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This study aimed to develop a microbial process for producing aminolevulinic acid (ALA) using crude glyc-
erol. In the culture of ALA-producing cells (Escherichia coli/pH-hemA) in a medium containing crude glyc-
erol, the cell density and production were 1.8-fold and 1.2-fold lower than those obtained from pure
glycerol, respectively. However, the cell growth and production were improved by supplementing the
medium with trehalose (30 or 100 g/l1). Engineered cells (E. coli/pH-hemA/pS-otsBA) were constructed to
express otsBA and their culture performance was compared with that of control cells (E. coli/vH-hemA/
pSTV28). The effects of isopropyl p-n-1-thiogalactopyranoside (IPTG) concentration and the time of induc-
tion were examined to improve the cell growth and ALA production in engineered cells cultured using
crude glycerol. When 0.6 mM of IPTG was added at the beginning of the exponential growth phase, the ALA
produced by cells was 2,121 mg/l, which was comparable to that from pure glycerol. The results demon-
strate that otsBA expression endowed cells with the capacity to tolerate the toxicity of crude glycerol for

direct use.
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A Y Ee AHAE 4R A E HE A =7} HZ A
Eo EAst=dl, HEA|E= A2 A F iSRS
(lipid peroxidation)yg FXIste] A|Zute] 53|, uf Thala 3
dHEE 3 u24s a5As TS 3 AIE AFE
< SAAXT3, 12, 28]. HIZ YA ES Gt dt= Aol A
ECERE IPE A4 49 AR HEAR|E Aol H
& EXE7] g 2o dvE d2 YA Ed= tFY HEA
o|&r} A gtch23]. 7t AU eREE HITAE F
o HeEEE GA AAY 4 1 RS X3 g2 1]
AEso] HgZo o= F= Aol 917] wEZel[13] u] Ay
S gl QoA HI YA Sl EAste T2 2A £
A=A gt 25 g2A 80 23" dUEE &=
ZE), HEALO|E, A4tY] 5402 Qs S Bl =
@ Y DAY A TREo] AEA o] A2kt
A A wE 2 et ebd AL 04 Bl
Poz 48] AL o|aT T4 BT U A
279 AFAE Folt Aol BoHolt

EfEgzAE T Y FEF LA} a-0-1,1-glycosidic
linkage(Z 2| ZAY 23R AZ = &= vTAA olFFol
th29]. gHtH o2 hAFHE. coli), BT (Saccharomyces
cerevisiae), 22| |1t 2] 2 (Corynebacterium sp.), I 25
241 ¥ 2 d1g| o] X|+(Propionibacterium freudenreichii) <
o HAEES] &, HFEY, deE o =&FHo SAT &
Eg A& Ao Ads] 3l o, EH IR AT A Yol A
A IEHE o]E nPEES BSste AR 48A
ATHZ, 14, 20, 27, 29]. & ATEHLE He-72€HS A
S 2T A WA T EAOl =, A A, D A2
fAES LFEE H7E iAo A FH EYTE
2 A L E(otsBA)S LA 7T 2T FF
Hsto] A glo] L= He7t2dS A st

Table 1. Strain, plasmids, and primers used in this study.

Ag UG HI YA E] 2FE E¢EE T
olErt HAE S Adfshs 8 WY AEYS
Hrhe2s]. 18y 2oz AHE A2 A
4 st HEt-7t2 "o AN E Z3E FEHES AA
St FAE B2 2 A8t 2ol HIYAEY SA4Y
Shof| v A= EFT 2L S Fs| Hriehe © A
4 st

