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Industrial production of 5-aminolevulinic acid by a mutant photosynthetic bacteria
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(Rhodobacter sphaeroides strain CR-720) cultured under optimal conditions

Toru Tanaka'*, Seiji Nishikawa?, Keitaro Watanabe!?, Tohru Tanaka®, and Ken Sasaki*
(\New Technology Development Group, Research and Development Center, Cosmo Oil Co. Ltd., 1134-2
Gongendo, Satte, Saitama 340-0193; 2Cosmo Oil Co. Lid., Toshiba Bldg., 1-1 Shibaura, Minato-ku, Tokyo
105-8528; 3SBI ALApromo Co. Lid., Izumi Garden Tower 18F, 1-6-1 Roppongi, Minato-ku, Tokyo 106-
6018; *Graduate School of Engineering, Hiroshima Kokusai Gakwin University, 6-20-1 Nakano, Aki-ku,
Hiroshima 739-0321) Seibutsu-kogaku 88: 455-462, 2010.

Mutations were induced by repetitive exposure of Rhodobacter sphaeroides to N-methyl-N'-nitro-N-ni-
trosoguanidine; the resultant high-productivity strain CR-720 can produce 5-aminolevulinic acid (ALA)
even in the absence of light. This strain showed 40% ALA production compared with CR-606, when cul-
tured in medium containing 50 mM glucose, 60 mM glycine, 5 mM levulinic acid (LA), and 10 g /! yeast
extract. When CR-720 was cultured in medium whose pH was optimized to 6.25 = 0.05 and to which 1
mM LA was added, 43 mM ALA was obtained. In addition, medium optimization to increase cell mass
production was carried out. The ALA synthetase activity of CR-720 grown on the improved medium was
about 3 times greater than that of CR-606. Furthermore, CR-720 produced 52 mM ALA with a high pro-
ductivity rate of 1.6 mM h-! under conditions of optimized pH, LA, and cell mass production, when the
redox potential (ORP) of the medium was controlled between —150 and —100 mV during aerobic culture
(DO = 0) in a 3- jar fermentor. Thus, industrial production of ALA was possible under these culture
conditions.

[Key words: 5-aminolevulinic acid, Rhodobacter sphaeroides, mutant, ORP, pH]
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TILHATE 2 Z iGNy, BFERBRERE LT
X 0 FE L AMmtE e A RIS DR R pvEm A S 1,
BEESTTCTORBRMAEIEALTND 1410, X512, HA
B, EELEE L COEMRDT TO AR EILE
HINTW310,

ALADAEFEIZ O W TUMLFAEBIENRE I N TN S0,
LU, IRIFELSHETH - TLrERALIN TR
W, 1970 ~ 1985 4 F TOMAEMIT X 5 ALAAEPERFFE T
&, A BT, MR, SR ETIEE A ENALAD
DEFIERTH L L 7Y Vi (LA) ZEHIZHRNT %
ZETALAWKRMEENROOLNTVRDH, wWihnd
ALAAPE R IZR N1, BT, Rhodobactor sphaeroides,
Bradyrhizobium japonicum % X T Agrobacterium radiobactor
D ALAEEGHGEE T (hemA) %3 A L7z Escherichia coli
DIBIETZEFRIT X 2 FEAE 2 V7 ALAZAEE BT %
WFIER o4l TR 0 119, K T39.3 mM DA pE D
ENTWVBW,

—75, JABRIEIOCEEIEAIE D0 T L, iFaE
SAETTHMRICL VIIETE 5. ALAOFERKEE
PEICIZIF RIS I X PICENT WD DT, FEDH
I RIE SR T C b ALA AEFE DY RTRE 22 B D Bl 7 % D
7o, TTIHE LY, BHREREE (CR-520) kX
U6 KA RFE (CR-606) DALALFERZAIE D7
DT X R L OB IR HE D FE TR R TH -
7o, WH DOMBERSM T TD CR-606 kD ALA 4 &3,
HiEK(ATH 527 ) &>, ALAD DFIRERITH 5 LA
B L OEET F X 2705 18K H T 20 mM 72 5 7216,

