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SHELEBRICREYOEEENZ(L T D2 IRRIIERINT WA, ZOHEBIIERMNTH -7z, KET
T3 F IBBRORKNAFERTH D Phe DAEEERIBIZEL LT, MBRE~D BGL DR
ICEBFEZFANT, BGL zflilgRE ICREMMIEI-ABETIE, BRI L TLAWLWKEBRE L
B LT Phe ODEEENBRICENMLz, £7/2. WV A—ROERYIAAEETHEHRAFKNT VR
77—tV RTL (PTSY AT L) 18k T 2EEBL /X ETH 5 EICB ZfKIE L 7= K5
HTlE. BGL DXREHRIFICL S Phe DEEEM EAFERIN AN o7, 7. BGL #°G6P (T &
STRREAZIFAZEX, BGL 2T TR Z/ILa—26-U VB (G6P) ICHEFREMAEOBEER
DORNENEERZMEREICKIRIE S TH Phe EENAMET R e EN L, GEP AT D

RBRICBWTCEELRERFTH S I ENRE I N,
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F—E 4"/ EREEMzAVEYF IBEERFEFOEEER L

1-1 %S

AKETIE, VF IBBREIEERDET LAY E LT cis,cis-L v E(MA) &R L 7= (X
D, RBEEABEE L7- MAAETIE, DHSA H L<IFa Y RIBAHREAEY L L1z, BHD
MA £EREANREIN TV I, EBbOOHEFRRDL O F IBEEOFEERVORRILEY TH
%o ZD1=H, MA DEFESEBIMNIC LY F IBBEOBIEHAN VDA TH 5, RFTME MA £EREZ
2 15RY, R 1 CIIHRERETHEZ AV R IBALT Y FILBEZRT, YUFLEI-TEF
07 +—+ (NahG) £hT73—1L12-OFF 7+ —+ (CatA) ICL>TMAREEINS, &
B2 7TIE, AVURIEL L 4-E FAFIRERRE (PHB) 270 AT 78 (PCA) #4545
L. PCAADPCATAILKRFLT—+t (AroY) KU CatA ICk Y MANEEEI NG, R 3 T
DHSA % iRkl & L. DHSA Tt K5 % —+ (AroZ) KR U AroY, CatA IC&k W) MA 24 ET 3,

BA DRI —TTlE, INFTICTF IBREERE LIZABEEK (CFT5) DEE
I LTWS 2, CFT5 |&. £ coli ATCC31882 Hh& ke L THEI NI, ATCC31882 ki
Phe ZE4ETH7-0I1C, PFIBRBRBICBIIZ2EFEERTRT7I/BRICLD 74 —FN\y 75&%%ﬁ1¢
BRI ZEENMAONTWNS, £/, Tyr KU Trp OERBREEZHIET 2ZEZ N MAoNTE Y,

FIMEEHIODREZET 7Y 7 AD Phe EEANERND LD ICHKETINTULS

LUFIC, ATCC31882 hod CFT5 OIEEFIEA EEICRT, £9. ATCC31882 d PTS &
AT L ERFE Lz, ATCC31882 # & T AGHIE PTS Y AT AICK Y L a—REETHK4 HlE
HHPENICEY AT, PTS VX TFATIE, 1ELDZLI—RZEYIAGERIZ 1 /LD PEP AL
WEVBANEEWEND, TORIGICE D PEP OEE %R <78, ATCC31882 d PTS ¥ X F L
HEHSY F—ZN—3IF7—+F (GalP) RUZLax+—+ (Gk) » 5743 GalP/Glk X F LI
B L7z, GalP/Glk ¥ X T LTlE, GalP ICX VHREAIC /LI —XAEY AEFNT/-E, Gk IZK
VN a—2IC ATP BED ) VEBEMN TS SN G6P £ 75, XIS, ATCC31882 MMREBET % EIL
EvBXF—taHiET ST PEP oflAAIREZzR LS8, EILEVERFF—EIT 1 E
LD PEP S ATP L ELEVEEAZ ZNFN 1 BEILVERT A RICEMET 2BETH S, KIBER
EDOEILE VBT F =L pyhkARD pykF EFFIIN D BEEFICTI—FEINTWS, INb 2E=
FAHEBIEL, ¥ IBBR AR PEP DE4 A LI 7, B, > F IBEEL S Phe ~
DRFZT 7V 7 RAEMWR 5702, AV RIBLR—E%E - FT2EERTF pheA ZBIBL 7=, UL
FOEREMAI-KBERD CFTS THY AETIECFTb 277y b7+ —Ltke L7 (® 1),

RETIE, MEX VY VETAVCENLEYTHE MA EEER EZBE LT, B
RUNTBEENE, ZODREDZ RV NVE (BR) e N\IHNICHES B, —DDX /R I7BELT
HKIVIL-bD%EHET, MEXVNXIVBEZHEYICHKIRI LS I LT, BNORFRE~DKER
77y RN L, BHETIRFRENDRRT 7 v I/ X ZRDIED I ENARREL D,
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ZOLDBRBOHFHEEMERBEF v+ 2V e, REF 2V VT IEMEDICL 28R4 R
ERYMBEEICICAINTVLS, BIEX v NI BRZBRTDICIIRESCZBEOAENH D, —
DX EFEDT I/ BV %E Mﬁbfﬁ/n7fﬂi%L#¢%@$(ﬂw9—@®@§ I2& - T,
ZODRVIRVEEMETHIHETHD P, TOHETIH, BN IBICHRIN-BICEE SN
6tb\EL<7¢—w7477ént@$Ei%@é?§\%ﬂ%ﬂ@@%ﬁ%%bt<utm
STHEIRH D, HbI—DDAEE LT, BEFLRLTORENH D, BRDERZAI1— KRN L1%
2 DODBEIGFEINE, BREALTOESRTFEF (UrAH—) 22— F L7 DNA B %EEAT, &
MLTAERDZET, —DDR /I VEE LTEE - FRIEEFETHS ° T DHETIE DNA
DEFERT—DOOMERXR Y /XJBEELTIA—FINTWEZH, INZEE - BRI 5717 TRIE X
YRV EEFERTE D, BE - HROBRTREIN VWS, ELL 7+ —LTa4 v 7aIng
I—HELIIEAOBENKELTCLEIRNEHZ2LDD, YILR—FEZBAVWEFELY HE
MCRELNEETH D, MEINTVEVWEREBRZXIR T ZAIREMNEN, L FEhH 5,

RETIE, BEFLRNLTORMEEZAVWT MA £EREED 2 DOBREBER /N7 BEE LTH
B8 T. MADAEESH EEZAALT,

1-2 RRFERRUER
1-2-1 MA £ ERRIZH DER|

CFT5 ICmiE MA £FER KR T 270, B 1. KRE& 2, B3 0& MA GARRESIC
&5 MA EEZFHM L7z, KA E 1-4 ITHEVL, REE 1 ROVREE 2. B 3 OZRELFEZHKIR
T33@NDTSIRIREBEL, FNFN CFT5 ([CEBAT3Z & T CFT51a, CFT52a. CFT53b
D3KEBELE (R2), o 3KZEREAEKL-4DOFHICL > THEE%Z{T->7z, CFT5la &
CFT53a Tld. ZNFNIEHE 72 BRI%IC 1.00 £ 0.11 g/L R0 1.34 + 0.07 g/L ®» MA %% +
BERICEEL (KM3), —A. CFT52a TIdHEE 72 BEEZIC MA DAEE ISR I NG >z, &
TOKIFEEBFHETI/NI-—XZT2ITEE L, MEEICKEZAEVIRON G > 72 (K
4), ETOKRICHEWT, hRETHEY Y FILEE, PHB, PCA, h T I—ILOEREIIHERTELH
>7tz, E7z. CFTH2a MiEE FiEHICHEWT, HhIHIC PHB A& (0.108 £ 0.00 g/L) LTW
Too $RE& 2 ROUMERL 3 (2B UWT AroY R Uf CatA Al 3 2 RIGIZHETH 5, B 3 TIE MA A
HEEINTWB I EMn, AroY kU CatA M 2 RICHIRES 2 ICHB T 2 ERERETIEALE
WRIND, SDS-PAGE ZFAWWT CFT52a m X v /X0 BRIRA S LI-&LZA, A hA—ILT
HBENTZ—%{ZFF L/ CFT5 LB LT, 2 X IB% PHB (CZHd 3EE TH % UbiC (%*J
18.8 kDa) & UNPHB % PCA ICZ#: 9 2= T % PobA (£ 44.2 kDa) D:@BFIFIR ILHER
wh otz (B5), ZOFERN S, PobA R UbiC DRIBEHLN R+ THh 2 AN R S N7,
INOLDERMS, BE2IECFTS 277y b7+ —LkkE LTHWAIHAICEWLWT MA £EIC
BImWe L, BED»OBRAL 7,
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1-2-2 #2581 RURE 3 oRiEL