2 At AZ W EGEEs AP LHE(otsBA)
Aol HZ Aol dTt nBEY AFHS FHA7I=A
o BE ARl ofn| kg B A (aminolevulinic acid, ALA)
ARl B FRAL TELAL Ta) AF2AAES
wafoz Agstel WA g0l ALAZ G AeHE
DBEEHS ALY 1 Bl gtk ALAL Tie] 3
aH o2 FRAZIE SRR AT Weatol B2t
A9l =2 & 33 (protoporphyrin) S 2 HIH/ZZA E| 1 of7]
of EAuY] WS ZASHA B FGAEZ HAAE S2A
At olge 4 o] ALAE #9495 (&% (PDT,
photodynamic Therapy)ol] AFEETHI]. #9t ol ALA=
AzA Ex AA ] Falgt ASAZE AHE-o] 7Hesith31].
AAA FaAog Qsta] ALAS tFAAE7] 93 e
AN A7F gol o]FAAR L Y5, 15, 36, 39], H
YA ES 712 2 ARESto] ALAS A4tsh] 93 v E
2D 3 Ao gt odl= A Bud b giok

E Ao A= otu = EH A aminolevulinic acid, ALA)
2 AT S AZY BTl osBAS 2AH O £
3 FFE AL, ol AZAZol Hrkn WA
ot Az 2 ALA BAtge S35t ol& di2d
o) Wy ate) vl aetsich ALT 250 otsBA WS
243} 517 Qiskel PGS 44 A7 0 B7HA71E 2

Bt

Description Sources

Strains

E. coli DH5c¢ F~, @80dlacZAM15, A(lacZYA-argF)U169, deoR, recA1 endA1, hsdR17(r, mi*),

phoA, supE44, ), thi-1, gyrA96, relA1

Plasmids

pHCEIIB Constitutive expression vector, Amp' Takara Bio

pSTV28 Piac expression vector, pACYC184 origin, lacZ, Cm" Takara Bio

pH-hemA pHCEIIB containing hemA of Rhodobacter sphaeroides This study

pS-otsBA pSTV containing otsBA This study
Primers

hemA-F 5'GCATATGGACTACAATCTGGCACTC-3' Solgent

hemA-R 5'-AAGCTTTCAGGCAACGACCTC-3' Solgent

http://dx.doi.org/10.4014/mbl.1604.04002
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FA A M oA AHKorea)Z FE HZYMES U5
SlE T X FE M (yeast extract), EHE(tryptone)
Difco AHUSA)ZEEH FY3t4E 3 Isopropyl B-D-1-
thiogalactopyranoside (IPTG), ¢ 34 & (ampicillin), 2
Y& (chloramphenicol), o}v| = &AL E 7€} A|ekE
2 Sigma-Aldrich AHUSA)O| A F¥ 3+ th. Rhodobacter
sphaeroides ATCC 17023225 F genomic DNAS &3}
i o|E FHPLE ARSI AL HHHES (polymerase
chain reaction)ol| &3l hemA SAAE FZ31%ct 25
KARE NdelZ} Hindlll A|StaAZ X3 & S A3 A
3t 642 2|5 pHCEIIB (Takara Bio, Japan) HE|o] 4}
dozn 2 FH20|E pH-hemAE A2t o
At 59 otsBA7F AUYE pS-otsBA ESFAUE= £ AY
Ao AZE A8 AHEE A}, ESAE D hemA
FHA FZE 91T primero] 3 HEE Table 19 e
Wolet

=5, WA, 2wk iy

ZIAE FF2 AMLH E. coli DH509) pH-hemA ZgfA
=8 =% ALA RAHEFE AZFstgith. ALA At
o pS-otsBA E= pSTV-28 EANEE Z71H 02 T
e #3E AFs g -70Ce] E3E glycerol stock
100 plE FAA7F A7He LB HiA] 20 mlE $-7-3t= 250 ml
Zeta 3o FFF T A ujF7]Jeio Tech, Korea)oll A
37C, 180 rpm o2 vjstgich. AEZU=E UElH= ODeoo
7} 0.6-0.89 =&3} 9 o, dEF 2.5 mlE 50 ml & Hj
oF vjZ S FH4-3t 500 ml baffled SeAF 0| HE3 F 28T
oA & wi¥S s 2 ujkE 712 A E 20 gH)
=SYAIE, 5 gl F2tol4l, B 10 gl SA4RE 71 2 x YT
£ AHESHgTh 28 79 AR A AR (100 mg/) E
£ ZEHYZ (50 mgys A7Istgith EYEEAY F
= AP flte] 7|2 wjA]o] EYEEAE T EHE
7¥sto] 290 A% 9 ALA A S S35 otsBA
HEE F=587] H8H] ODgoo7t 349 =E3sAS o,
IPTGEZE 5% 02 mME H71stad. AE4 02 IPTG
o M7t A AT H7t v = 2AS A% HAFS AEE 4+