B B2 @A PE RS Z CERFAMI 2170, SABRE I
X 2HEET27.5 mMAEFET 2 Z EHTE HCR-7208%
2R, REEMEIC X D LA RINEE ORI
IFO12203 %k, CR-17FkE & UNCR-286 FRICBI L T X
TV D 1819 PR T TOREEICT L U CR-520 FkD
ALAD DiEtEX, T DHTH % CR-450 DB X Z 1/2
WKL THY, CR-606 ki Z DFRE & FIFRIFRED
EHETH - 72, ABRE CTORESM T Tld CR-520 F
CR-606k% & U'CR-720k D iz KALAEBEEEITH 3 5%
HLAJREIZS mM EREZINTND I,

—7J, BIETHRZE. coli %\ 72 ALAEBERFSEIC X
O, pHZ6.5ICHHIT 5 & CALAEEN LD Z &
WME XN TV, R. sphaeroides D ALA A BB FRTEEC
X3 2% pH #IPHIX 7.8 ~ 8.0 L DHitEH D 520, WL
BICTENL & ALAA: B D BRI DWW Tl CR-520 Fk TS
ENTVB10, LU D, REELY AW ALAARE
RS D LA, pH Ik X OBRLIR TR O % M %
LA I NE TITRWY., AT CR-720 %% H
W R COALALFEICOWT, LAGM, pH, kX
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URLETTEM D E BRI OB 2170, X5k 5E4E
PEZ Hfa L7,

RERAE

HEEK M R sphaeroides CR-520, CR-606,
CR-649% L U'CR-720FklE, HH O DERZMRED H D
PHEAL, BEEHIZINE A — -7 ) a— A B
(GGY2) 9 B X UZERHM (2 x GGY2 B LU TT2) %
A L7z 121°C, 2097, mHEAKEEL &, KR
FEMB0 mM & 725 £ 5 BT L7322 M7V 3 — 2 %N
A72. 2 x GGY2REHD MR L, 7V 32— A DIRKEIRE »
200 mM & L72BIAMZ, 3T GGY2 By D 2 fi5 &
E L7z B A— b7 L —7 3 BHilC5 N-NaOH %
WTpH 6.8 ICFFE L 72, TT28b DAL, B —F X
RTERBNTX A (3 2 X )V TEL, 50
3 g ; NaH,PO, * 2H,0 1.2 g ; Na;HPO, * 12H-0 4.37 g ;
K FeCls, 3.24 mg & L72LIAHZ, 2 x GGY2 55H &[]
KD E L7z,

BifklZ, BERSME T 32°C THEEAIT -7 (21 mm
FABRE TIXHRIEIE S5 cm T250 rpm, AR 10 ml, 32°C
TR, 500 ml KO 7 7 22T, HERIE 50 mm T
100 rpm, fEAE 100 ml, 32°C TH:#E, 300 ml /V v
TIAT =47 F 23T, BHEREE 35 mm T 120 rpm,
A& 30 ml, 32°C TH#).

REEVEICKDALA%E  FERIEIL 10 ml D GGY?2
Beth & 72132 x GGY 2R 253021 mm ¢ iBRE % FI\ T
48 WifElfT o 72, RWT, 200 ml D GGY2 5 & 7213
2x GOY2 st A &N O 7 7 2 2Tk LABREIC X 5
RHERKRY 2% (v/v) HEE L, 48 B, FifsgEx2{T- 7.
GGY25:Mi 2 W T AREEE 2175 5 A, 1 DR 2 &1,
2 [ R CTB-33 (TAITECH:, HE) ITHIEEER % 10
% (v/v) R L7z, REEIEAEE 0.2 vwm, fHEFRHEE
300 rpm, 32°C THro 7z, 24 BefERE#ER, 7)) >,
LA, 70V 3 — 2B XU ¥ X 2 ERRITINA 2. pH
|E IN-NaOH % L ' IN-#ifg %2 T, 6.3~6.9DHIC
FHE L 720 2 x GOY2 £ 723 TT284 2 W CARRSE 217
I556, 1.8 DM 2 BV R HFIHREREM (TOA-DKK
Hi0), MLETEMEmS L OCpHEM (X 7 —- b
L F#, Swiss) 25 L7031 FEH# (MDL-300, A%
INAF T2, B ITHIEEER % 10% (v/v) FEE L
2. B F0M SOE L 0.2 vm, R 180 4> 5 400 rpm,
32°C Tfro7a.