MA DEEEZREIED7-H, F IBEEDLOE MA SREENDDIRS & 755 FEA
Yo, FATEEEELESED I ER AT, 1-2-1 OFER LY, BEE 1 RORE 3 oFfEE (F
UFILEE, PCA, A7 2—IL) OEFEIERINLA, 2722 &N n, B 1 RO 3 13 MA £
IBIFAERERETCIIAVWI ENRERIN, IhZzeZIT T, LY EROREREZRILTS I &
TMADEESZIEBINI TSI ENHEKSL EER T, BB 1 RMRE3I TR, ZNEFNIY X IR
& DHSA ZHFEAMEMELTWE, TNODEBICEY~NDRRZT 7 v I R Z2md b=, FE 1
TIFAYRIBY > Z—+ (AroC), & 3 TIE DHSA Ft K52 —+ (AroD) ZEBINTERIFEER
ST, REE 1 OBERICHINZ AroC ZIBEIFIZT 5277 X I FRURRE 3 OBEERICIZ AroD Zi1BF
RIBTL77AINEBEL, TNhFn% CFT5 ICEAT S Z & T CFT51b R CFT53b @ 2 %%
BELE (M2, INS 2HEERAE 1-4 OEBICE > TESETo7, B8 72 BERICHL
T. CFT51b Tld CFT5la @ 1.6 f£12%7:% 1.59 + 0.10 g/L ® MA Z4FE L7 (M 3), Lu tke-
Eversloh Ko OMETIE, v F IBBEZRBTEMRIND Tyr OEEICE VT AroC A"EELER
THHIENTRINTH Y, KEROERE —5T 3 ¥, —H. CFT53b TlE MA DL EE IR H
BREUTTH >7=, AroD DBEFRARK I TOMALEICT LEDHREL S LEBHRELT
&, AroD OBFFIBICL Y > F IBEE TR (DHSA ALY X IBAELERT 2 —BEDXIG) ~D
RE7Tv 7 AbBILEINTLE - ABESLH B,

1-2-3 MEZ NI DHRRICES MAEEEDRE

MA DAEEE42REIVI-DICRBEF vy 2 U 7ICLD MA ERBEORKREZET 7 v 7 &
btz Al REIF v ) TDFEELTUL, BLFLANLTORMER /X VBRRZA W, &
B1ROBRE3I TR, ZnZ2n ) R IBE DHSA I2EWLWT MA GRS & Z Db DB EREE(IC
92, 21 Tld AroC & MenF Ot&E R > /82 & (AroC-MenF) %, & 3 Tld AroD & AroZ
DGR > /378 (AroD-AroZ) FEIBEH 2 2 & T, & MA GREBREOEbLE AT, B, BAEX
YRGB HEDRSY Y H—ICETLEITUESY S v-w U U vy h— ((GGGGS), Urh—) %
B, B 1 OBERICIZ AroC-MenF Z@FIFEIRT 277X I F, KUK 3 OBERICINZ
AroD-AroZ #BRIFRIBITH 77X I FZBEL, TnEFNn%z CFTE ICEAT S Z & T CFThlec XU
CFTR3c 2 %= EL: (R2), INH 2HEERRAE L4 OFHFICL > TEEZTo 1z, BE
72 B ICH L, CFT51c & U CFT53c idZ N4 3.45 £ 0.04 g/L % U* 1.20 = 0.10g/L ®» MA
HEEL (M 3), CFT51lc @ MA A£E (3 CFT51b LB LT 2.16 Fm L L7z, ZDFEREN
5. AroC BT MenF Z#& 4 BIMDOEERE LTRIBEIEL LY, e % /X7 & (AroC-MenF) &£ L
THRRIEDAD. MAEGRRED 7 7 v 7 RABEICESHTHD Z LB N7 (K6), CFT51b
BOCFThlc MU ITRZRYy 70y T4 v 7IZ&d MenF XU AroC-MenF Bi& & > /30 B Do
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Rz 7 I2RT, 7 &Y. CFT51lc Tl AroC-MenF O FETH % 88.9 kDa (FiLIZ/N > KATE
L, IND 2 DOBERVBMERX VY /NVBEELTHIBELTWS I EAERINT, 7o, & 3 I
HFUWTH, AroD BETOBFEFKIE (CFTH3b) Tld MAEENBD LZICH D nd . AroD-AroZ
DHIF (CFT53c) (2L Y CFTh3a £ WAy MA Z4FE L7-, CFT53b XU CFT53¢c @ SDS-
PAGE ICX 2 oMTHERZ X 8 (27" ,CFTH3b Tld AroD DBEIRIBHAER TE 5D I(Ixf L. CFT53¢
Tld AroD-AroZ O FEDRED /N> FHAEL RIBEIMBEWNZ E WD H 5, CFTH3b TlE, AroD @
FIREOEIMITEEL DHSA BLIDORF N T v XD N, 77 v 7 XD MA SRR (R 3) 2o
TR IBREBOTMICY 7 FLDHIC MAEESDWRD LIcEEZX 5N S, CFTE3c TIE MA &
EENEEEDD, CFT5la L) HEEEMEL, K#F v U 72L& D MA SRR~ DK
RT TV RBCDOMENA LN L 5Tz, TALE. AroD-AroZ 125155 AroD FX A U AIEL <
TH—=INTAVITINTICKEL, AroZ FEDHRZBLTWRZOTHEEEZOND, F AT 4
TIIREETD AroD IR EZERERT H I LA SN TWL S 2, AroD-AroZ Tl AroD R X A >~
N_BEEFERTET, AREEDRAT 47D AroD EBRB7-HICKELI-RIEELH D, 2D
MR, VI —EERWRER vV EBRBORIMNEER TSI ETRRTESEEZIOND,
AroD ZEBElDBHRYE LTRIBIE, FHRED 4 XEE2 B LIRETYILEZ—HIZL Y AroZ &
MEIEII LT, KETDHIEHL AroD-AroZ EX VRV BRI TEDLLEEZLNE, LD
Lah o, REF v v 7ICd 2 MABRBREDKER 7 7 v 7 X8 L7211 T4 < AroD Di@F|F
BICKDRRT7IVIADY 7 b REETHEEZONDTZD, T L MA AEENERT S L
EERABWV, UMEZEEA, CNETORREZHRETD L BEX /X IBZRA W MALETIE,
B 1 (CFT5lc) AmbBLTWB ERM I NI,

1-2-4 pH AERIC K 2 BEZHFORBILRV S ¥y —T7 7 —A V2 —ICk5 MALE

MA DAEBDBEAZEADIHIC, B pH ORBELERAM I, —RICKBEIE pHS 15
pH8 DETEEBRIEETH D H. TDEHEANICE LT HHMIBAIBD pH 2L > THIER D pH A Z1L
LEA B EAx RIZTT ¥, BIESETIE. AN pH A6 A TREZ BN pH AAKELLERT S
ENHILNTWD 0,1-2-3 DEMAT CFT51c #3158 L 7-B HBE 72 K% OBE LED pH 13 5.51
+ 0.0 ICIETLTCHY., MIEANEED pH BETZ5| 2RI TERESFHETH L I ENER I NT,
Thompson K5 DML TIE, pHIEHIEI TICEWTKBEICE S MAEEAIT>7-& 24, 3.16¢/L
DMAZEELY, COBIEINEFTICHEINTLS pH IEFETICE TS MA EEEDFRK
{ETH ). CFT51c @ pHIEHIEITICHITD MALEE (3.45g/L) LRARETHD, TNHDRER
Mo, CFT51cick b MAA£EEIX, pH IEHEZHTOLERIELTWARIBEMA RE I N, T
T, RERONYILIZKD pH #HZIT 72 RHETD MA £EZHATZ, 1-2-3 ERFROEHET
CFThlc mEEZRMB L. BE 24 BFRABRICKEE 10 g/L £ B2 LD ICKBRAILY T LEMA T
REEH IS 7 LRIMEHTO CFT51c ® MA A FEE L, #58E 72 BE#ICHE W T 445 £ 012 g/L
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THY. pHIEFE TR 1L.29BTH-7 (K9, BERTE (712KHE) 0EELEED pH & 7.05
+* 14 ThHoTz, BT V¥ —T7 7 —A VX —%FBW= pH &g ETH, CFT51cic& b MA &
E%ﬁato%%7ﬂﬁﬁtﬁbf\4%@[@MA%$FL MA@%kEEEEMZﬂ@AMW
TH-7 (M10), INHSOHERL Y. pHZEORBELAKBEICH TS MALETEETHD Z
ENTRBE T,

1-3 &5

KBTI, 320 MAASRREELE L., CFT5 BEMKRTO MA AFEICRBEARIRZBIR L
Tz 3DODEL D MA GRIEEZEALTZHKTIZ, MAELENAKE L EL > TV, —&IC, &
e AW EEETIEWL DD DER E B 2RENFEET 5, ZEDERN R & 51, FIAATEE
BEREOFHI ORERREZEIRNT LI LI BEEE R ZERTE1-HICIIFRARTH 5,

ICAETIE MA DEESEZRLEIEZ7DIC, BEX XV ERIiZAW, BRINT-ME
KRB E, X IBREN S MAGRBREANERET7 7y 7R E2FHEL, 2.77¢g/L/day DEX
HERETLLS g/LOMADEEEZH =L LTz, 73— oD MAREILX 207Tmg/g TH Y.
CHIFHEAR TH % CFT51la L LEL 444 FDETH B, /- ZDEIX, 77X TF7-IFHABRE T
DNy FIEBEICEWIRSETH D, IOBRIZ. BEEFLANLOBER /0 BEFERL7-RH
Frrx U Ih, BEDRICRRT 7V I AEFEETH2RNBY —LTHB I EaRELTWD,
LA Lahn, BEFLNILOMEX Y XIEIE, ZEHRZ VX I7ELRE JVEMAEBEZED
RUNRTEIERATERVWE VWS HENH 2, FEERVPNEZBICED S IC1E, ERTFHIE,
BROEERBORANE, YVLE—EE2BWBMER Vv UBERfiRE, BHR0o7 70—F %4
HAEOEDEIENEETH D,
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1-4 REBRAE

7721 FOREE

RETHW:E7Z7ZXAIFE2KR1ITRT, 77RI K00 —=>7I2l £ coliNovaBlue
(Novagen, Cambridge, MA, USA) &AWz, KU X T —+ 88 &5 Quick Tag HS (TOYOBO,
Osaka, Japan) = A\ 7z, Custom DNA # 1 3 X7 L #FF K7 Z 4 ~—I4 Invitrogen Custom
DNA Oligos (Thermo Fisher Scientific, Tokyo, Japan)IZ T& L7z (:2), A KroadEtk
AT BIETFER (pobAfrom P putida KT2440, aroY from K. pneumoniae, J 1" aroZ from
Bacillus thuringiensis) % Invitrogen GeneArt Gene Synthesis service (Thermo Fisher
Scientific, Tokyo, Japan) 2 T{T - 7=,