st

S
Ehrlich's reagent® WA A|F O 2 ALL3l= 7| &

(15, 24, 37 wet Mg A5 d 59 ALAE A Fstait.

1 ml v eF & 2 F3te] 9,800 x g2 10&7H YA E 25}
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AeHE Bt MY A 10 pl, 0.5 M oA EA U
E F(sodium acetate) &ZE=2N(pH 4.6) 1 ml, ¥ 50 pl of
A e oL X E (acetylacetone)S E3slgict SFAS B2 &
A 1087 Fgstn Aoz Wzt 3 Ehrlich's
reagent (4-dimethylamino benzaldehyde 1 g, glacial acetic
acid 42 ml, perchloric acid 8 ml) 3 mlE #H7}3}%t}. o] &
ArLof| A 5E7F WhX| 3 & UV E334 T 4| (Hewlett-packard,
USA)Z o880 554 nm Aol FHES 245} 4
FAT v T3S ALA =5 A4t
Zo Y nd
H22A S 54 Sl v|A = B2 A Q7

< B g2 YAE] A7HE wiR| oA ALA A 5
(E. coli/pH-hemA)E 4Q7t vjFe 5 WAFF | A E A
& 9 ALA BAMES "2 e g h(Fig. 1). &5 A El
A74E v A (PG, 2 F)oNA 82 N EZYE(ODgo)= 180]
AT RALE ALA 5EE 960 mgNgeh. ¥Hd w2 A o]
A7td HiA(CG)oA ODgo= 1001 ALA FE+=
800 mg/ %t} & A= H2 A Eo] H7HE wiRoA] &
2 N ZYEot ALA AAFE &4 FEAIE0] H7HE wiA|
oA Qe R 22t 189} 120 RS- WojZe}. o
< H2PAEol AZ BS AfFe=ZN ALA Bits
44700 A ek

EEzart HEAEY 545 FA7IeA JR-E
2A457] Sfstel A2 B0] THE S8 WAo| F BE
HA B0 100 gN)e] EHTEAE HA7IRE § BAHFE )
oF3tsith. 30 g9 EFTUEAE A7) v 2] (CG + Tre-30)
o 4] ODgoo= 130]% AJAHE ALA 5=+ 900 mg/l1iTt.
oz EFEREAE XFEHA g2 A (CG)NA B2 Al
UE o ALA AJ4rFHE o Z42F 30%2F 12.5% o= YEHH
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Fig. 1. Effect of trehalose on cell growth and ALA production
in the medium containing crude glycerol.
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Fig. 2. Cell growth and ALA production in the medium con-
taining pure glycerol and supplemented with different con-
centration of trehalose.

t}. 100 g9 ESFEAE 713 v (CG + Tre-100)0] A
ODgoo2t ALA 55+ 2+t 113} 878 mg/l2 T E . o]
£ EfERAE H7bstA] &2 WA(CG) A Eoh Alzd
T 10%, ALA BAFRFS 9.8% =29t 30 g1¢] EYTFZA
£ A7kt WA (CG + Tre-30)0l Al Hoh= ot ¥5-& Ug
Wt 2 A9 EgEz A g2 EY Sz
it 3 E H3sta I 535 SH3HA7]7] HsiA & F
TEE HUtEolof gt RS AlAFETE