ALAGRKEEREN R BREMEEMR (TOA-
DKK#, Ha0) ZEEFL, 1.81D2 x GCY25 A &
3 I RBERE 2 F 72, BRI 5000 x g, 2099 D s 04y Bl
TOEEL, V®MAY) 7 LAREER (50 mM, pH 7.5)
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ERAWT2EPEE L. RS, FROBERZ AT
ER%Z 3~5 X 109 mI T HEE L 7c%, EE 7L >
FTVUR (KEBERIERTH, Hn0) ZHw, 150 MPa, 4°C
ST CHAZMML 2. R L 728D BRER I,
15,000 x g, 20 4y, 2 BLERODEEZITo72. 2D EER
ERBRERE LT, HBERROX XV RERX7aT 4
T wkAFy b ONMF Ty N USA) ZRHWTH
Brizz. ALAGRKEEEDMIEE, Yubisui 5D HEICHE -
TN L 722,

DAE  EBERTOALAEE X, AOEOHEIC X
0 Mt 24T o 722 M SRR DM O & L7219,
BERIRE L, DYOEEZTUVIe00 (BEESLERTH, 5THR)
ZHWT 660 nm OEEIC L > THOWHr L. BEERTD
TV, LC-10AY 2T L E X OVEHR HI 25 RF-
10A (EESUERTH, 5#) X0, AV b T7Z LTIV
T R2HAWRRZ T A -HPLC HHiEIC X > TH
Brizes, 7))V a— ZREIZRRERD T (AS-210,
JBAbEAE, WHED ZHWTHH L7

FTREEK% (CR-720) DIFTESRMAF TDOALA £ERE
71 Fig. LIZERFECR-520, CR-606% L UFCR-720 D
ALA A ES L UWHEBRE D% 8 2779 . CR-606 % H
BRE L TERZITY, KBEZY > 28Mm (10mM) T
HALAZAFEL, 51260 mM 27 ) & U FCTHALA
ZrEEE T Dk E U TRk L 72 58 7k & 246k (CR-720)
DALAERE, CR-606Fk% LAl Tuwafz. CR-720Fk
DALAEFERIIRIERATH S 7Y > >, ALADFHERIT
H5 LA BIOEERTF 2 2EMN% 24 BT 22 mM,
F AR X092 mM h!' TH o 72 (Fig. 1A). ZD &
%, CR-520%k36 L ' CR-606 kD ALAEFEREIZZNEN
18T 3.9 mM, 24H[HT16 mM Tdh -»72. %72 CR-
606 FED ALAEFEHEE 120.67 mM h-' TH - 72.

7))y, LA, BXURRET ¥ ZEMNE, CR-720 £
DEEIRE (ODeso) (1, 0FFHT 3.4, 30K T7.1 T
otz —J, CR-520 k¥ & U CR-606 Fk D FE (4 &
(ODgso) 13, OBFfHIT5.13 £ 086.6, 30B:HT163 LT
14 TH -7z (Fig. 1B).

