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Production of by-products during 5-aminolevulinic acid (ALA) production
by a mutant of photosynthetic bacteria (Rhodobacter sphaeroides strain CR-720)
and industrial ALA production under control of temperature

Toru Tanaka'*, Seiji Nishikawa!, Keitaro Watanabe!, Tohru Tanaka?, Shinkawa Hidenori?, and
Ken Sasaki? (Cosmo Oil Co. Ltd., Hamamatsucyo Bldg., 1-1, Shibaura, Minato-ku, Tokyo, 105-
85281, SBI Pharma Co. Ltd., Izumi Garden Tower 20F, 1-6-1, Roppongi, Minato-ku, Tokyo,
106-60202; Graduate School of Engineering, Hiroshima Kokusai Gakuin University, 6-20-1,
Nakano, Aki-ku, Hiroshima 739-0321 3) Seibutsu-kogaku 93: 24-31, 2015.

A Rhodobacter sphaeroides mutant strain (CR-720) produced unknown amino acids in parallel with
ALA production when cultured in medium containing 50 mM glucose, 60 mM glycine, 5 mM levulinic
acid (LA), and 5 g/L yeast extract. The retention time from the amino acid analysis identified the unknown
amino acid as 5-amino-4-hydroxyvaleric acid (AHVA). When CR-720 was cultured at 32°C, 41 mM ALA
and 2.9 mM AHVA were obtained. In addition, HPLC analysis and optical resolution revealed the AHVA
produced from strain CR-720 to be (S)-(+)-AHVA. When CR-720 was cultured in medium with an opti-
mized temperature of 28°C, 44 mM ALA and 1.1 mM AHVA were produced and cell mass was maintained
at OD,,, > 10. Furthermore, medium optimization for industrial production was carried out. Finally, CR-
720 produced 72 mM ALA with a high productivity rate (1.4—1.5 mM/h) and obtained 1.9 mM AHVA at
an optimal temperature (28°C) when dissolved oxygen was at 0.5 mg/L, which was possible by controlling
agitation in a 5-kL jar fermenter.
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TEZORMENTH LRIV 7 4 ) ViHEROFAERIZI
T, #HEDO ALARPBGOFERBE OO THETDH
T EniRE N, L OYEALAGEASEIL 7 4
) VBB RRIC BT A HHEERETH L Z EAHOLN
TW5.

1984 4F, Rebeiz 512 & - TALA KA IERR A & L
TILHTE AT Lo asns?. ALAZHEED % <
SEELBENTHT, WIS LTS ESELAMLA
FUTIZBVWTORRRERN R @ESNTED, RE
SHTOMBEREPEATHSYO. —F ALARD
ATEIESE, TERSIIIE L L CIRBHE CTORRAER
NTwasbh FETIE, ALAYFe* ZHw/ze Mok
% WERR I T B B9 2 BR BBRAS R 1D, 7 5 TNIZALA
EF R V720~ 7 ) THRADO W HE ST
BYEBRSBHTCOMNBRMBIEREL WS,

ALA DHEFEIZ DO W TIMEAEBERHRE STV 5.
LA L, fLAEBERIERE L, —#T LR
ENTWRWY, 1970~ 19854F F TOMAEMIZ X 5 ALA
AERERETETIE, GO, HSER, #EEI% ETALA
BikEE#% (ALAD) oBiFHERTHL LT VR (LA)
RIS 5 2 & TALAWRIVEEDTED HiTw
BH, WINOALAAEREIZK 2 - 72 RKIETIX
Rhodobacter sphaeroides, Bradyrhizobium japonica 5
& Y Agrobacterium radiobactor ® ALA & K385 T
(hemA) %38 A L7z Escherichia colilZl X 5 ALA L
BT B HEZEA T T Y PO EAFER IR O
ZMABEREMETICBWT, ATT2 mM DA RED
wESINTWE .