s SYANEL EY T2 AT H7HE sz oA AZAR
9 ALA AAbFS 43514 o] & Fig. 20 Yet it A
e = EFAREA0 22 100 g2 F7HA o= EF
otal, @2 A Z Y=o ALA Aitgo A 2 Aol & LA
4 ST ol ekl EYFRATL YA A 2
ALA A4S AdstA] @2 HolFe Aafo|th 33
£ Z (compatible material)?l EYT2ALE n|yEo| AE
A 2EY A st A N2 EE BAEH] Yl A
oA A EFO|BR A E f 9ol 1F%E(>100 g/l)
2 EAste et Al o] Al A e ALE 4
ArHie]. olu] AFeFRel 2 ALH e APAto] st
H HE Ao =7} H2 YA EY 54S 6t A 48
o] Ath[23]. wetA] HEALO|Eo] gt ] FEY AFAdS
Y & Aod HZ A S dgt A= FA FE
Ao g2 AetE9lch Benaroudj S[2]& 500 mM (180 g/l)2
EGTRAE H7EeE s A oA AR 7 F7] HEA
O] E(Hy0z)0l thet =2 AFAAE Bl AHE SAE AA
skt 7129 Buget 7|24 A9E v e R ALA
Akt EFEREA A AR otsBAE F7HE H
AANA EYTEA YRS F2dTH BAAF7) g2
AlEol tigt At/ ol 3=l AAA glo] HIUAE
< HAYUO R AGEt] ALAS AR Ao & o= it
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Fig. 3. Time profiles of cell growth (A) and ALA production (B)

during the culture of control (open symbol) and engineered
cells (filled symbol) in the medium containing pure glycerol.

hemAg} otsBAS 3-5 ‘T @3k= ALAR N2 |22 M &
of the AR ElAE

£ A= FF(E. coli/pH-hemA)ol| otsBAZ 57}
Aoz =dt AR Yoy FF(E. coli/pH-hemA/pS-otsBA)
o HETE =A% |27 AF(E. coli/pH-hemA/pSTV2S)
E AFste] £ 43 A% 2 A EAS HuFgoaH
otsBAQ| 7} W@ g FF& A Fig. 32 &
T SYAEe] ZE wiA oA F 59 AE A% 9 ALA
BAATE Bt F /7Y #5752 12/7HY A 47]
£ AR &, AT} g4 ALA BAHE AAEHTH Q2 o
T AFAE71E AR wi g 3641t el ODgoo7} 11.50
ZEA o] 3 FAZIZ HojEol o oY AlE Aol
WA gdth #F= AZAZ] HE Fo= A&HH L
2 ALAE AAbsto] vl eF 60A17F gholl Tl 1,771 mg/ls
Airstgicth. g, AR Yoy 59 27] RS d2d o
9] A} v|=ste] vk 304 7ol ODgoo7t 10.80) =
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Fig. 4. Time profiles of cell growth (A) and ALA production (B)
during the culture of control (open symbol) and engineered
cells (filled symbol) in the medium containing crude glycerol.
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12 8o 5047 o] T o= AL E 7} ZFAE QR u A
& A akslo] vjoF 96417k ODgoo7} 2691 =€ 8 TH ALA
RBARS A Z AT A ARG A2 JF&E=TE 2
2" what 1 =7t ZAEG AT 2|43 Q) AYAto] o] 2
oA HloF 96417t 1 FE7} 2,193 mg/loll =Y.

B
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<< H2gAEol F7HE wA M F FF o
aiFstm Alztol WE AlZ A 9 ALA B4 ASS
stgith Fig. 40 U I%o], 2 o7& 2447
ok st OD6007]' 8.40 =% &, S HEAU
H AAY AR #FF= 30X 7] A A%
7F 10.3¢] =5ttt 1W &, AL =T} 7 Aas P‘R‘i
TE3] ODgoo7t 57Fsto] v 66417 $-0f 14.89] =
o T #3325 AEZ AR A ALA ik Al #
I AE Aol HE Fol= ALAS AT diz2+
F= )% 84/\]2_1- dho] 896 mg/le] ALAE AJAKSH Wb,
X] 1,] o] #FE= vjoF 9647 FoF 1,320 mg/1E *g*&
%et.