JYVOOBRMICEDALALEQE KR 7 ) > >~
RBHINT D Z EIT X DALAEED K AR AT, 7
Py LA, BIUOMRT X ZZ20ME,  1200% ICRK
X LT 2% 60 mM BTN L 72 LISk Fig. 1A
EE— D&M T CTREZIT > MR, Fig. 2 1ITRT LD
IZCR-7T20FRDALAKEFERIZ 7Y > >, LA, B X UOEER
TE ARG S6HRIT32 mM CTho72. i, 20D
EEDALAAEREZ0.89 mM h' THhH o7 7Y vy,
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1. ALA production by mutants of R. sphaeroides in a 2- jar
fermentor containing GGY2 medium (pH: controlled at 6.55
+ 0.05). (A) ALA production, and (B) cell mass. Strains: @,
CR-720; O, CR-606; A, CR-520. [}, Glycine addition (60
mM); §, LA addition (5 mM); [}, yeast extract addition (10
g[™"). The values represent the average and standard devia-
tion of triplicate experiments.
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2. [Effects of repeated addition of glycine on the ALA
production of strain CR-720 in a 2-/ jar fermentor contain-
ing GGY2 medium (pH: controlled at 6.40 + 0.05). ®, ALA
concentration with repeated addition of glycine; A, residual
glycine concentration with repeated addition of glycine; O,
ALA concentration with 1-time addition of glycine. Arrows
are the same as in Fig.1. The values represent the average
and standard deviation of triplicate experiments.
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LA, BXUERTF XiEME, 12 BEEkC7) 2%
BIRMUZGE, BHETVSVEEL 7))y, LA,
BIUOBR T ZRMEZ T3 mM, 128:R% GBI
%) 78 mM, 36H;f% 7.4 mM, I L 480E% 2.5 mM
Thotz. 36WHELIE, ALAAPE XL 7.

CR-720 %D ALA A E I 2F@EL 7)) VB (LA)
BE 7V r, LA BIUENT X XHEMED pH
6.4+ 0.1ICHMAIL, 77V 22 imin Rk L LT60
mM) % 2[a17 9 & F T, 2 1 FEAHE % i\ C CR-720 Fk
D ALA EFER TR T 2 LA R O % i &P 2 st L 72,
LA ZREEEE LTI 28X M4 mM BN L 7254613,
7Yy, LA, BIUENTF X% 30 KETO
ALAAFERL, ZNEN25, 2782 mMThH -7z
(Fig. 3A). ALAEPEBE X ZNZ408, 0.9FBLT0.7

35 {}

ALA (mM)

0 10 20 30 40 50

Culture time after precursors addition (h)

10- T s B

Cell mass (OD660)

© = N W b O O N 0 ©

o
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Fig. 3. Effects of LA concentration on the ALA production of
strain CR-720 in a 2-/ jar fermentor (pH: controlled at 6.55
+ 0.05). (A) ALA production and (B) cell mass after precursor
addition at the following conditions, LA at concentrations of
A, 0mM; 2,05 mM; ®, 1 mM; B, 2 mM; O, 4 mM. ],
Glycine addition (60 mM); [, LA addition (0—4 mM); §,
yeast-extract addition (10 g{'). The values represent the
average and standard deviation of triplicate experiments.

458

mMh ' Thotz. Fi, EEREEELT05mMIZTI
[\ LA 2% L 72356 O ALAAEFE&IZ 21 mM Tdh - 72,
LASIRIMDY S, 77V, LA, 8L OB X XN
%30 COALAEERIZTmM CTh 72, —7, 7
>, LA, BIURBMTF ZiRIMEOHEEIRE L, LA%
4 mMEEINL 72358 ICEIRIREE (ODego) DD & It
L TELHER L (Fig. 3B). L Lah s, WEERERE
(ODggo) 1E5~6TdH -7z,

CR-720#IC X B ALAALEICK T 2 pHDE

CR-720%k % AV CALAA EE T/ 3 5 pH O Z il %
BET L7, 20 M2 AV, GGY2 KEHT T CR-720 £
Z24lsElEE Lic Db, FilRAE LTZ Y2, ALAD
PHEAE LTLA, 8L U X 2%, RKBENZN
ZN60mM, ImM, BITI10glIThDII%mML,
pH D EfE% 6.05, 6.25, 6.45, 6.653% £ (16.85 + 0.05
ELTHERRS LU NaOH ZHW T HBf#EA 2T o7z, £
7o, 72y, LA BIUERZ X AHME, X517
Dy R 128K, B X024 BERRICRKRE S LT
60 mM EAT 2 XS5 7z, &R % Fig. 41273, pH
REMEHD6.05DE X, ) LA BLUOBRTF 2
36 REItR D ALAAESIE 17 mM Th - 72, Z DA
D pH EREMEIT BT D ALAABE &1 25 25 31 mM &R
L7z, 7V, LA, BXUEMNT X XN 36 FELL
B, pH RREEDY 6.25 B LT 6.45 DA, 66 Ktk
ALAEEREIRZN TN B I T4 mM L o7 —T5,
pHEREMEAT6.05, 6.65 3% & 116.85 DAL, 66Kk
DALAAERIZZNZI24, 32, BLV32mMTH-
7o, LLEORER, pHIZ6.25 £ 0.0 7 E 5 A 5.