TR RNOBEEREELUTICRT, pZA23-ncml, pZA23-ncaml, pZA23-nca/ml.,
0ZA23-UpYc., pZA23-ZYc. pZA23-DZYc, pZA23-D/Zyc AR®D & 51K L 7= pchB B REE
FHE AT L —hELTERL, 754 v—pchB f R pchB r #FWT PCRICK Y IEIGL
7= BIBINT/ZWTA % pZA23MCS @ Hindlll Efricoo—=>7 L7z, Boniz77XI %
pZA23-1 L8t LT1=o menFEBLFWI A L. E coliMG1655 7/ LDNAZF v 7L — k& LTE
AL, 774 <—menF f X0 menF r ZFWLT PCR IC& VIBIEL 7z, BIEWTH % pZA23-1 O
Kpnl BALIC/7 O—=> 7 L. BoN/=7 7 X K& pZA23-ml L a%& L7=, menF-pchB EI=F
WrRld, 7> 7L —hr& LT pZE12-ml Z(FERA L. 774 ~—menF_f2 & pchB_r2 #F\T PCR
ISk > THIRL 7z, EBIREN/MF % pZA23-nGcA @ Kpnl #fizlcsmn—=>vo L, o7
Z X 2 K% pZA23-minc &34 L7z nahG-catA BFW R 1Z. 754 ~—~_7 nahG_f & catA r
W7 7L — & LT pZE12-nGeA Z{ER LT PCRICK W IBIE L 7=, IBIBRTH % pZA23-
ml @ Kpnl BRIy O—=>7 L, BoN/=7 7 X I K% pZA23-ncml £ &p& LTz, aroCEILT
wrh (3 RImEIC(GGGGS), U v h—%E&T) %, E coliMG1655 45/ LDNA % F v 7L — k&
LTEERAL., 774 ~—aroC_f kW aroC_r zAWT PCRICK VIEIR L 7=, 1EIBKTA % pZA23ml
D Kpnl BLicsA—=> 2L, B5N7/=7 5 X3 K% pZA23-a/ml &4 L7z, pZA-nca/ml D
nahG-catA B-FHHE &, 7> 7L — b & LT pZE12-nGecA #FEARL. 754 v—nahG f &
catA_r2 ZfEF LC PCR TIBIE L 7=, BIRUTH % pZA23-a/ml @ Kpnl AL/ A—=> 7L,
Bonf7 7 A R%& pZA23-nca/ml £ L1z, 7> 7L — k& LT pZA23-nca/ml =ER L.
T3 AT—RT7inv f RWPinv radbbW\WTA »/N—XPCRICE > TR L. pZA23-ncaml &4k
LT ZER LTce COBRICY v A—EI % FIEA R & URY —LIEAERE (RBS) ICEEHE
% 7zo In-FusionHDCloningKit (Takara) ZfEf L TEBIEMA ZIRIR1LL. BoNn/77XI %
pZA23-ncaml & @& L1z, aroY BFWHE . aroY BREGF# T 7L — & LTERL.
774 ~<—aroY_f R aroY_r #FAWT PCR (CL& V) IBIFL 7=, HEIERTH % pZA23MCS @ Kpnl £8
i EcoRVoMEiIcsa—=>7 L, B8Nz 7 7RI K% pZA23-Y L@ L1z, catAEI=TFMr
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Fri, pZE12-nGcA %= T 7L — b LTERL, 77 4 v —catA_f2 U catA_r2 #FB\T PCR
SEVEIBL 7, BIBSN/WTA % pZA23-Y @ EcoRV (IcvO—=> 4L, BonikTI7RIR
% pZA23-Yc &tnd LTz, pobABIETFHIF L. pobA BREEFA2 T 7L—hEL, 774~
—pobA f RO pob/—\ r e AWTTERY S PCRICK WIBIRL 7o, BIRHETH % pZA23-Yc @ Kpnl

oBR—=ZvI L. BoNicT T RI K& pZA23-pYe &a& LT, pZA23-pYce 2T L — b &
LTERAL., 774 —_7 inv_f2 RO inv.r2 #FERALT, 41 >/X—X PCRICL > THEIEL.
pZA23-UpY IR T 2 e L 72 wbiC B FETR L. 774 ~—~27 ubiC_f & ubiC_r ZfE
BLT., KIB&E MG1655 7/ L DNA #7 > 7L— b & LCHERL7- PCR TIBIEL 7=, #EBIEI N
T-Wr B % pZA23-UpY fRiRfLitrricoo—=> 7L, Bon/i=7 7 X I K% pZA23-UpYc &4
L7z aroZ BIZFWIR X, aroZ GBI T AT 7L—bE LTERL, 774 v—aroZ_f RO
aroZ_r ZFAWLTC PCRIIC & VIBIE L 7z, 1BIEWTH % pZA23-Yc D Kpnl IZ7Ra—=> 7L, Boh
1o 75 2RI K& pZA23-ZYc b Ltze 774 —_7 inv_f3 RWinv_r3 #EA LT, pZA23-
NexT v 7L—bre LTERATSA > /N—=X PCR ICL > TR L pZA23-ZYc #RIRLT A = 1E
L7z, aroDBI=FWiH X, E coli MG1655 %7/ L DNA %7 > 7 L—hELTERBL, 774
< —aroD_f & aroD r A LT PCR TR L 7=, BIBE N/zWrh % pZA23-ZYc #EIRLHr (2
JA—=v7 L, BoNT TR I K% pZA23-DZYc Lépg LTz, aroDBEF 7704+ (3
FIBANC 7 L F 2 TIL(GGGGS); U h—T7 Z 04X b &) &, T 7L —bELT E coli
MG1655 7/ /s DNA ZfER L. 7714 ~—aroD_f &0 aroD_r2 %A LT PCR IC& Y IEIEL
7= BRI N/-BTH % pZA23-ZYc @R icsn—=> 7L, o= 7 X I K% pZA23-
DZYc &0 pZA23-D/ZYc & 454 L 7=,

MeE2 NI EDEE

UTFOFEICEY, 200X /08% 1 DO/MER /7B E LTERIEL, 7L
F 7L (GGGGS), U vy h—%, iAoz /o8& (AroC F7=1% AroD) @ C Kim & TRMEl
D78 (MenF £7213 AroZ) @ N KigsDRICHEAL. (EFBIo& /o8 CKig) -
GGGGSGGGGSGGGGS- (FfAlox v /8B N Kig) &5 L5107, ARV /X0 B A%
RID75AIRERDESICHEEL, U rh—EHZE ERAIOBEEFD 3 'K (aroC £7=
& aroD) & FTREIOBIEF D 5Kt (menF £7-1% aro2) OEICIEAL. ERBIOBEETZFDE
LA FYZHIBRL, Thabb,
(EFRBET D 3 'K#%) -GGTGGTGGTGGTAGTGGTGGCGGTGGTTCAGGCGGTGGTGGTTCC- (THIBET® 5 i)
EmBESITREET LT,

CFT5 Rtk A E it
CFT5 Bsktk D2 E#x#a13 Gene Pulser (Bio-Rad Laboratories, Hercules, CA, USA) % FH
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WTILZ bBRL—Y 3 kICk Y To7 (1350kV. 600 Q. 10 uF, 0.lcm F a2~y b
HEMA), CFT5 (2 pZA23-ncml, pZA23-ncaml, pZA23-nca/ml. pZA23-UpYc. pZA23-
ZYc, pZA23-DZYc KO pZA23-D/ZYc #BA L 7%z <N CFT5la, CFT51b,
CFT51c, CFT52a, CFT53a, CFT53b, KU CFT53c & L7,

&

MA £ ZE 1L MIYP £5ith, EEATE b mL OHBREREEIC TR L7z, MIYP Z3#lE, M9
B/NEMICS g/L DEIREAIFARNI0mMM OEILE YEBEF U D LAZ I LTEREN
7=o MO J/NEEMIIC I, 1L H7zV /L3 —X20¢g, NaCl 0.5g. Na,HPO, - 12H,017.1 g.
KH,PO, 3g. NH,Cl 1g. MgSO, - 7TH,0 246 mg. CaCl, - 2H,0 14.7 mg. FeSO, - 7TH,0 2.78
mg. F7 I VIEEIE 10 mg (A, Tyr 40 mg. Trp 40 mg. XU Phe 100 mg (ATCC31882 &
INOLDT I/ BICHLTREBERMTH Y. CFTS IREMKIL Phe (TR LTRBERMETH 5 7-
W) HEH, HEIZGLT, hF~A 2> 20mg/L 2HRM L7z, pH T coBRERET
i, = b7 L =TI L 72 100 g/L CaCO; GEBERKIZHED) =#HEERICIMA. &EEEZ 10
g/l & LT LBEEHIE, 20l P —T 7 —X v R—TO/Ny FEZETD MA EEICER L7,
LB#E#ICIE/La—X20g/L. YT b2 10g/L. BT X 5g/L. NaCl5g/L. h+
<A 20mg/L &L,