Table 20| == SN EL HS A&l H7HE wiA
A T 5o AR F AL ASS HRE AT e 2 YA
Eo| A7te wjA o st H I A Eo] H7FE wiA o A
2 #3Y AZU == 1.28) R ALA YAbgFS oF
2 RQteh B9t ofy e}, Hof ALA Fxof =gst=t o
20 v Alzto] A Q E|of ]y (volumetric productivity)
2 2.8 WSt} 3, AAY oY #3E o5 SHUAE Y
v g2 A|E0] M7He vj x| o A Al =AY 1.84), ALA
AArE 1.7 2 HAAM L Hd aES FAISHY
A gk Fuj Y Abg & 1.78) ‘;’i&’b’% o 2YAEl F7Hd
A A AAYAY #F= 2 472 1280 B2
ALAE AJAtstglont *ﬁ*}"ﬂ B 71 AJZte] &g F o] FHujAy
AP @58 WS Bt ofy et 9] AT ALA A4
ZFM| YA, specific productivity)® 2o #FH T Wt
ot 294 HZ2AEe] H7HE wiA oA €& Ay Ao F
T ME W=, ALA ABAF, Ha) AJid d v AAg 2
Q2 #59 AR E B} Eof otsBA TE o] HZ Al
Ec’ﬂ et A9 AR S FAAAI7I = 71 R ok

THE S 2y H2 Al Ee] H7HE wiR oA E& A
AYolg #9 Al W= 9 ALA Jitggo] &4 S 2 A
Eo] H7He wjR| oA @& FETE Foug o|F A
717] §18ko] otsBA HAS 2 3}s}7] 3t AHS W6}
ot

= X

Sy B ST

-

410
2 L

QL

I r2 xR

of
-

Table 2. Cell growth and ALA production by control or engineered cells in medium containing pure or crude glycerol.

Strain Glycerol type i e Cell growth Max. ALA pri?jicclgsity p:/rco)l;j:z;t\:iltcy
(h) (ODeoo) Mo/ (g-ALA/G-DCW)  (mg/i/h)
Control cells Pure 60 123+16 1771+ 66 5713 29.5
Crude 84 10.0+£3.0 896 =30 379.0 10.7
Engineered cells Pure 92 26.0+2.6 2193 + 100 290.5 22.8
Crude 926 14.7+3.0 1320+ 91 3174 13.8

The maximum ALA was obtained at this time.
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EEE2A P 732 HotsBA) HA HH3HE 913 IPTG
P P L M = B

hemA S&@L 98| AH8E pHCEIIB:= thAd 40 ot
2 YA Aoz WHEE 9 E(constitutive expression
vector) o] B2 = 212}Ql IPTG7F 2§t} [15]. 13}
otsBA HAE 3 AFEH pSTV28L 9 A T
o] lac Z2EH| o3 2HE= HEZA, IPTGO] 93f
ARLe] AL A2 e = 54 2heth34]. webs] pSTV28
o AYE g AR I A== IPTG H7HE 2 H7t
A7)0l 43 FFS TeTh3s, 36 A HEE
3HA1717] fl5te] dutA o g tget & H$(0.05-5 mM)
O] IPTG7} H7F 51, 9% Hrte et YdHes T4
E o3, ¥, ZRRE| gt dE =7} 24 Yeidt
[7, 26, 33, 36). ME| &) EA 4 7|& AFZLE B L2
IPTGS| 22 7t 9 A7 A71& 2Ash7] g dds
Y5kt