8 3
<<
&
<&

0 20 40 60 80

Culture time after precursors addition (h)

Fig. 4. Effects of pH on ALA production of strain CR-720. In 2-
jar fermentors, the pH was controlled at ®, 6.25 + 0.05; O,
6.45 = 0.05; 4, 6.65 = 0.05; J,6.85 + 0.05; W, 6.05 + 0.05.
0, Glycine addition (60 mM); §, LA addition (1 mM); [,
yeast extract addition (10 g/!). The values represent the
average and standard deviation of triplicate measurements.
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Fig. 5.

Growth of strain CR-720 on various media. (A) Growth on 2 x GGY2 medium with half concentration of each constituent. (B)

Growth on GGY2 medium, 2 x GGY2 medium, and TT2 medium in 300-ml Erlenmeyer flasks containing 30 ml of each medium.
Strain CR-720 was grown at 32°C and 120 rpm agitation. The cell mass was measured after 22 h and 44 h. The values represent the

average and standard deviation of triplicate experiments.

Table 1. ALA synthetase activity of mutant strains exposed to different dissolved oxygen levels.
ALA synthetase activity (nmol min~! mg protein')*
DO (mg ')
CR-720 CR-649 CR-520
0.02 = 0.04 9.6 £ 1.9 5804 6.9 1.2
0.81 = 0.28 10.4 = 3.7 3.3+04 2.4 x0.1
1.61 £ 0.13 53+ 1.6 1.6 2.3 1.1 =1.1

a After 48-h culture, DO was controlled by agitation in a 3-/ jar fermentor. The values represent the aver-
age and standard deviation values of triplicate measurements.

FREHT TOCRT20EDALASKEREE 7
UG, BXUpHDOKEHT LY, CR-T20ED R
KALAAEEZHAXE L 2 ENTE (Fig.4). Ly
LD, BEIRRE (ODsso) &5 ~7RE (K1 o7
(Fig. 1B, Fig.3B). ZZ T, HAEREZHENI LD &
TALALFERE 2H FXEBZERHME LT, B0
BEt 21T o 72,

GGY2 BEHLD &R % 2 f5 & L7V a0 — A IRE % 200
mM & L7di R (2 x GGY2 B L OVTT2) 12 & Y CR-
720 Bk AREFE L2, Fig. 5 IR T & 9 IT 44 BRItk D E K
B (ODeso) 1 ZGGY2RGMIC X 2HE TIE82 Th -7
DITHL, 2xGGY2 FEHbIC L 2158 TIE 18 Lk > 7.
g2, BRTX A2 TEMAMMTF X (X)X )VEE
R ZEMEE L7 TT2 BT L 2558 TlE 28 ITEL
72 (Fig. 5B). 2 x GGY2EICEE N DK DHT, H
RIS H G 2D 2R T 2720, &N V&R
L 728 2 FRL L CR-720 (2 E Lo L 25, o
BEEIT LI ENENDOEM CTREEIC X % 4 FFiZE D
BRI 12, 2 x GOY2 B D BRI X 0 KL, T
TORPEINEFETH 2D Z & RMR LT (Fig. 5A).