JCE BRI, JEIEE RFEH XA ) T, A5
FUFTTHOIPRICE DI TE 5. ALAOFEMHMWKE
AFEIIIIF ARG ST A MIICENR T WS DT, R
HITIFRIE S T CH ALAZEFED BE 2 W OBl 38 % o
Wiz, TTICHRE L7280, R sphaeroides IFO12203 %
BIFRE LTN-AFV-N-= ba-N'-= ravyr7="
YEMWTER)ELERZITY, IHAESEAETH ALA
HFEWRE RS IKREEMK (CR-520) B L UE6RE
ik (CR-606) % HUH L 72", CR-5203 X O°CR-606
DALAEFEREZ RN S5 72011 3@RA B L OB
P DOFEAFFICRIRI TH - 72, HBH DR L AR
B£0.1-0.2 vvm Tl A L 725528 54 T T D CR-606 #k D
ALA A PEREL. AilkiATH 2 7Y ¥ v, ALAD D
FrRHERTH 5 LA B L TR F 2 2505, 18 R
T20mM 757" S5 %28EEREEZ TOERL
HUZ X Y U5 L 72 CR-720#%13, MRftizoCc#EAML (ORP)
ZRREEE L1505 -100 mV & 7 ARG SEET IS
BWTrZY Yy, LA, ZVa—ABLIUOEEIX A%
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TN, 38MFMIR B O ALAEEREIXS2mM 7 5
7219,

R. sphaeroides% A\ 7= ALAZEFEIC BU) B RE IR 1L,
CR-520#k 3B £ OFCR-606# % HI\WV T2 LIEFMEIZ L D
30°CTEfE X '™, CR-720Fk TIZ3 LISEEMEIC X D
32°CTHEBEBEN TS Y. L LAiHS, CR-7204%1Z,
HHEORBEREN32°CTH ST, ALAAEIZBW
TIX27°C UL Lo #IRE CIIRE#EREO LI T
RA ORI EEY) O AL AT 2 W AFED 51, ALA
A D 32°C P L OB 2RI TR A § % 1] H3 il B
BTIZLBERTRD LN

RI T, R sphaeroides 225tk CR-720 k12 & 5 ALA
ERERFIC BT B REY O 2 Jug L, FIEY O R
Mgk & UCRsmE LM Lz, €512, CR-720%%
O FERER (5 KLIERAE) TOALALED S S
RN

RERFE

HEAEk g R sphaeroides CR-720 k1, &
SOEBERAODORMH L. WhEEFSES
B3I 7 v a— 2B L OB X 2205 7% 5 TT2 553
BIXOTT3IEZ M L7z, 121°C, 2048, SHERK
W L7k, RKIREEAT1S0 mM & 72 5 X 9 BN L
7Z2MZ V3 — A e A7z TT3R oMk, 7
VA — ADRAGEEZ250mM & L, TEHEERTF 2
(V)= vy VEERE TR, BT OREEZE 8 g/L
EL72PAME T RTCTT2 s e oMk & Ak & L7z, pH
I Tb R o 7.

Wk, B (21 mmg) TIEARIENE S cm T 250 rpm,
A s 10 mL, 300 mL&/Ny 7 V=47 7 22 Ti3,
L £ 35 mm T 120 rpm, fEAE30mL, 2 L#/ N Y
INAR=M7 7 23 TIE, BEPEE35 mm T 140 rpm,
1A #2200 mL CTZ N ENF ML 32°C THEEZ TV
o= A

HEECLDALAELE 3 LEMEICL2ALAL
FERBOYA, FEEE I0mLOTRE: % &
21 mmé BB % 0 T A8 BEIIAT 5 72, T, 200 mL
DOTT2RMZ EL2 LA Ny 707 T A2 L TR
BICXDERBEE2% (v/v) HW L, M5S0 T 24
BB 2T o7, KIS, 1L.8LOTT2HE &, &
i FEM (TOA-DKK A, Ha0), b o i
BXUpHEM (A b7— - ML Ft:, Swiss) %74
L 723 LR MDL-300 (ALZE/N A 4 1 > D4k, H50) 12,
AR % 2% (v/V) R L7z, B 2813l 40HRE0.2 vvm,
B 18072 5400 rpm, HEIE2672 5 34°CTIT - 72.
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200mMLO T2 M Z EL2LAEN Yy 7UF=M7 5
% W T 24047 5 72, IRWTI20LOTT2 8 %
1200 LAERAEIC 7 9 A a8 8802 1% (v/v) fliE L,
WHE0.02 vvm, R E 230 rpm T 24~ 30 R i,
Wik 27> 72, 3KLOTTIR % & e, AT AR,
pH®EM (X bF— - b L F#:, Swiss) B X OREE%
P U725 KLASRAE ISR B S e m A AN L7z, B5ag
VB 2RI 28°C, A 0.2 vvm, #EHR 60 ~
105 rppm TH7 o 72.