BERY

HEBRETO MALEEIZRD LD IC1T>7 156 mLHBRE., 2% %FE 220 rpm, 37°CT1
HfE. 4 mL MOYP B CRIEE L 7z, BIEEEMZ M ODg=0.1 £7%2 5 £ 5. 15 mL AR E
WD 5mLMIYP#EH# (0.1 mMA Y 7BEIL B-D-1-FAHAZ7 rEZ /> FAEHFM) ICHEEL
Too REEEIE, RFERE 220 rpm, 37°CTIT>7z, pH AT CORREEE TIL. BERE 24 K
BT CaCO; &AM L Tce V¥ —7 7 — A X—FBWEEIL, 20Lvy—T7—X>
R—ZAVWTEERE 400 mL ICTERL 7z, BHICIT LBIEMZHEA L 72, #1H ODgy,=0.05
ERDEDEIEBREEE LT, 1 MHCI RO 7T%NH,0H ZBEICHML. pH % 7.0 ICHE
T5HEHEML 2, BHAIZ 400 mL/min TESERAIE, BEFEKREZE (DO) # 0.69 ppm LU E
ICHERF 9 2 & 5. BHREZ 200~600 rom O THEEIMICHIEIL 7z, v —7 7 —X v R —35
BT, BEMAO 3 FE/%IC0.1 mM IPTG 23ISR L 7=,

SAE
fHARIEIE 1L UVmini-1240 spectrophotometer (Shimadzu Corporation, Kyoto, Japan) #
BUWTER 600 nm 1B 2 HFEE (ODgy) ([ TRIE L 72,
7L 32— ZEE X Prominence HPLC System (Shimadzu) # BWcEEFR&Es A~ 75 7 4 —
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(HPLC) ZARWTHHT L7z, DIEMHIE. RDBY,

#$1 7 Ls: Shodex SUGAR KS-801 column
(6 um. L x I.D. =300 mm x 8.0 mm. Shodex)
H 7 LmE:50°C
1 H28: Refractive index detector
MA BE IR DEHAHICTHPLC ZAHWTHHT L 7=,
ZEME: 5 mM p- LT XL vE (1.0 mL/min)
517 L SCR-102H column
(7um. L x I.D. =300 mm x8.0 mm. Shimadzu)
Hh7LRE: 40°C
& H 25 Conductivity detector
PHB, PCA XU AT I—IIERDEHIZCTHPLC ZWTHHT L 7=,
BEE: A=02% VB
B=xXx%/—J)L (1.0 mL/min)
77T b A:B =80:20 (0-15 min)
A:B = 50:50 (15-20 min)
A:B = 80:20 (20-25 min)
517 Ls: PBr column
(5 um. L x I.D. =250 mm x4.6 mm. Nacalai Tesque)
Hh7LoRE: 40°C
1 H28: UV-VIS detector (240 nm)

SDS-PAGE

BEERLNO ImLY 7YoL, BONBEICKYERZREINT S, BEL Y bZ 1
mL ® PBS(-)/N\y 77— (UvBEZ/KEAYTL02g/L. KCI0.2g/L, U VEEKEZSF LU
L 115g/L. NaCl8g/L) ITHEB L. #5 X E— Rtk > CIRBRE L7, BIHRRRA B DS
#M L. EBE% SDS-PAGE (CftL7z, > TN EHFED 2xH TNy 77— (2% SDS. 10%
gVt —Ib, 5% 2-4XI AT bR/ =)L, 0.002% 7JEEZ7 ./ —I)LT7)L—_ 0.125 M Tris-
HCI. pH6.8) ZEFIL. 95°CT 5 min, HIEL 7z, MNEEDY > L% SDS-PAGE 7L (e-
PAGEL. 7 /WEE 5-20%, ATTO) (C10pL g2F&mML, 7/ 1 #H7-Y 60 mA, 50 min TE
[KBY & 1T > 7Tz, BXKEIR. Coomassie Brilliant Blue R-250 (Nacalai Tesque) (Z& V3
1T 7
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JVIRZVTAYTAVYT
EEIE (T AE-6678 (ATTO). PVDF fElx Amersham Hybond-P (GE helthcare). JE#E

I& Fillter Paper (BIORAD) # AU, PVDFEA S ILERUEKRETZ(CYIY . X &Z/ —ILIZ 1 min
= L 718, JBHE & H(C Transfer buffer (£°) > 11.53 g/L. Tris-HCI 2.43 g/L. 20% X &/ —
) (TR L7z, #tL T, SDS-PAGE 7'/L & PVDF &, jEikx &2, 108 mA T 45 HEE L 7=,
i E#% . PVDF % Blocking One (Nacalai Tesque) (232 LTERHAIC I BEEIREZL., Ay F
v %1157, PVDF &% TBST (0.1% 1 M Tris-HCI, 0.03% 5M NaCl, 0.005% Tween20) T&

1E®xAFLI-0b, TBST 16 mLITEL. £ I~@EHLEIAEZNZ 1 KEECH, ICRE L7
PVDF f£% 20 mL @ TBST (2R LT 20 min 2 M ICIREB L TR L 7=, TBST 2L, T D%
HEREE 3EIR YR L 7o, TBST ICEY A ZRIuAEZMA 7= TBST 156 mL ISR L. 1 KfEE®PH
IC¥R%Z L 7=, PVDF &% TBST 20 mL & T5 minfEeHhIZizREZL. HFL7=, TBST a3 L.
Z DFEEEREE 3 EfgY R L7, PVDF [E% AP F&/Xy 77— (Tris-HC 12.3 g/L. NaCl 5.7
g/L. MgCl,»6H,0 0.5 g/L. pH9.0) 5 mL. NBT 33 pL. BCIP 16.5 uL & (2@ L. 10 min i2E
HExIT>7,
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BInFECSY
ARETHWALESHEERET D DNA BFIE X TISRT,

Sequence of pobA from Pseudomonas putida KT2440.
ATGAAAACCCAGGTTGCAATTATTGGTGCAGGTCCGAGCGGTCTGCTGCTGGGTCAGCTG
CTGCATAAAGCAGGTATTGATAACATTATTGTGGAACGTCAGACCGCAGAATATGTTCTGG
GTCGTATTCGTGCCGGTGTTCTGGAACAGGGCACCGTTGATCTGCTGCGTGAAGCCGGTG
TTGCAGAACGTATGGATCGTGAAGGTCTGGTTCATGAAGGTGTTGAACTGCTGGTTGGTG
GTCGTCGTCAGCGTCTGGATCTGAAAGCACTGACCGGTGGTAAAACCGTTATGGTTTATG
GTCAGACCGAAGTTACCCGTGATCTGATGCAGGCACGTGAAGCAAGTGGTGCACCGATT
ATCTATAGCGCAGCAAATGTTCAGCCGCATGAACTGAAAGGTGAAAAACCGTATCTGACC
TTTGAAAAAGATGGTCGTGTTCAGCGTATCGATTGTGATTATATTGCAGGTTGTGATGGCT
TTCATGGTATTAGCCGTCAGAGCATTCCGGAAGGTGTGCTGAAACAGTATGAACGTGTTT
ATCCGTTTGGTTGGCTGGGTCTGCTGAGCGATACCCCTCCGGTTAATCACGAACTGATTTA
TGCACATCATGAACGTGGTTTTGCACTGTGTAGCCAGCGTAGTCAGACCCGTAGCCGTTA
TTATCTGCAGGTTCCGCTGCAGGATCGTGTTGAAGAATGGTCAGATGAACGTTTTTGGGA
TGAGCTGAAAGCCCGTCTGCCTGCAGAAGTTGCAGCCGATCTGGTTACCGGTCCGGCAC
TGGAAAAAAGCATTGCACCGCTGCGTAGCCTGGTTGTTGAACCGATGCAGTATGGTCACC
TGTTTCTGGTGGGTGATGCAGCACATATTGTTCCGCCTACCGGTGCAAAAGGTCTGAATC
TGGCAGCAAGTGATGTGAATTATCTGTATCGTATTCTGGTGAAAGTGTATCATGAAGGCCG
TGTGGATCTGCTGGCACAGTATAGTCCGCTGGCACTGCGTCGTGTTTGGAAAGGCGAACG
TTTTAGCTGGTTTATGACCCAACTGCTGCATGATTTTGGTAGCCATAAAGATGCATGGGAC
CAGAAAATGCAAGAAGCAGATCGCGAATATTTTCTGACCAGTCCGGCAGGTCTGGTGAAT
ATTGCAGAAAATTATGTTGGTCTGCCGTTTGAAGAAGTTGCCtaa
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Sequence of aroY from Klebsiella pneumonia.
ATGACCGCACCGATTCAGGATCTGCGTGATGCAATTGCCCTGCTGCAACAGCATGATAATC
AGTATCTGGAAACCGATCATCCGGTTGATCCGAATGCAGAACTGGCAGGCGTTTATCGTC
ATATTGGTGCCGGTGGCACCGTTAAACGTCCGACACGTATTGGTCCGGCAATGATGTTTAA
TAACATTAAAGGTTATCCGCACAGCCGTATTCTGGTTGGTATGCATGCAAGCCGTCAGCGT
GCAGCACTGCTGCTGGGTTGTGAAGCAAGTCAGCTGGCACTGGAAGTTGGTAAAGCAGT
TAAAAAACCGGTTGCACCGGTGGTTGTTCCGGCAAGCAGCGCACCGTGTCAAGAGCAGA
TTTTTCTGGCAGATGATCCGGATTTTGATCTGCGTACCCTGCTGCCTGCACCGACCAATAC
ACCGATTGATGCAGGTCCGTTTTTTTGTCTGGGTTTAGCACTGGCAAGCGATCCGGTGGA
TGCAAGCCTGACCGATGTTACCATTCATCGTCTGTGTGTTCAGGGTCGTGATGAACTGAG
CATGTTCCTGGCAGCAGGTCGCCATATTGAAGTTTTTCGTCAGAAAGCAGAAGCAGCAG
GTAAACCGCTGCCGATTACCATTAATATGGGTTTAGATCCGGCAATCTATATCGGTGCATGT
TTTGAAGCACCGACAACACCGTTTGGTTATAATGAACTGGGTGTTGCGGGTGCACTGCGT
CAGCGTCCGGTTGAACTGGTTCAGGGTGTTAGCGTTCCGGAAAAAGCAATTGCACGTGC
CGAAATTGTTATTGAAGGTGAACTGTTACCGGGTGTTCGTGTTCGTGAAGATCAGCATAC
CAATAGCGGTCATGCAATGCCGGAATTTCCGGGTTATTGTGGTGGTGCAAATCCGAGCCT
GCCGGTTATTAAAGTTAAAGCCGTTACCATGCGCAATAATGCAATTCTGCAGACCCTGGTT
GGTCCGGGTGAAGAACATACCACACTGGCAGGTCTGCCGACCGAAGCAAGCATTTGGAA
TGCAGTTGAAGCAGCAATTCCGGGTTTCCTGCAGAATGTTTATGCACATACCGCAGGCGG
TGGTAAATTTCTGGGTATCCTGCAGGTAAAAAAACGTCAGCCTGCAGATGAAGGTCGTCA
GGGTCAAGCAGCCCTGCTGGCCCTGGCAACCTATAGCGAACTGAAAAATATCATTCTGGT
GGATGAGGATGTGGACATTTTTGATAGTGATGATATTCTGTGGGCAATGACCACACGTATG
CAGGGTGATGTTAGCATTACCACCATTCCGGGTATTCGCGGTCATCAGCTGGATCCGAGCC
AGACACCGGAATATTCACCGAGCATTCGTGGTAATGGTATTAGCTGCAAAACCATCTTTGA
TTGTACCGTTCCGTGGGCACTGAAAAGCCATTTTGAACGTGCACCGTTTGCAGATGTTGA
TCCGCGTCCGTTTGCACCTGAATATTTTGCACGTCTGGAAAAAAATCAGGGTAGCGCAAA
Ataa
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Sequence of aroZ from Bacillus thuringiensis.
ATGAAATATAGCCTGTGCACCATTAGCTTTCGTCACCAGCTGATTAGCTTTACCGATATTGT
TCAGTTTGCCTATGAAAACGGCTTTGAAGGTATTGAACTGTGGGGCACCCATGCACAGAA
TCTGTATATGCAAGAACGTGAAACCACCGAACGTGAACTGAATTTCCTGAAAGATAAGAA
CCTGGAAATCACCATGATCAGCGATTATCTGGATATTAGCCTGAGCGCAGATTTTGAAAAA
ACCATCGAAAAAAGCGAACAGCTGGTTGTTCTGGCCAATTGGTTTAACACCAACAAAAT
TCGTACCTTCGCAGGTCAGAAAGGCAGCAAAGATTTTAGCGAACAAGAACGCAAAGAAT
ACGTGAAACGCATTCGCAAAATCTGTGATGTTTTTGCCCAGCACAATATGTATGTTCTGCT
GGAAACCCATCCGAATACACTGACCGATACACTGCCGAGCACCATTGAACTGCTGGAAG
AAGTTAATCATCCGAACCTGAAAATTAACCTGGATTTTCTGCATATCTGGGAAAGCGGTGC
AAATCCGATTGATAGCTTTCATCGTCTGAAACCGTGGACACTGCATTATCACTTTAAAAAC
ATTAGCAGCGCAGACTATCTGCATGTGTTTGAACCGAATAATGTTTATGCAGCAGCAGGTA
GCCGTATTGGTATGGTTCCGCTGTTTGAAGGCATTGTGAACTATGATGAAATCATCCAAGA
AGTTCGCGGTACAGACCTGTTTGCAAGCCTGGAATGGTTTGGTCATAACAGCAAAGAGAT
TCTGAAAGAAGAGATGAAAGTTCTGATCAACCGTAAACTGGAAGTTGTTACCAGCtaa