Z T, 3IREMAERWT, AR (2xGGY2) I
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£ U CR-720FkDEFE 24T\, IR FRIREA1.61, 0.81,
0.02mg [ DEXIKEFEBRET T )L, TNER
DHEAEDALAGFFE (ALAS) IEE2AIE L 72, ER%
Table 1IZ/RT. HBOGIRE L TEHBKRERKE (CR-520)
BIOE6RELEE (CR-606) ZHWFEUREEARIT- 72
MRERT. BHEBREREN1.61 mg ' D4, CR-720
BED ALAS1EM:1Z CR-520 kDRI 515 Tdd - 72. F 72, 0.02
B LT0.81 mg T HBWVT HCR-T720DALASIEN: (A
B EALTW, —J, BERFREDLN1.61 mgl'D
A D ALASTENEZ, 0.81 mg ! DA D ALAS IEMEIT KT
LTHI12Th o7z,

CR-720 %D ALA F&ICX T 2E4{L: BB (ORP)
HIREE LI-BEHRBREDORE  CR-720 FkO KK
ALABR R MR T 2700, BRFEBHASA OWET 2175 72,
SIRFEME R H, 2 x GGY2EMIC L 0 40MFfHIA R S
etk )y, LA BIUOERT X 22 ZNENRK
BEN60mM, lmMBL10gl! ER2X5%mL,
SR 130.2 v —E D b & HBIREE %2 180, 300, 350,
400 rpm & LT, ALA4 =, M{LEITTENL (ORP) &
O RRE 2E2E L. Fig. 6 [TRT & O IS
Z2300rpm & L7cE &, 7Yy, LA BIUEETX
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Fig. 6. Effects of agitation on ALA production of strain CR-720.
A 3-[ jar fermentor containing 2 x GGY2 medium was used
and the pH was controlled 6.3 + 0.1. Agitation after the
addition of glycine, LA, and yeast extract was controlled at
A, 180 rpm; @, 300 rpm; O, 350 rpm; 4,400 rpm. (A) ALA
production, (B) cell mass, and (C) redox potential (ORP).
Arrows are the same as in Fig. 4. The values represent the
average and standard deviation of triplicate experiments.

Z BRI 72 35 R 1C ALAZE PE & 33 mM (= pE e -
0.94 mM h™) Zf37e. Z7HEIFEEA300 rpm D & &,
7))y, LA, BIXUBRT X X 2L 72 35 Rk
DRI (ODeo) 1, 14 Tho72 (Fig. 6B). —7,
3508 L UM400 rpm & L7235 A DALAEEREIX, 7)) >
>, LA, BXUBMNTF Z2EHEML 72 21 &I Zh
FN29FK LU 10.6 mM (1.838, 0.53 mMh!)) THo72
(Fig. 6A). ZDrx, 7V, 1A BIUOEHTFZ
ZUINL 72 35 REEIR OB AIRE 1L, 24 68X V21 TH -
7z (Fig. 6B).

INOHDEMETFTTO ORPIEZRIET 5 &, HIPEE
180, 300, 3503 X U'400 rpm D & X, £ Z41-164,
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Fig. 7. ALA production of strain CR-720 with agitation and redox
potential (ORP) control in a 3-/ jar fermentor containing
TT2 medium. Agitation was carried out at 350 rpm and pH
was controlled at 6.3 + 0.1 after the addition of LA, yeast
extract, glycine, and glucose. ®, ALA production; A, cell
mass; M, residual glucose; [J, dissolved oxygen (DO); O,
ORP. [}, Glycine addition (60 mM); §, LA addition (1
mM); JJ, yeast-extract addition (5 g I™!); Ii, glucose addition
(50 mM). The values represent the average and standard
deviation of triplicate experiments.

