;q)\ 24
35 N2 Bradford H(32)9] 23} 595 nm
stach gla o o3 gREA

q
O
BSA (bovine serum albumin, Sigma Co., USA)E A}&-3}4

L =)

Zm o 2

HEZE % LA FH7lol| M2 ALA MA EA
2 ddA AziE Zegan= pFLS4SE  glycinedt
succinyl-CoAE 7|2 E AlR3lod C4 HAEE iz‘sﬂ ALAE A
BsZE AFEA FHUY A9 SEA 8 A
47 9 ALA AH3E 2ABIAT. 18]1 ALADE| A &)A]
A LAY Y} vk 9 AIZRS 924 sk @A AR

ALA "34 54& ZAEIE0-

F24) Fuol GhE ALA A4S 2
} (30 mM)o| g MS8 i E AL8-319]

41‘/‘\_ 1

EEE 09 30 mM7HA] 5 mM gt o g Zvz d2A dln
Al x7) pHE 682 A3t AGuF 4¥S &3
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& Uehislth #E %xﬂ&% 5'_% *E!fﬁcﬂw sl F
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%5011*1 *3%01 F3049e A % F A o= ¥4
T (6-12 mM)9 Sejrlo] tigwel 271 B A
AM AFELHE £ a7t ok & H
YA HTH33). ALAS Bt sEE HE A
olzE ARE F, 18-22A7F AtoldlA Huj
A A Al7te] AE ALADo) 93] wh=A
24 TR ©hE ALA A FElAl FEF IS mM%l
) Ft) 600 mg/L7tA] ZF7)slEgom, 15 mMET & =
A ALA g2 oA Zaste AYgE Btk 01% i
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off
= i1 ol
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o

AgFo] BE4E BdY ALAS 840 ®old B ALAVL
ARE AT FE4l Tt UR 2g A9 238 gAd 5
4 28-S doA ALA Ate] FAHAL B APS 53

3 wigelA wigde] Hrbshs 284 FEE 15 mMo]
AP RoZ AZtEn).

FAY FE w}e ALA A 5& AL e
mM2) Zg)ae T3 MS8 HjR|E ALeaEly
FTEE 004 90 mM77}7<] 15 mM 7tAEo.
T Y] x7] pH #e 682 23l 2"
T3HTt. Fig. 3bolle &2 o o2 Hl*é%}éi
=12)% ALAS] Hs =g e £
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A Fe SN ¥Eoh AR HEEE 4
3lAT:. 53 A4 T2l 45 mM o) AR BS A

TAZFE G4 T 30 mMY w9
A 3k Ealito] 30 mM HubE 4
Hollq ALAZ} ol 600 mg/L7tA] A QA% 45 mM o]
AR A aA el AAEH ALA Aitds #5g
Ho|z Ratgich. wrebA FRujdelA HFH Sty Fn
= #A9 43E FIAFIHA ALA Jikedo] 71 =& 30
mM=Z stich
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Figure 3a. Effects of glycine concentrations on cell growth rate and
ALA production during cultivation of recombinant E. coli harboring
PFRLS4S.
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Figure 3b. Effects of concentrations of succinic acid on specific cell
growth rate and ALA production during cultivation of recombinant E.
coli harboring pFLS45.

LA (levulinic acidy= ALAQ] FAIAEA ALADS ZAA
A= g5k ALAY Aid SdE 9§ H7ER A
A ey Bl LA Ae ATAR dgg 0
hemee] ATAS 93 FBAY % domz 42 A
ol AYFE WAL BRA AL, 2, 6, 9). HA 2 4
oM LAY A7t Al HobEE oh=2A st oA 4
%W ALA 43S 29T 9 LA B2} )
2 ALA AAEAS ZAEH] #9315 mM S04k 30
o Bl KL NS A AT E 04T, 142,
16417k, 18A]7F @ 20417kl 2zt 30 mM LAE 7t 4

rUlo ml

rﬂ

getslern LAS A7ketA 32 7% Wi, ndskh
Fig. dacl&= LA 7} A3t ot pH ‘;‘ ihﬂ 3 54
o W3} I2j3 ALA Ao #istE Jehigich LAS
7Feh % wjckee] pHE £H&kA] Wskedl widde] pH #
She A4 184X 22744 FaEATh LAY H7ATtel =
=55 pH W87t 3lom] LA 37} olfF sjgeie] pH o]
daste] dAS Aol AQHAY AR APellMe FAF
| Z2adeh =3 AFAd7)d LAE #F70E o LAY}
HE dAZ 2A FFE viAE A& E £ Utk LA
7b At ohE ALA A FAEe] wistel A9 falst
A dested, HE & 2047 o] LA F7HeE A
A 47 AAeE LAE H7bekA @%ks WET ALA
*MWOI Aastgnk. #9, HF F 20409 LAE 30 mM
A7HE W TA ddle & 9] dden ALA At
s LA% H7hskAl ek wWEY 30% JkF F7HkAch
a2]1 ALAD9| &4o] AsiEo| g € ALAZH ZA #
adA R} A ¥=E FASNT WA FE wdelA
LA @A) ZASE A7t H7lee Zol ALAAAY
of astzolgty & 5 vk
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Figure 4a. Time courses of ALA concentration, dry cell weight and
pH with different addition time of 30 mM LA during cultivation of
recombinant E. coli harboring pFLS45.
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Figure 4b. Effects of LA concentrations on ALA production during
cultivation of recombinant E. coli harboring pFLS45.
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(Fig. 4b). WF 2AL LA A7} A|7tel o2& A}
g A8 24 o}aigrr} LA iw} FEE 094 60
mM7}A] 10 mM Y402 dtx A4