Underline: - Initiation and termination codons
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Figure 1. The synthetic metabolic pathway for the production of chorismate derivatives, including
MA, in E. coli CFT5-derived strains. The red X indicates deletion of the ptsH, ptsl, pykA, pykF,
pheA, and tyr4 genes. The blue arrows indicate the GalP/Glk system (GGS) revised by introducing
galP and glk genes. The green arrows indicate the MA synthesis pathways introduced. The orange
arrow indicates the conversion of MA to various products by chemical catalysis. GalP, galactose
permease; Glk, glucokinase; G6P, glucose 6-phosphate; ATP, adenosine triphosphate; ADP,
adenosine diphosphate; E4P, erythrose 4-phosphate; PEP, phosphoenolpyruvate; Acetyl-CoA, acetyl-
coenzyme A; AA, adipic acid; TPA, terephthalic acid.
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Figure 2. (A) Diagram of MA synthesis pathways in CFT5-derived strains. DQA, dehydroquinate;
DHS, dehydroshikimate; EPSP, 5-O-(1-Carboxyvinyl)-3-phosphoshikimate; PHB, p-hydroxbenzoate;
ICA, isochorismate; PCA, protocatechuate; Red arrows, Pathway 1; Blue arrows, Pathway 2; and

Green arrows, Pathway 3. (B) Diagram of MA synthesis gene cassette in each plasmid.
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Figure 3. MA production titer in CFT5-derived strains. Red, blue, and green bars indicate MA
production via Pathway 1, Pathway 2, and Pathway3, respectively. n.c. is empty vector control
(CFT5 containing pZA23MCS). The data are presented as the average of three independent

experiments, and error bars indicate the standard error.
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Figure 4. Glucose consumption by CFT51a, CFT52a, and CFT53a. The data are presented as the

average of three independent experiments, and error bars indicate the standard error.
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Figure 5. SDS-PAGE analysis of CFT52a. Both outer lanes: protein marker, Lanel: control (CFTS5
horboring pZA23MCS), Lane2: CFT52a
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Figure 6. Effect of AroC-MenF fusion protein expression on MA production. (A) Diagram of the
shikimate pathway in CFT51b. (B) Diagram of shikimate pathway in CFT51c. Black and red Pac-
man shapes indicate the AroC and MenkF, respectively. Orange and purple Pac-man shapes indicate
the enzymes consuming chorismate as substrate. Yellow band indicates the flexible (GGGGS)3
linker. Light gray circles, 5-O-(1-Carboxyvinyl)-3-phosphoshikimate (EPSP); dark gray diamonds,
chorismate; red squares, isochorismate; and yellow stars, MA. Orange pentagons and purple triangles

indicate the byproducts derived from chorismate.
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Figure 7. Western blotting analysis of CFT51b and CFT51c. Left side lane: protein marker, Lanel:
CFT51b, Lane2: CFT51c. An ANTI-FLAG M2 Monoclonal Antibody (Sigma-Aldrich) and an anti-
Mouse IgG (H+L), HRP Conjugate (Promega Corp.) were used to detect MenF and fused AroC/MenF.
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Figure 8. SDS-PAGE analysis of CFT53b and CFT53c. Both outer lanes: protein marker, Lanel:
control (CFTS5 horboring pZA23MCS), Lane2: CFT53b, Lane2: CFT53c.
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Figure 9. Culture profiles of CFT51c. Red closed circles, non—pH-controlled cultivation; red open
circles, pH-controlled cultivation (CaCO3 added). (A) Bacterial cell growth (CFT51c¢). (B) Glucose
consumption by CFT51c. (C) MA production by CFT51c. Blue arrows indicate when CaCOs was
added in to the culture medium. The data are presented as the average of three independent experiments,

and error bars indicate the standard error.
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Figure 10. Culture profiles of CFT51c with jar fermentor. (A) Bacterial cell growth (CFT51c). (B)
Glucose consumption by CFT51c. (C) MA production by CFT51c.
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Table 1. Plasmids used in this study.

. Source or
Plasmids Genotype
reference
pZE12MCS P Liacoi, colE ori, Amp” Expressys
pZA23MCS P s11aco-1, p15A4 ori, Km” Expressys
pZE12MCS containing menfF’ from E. coli and pchB
pZE12-mlI Noda et al.?
from P. aeruginosa
pZA23MCS containing nahG from P. putida KT2440
pZA23-nGcA Noda et al.??
and catA from P. putida DOT-T1E
pZA23-1 pZA23MCS containing pchB from P. aeruginosa This study
pZA23-ml pZA23-I containing menF from E. coli This study
pZA23-mInc  pZA23MCS containing menk, pchB, nahG and cat4, This study
pZA23-ncml  pZA23MCS containing nahG, catA, menF, and pchB  This study
ZA23-ncaml  pZA23-ncml containing aroC This study

pZA23-nca/ml

pZA23-nca*ml

pZA23-nca//ml

pZA23-Y

pZA23-Yc
pZA23-pYc

pZA23-UpYc

pZA23-ZYc

pZA23-DZYc

pZA23MCS containing nahG, catA, pchB, and

aroC/menF, which is a gene expressing fusion protein

) This study
composed of AroC and MenF connected by flexible
linker
pZA23MCS containing nahG, catA, pchB, and
aroC/menF, which is a gene expressing fusion protein )
This study

composed of AroC and MenF connected directly

(without linker)

pZA23MCS containing nahG, catA, pchB, and

aroC/menF, which is a gene expressing fusion protein  This study
composed of AroC and MenF connected by rigid linker
pZA23MCS containing aroY from K. prneumoniae

o This study
(codon optimized for E.coli)
pZA23-Y containing catA This study
pZA23-Yc containing ubiC from E. coli This study
pZA23-pYc containing pobA from P. putida )

o This study

KT2440(codon optimized for E.coli)
pZA23-Yc containing aroZ from Bacillus thuringiensis

o This study
(codon optimized for E.coli)
pPZA23-ZY ¢ containing aroD from E.coli This study
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pZA23-Yc¢ containing AroD-AroZ, which is a gene
pZA23-D/ZYc expressing fusion protein composed of AroD and AroZ This study

connected by flexible linker

pZA23-Yc¢ containing AroD-AroZ, which is a gene
pZA23-D*ZYc expressing fusion protein composed of AroD and AroZ This study

connected directly (without linker)

pZA23-Yc¢ containing AroD-AroZ, which is a gene
pZA23-D//ZY ¢ expressing fusion protein composed of AroD and AroZ This study

connected by rigid linker
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Table 2 Oligonucleotide primers used in this study.