111, -71 6 £ 022 mV AZ/R L7z 350 rpmD & &, 7'
>y, LA, BIUBHT X 2L 21 &I
BT D7) & VRESHEIX 42 mM Th o7 B
R FIRE (AT AT IR, 3 NTO0mg ' TH 7.
ORP %3512 & L T E L -BRHEIERMICL D CR-
T20(KDALALEE  ORP DEWITE Y ALAAFEIC
KELGERNLLNIZDT, 31 FEHEA T CR-720
PR 40 RpfEIRE #21%, BBk L T27'Y 2>, ALADBHE
FIELTLA ZNVa—RABIUOHEBIFZ2ZNEN
60 mM, 5 mM, 50 mM 3B L 10 g ' &7 5 & 5T, B
2T pH #6.3 + 0.1 ITHAL ALAZEZTT- 72,
F 72, ALAAEFERIGROHFREE (X, ORPHIEMEA S &
Z-150 mV 7% 5 £ 5 #%E L 72/5R, 350 rpm A3 Y4 T
Ho72DT, ALAEFERORIREE 3350 rpm —7E & L
oo 7Ty, LA ZVa—R, BXOERET X Z¥MN
BV, 12,24, B XU 36 BB ICRKIEREE L
T60mM 732 ZNZALEIRML 72, Fig. TAITRT &9
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12, CR-720BKDALAEFEREIZ Y >, LA, ZNVa—
A, BIUERT X Z 20N 72 30 Rl ks J U 38 IFf
BRI, 2N EFN4768L 052 mMITELT:. £72, ALA
A EEBRIA D B 27 5[ R £ TO ALAEFEHE X 1.6 mM h-!
WCHEL. ALAEEROBRFBRFEREIZ0mg I 2HEB
L, ORPZ-150~-100 mV DHiFAN TH - 7 (Fig. 7B).

ALAAFERIG D & 30 RfHfR 3 £ P38 KEEIR D 7' )L a1 —
ABLAFEL, TNTN60B L 46 mMTH 72, F£72,

ALAAFEROBEAEIEE (ODgso) (&, 16005 19 %2HR L
TWiz (Fig. 7A). 7V 32— 2D & ALA DA PE IR
fTLThY, ALAERGY S 30 Z TCO/ LT — R
B ALAND EIVIRZ46% ThH - 72.

Z 2=

4], 3 1 3EFEHE 2 F\ O CR-T20 KR IC & - TS 72 ALAZE
IRE (52 mM) (&, T O, Rhodopseudomonas palustris
2 & %0.2mM 29, R. palustris D hemA&{LT % & ATZE. coli
X 5393 mM", BIETHMAE. coliiT X %24 mM»),
29 mM!2, 23 mM!® & HEE L T1.3MR5 U EEWHERTH -
7z,

CR-720 FElE, GGY2 55 Tlx ALA ZEBERF D B (KR AL
(ODggo) H5~7 EMK L, —, ALAEPEREIZ22 mM D
R 215, CR-606 k<> CR-520 % & iz U ChfF s 41t
TrEh ot KEEFRIZ CR-720 R CIEBEALEREICH S
IRNF =D, LOELALAZIEYHITONIEEZDL
ns.

BIEFHMAZE. colilT X BALAZETIE, 2772290
mM % LI, 1~2g" (13~26 mM) Z1[E3H L <
FFE-EEIL CTWa, 7226 mM A 1] X 512
13 mMZ 2[RI L 72858 D7) & > h b DALADILHR
1354% THZHDITH L1, SEDEESDERTIEZIY
PrRAE 120mM ML, ALA A 34 mM EpE L 7
(Fig. 2) T&n, 7722 bDALADIRE28% &
70, BIETHEEZE. coli & IHEE L TCR-720%kIZ 7)) &
B D ALANRIZE S - 72 CR-T208KTIE 7)) >
M, TUEZT IR EDMDOWEITRFH Z 4, ALAEREIC
HAOLNTOWRWDEEZLNDD,

ALAFKFEFEBHER & L CTO LARINEE X, CR-720
BRICOWTIZRBRERE T mM EHEZINT 0D W,
F72, BETHBEZE coli TlZ, 30 mM & 10 mM TD 2
BRI CTOWMEDNDH 519, 4o, CR-7208kE 1 mM % 1
BRI 22 ETH, b mMEEINEIFITFREBED ALA L
PR, TOZEIZLAD I X MEFICBH R TH 5.