5-73/-4-EFOF>HEE (AHVA) DA
Biel 5 D E:20 1206wy, ALA, KFELRwHEF U Y
ABXOBRBAKEF MY 7oA (FGHEE T KR
ZEBTT—MRALZ0L, 44 Y2 HFIR-120B
(FNA 74k, TR X AR# A7, TLC TR
HONZHES2RM L, TAKL —&— 12X )il 5
XEHKAHVA 21572, (R)-(-)-5-7 3/ -4- Fu
FUHEEEE (R)-(-)-AHVA), BXU(S)-(+H)-5-73/
A-v FofvEHER ((S)-(+)-AHVA) 1%, Herdies®
FEPIht > TER L.

AHVABEROmE  RE % Granick 5 0 )2
IZHE > TA & ¥ R HBIRIR-120B 2 X 2 8 % 17\,
ALAW % BU5% L7z, ALAM 4% 1 NKBER{LF U
LKW X ) pH%Z 8.0 L —BasZ il F Tl L
72, EHITpH % 8.0 # L7z ALA 55 % Ml % JH
TpHZ 4.0 L, 14 Y R|BIRZ M TER%E
Fo72. HUE L7z ALA %% Herdies 5 D J7 L2125 -
TR N w7 & (RDGRSE T 3A) 45T CRE TR
L, @OAEECED REZIRE Lz, AHBESIHIZIN
KEEALF t U 7 KA X D pHZ 8.0 12 FH% L —if
FiRFCRE L%, B2 HWCTpHZ 4.0 L,
FEA F R BBIE 2 W TORE L7z, AHVA %2 TLC
2 & DR LU AHVAR ;2 #5572, AHVAMRI 2 X % ) —
Vo (FDGHRSE T3 2 VTRt L, AHVA ML
mh %72,

PRAHE  EEEPOALAEEZ, ——) ve%
BEEIC XD W AT o 721 BRI IR EE R
UV1600 (&E#8 Eprt:, H#HE) % H v T660 nm D%
FEIZ X o THMT L7z, B DO AHVA, 5-7 3 /%
T (DAVA) ¥, &k o~ br 574 —LC-
10A B X OV EM 2 RF-10A (B8 irdt, mU#8)
WX, FNVEFTZIVTIVTEe FeHWiARA NI T A
-HPLC /M #T i C & ) BB A A B Stk 2 S & L 72
FHFEIZE > THM L7z, A L7ZAHVAIZ99.9% D&
K (A 274k, Germany) (ML, BifhaIL0G 2 E
INM-0400 (HAE T, ®il) ZHWTHHL, B
Kt ("H NMR) A7 b VERA L7 #MKICHER
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L 72(R)-(-)-AHVA, (S)-(+)-AHVA, AHVAHL#E &,
B X OFEREE, Agilent]100 > ) — XD HPLCH L O°
FAF—F7LAMBEDAD(7 YLy b F 7/ ay—
#, USA) 12X, #iK1LIC60% \IEERE10mL %
MZTpHZ LOWCHHE L 2mm 2 BEME L, HEz
0.5 mL/min, CROWNPAK CR(+) % 5 & (¥ 4 V4t
KB, T 2EE3°C, WERE 190 ~400 nm 2 TH
MLz,