2 Ao A= g A& ZH-(ODgy = 0), A58 271
(ODggo = 3-4), @ F7](0Dggo = 7T-8)°ll Al 5= ¥ $(0.2,
0.6, 1 mM)9 IPTGE H7Isty 1 9L ZASHA T
Table 3 FZ A E°] H7HE vjA| oA IPTG A7} A7)
W g7k 2 AxUols 250 AE AY % ALA A
ASES Uehdth WEAE A4 IPIGE H7he A4
IPTG 55 37} uheh ALA BAFFS A e, 4454
4 2719 A% 719 0.6 mMe] IPTGE A7He 39
o T Smeluch AThAOR ALA 4] Elth E
g A7k 71 BAIgle] 0.6 mMe| IPTGE H7He 7 o
£ suoldun Yijgos AzUEst Ech @ A%
AR 2719 1 mMe] IPTGE A7Fe wjorol 4] vl A4k
(specific productivity)2 450.8 mg-ALA/g-DCW=Z 0.6 mM
9] IPTGE #H7het vieFol A @82 463.2 mg-ALA/g-DCW}
H| et ot AAE ALA 5=+ 0.6 mM9] IPTG7F A7k
H HjFol A A& Y 66% ELE FYTh ol= HAl

I G ALA 48 e e4sit Al Z =7 ¥ot7] fiadl
Ao 2 ARHT ARH SR AP 2719 0.6 mM]
IPTGE 37F3t 790l ODgoo2t AHAHE ALA 5%71 217} 16
7} 2121 mgl2 HHYXE Gebf Tt H A AR AlE
YT 8.3%, ALA RAFLS 57% A E ot FEaqt
g A2 M AT E Bt d2 ALA BARFLE &4 2
Aol H71E Bix o)A A gkt v d =28 YErY 9l
th= Folt}. ol #HEAIEel H7HE wiA oA AAY A
g T AEZAYE 9D ALA AAbo] IPTGE] 7=kt 7t
A71e) 2A FFE et AE ol

gutR o2 1 mMo| IPTGE H7tete Ao 4= U
HE o 4 AT HHE EE = AR g
A Qo133 36], & AT = A 59 AZYG L
ALA #4to] Q3|2 Zrastgit. A2 i+t vigellA &
B FAAY] BEg DHES F5] YAZZE THAZL
2 Az of AL (metabolic burden)S F0] 23]& Al
ZRAE AT 4 ATH37]. ¥Rt ofugt ALA BAt =
pS-otsBA o] 9]o] ALA A3/ B a% pH-hemA & E3
St Q7] W2l otsBA L HETE BEsHA HEA 7| =
739 ALA AAbego] A £ 9t wrekA 0.6 mM
IPTG H7}2 otsBA 29| 20] HHE3] YA AZAHA,
ALA A, EHEEA Qo] dAe 48 olF= A
o2 AgdHt £ Zits EYTEEA YT W2 Hd
< AN BN EYTR A QTS FE5HL 0]
Az W £3E 53 ALA JAE A 7] A] o A
23 tqiAtol HIFPAEe] dT AFEE =Y = Utk
Ag Bzt

=

£ A7 A AZYABY 2EG BEBEY 24
2 AT, 20 9] AT YA A7He FENE B
ohUeh 6.4 mM 28, 3.2 gl T2, D 3.9 gl AYAE F

A AFdtes 9&E gtrh23]. Aol dgt A32-EEKC)
9] 24 A8 = Minimum inhibitory concentration, MIC)

Table 3. Effect of induction time and concentration of IPTG on cell growth and ALA production by engineered cells in medium

containing crude glycerol.

Cell density (ODggo) IPTG conc. Cell growth ALA production Specific productivity
at the time of Induction (mM) (ODggo) (mg/l) (mg-ALA/g-DCW)
0.2 129+1.2 1355+£33 3744
0 0.6 13.9+03 1338 +£21 3414
1 121+05 1157 £45 3424
0.2 147 +£1.1 1355+55 325.8
3-4 0.6 16.1+£0.7 2121+24 463.2
1 11.1+£03 1388 +23 450.8
0.2 120+04 1055+ 12 315.0
7-8 0.6 13.9+£05 1124 +17 286.8
1 11.3+£0.9 1003 +£43 3195
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