Oligonucleotide

) Sequence
primers
pchB f 5'- GTCGACGGTATCGATAAAGAGGAGAAAAAGCTTATGAAAACCCCTGAAGATTG -3'
pchB r 5'- CAGGAATTCGATATCTAAATGATGATGATGATGATGGGCTGCACCACGGGTCTGAC -3'
menF f 5'- ATTAAAGAGGAGAAAGGTACCATGCAATCACTTACTACGGC -3'
menF r 5'- CTCGAGGGGGGGCCCTTACTTGTCATCGTCATCCTTGTAGTCTTCCATTTGTAATAAAGTAC -3'
menF {2 5'- TTAAAGAGGAGAAAggtaccATGCAATCACTTACTACGGC -3'
pchB r2 5'- GTACTGTTCTGCATgtaccAAGCTTTTTCTCCTCTTTttaggetgecaccacgggtetgac -3'
nahG f 5'-TTAAAGAGGAGAAAggtaccATGCAGAACAGTACCAGCGC-3'
catA r 5'- gtaagtgattgcatggtacc AAGCTTTTTCTCCTCTTTctattaACCTTCTTGCAGTG -3'
aroC f 5'- TTAAAGAGGAGAAAGGTACCatggctggaaacacaattggacaac -3'
aroC r 5'- gtaagtgattgcat GGAACCACCACCGCCTGAACCACCGCCACCACTACCACCACCACCccagegtggaatatcagtcttcaca -3'
catA r2 5'- gtgtttccagecatggtacc AAGCTTTTTCTCCTCTTT ctattaACCTTCTTGCAGTG -3'
inv_f 5'- cattaaagaggagaaaggatgcaatcacttactacggcgetgg -3'
inv_r 5'- ttetectcetttaatgetattaccagegtggaatatcagtettcac -3'
aroY f 5’- TTAAAGAGGAG AAAggtaccATGACCGCACCGATTCAGGATCTGC -3’
aroY r 5’- CTGCAGGAATTCgatatcCTATTA TTTTGCGCTACCCTGATTTTTTTCC -3’
catA f2 5’- AGCGCAAAATAATAG gatatc AAAGAGGAGAAAAAGCTT ATGACCGTGAAAATTAGCCATACCG -3’
catA r2 5’- CTGCAGGAATTCgatCTATTAACCTTCTTGCAGTGCACGC -3’

pobA f 5’- TTAAAGAGGAGAAAggtacc ATGAAAACCCAGGTTGCAATTATTG -3’
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pobA r
inv_f2
inv_r2
ubiC f
ubiC r
aroZ f
aroZ r
inv_f3
inv_r3
aroD f
aroD r
aroD r2
inv_f4
inv_r4
inv_f5
inv_r5
inv_f6
mnv_r6
inv_f7

nv_r7

5’- ATCGGTGCGGTCATggtaccAAGCTTTTTCTCCTCTTTctattaGGCAACTTCTTCAAACGGCAGACCA -3°
5’- AAAGAGGAGAAAAAGCTTATGAAAACCCAGGTTGCAATTATTGGTGC -3’

5’- ggtaccTTTCTCCTCTTTAATGAATTCTGTGTGAAATTG -3°

5’- GAGGAGAAAggtacc ATGTCACACCCCGCGTTAACGC -3’

5- CTTTTTCTCCTCTTTctattaGTACAACGGTGACGCCGGTAAAAACA -3°

5’- TTAAAGAGGAGAAAggtaccATGAAATATAGCCTGTGCACCATTAG -3’

5’- ATCGGTGCGGTCATggtaccAAGCTTTTTCTCCTCTTTctattaGCTGGTAACAACTTCCAGTTTACGG -3’
5’- ATGAAATATAGCCTGTGCACCATTA -3’

5’- GGTACCTTTCTCCTCTTTAATGAATTC -3°

5’- GAGGAGAAAggtacc atgaaaaccgtaactgtaaaagatc -3’

5’- CAGGCTATATTTCATAAGCTTTTTCTCCTCTTTCctattatgcctggtgtaaaatagttaatace -3°

5’- CAGGCTATATTTCATTGAACCACCACCGCCTGAACCACCGCCACCACTACCACCACCACCtgcctggtgtaaaatagttaatace -3’
5’- CTGGggtaccATGCAATCACTTACTACGGCGCTGGAAAAT -3’

5- TGCATggtaccCCAGCGTGGAATATCAGTCTTCACATCG -3

- GCCGCTGCCAAAGAAGCGGCAGCGAAAATGCAATCACTTACTACGGCGCTGGAAAAT -3’

- TTCTTTGGCAGCGGCTTCTTTTGCTGCAGCTTCCCAGCGTGGAATATCAGTCTTCACATCG -3

- GCAggatccATGAAATATAGCCTGTGCACCATTAGCTTTCGT -3

- TTTCATggatcc TGCCTGGTGTAAAATAGTTAATACCGTGCG -3’

- GCCGCTGCCAAAGAAGCGGCAGCGAAAATGAAATATAGCCTGTGCACCATTAGCTTTCGT -3’

- TTCTTTGGCAGCGGCTTCTTTTGCTGCAGCTTCTGCCTGGTGTAAAATAGTTAATACCGTGCG -3

(2 NG BN S) NS NG N |
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F—ETlk BEIXMLBFELAVCT, Y FIBRELY THROKEY 7 v 7 20 %E
ATz, RETIE, > F IBBEARATIRE7 7 v I R&2@0T DI LT, BWEEYOLEES
A AEEAT, ZDFEEL LT, Parallel Metabolic Pathway Engineering (PMPE) & W5 R#HT
RPICBTDF R T TA—FOREEIT T2,

V7 EVA—RRNAF TR Z2BRTI2ED OB ZRBZEICHFET HDIFIE/I/ILa—2R
THY, RATEHLHFETHIHEIEIF I O—XTHD P, E—EEDLSII, FLaA—RzERELT
ERMBOEEEZEMIE 2 M. AEMEETOLCRDNAF T MIBWTHEATH 5,
— AT VI / LA —RRNAF TR ERE LTERLACHAT 7202 AIZILE—XD
FRAOTHZFLA—RDERGEEEL LD, INEFTHRABRAETEF L A—ROMARENE
HENTELA. BERENADIOIE /L I—REHKITF OO —RHEBEE LTYELEEICHET?
HETHD ¥, COREEEAVWEEICERI2ERMBE LTHRERT A MDE (CCR) N5
3W07w:—xﬁETTi\$>D—X@£mﬁﬁﬁMﬂéﬂﬁw:—xﬁﬁ%%:%%éﬂé
ZDlHF L A—ZDEEICKRANDDY ., EEDNERDETZ5/ TR, CCR OEICIE, PTS
VRTLEEBRT DRI EORBIGC, L-T7E/ —REBEL X1 L —X—OFIE, /L a—
REFVA—REZNZFNHEET S 2 BEOXBEROREELR L, RAGFENHEFEINTVLDS
A, L LEDA DL, INHDOFERICIE, IEROETOESIRIEOBM AL, KR L LTHKRA i
BEOEET D,

BB THHNT-L D I FEREANDRET7 7Yy 7 RAORBIENAFTOAKX I a vl
IFR2RELBECTH D, REREOLY ERBAITOREY 7 v 7 ADOMHIE, WEOKBHET %
BlZRZ T M DBIECHIFICEMHI R A -V 525X 5 1-OICHEAREOMIENHER WL, &~
* IBREOHFEYMETH S PEP FELE VB OAA OFIEREE LTHFIAINTE Y, TCA Y
AVNNDRZFRT 77 ZADEIGRE L >TUWD Y, TCA YA 7ILITHIBIEAESR DAY NADH
DHER EHMEOETE - #IFICEEARRENEB->TWE7-0H, PEP 15 TCA YA ZAE RN DR
IR 7 STRIERT 5 CMRIEIEN H R <R B, Thbb, ¥ IBRELR2ILEMDEE
CHRRAIETEIL P L — FF 7 OBRICH D, ZOL D BB DEEED L —FF 72 TRT
2720, R ITILZA Y FERIENZEMHAREINTWE, RP LALLMy FLiZ, BEDH
BRAEMICHRMNT 5 2 &I & W EBERFRIIREDO ON/OFF Z5If L. FEX OFRMIE CHERNOR
FHERECEALI B HEMTH S, HERODHARTIEITFIL CoA ZzRFODERE LT, AL
DEEZOFRBEREF LIV yFICLY) Ty bo—IL L7z %, ESWHEIEZ 72 F )L CoAhn TCA
PATNICHEND LS ICT7 T VB v 2 —+ (GItA) #RIBIE, BEEIICH S & Gt ORIBAI
HL., TEFILCOADLDRERET 7 v/ XA BRNORBRBE~NEFET S, ZORIMICLYV AV T
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O// —VEESE% 3THEIBRIZIEICHILTWVWS, RETZOY —ILE LTRE ML Ay
FIIBEATHZH, RFRXA v FD ON/OFF GEERIDARM) DEA IV JEDBEEIREOEMES
IZ. RIRIANERETH S,