RETOXRMMERE 3 LI % W TCR-720
Mz EH S, 24RHEER ICHERE (ODgo) 255
EXZ10 (Fdgdrycell/L) 1L, #HEEE% 350 rpm
EL 7YY, LT VR BRI XA B L VO —
AR WMEIZ, miEE AW CpH%Z 6.3 £ 0.112HEFH%E
LALAD A % i ha U 7= A2 28 B 4G 1 19 R [ #2112
28 mMZEJE L7z, AEJE#EE X 1.5 mM/h Td - 72 (Fig.
1). —75°C, ApEBI AR 19WE [ LARE (XA E R EE MR T L
HEPERRIG A4 REI 2 Tl 4l mMOAETH - 72, A
BIGA 5 OAEFEREIX09 mM/hE o7z BRfF ) ¥
VIR R T A7, REREIICHPLCIZE D 73/
Wzghr L7z A, HEMKE IS 7Y ¥
JE25~1TmMERfGF LT/, —H, V7 rvay
T A LKAS KA — 7 2L, T —2r 1)
TITAEFERMGER, ALAOHME & I8 MmML Tt
(Fig. 1, wk.1). AR, S 25 KRR ELIE, ALA
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Fig. 1. Increase of an unknown peak detected by amino acid
analysis associated with the production of ALA from strain
CR-720 in 3-L jar fermenter containing TT2 medium at 32°C.
Agitation and aeration were controlled out at 350 rpm and
0.2 vvm, and pH was controlled at 6.3 = 0.1 after addition of
levulinic acid (LA), glycine, yeast extract and glucose. @,
unknown peak area in amino acid analysis (w.k. 1); O, ALA
production; &, cell mass; 2, residual glycine; &, LA addition
(5 mM); &, glycine addition (60 mM); &}, yeast extract
addition (5 g/L); <, glucose addition (50 mM). The values
represent the averages and standard deviations of triplicate
experiments.

AW T HE93%

NI | -El ectronic Library Service



The Society for Bioscience and Bi oengi neering, Japan

APEEBEIIICT L2225 R MY — 7wk, Lid3m Ui,

HEFEBIE D S 44 HBOY — 2 1) 71254 x 107 &

olz, —HTTI/WHNOra~x sS40 LD 7
Yva vy A ARG, KM -7 2 BlgE L

7z (Fig. 2, uk.2). RHME—7uk 2%, FEBERO

JidMm I T, EERBROY -7 1) 71335

x 10% ZEREBRIAED S 20 BERI 212 8.1 x 10°, 44 Ff 14
12125.6 X 10°TH -7z
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Fig. 2. Amino acid chromatogram of culture medium of strain
CR-720 44 h after addition of levulinic acid (5 mM) and
glycine (60 mM). Glu, glutamic acid; Gly, glycine; LA,
levulinic acid; ALA, 5-aminolevulinic acid; u.k. 1, unknown
peak in amino acid analysis (retention time is 45 min.); GABA,
y-aminobutylic acid; u.k. 2, unknown peak in amino acid
analysis (retention time is 52 min.); His, histidine.
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Fig. 3. Analogical structures of unknown peaks in the culture
medium of strain CR-720. The chemical structure of
S-aminolevulinic acid (ALA), 5-amino-4-hydroxyvalelic acid
(AHVA) and 5-aminovalellic acid (DAVA); *, asymmetric
carbon in AHVA.
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HAL7zm#ol, V772 NVT VT KIZEAT I
DB OS D%, AR L 725538 % S0 3 2 5L
ETHZENL, ALACHENFULTWAT I VR
DIfiLEZzoh, 2O7I 8 (5-73 /-4 F
0¥ 2 EHEE (AHVA), B X O5-7 3/ -n-7 W%
(DAVA)) 122w THGET L7z (Fig. 3).
AHVAIZDWTIE, WHGRIENSFTE L 7280, Biel
5D EMIZHEY, ALAX Y &KL &Lz
AHVA % 'H NMR 55#r L 72485, 40 RFICHET 5
Ta bt YHKROA Yy T) T HBEEET A 5B X U3
DIRFNAHEET AT M Hro =I5l b L2
%, ¥— 7@7 IHE LT (Fig. 4d). o RIE
ALDOPRFIAEET A7 1 b /ksujbthMu@r,\L
WAET 52070 b v L OBSNBERIZIEEMICH
ZEERLTEY, A LZAHVAIZT 3 ﬁi“C“ZF)Z):
ENHS P E R ST BNORFICHET L o070
M OY—=213ENFN, §=3.16 (dd, J=16.2,3.2 Hz,
1H, 3-CH,), 2.91 (dd, J=122.5, 9.4, 1H, 3-CH,)
Tdho72(Fig. 4c). 72, L% 7 16=2.23241DE —
JIIE—7H10E%->TBY, 2MORFEIHET S
SO7u b BIOEETLIMOTE N BT RTIE
MR E LTI L2453, dubble dubble dublet
DE—IRELYVE->TWDLEEZ LR, 2D RFEIC
WEITHTO N VHEDOE - THDL I EDHRERTE T2
(Fig. 4b). 1t%> 7 b8 = 1.66-187DE—27 ¥ —2~
B3 &7 o TEB Y RN 21T o 72868, 3o ikFE
WHEETH7a M VICHRTHE -7 TH H 2 L 2R