CR-720%k D ALA: EIR: D pHHIFHIE | & 100 TR
P (pH 6.25 ~ 6.45) T, HIBKMAGRINE 30 ] LLRED
ALAEPE Z ikt iTREZ: 2 L 24 RIS LYz, pH 6.5

20104 2695

IZHIH 217V ALA 24 PE S 72 FldE I N T 508,
B THZE. coli 28, T E TITALAAE 2K
XH 57100 pH BERICOVCOREN L, Fitrz
HR 2157

K, JCE M R. sphaeroides D% FRE DEERE TS
Lascelles 5 20 OEHAPIARKE L TALICE DT 4 —F
INY 7 BT BT 7 T Uk E DM ESER P A
72 =)l -CoA DHHRIR & LT/ NV a— A &2 L&
L7 GGY 2R 2 L T & 7216,

TN a—ABEERZ 200 mM &L, GCY2 BHDZD
R 2265 & U722 x GGY28EH# 2 W TR #E L 72 CR-
720Kk, EAFER BRI H70.81 mg [ fF1E F T H ALASTE
P£/310.4 nmol min~' mg protein! Z/RL, GGY2 55T
AF L 72 CR-720 ¥k D ALAS iE# 13.3 nmol min™' mg
protein™ 19 & [ L TIRIERFOIEELZH L TWi
(Table 1). BH{AEEE I GGY2 BEHLDIZIT 1.3 %15 7z
(Fig. 5) Z&mb, HiRD 0 OEERENIZ EAL T
bEEZ LN

2 x GGY2Es i THEFH L 72 CR-720 8k 1%, ALAE R ITX
T HRBERIREEBSEE LT mRE 0.2 vwm & F
TDOORPEN-150~-100 mVIEETH D Z L3 [ %
Rl 2 O 72 ALAAE BEGRBR T4 [T 72 [ iERR L 72 (Fig. 6).

EHIZ, B X2 TEMABNTZ X A 2FEKRELR
TT2RHICEE L, ALAZER ORPEDHERE A -150 ~
100 mV & 7% 2 HIRHEE S 350 rpm TH 5 T & &R
L, ALAZEEN 52 mM, Ziz, AEERKBTE 30 FEE T
D ALA E#EEE X 1.6 mMh! THD I E2HERLT
(Fig. 7). ALAEFEREEICOWTIZINE THE I LT
LBIETHBZE. colil2 X% 1.6 mM h''D & g L TUE
BRIZDEREZE. UEDZ Enn, KT, T
ROZRAPEIICH D EEE 725 & O, FIRICORP 5 &
LT, ALAREDORBBEMRMBSEIZHRE L &2l
HL7 BB, INFTEFElizEa2ERL, T
FERIL R)VITET 552 mM D ALAAFE 2 a[REIC L7z, 72
B, INET, ALAZNA FEETHEALL T340
s XN TR,

= #

T TIE TV BB A FER R. spharoides CR-720
¥lE, N-AF)DL-N-Z—Pa-N-=—paV 7 7= &
DERBBERITOIG L ERKETH Y, LRI
HRDERRICKHLTE-7I /L7 ) > (ALA) %25
ERET 5. KEEIEHTEAE L T50 mM 7))L 21— X, 60
mM 7)) >, ALABKEERBAEAIE LTS5 mM L7
VB LU0 g B X ATEET, 21 BEHE T ALA
PAEEIEIETZ A, BKTH S CR-606 Fkizx L T4
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PEEIZ40%A L. F72, U OBHRME LU
7)) CERIRINREE Db 2T\, BOR I pH % 6.25 +
0.05 ICHIM L 724558, ALAZ43 mMAE L. X5,
A2 R U EREIRE 2S5, AR TAF L2 CR-
720 KR DR DS FED ALA A BB R 15 1L CR-606 Bk D4 3
fEThotz. EHIT, 31 FMEM AW CER{LETEN
(ORP) ZIREEE LIRS DBE 21T o 72 /E R,
ORP{EA 1507 5 —100 mV TALA DA E |3 A fE A 7R
L72. CR-720%FII KA ALA 252 mMZEE L, “EPE
W3 1.6 mM h! 257,
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