AZTlx. Parallel Metabolic Pathway Engineering (PMPE) & &1 \F 723 7- R TS5,
MOMFAERCBAICE Y, MEEERENZHIELAZZFEI/I N I-—XEF I O-IAN LD F IFER
BBEROBNEREELZ AT, 9. BERKRVPPPP &L TCAYA VL ERE2ICHEEL, BIERE
PPP 7 TCA 44 VL~ Dk FREiEZ T IEMT L 72K ZBEL 7=, LT TCA YA 7~ Dx
SR ZR S 72010, RBWERIC Dahms BEEZEA L7z (K1), Dahms REEIIBREME TH
% C. crescentus s 2F A —XEMRBRETHY ., BERKROVOPPP 252 &<, ¥F>A—X
NoELEVERE ) AR UIEEMRGTIRETHD (K2) % InNooBRZEICLY, JLa—
RICEHETDRFIETCA YA ZLICHFNE Z &R BRLEYMOEEICHNAIN, ¥ 0—XITH
KD+ % TCA YA 7LTHRAYT S & TSNS - 2T >RBRET A v Lz, 20K
HTHA T, JLA—XRVF O ZFAT 2 Z2ORBRKIE, TNENHARDHE T &R
CHRFLIWINIHEET S, COLDICERICDBSINIZDORBRZE—DEYNICHEET HF
% (PMPE) OXRAUZHELI DD/, F—ELRKRICMAZETILELEYE LTPMPE ICK24%
EEmLExEAT,

2-2 ERBERRUVER
2-2-1 Parallel Metabolic Pathway & 744 >~

UH IR YMEEERKOETILE LT, PMPE DERZ BIE L7z, ¥ F IEREOD
HENMEYTH S PEP 2 TCA YA JIANERAT 2REBEEHIET 2T /03— 5
DX IMRIEANDRKFRT T v 7 AEENIE 5, PMPE 2B 57-0, £TMRERKRU PPP A
O TCA YA TIANERFIRALBEVRBREREBET 20ENH D, £ T, PMPE ZHE
THHMRE LTCFT Wz, CFTH IEBEDHRCE—ETH/RLIZLDIC, ELEVEFF
—+ (pykA. pykF) RO PTS v R7 L (ptsH) ORFIEICL Y > ¥ IBBRERFEAOEEICEL
TR TH D %,

CFT5 (CH1T B, BEZRKRUV PPP 5D TCAHA ZILADREDRAEIRITT B 720,
SNaA—REREBERE LT MI B/NEHT CFTS 235& L7, ZD#ER. CFT5 (X M9 R/NEHT
(FHETE L 2 5720 RIT. MO S/NEHBIC 20mM ELE > EE. U > OB 20 MM, F7ldELE >
B 10 mM+U > I8 10 mM %R L 7= T CFT5 OEEX1T- 72, TR, EILEVEOD
BT L 72T CFTS I3IEL v o 7. U > 8% ST T3 CFTH IX38FE L
= (K3, UYyIBERORMICL VIBIEREAHNRIEL/ZH DD, T OBIERE ITBFEMRE LR LT
B TEM -7z, CFTH 1 GalP/Glk Y ZAFLIZL Y ZL3—Z 1 mol ZEXYATERIC ATP % 1
mol SBHET %, £ KBEFEKTIIEILEVEFF—FICLY PEP 25 ATP & ELE VBERAMI
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fmEnsn, CH5T¢PWA&UPwaW INTWBH, TORKBIFEILHEL, Thb
DIEAIC . CFT5 IZEMEARD ATP L RILHAMEWF=DITIEIERENMET LIz&EZA b, &
NoOFERLY, CFT5 (X TCA YA JIU~NDRFZT7 7 v 7 ADNRELTCEY JI - E—x
RREE LTHEETERWENRB I N,

2-2-2 CFT5 ~® Dahms ZEDEA

2-2-1ICBWVWT CFTS TNV A=A L DRFET 7 v 7 AN TCA YA JI~NAmNEWNWT
ENTRE I NT, PMPE OFEIRICIE, BERKV PPP 25 2 &> A—XNn TCA A
IINNERBEHIET H2REBRBEZEATILEDNH D, ¥ O —XOENMREEE LT, BREM
C. crescentus WMRE T % Dahms R ISEE L7z, Dahms R IZEERKR U PPP 2185 2 &
B, FLA—XDOELEVRBETYFFUIILBEEET HRIETH D, Dahms REETIE, £
¥ C crescentus AEDF > O0—R7E RS F—t (xdh) 2LV F>O—A*>0O/ T b

Ik E N D, H:WT Ccrescentus AXDF> 0/ 57 h+—+ (xdh) Ic&VF>n/ 57
FraLFTAOVEBAERIND, FVAVBIEKBERNEOF S OVETE N T X —1 ()jh6)
IC&->T2-TE RBE-3-THF>-D-F>A>E (DHDOX) &A&lY., ZDHABEAED DHDOX
TILRZ—+t (yjhH) 12L& >TDHDOX Ao EILE VEEE 7)) O— LT IILTE RAERENS, 7
UaA—IT7LTE REABERNEDRIKICL T/ U AR LBAEREINDE (K2),

Dahms BEOBE2RIBT 2 EETE (xdh. xyIC R yjhHG) #BAL-75 X IR
PZE12-x Z#EE L 7z, CFT5 IZ pZE12-x ZE A L. ZD#k% CFTbx & L7z, CFThx = /)L 13—
R, FYA-RXFF/NA-R-FO-REEERFRE LT MI S/NEHTIEE L, £
DFER. CFTox FF A —RZEH—RFRFE LB TITIBIEL AD >72h, JLI—X KO
NA—R-FoO-—EEEARERE LTHW S TEIELZ (K 4), Dahms Bi&ZF> 0
—XEHBETHRETHD20, JVI—RzH—RKRFEEL LTHWE#MTIL CFTHx (X388
HERWEEZXbNA, FRICRTZERED -7, ZOEARE LT, Dahms R ICEH 5B
2N A—ZDORFICENTA LD D RIS ZAIE L TWBAREMENE X b b, £ Z T Xdh,
XylC. XX YjhHG % ZNZF4N CFT5 ICHRIBI /-2 BEL, /LI —XZ2E—RHARE LTE
BaiTo72. TDRER. XyIC KU YihHG ZHIRX 7= CFT5 FHRMKRIFIBIEL AH 2 7= DI L.
Xdh ZFES S KRIFEE L2 (M 5), Xdh 3F Y A—RIH L TEVWEBEREEEET 5.
JNA—20 GEP IR LTI, B LAFIFEALEBEREEZE LTV AL %, Ihb ol
B, Xdh 1 6- KRBV VEE, o PPP AORBEYICH T 2EEREMA KL, L3
— ZRBICHEE A 5 X AN TRE S Tz,

2-2-3 REZRKRU PPP % TCA YA 2 NADRETFEADER
Xdh OFBICL Y S —XBE—RFZRT COMBEEGENIEIEL-ERE LT,
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Entner-Doudoroff #28& (ED #288) A &ML I N/-AIEEMENDH D, ED BETIE. KK ILav
BTt RS54 —+ (Edd,EC:4.2.1.12) I2&Y 6-FKRR KL AVEEA 2-7 h-3-FFF L /-
6-U vEEALERLEIND, TDE, 2-7 F-3-THF NV -6-YUVETILREZ—+ (Eda) (
W, 27 h-3-FTHFIINAV-6-UVBHhOEILEVERE S EILTILTE F-3-1) VEEAE
END, Xdh A 6-RZRKZNAVERICHT 2T FRsF+—€E (Edd 5&4) 28LTW3
HE. Xdh OBFHIFICKY ED BEMEEILIND EEZ NS (K6),

ED RN LD TCA ¥4 VI~DkFMAZLE /28, CFTh »"» Eda #3— F§ 58&1&
F (eda) ZHHEL 74k (GXa) ZBEL 7z, BIARNEZ &LI(Z, GXald Dahms B8 A LTW
BWREET, VI —XZxFRE LI MI R/NEHTIEIELZ: (K6, K7), ZOFERIT eda
DEAERIZE Y TCA YA JIANERNDMORHREEAEECINIZZ L EZTE LTS, GXa
&, NED PEP hiR*F2 77—+ (Ppc) R PEP AiRF¥FF+—+ (Pck) ZBHLTWS,
Ppc O Pck 1& PEP % OAA ICERIAS 2 RIC & X DRI E T NEFNMET 2BHRTH 5, ED &
BEOWIEIZL Y. Ppc RO Pck I2& % PEP-OAA HHEZIERIGD /N T v AHEAL L - A HEM A B
%, CFT5 75 Ppc £7-1% Pck & 3 — R 28T (ppe. pek) %HIEL 7% (GXb, GXc) %
BERL, 7LD —RE—RZFFEMI R/NEHTIEEZITo7/-& TA. GXb IFIBIEL L H - 7=H%
GXc IZ#IEL - (K6, K 7). £RKDEHT, CFTS 1o ppe & pek ZHEE L 7=k (GXT).
KU CFT5 n'% eda & pck =WIE L 7%k (GXe) 1ZHIEL. CFT5 A5 eda & ppc ZWIE L 7=tk

(GXd) IIIEL Aah -7z (M6, M7,

BEKRORBE TIE, Ppc & Pyk ICK > THEIER & TCA Y4 7L EOREHITFEEI LT
%, ENEVEEFF—1 (pyvkA. pykF) HFEIELT-#RTIE. Ppe RO Pck ANEE(L S N T & AR
EINTWD WS, CFTE 1L pyhkA R pykF HHEEEINT WA 728, PEP-OAA HEZH K IHHYE
HlENTWDEEEZOND, 7. Ppc RO Pck 1£ TCA ¥4 7LD hEREDEREIC L VIE
HAFEE T LD Y, T4abhb, CFT5 & GXb OHFIETERE N DIEKL L. REDHBRE &
WS kb, REMICE S Pck DFET 25T PEP A0 RHBFHICERTZ £ 515, L
N o>T, REFAHOFHREOEMHMIETEICS X 2 E4HEBRT57-0I1CH . BERKU PPP
NS TCAYAVILADRET 7 v 7 ADTLRER. T7/abhb ED R L PEP-OAA HEZ#D
TERFENDETH D EERX, BIBKROBREREL AL,