L

Bfppm
g’(* é% EE%-Q—.%——» 855

2

Fig. 4. 'H nuclear magnetic resonance ('H NMR) spectrum of
AHVA synthesized from ALA, sodium borohydride, and
sodium hydrogen carbonate. AHVA was purified with ion-
exchange resin, followed by NMR spectrometric analysis in
D,O (400 MHz). (a) 8 = 1.66-1.87 (m, 2H, 3-CH,); (b) 2.23—
241 (m, 2H, 2-CH,); (c) 2.88-3.18 (m, 2H,, 5-CH,); (d) 3.86
(ddd, J=25.6, 12.8 and 4.3 Hz, 1H, 4-CH(OH)).
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L7z (Fig.4a). SN O OKEDSHK L 7ZAHVA R
AHVA OREEH L TWDH Z L 2R L7

B L7ZZAHVA %R 7 3 G X Y 54T L 724
BV FUyav I A ANBAS G THo2 0D, 5
B T Lzuk 1EYF Y a vy ¥4 A0 —K
L7:. §7%4bb, uk. 1% AHVAERZELZ. &l L7
AHVA % phiiEe il & LT, ALAZEERIIGE: 44 BRI 12
DOFEWH D AHVA %2 = L7/ E, 2.88 £ 0.04 mM
(n=2) THhHoi-.

—7Ji, DAVAZ, R¥EEXAT, 73I/WOIEICLD
A VFrvary ¥4 L6025 TholzZ
SRR THME Lcuk 28Ty v a v A A
A= L, uk. 2% DAVA L& L7 RIEDDAVA %
SINTRERE S & LT, ALAZEPEBRHAG# 44 WF R 14 O K5 210
HODAVA % & L7248, 0.24 £ 0.06 mM (n=2)
Tholz. —F, BEROKEDS X OHMLEZ T VWIS
L 72 AHVA HUR: S O Je e g % e L 72/ 8, [a]™s =
+22.0 £ 0.0 (n=3) TH-o7z. %72, Herdiesdik?
IZht > THB L 72 (S)-(+)-AHVA 3 X U°(R)-(-)-AHVA
RS L L, BESE S T A% V2 HPLCEEIC X
0 SR 2 S BUS L 72 AHVAHLES &4 % 001 L 724
(R)-(-)-AHVA (38 & 72 72 72 (data not shown). &
DAE LD B CR-T20 ¥:7% (S)-(+)-AHVA % J5 51912 24 1
LTWABIZENHLNE R ST,

CR-720#kIC &1+ % AHVA £ D REKEFNE
AHVA 3 ALA EFERIZEINS 5 A% & LTI T %
VBB o 72728, ALAZEFEIIG % W AE 72 BR D MEFF L
%755 AHVA O 2 K085 5 S fh 2 Bt L7z, Biag
W L D ALAEEDEE T A0 Btk H - 722 &
5, FTIREORBIZOWTHE Lz, fBRE2 W
ALAZEPERHMEE ™I X 0, RS R E % v T CR-
T20 %D ALA A RERE O RF 2L %2 24 ~35°C & L C,
AHVA D EFERETIZOWTHE L7, Z0O#%E, ALA
AL 26 ~32°C O Fi P TR 20 BERT #1289 40 mM %
MR L, AHVAIZ28°C UL E ks8R EEchimL, 35°C
T4 mM FCTERT S 2 & 2R L7z (Fig. 5).