= A HF F 20431 Z47}o}aiv}
o] Bg FHol| LAZ H7IsiBE 74 4
o mel & Aol7t gllew HF pH%kE % Zolg ol
%tk LA F%9 W& ALA AisEE 30 mM LAZF 3
7 HU9E W 670 mgl. AE ANEHAoEE FF ujFdd
A= 30 mM LAS wigFedol] Hrlatgict

28 L B/} 52 GE ALA BUSHE 243
o

HjHo| pH tHsjo] M2 ALA MA £4

AEWGIIE o] &3 vjdHPoA A pHE 50,
60, 702 2% A$9} pHE 2A3A ¥ A+ oA
AR @ ALA A EAIS ZAEHTE Fig. Sa0l syl
AN gAF R 7AEE WEE vehdlch gt pHE
28 AkS AL wgA] z7] pHEte] 6241 A
47 w2 pH W3l= 05 o|E 24 %JITHHA pH 6.1
} 31 pH 6.6 Atolol A w3}, vk} e] pHE AT %2
oA 3342 344 3 N HCI3 N NaOH)7} H7hgl A|7hh
oA 44 Alzke] AARAY AE dAFo| Thste A& B
F ATk 53] WY pHE 5002 2HF APoH=
5477190 AR 810 AZidho] vieks) pH 2HE
5 3 N NeOH7} 7hEi5ld o) o #A% 3%l 84
A Hastgoen HoldleE MES F, CFU  (colony
forming unit) 3 =7 Z7}8lx] BEalgTh37). wjekelo] pH
2 6008 2AF AF ASAR] olF BE F 12 A
o) pH £UL 93 3 N HClo] H7hH9ed #A1%
9 CFUZF o adliAT pHE 28A e 499
Asl fAksl AgsATh Weele) pHE 7008 22T
A% ol Asl 4FeA Faged duAos §34 A
23 URE (E coli BL2D) 92k $13) 9] pHZE
7002 =Fshe A9, ) T2 4L Byt B o
FoA MR AZF FFE 298 FAAZ Qs o)FE
o @o| Wsista A7} WA pH 2ol W2
485 Aoz Azath Fig Sholt WPAs] pHol Be
BaFZANA AAE o|Aalelh WAl &% (carbon dioxide
production tate, CPR) 2 4t AH]EE (oxygen uptake rate,
OUR) 12|11 AEHHE7] Yo && A5k ®stE ek
Ak FAEF Xé‘)ﬂ/ﬁ pHE ZFetA] FUE A+ AFAA7I
U (AF T 11-B3A D 8404 s2e HA 55%7H
Padh, CPR-»} OURE Z-& Azhdo)s 2}z 059 0.6
mmol/L/min7}t7] F7¥slgth. wets pH 2EE 347 e
SEAPAA dA A D SFol B o)FolAE A
& & Utk 2 pHE 50 EE 6002 2Hs}|
&) Z3HAl (3 N HCY3 N NaOH)E 713+ 7% A7t &
ARA e A9} BTE W 82 e FEA Egtov
CPRY} OURE WolA: A& ugth £8 AS4R71]
3N NaOHZ} A7}el A9 @A) A% A} Aasgle
1 (pH 5.0), pH 7.02.2 wjFst Ao pH o] #AA%
o AAapA o} njAEY 4% & 350 714 o] Fo}=|A]
sttt o] AFE v|FolE wf wjgde] pHE 243 A%

do i,

P

2o

O

Korean J. Biotechnol. Bioeng., Vol. 19, No. 1

7} wjge] pHE 283 e ASHT ME 4% 2 5
F 59 UAwAel 984 2HAse 2
o] pH Wafo] B2 ALA S F

—®—pH S5 —O—pH6 —&—pH 7 —%— no pH control

3.5
Yy A-A 6
3.0 % i‘\i BT e SN e
oF /,Q 2 Ny ey =
— 5 v 55
B c/ \ o\p 45 <=
& oast Co-0_ \ﬁ g
- [e] AL ] . —
= 14 =
B, . ‘g
(5 “r e i s
=z - \ 43 ©
— / I
3 1.5 1 - \ l\ 4 <
- Y
] o \ | + 2 %
- s/
2 10} I @ 1 3
[a) ./ S S
v/:/ \\ \ 41 3=
05 N Oy | o
RN DDDDDDAD—A—A & 1
c¥¥waw-vwn 40
0.0 i 1 1 1 1 1 1 L il 1 1 1 1 1
0 5 10 15 20 25 300 5 10 15 20 25 30
Time ¢hr)

Figure 5a. Time courses of dry cell weight and glucose
concentrations in a bioreactor during cultivation of recombinant E.
coli [pFLS45] with different pH value.
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Figure 5b. Time courses of carbon dioxide production rate (CPR),
oxygen uptake rate (OUR) and dissolved oxygen concentration in a
bioreactor during cultivation of recombinant E. coli [pFLS45] with
different pH value.
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Figure 5c. Time courses of extracellular ALA concentration during
cultivation of recombinant E. coli [pFLS45]} with different pH value.
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Figure 6a. Time courses of dry cell weight and glucose
concentrations in the ALA production process with IPTG induction.
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Figure 6b. Time courses of carbon dioxide production rate (CPR),
oxygen uptake rate (OUR) and dissolved oxygen concentration in the
ALA production process with IPTG induction.
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extracellular ALLA in the ALA production process with intermittent
addition of substrates (glucose + succinate + glycine) and LA.
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