ALASFEICE (T3 CR-T20 % DIEHBEREDRTE
CR-720 ¥k 55381 26, 28, 30, 328 KX 134°C T3 L
RIS CARSE, 3EMBEORKREZZLEN
ODgo = 3.8, 6.0, 89, 11, BXU99 Lo/, Kt
W28, 303 X UV32°CITR#E L 72 FMel O Jh o B %
350 rpm Sk E, FU Yy, L7 VR BRBIXAB
TNV a2 EBFM L7205, FiMzHAwCTpH% 6.3
+ 0.1ICHHE L, ALADOKEREZMG L2, ALADEE
Ba#%, pHERMEZINVT6.3 = 0.1 HB)FHE L 72,

ALA O A FERI UG 7 & 19 W I % O ALA A4 FE R 13,
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Fig. 5. Effects of cultivation temperature on AHVA and ALA
production of strain CR-720 in 15 mm¢ test tubes containing
TT2 medium. 20 h after cultivation, glycine (120 mM), LA
(5 mM), and yeast extract (2 g/L) were added. @, AHVA; O,
ALA. The values represent the averages and standard
deviations of duplicate experiments.

28, 308 X U32°CE&MFTENEN2, 268 L0
26mM Z /R L, ALAZAFEREIX, 1.4~1.5mMhTH-
7z (Fig. 6A). —7Ji, ALADEFERMED S 41 KR O
ALAZEPEIREIZZNZEN44,38B XL M40 mM Tdh - 7-.
ALA OEFERIGD & 44 WE 12 T T ALA A 13,
FnFEN11, 09, BIU1.0mM/MhE o7z AR
IG5 41 e % O AHVA R s, 28, 308 X U832°C
FETTERZENLL 218 X029mM Th- 7= (Fig.
6B). A B 4G 41 R [ % O W AR IR EE (ODggo) 13,
28, 30B L U32°CELMHFTFTENENIL 10B X U6
T& - 7z (Fig. 6C).
SKLEEHEZ AL 28°CEE T TOCR-7208% D
ALASERE  BURO ALAERESRMCIX, EEZR
BEELEIC, FVY Yy, LYV, BRIEF2B X
W7 NVaA—=24FOT V= —%R/INT5. 20T
TETav ZEMN T AR EAYEMEIC % 5 F, O X
b7y FERE 45720 ALA A RE OB % fRg L L7,
ThbbEHBEIFZ Ggl), BXUOZVva—2
(50 mM) %, CR-720%k% 4EH S8 % B CRHICE
m¥az el l, HERDOTT2R A S TTIHHICEH
L7z, Sy ry v reL 7y YBown<e, +44
ALAKERENTZ D2 otz F72, SKLERMO
B Z AR SR, AU EE 0.02 vvm S T TR E
WX EfmRFRRE (DO) Z#l#E L, EEIZ28°CT
WAL 72, ALA, AHVAZEEDB X O HARIEE ORI
Wit % Fig. 7R

CR-720Fk1Z, AL 0.2 vvm o T CHRMEEE 2
90~ 105 rpm IZFHi L, DO2%0.5 mg/LLL LG T 5
G CTAE S, WKIRE (ODg) 2713123 L7224
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Fig. 6. Effects of temperature on AHVA and ALA production
and cell mass of strain CR-720 in a 3-L jar fermenter with TT3
medium. Agitation and aeration were controlled at 350 rpm and
0.2 vvm, and pH was controlled at 6.3 = 0.1 after addition of
LA, glycine, yeast extract and glucose. (A) ALA production, (B)
AHVA production, and (C) cell mass. @, 28°C; O, 32°C; A,
30°C; ¥, LA addition (5 mM); {}, glycine addition (60 mM);
&, yeast extract addition (5 g/L); -+, glucose addition (50 mM).
The values represent the averages and standard deviations of
triplicate experiments.

BRI, WEEEEZ 90 rpm KT &7, 7)) v v
BIOLVZ7Y yBERIMLCpHEZ 63 = 0.1ICFEL
ALAZEZBM L. ALA DA ERBHZIZDO O ER
fli250.5 mg/L & 7 % X 5 BHFHELZ R Lz AR
A5 39K T2 ) ¥ (60 mM) & &3 ERGRML,
ZDLEDALAEEREIZSI mMPB X ONAHVA &
BEIZ1I2mMTH o7z F72, LEREBD S 398
FTOALAAEHEIZALA AR HE X 1.5 mM/h, &
PRI (ODggo) 1321 T o 72. E 512, 7)) ¥~ (60 mM)
EMURELY 120 L2 25, ALALERE
X722 mM, BLOAHVAZEEREIZLImME %o 7.
HEREBRAGAA S 51 £ TO ALA A FE ¥ 13 1.4 mM/h,
WRHEEE (ODgg) 1323 THotz. 7V v ViHEED2D
DALANERIZHKIZ0% TdH - 72 LR S 328/
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Fig. 7. ALA production from strain CR-720 controlled
dissolved oxygen under 0.5 mg/L by agitation in a 5-kL jar
fermenter containing TT3 medium. For ALA production,
agitation and aeration were carried out at 60-90 rpm and
0.2 vvm, and pH was controlled at 6.3 = 0.1 after addition of
LA and glycine. @, ALA production; O, AHVA production; &,
cell mass; ¥, LA addition (5 mM); {!, glycine addition
(60 mM). The values represent the averages and standard
deviations of triplicate experiments.

=

ZI2DO DS —IFI9120.7 mg/L & /R L7278, #¥EdE o
REIC & o THEPEZ M L CTDOIZ0.5 mg/L A 12 7 i
TX 7.

i1

T

z ¥

Zrlal, 5 KL FSEEM % v CR-720 812 & - T3 72 ALA
AEREIREE (72 mM) 1, SO, Rhodopseudomonas
palustris D hemA & {r 1% & ATZE. colilZ X %39.3 mM"),
Salmonella arizona ® hemA B85 T % & ATZE. colilZ X 5
31.5mM' L bR L C 1L.8K5 L, 7 5 UNC E.coli Rosetta
(DE3) /pET28a (+)-hemA 2 & % 72 mM' & [f] %5 % 5
Tho7z. CR-I20MRITEZFHIRZATRNOT, ALA
HEREDREER TN N EEZ OND.

CR-720#R12 & % 5 KLFEMAE TORERER L D 7)) &
CHEBERII2I0mM ER D, )T U D ALA DL
HII34% Th o7z, HIHOFE LREORKRELRD,
IR THIR R E. coliTDZY) ¥ v H 50O ALA I S54%
LI L T o 72, CR-T20BETIX3 LEEEME T
VU AEI180 mMERIN L7225 E, ALAAEREIZT ¥
FEZTVHI00MMERELTWAZ L EMERELTEBY,
TYEZT B EOMOPEITAH S, ALAKEICH
WHNTWREWZDEEZLND.
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AHVA X, BB ME Rhodospirillum rubrum 2 X1
ALA %5 O Y & L C Shigesada 512 & ) #lo T
Wi Sz, F72, Erythrobacter )& O Y64 B # (2
BWTHALADSORHEY & L TAHVAD G S
TW3®. EB5IZR. capsulatus O WA Rl %
WTALADH AHVADSER SN Z LG SN TH
D, Biel 512& 5> TALAD DS EE I TW5BH 2D,
CR-720 %3 ALAD D5 EHITH H L 7)) Y2 R
MUZWEE, @mL 7286 & L <R3 5o AHVA
PHEREND L3 LEMMTHAZLTED, CR-
T20RRIZBWTH AHVA DA A ALAD & 5L Tw
bE%zbN5b, CR-T208 Tl CR-520 ¥ % CR-606
PRE B L CTALADIEEAFI 2 51272 5 TH D, AHVA
DRI EEOERRE KL Tl L LTwiz et E 2
bha. INF TORE TIEOLEHAME I X Y &
WS N5 AHVARFEGEEAR L LTHES R TV A
Moleds, A, HEESIZAHVAIREREARTH Y,
CR-T20 M AVERE L 72 AHVA W, (S)-(+)-AHVA T 5
ZEEFIICHERRL .

R. sphaeroides % i\ 72 ALA AL FEIRF O IREESAF 12D
T, CR-520%3B £ IFCR-606 8k TId2 LIEEAE % T
WT30°C TEM S il P23 ), CR-520%, CR-
606 kB L 'CR-720 ¥ TIE 32°C &4 F T2 L 3Bl H
%\ X3 LAl M L € & 72" CR-7208%:% W T,
B IC & B ALA A E RIS T ALA ZEPERF O 41
& REANC MG L72R5 3, 32°C & T 20 e # Tl ALA
AEETEE D30 mM O & 12 AHVA AR REA2.2 mM
THolzDITR LT, 28°CEM T TIXALAAFERIED
37mM® & E IZAHVA A B % ¥ 530.8l mM % 7R L
(Fig. 5), ALAAEROREZ 28°CICEET A5 LT
AHVA QAR ZIHIREZR 2 & 22 L, S HICALA
HEREZEART L WRED LnE3 I e TEk.

R. sphaeroides \Z & % 0554 FCTO ALAEFEICB
WCRAEEE B X OB E ORE AR RN TH D Y,
CR-720 ¥k Cld i 54 £ 0.2 vvm 52 T TORP 25150
B -100mV & 7 2 BHEEORE L, 3 LIEHEICE
WCEREBIA A 5 38 BRERI R ICS2 mM ZERE L2 2 & &
HL72Y. ORPZ I LA ERIEICOVwWTida T
YA LQIOTOHNH B . CR-T20M1E, IFAR &
FTrI Yy e A7 Y=V CoAR S ALASZH LT
ALAZERET BN Z AT 55, ALAS AR &2
ME2IOZEERATZ YV CoAZRMRT B 20145
CBEMRAILETCH L MMV 3D I EPEET
Btz EEEBBOREN T R Ay — )V OREA &
F5EDALAAEREZ BT 5720, BREMGRED
AT —=NVT v THREZEDDL I LPRETH - 72,

30

ORPH-150%*5-100 mV & 7 2 ¥R E % S kL DL 1
DB THRET B 7201218, BB TOEK DR
VB ol b A NS AMEE RS -7 FC
THEELIE, HAEEL) OWHEBI L kall X A2
WE2ATo 7GR, 5 KLERELL LOREAE~D X 7 — v
7 v 72, ka=24hT' Zhc T EEMS & oRE T
BB EAER T O ALA A3 il & ik L C90% L o
ALAEFENMPBESNL Z L Z2WHHE L2, —JF, ka
BIXOALAZFEREEE AHVAERE & OBREZHERL
725, WIS R HBBRIE R Sk o 72 Fig.
SIZ/RT @ D) B I 28°C T O AHVA AL & (2 k) LS
ZE30°C TOAHVAA R EITH3IMHICR->THD,
BREEOREN hab X ALAEEREICX 2508
YO REVEEZLNS.

K& LT, ARHMTIES KLISHA 2 v T ALA 2R
I D R O T IC X > TDO % 0.5 mg/L A 12 4
DI ETLA~ 15 mM/hDAPERE Z MY, LA
A5 STRERZIC SN E TORE & FSFEDO ALA AR
WM T 272 mM O ALAEREDTREE 7572, 72,
A PEBIE D S 26 BRI 21 ALA ZEpEIRFE 2542 mM @ &
X ICAHVAZEREEE1X0.7 mM, ZEPEBIMEA S 51 R
BI21.9mM AR L, B2EE28°C4&MF T TAHVA®
B EIHITE D Z L B FEEEREOS KL T
AR TET.

A BHIHZ BARR. sphaeroides CR-720 81, Tl
fRELTS0mMZ La—X, 60mMZ ) v, ALA
BikBEEHEHE LTSmML 7Y Y#EB X 085 g/LI#
BEL ¥ ZALAE T, 3 LA CALAZ EFES /L 25,
ALAAFEZ - THWINT 2 KMo 7 3 7 BE it L7z
RKHMDOT7 I JBIZS-7T I /4L Fox R,
(AHVA) &% L7z, CR-720 BRI HE a8 32°C £t
TTALA%41 mMAGE L7z & & AHVA % 2.9 mM A4
L7z, GRS 5 2 % w72 E ik 7 o< b
7574 —=12X b, CR-T20#1Z(S)-(+)-AHVA % §F 5
MNCHEFELTWD Z & sl L7z, BEasii s 2 Met L7z
KM, 28°C TALAZ44mMAEREL - & &, AHVAZK
FEEIFLImMTHo7z. EHICALALEDOR % K
KL, 5KLZERAE 2 FV CREARIE 28°C B X UMl A
J£0.02 vvm — & G T CHREFE U 2 B ET LA A7 Rk KR
JE% 0.5 mg/L LU FISHIA L7245 58, iz CR-720 #
2 X ZAHVAD B 2 1.9 mMIZHIH T &, ALAZS
2mMAEESN, AEHEELLTI4D251.5mMh%E
1572,

AW T HE93%
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