CFT5 »'» eda. ppe. pck. B ppsAZHHIEL7-% (GX1) ZH#EE LT, ppsAliEiLE
B % PEP ~NZ#d % PEP >4 —t%A2—RFLTWAEETFTHD, GX1 Z/La1—%H
—RFRE LI MIBNEMTEB LD -7 (M6, M7), GX1 ZELEVEDAZFMLT:
iy (MOP $54h) ROELE VB E U > TBEZ I L 72353 (MOPM 35#h) TREEZ 1T - 7-fE R,
MIOPM $2 D HIETEL 7= (M 8), TCAH A VILDBHDORISTH 2V TVBOEMICIE. EIL
Bt OAADREEHR D, OAA L ENLEVERIZY v OMEN L CHEEICEBRAIEETH DA, U
YOBASELE VBRADOEIRISEME TS Y OBT e KAy +—t8 NAD(P)KETH %
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7o, MEANORHERNT Y AL > TRLOAAHIHIEH I NS, GX1 AY MIP EHTIBIE L 74 h
Sf=Zen b, ENEVEDL DL OAA NOEMKRISHEITES. TCAYA JILDE—RIGTH B
IVBOEMNEKAEr>T-EEZS5ND, MIPM 51T, HmiNES iz v I@AY > BT
ENATF—HICE>TOAA ICEAEI NS Z & T, OAA Dt %AT\EM%oTL\é EEZDLND,
ZDFERN S, GX1 TlE PEP 75 TCA YA JILADRET 7 v 7 AHNTRICHIEINTE Y.,
TCAHAVILOHEREYETH B 7 TVBNERTERWI ENTREBINT,

2-2-4 Dahms BBDBEAICL Z /L —R-Fo O—RBEETOIEERE D DOBES
MEERRIRE LT B TOMIIEIERE N Z BER T 5725, GX1 12X LT Dahms R %8
AL7# (GX1x) ZRELz, R IEEFERZRT, GXIx ZF/IL3—-X-F> 00— EEE%L
REBRE L7 MO RO THEIE L, ODgpy DR AMEIL ATCC31882 L RIRETH -7, £l 7
NA=ZRDH, HLEFYA—RDOAERFRE L7- MO Tl GXIx 3ETEL R h > 7z,
INLOREREY . GXIx TR/ IA-REFE—RFRE LI2HE TCA A VLICRFEIHIGS
N MBIETEIC R ARREYEMCIAIN Y —LESICHEE LTI EATREINT, £,
JNaA—R-F2O—-XEAETIE. Dahms BEEICL W ELEVEBEROS Y FF LB
5ZETTCAYA INADRB|-IGHITL, BETE D ENERINT, FVA—REE—R
FRE LT2EMTIE GXIx DMHBIE L b - 72h%, THIEARMED F > A — X 2R (XylA XU
XyIB) OEWDRADRTI-DTH D EHR LT, £ TOXIx ICHEL, XylA RO XyIB Z @FF
BT 54k (GXIxAB) ##EL 7z, FEICK LT, GXIxAB 3F¥ > A —x%#B—Rx&HFRE L7z M9
B/ANEMTIIEIEL Ah > 72 (K 10), & 512, Dahms EEEEEE (Xdh, XyIC. YjhH, &' YjhG)
EO/XIFAREF > 0 — X 2UREoBER XylA RO XyIB) B FIBT D CFT5 ICHET S
BH, FEROKFICEVWTHRELAEDY 72 (K10), RIZ XylA RO XyIB Z@FFIE T 25 GX1 |
kT 2% (GX1AB). GX1x. GXIxAB @ 3%, BRATF XA FMNL -EREEME AT,
FoOo—XRzEERE LTEE L, ZOBR., GXIx KU GXIxAB [F 2 OEH#TIEIEL . #FIC
GX1xAB @ ODgy ld GX1x D 2 {5 EISE L 72, —F5. GXIAB IZZ DG TEIEL AN 7z, &
NoOFERN S, GXIx ROZNICHRT DHRIE. REKDOF > 0—IELRE (XylA. XyIB) A
THICHERE R T PPP CEIERANDRET 7 v I ANR TN TH D70, BETERN>7-DT
FhwheEz LN, (K11)

2-2-5 PMPE ¥t fgr
PMPE B"ABICE R 2 &L ZFHET 572, CFThx. GX1x RUM Rk E LT ATCC31882
IZ pZE12-x #3E A L7-#% (ATCC31882x) %. RODELUETHERE « DT L7z #HI ODgy,=0.05 T
HEEAFR L, #iE% 5.5 BRI (ATCC31882x) 7:(% 14 BRI (CFTHx KUY GX1x) IZ[EUX L 7=,
EUR L= > 7% LC-MS ICTHH L. G6P, 77 k—X 6-Y v (F6P), 7L Y b —X 1,6-
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ERUvE (F16BP), 3-KmZX KUY vBE (3PG), 2-KZXK7U+YU B (2PG), PEP, v
LE VB 6-FRRF LDV (6PG), U 7A—X5-U B (RuSP). U AR — X 5-U » & (Ro5P).
 RATYa—R7-UvE (STP). RU'TY bA—X 4-U v (EAP) OEE%{T> 7,

12 12, ATCC31882x A HH*E & L7z, ODgy H 7= Y OREYOETE R RT, GX1x TlE.
PEP OETEEAH ATCC31882x L LbB LT 28.6 15, CFT5x &L LEBR LT 5.2 f&#&MNL 7=, CFT5x T
IZ ATCC31882x & W) £ PEP 0ERBENEML 724, ERFICELEVBROEEEL MLz, —
7. GXIx BB SN BRI ATCC31882x & [AIFEE TH - 7=, ATCC31882x & CFT5x M
BT, 3PG & 2PG DASTEICEEREIERD b h > 72h, GX1x Tld ATCC31882x & LEE LT
2.0 58N L7z, F7z. CFTox U GX1x ICEE I N7z F16BP 1&, ATCC31882 L U H BEICIE
o7z,

PEP |& F6P A5 F16BP 2 &9 % 6-KRK 7o bFF—+ 1 (pfkA) #FHEL. F16BP
NS FEP Z#EMTDT7ILT F—R 1,6-ERKRR7 72—+ (fbp) %5EMELT D 8%, CFToHx RO
GX1x #5115 F16BP 0EHEEETIX. PEP 0EENRAEATHD EEZXBND, ThbE, PEP
@%EM%%%@7?v7%&@TéﬁﬁWP@73v72%ﬁm¢5&%zbﬂé%%@u\
GX1x Tld, PPP o hRIR#EM TH D, 6PG, RuSP. Ro5P, KN S7TP A ATCC31882x & W 1k
TEICIEM L 7=,

F7-. LC-MS AW TEEKRICH T 5 ATP, ADP, AMP, NADH, NAD*, NADPH, &
NADP DL ~ LA L (K 13), GXIx TlE, ATP L ~_JLE ATCC31882x K 1! CFT5 & kb
LTARIBICHEA L7zs GX1x @ NADH L ~JL(E ATCC31882x & (b LTHEIZHEA L. NADH I
CFTox TIHRHBRFRUT TH 7, TN oDFERIE, TCAHY A ZILIZB (175 NADH BEAFIR I
THEY, BILY Y BLICL D ATP B+ ICBEE L Bh 722 & Z2TmBLTWD, 51T,
GTM&UGMXwNMPHm@ﬁ@ﬁuTT%oto9#?@?EPDE#—€@&?EPD

@A 1 ELDOVFIBEEARTSEIC1 ELD NADPH %38&$ %, CFTox &N GX1x
ZHFS NADPH L NV fETIE, % IEREORIICE >T NADPH OJBEEENBER L 77
HTHDHEEZOND,

2-2-6 PMPE #%Ic & 30— -0 —XBAFEH, D MA £
GXIx R DHEZAWT, v F IBREZ N L7 MAEEZHA ATz, MA EEREICIEE—
BIFARE 3 A#AN, BE 313, IRTO MA AEBREOTTRLHERINEAF L (0.68
g/g—%v:—z) o, IREE 3 OERBARFT S, REMINIZT TR IF (pSAK-MA) ZHEE
L GX1x RO CFTEx ICEAT 5 Z & T, GXIXMA KU CFTExMA Z#8E L7z, £/, /L3 —2X
ROy n—2%@ERKICELRTERKO I fA—L e LT, CTR2 #REFEEL /-, CTR2 IE,
ATCC31882 Hi, CCR R Phe £EICEB5T % ptsG kU pheA #MEIET 5 T £IC & VB
feo T CTR2 |2 pSAK-MA %8 A 4§52 Z & T, CTR2MA Z#E L 7=, M 14 RUOM 1512, 7L

43



I—Z2-FvA—ZBAEEZREZRE LTHW: M9 8/ E#TD GXIxMA, CFT5xMA K
CTR2MA D3EEHER %R Y, GXIXMA #kld. 96 BrRIDEEE%IZ 1.60 = 0.08 g/L ® MA ZEL
L. 72BR%ICHITEEE/ILI—2H7=Y O MAIEEIL 0.30 £ 0.02 g/g TH-7= (K 15),
CFT5xMA #ki%. 80 BSREIDIEER(IZ 071 £ 0.22g/L D MA #EA L. 60 BREEICH T HEES
ILA—ZBTY D MAEF 0.12 + 0.05 g/g TH-7- (F15), CTR2MA 3325 48 BG4 (C
0.53 = 0.01 g/L D MA Z4FELEE/ILI—XH7=Y D MAUEEIX 0.09 + 0.00 g/g TH-7=
(K 14), GXIxMA ® 7L =250 MA EAEIE, M Zh CFTHxMA #k &R U CTR2MA #k &
) 231ER1V3.0EE<. INEIX CFTSxMA & U 26 fEEh »7cs TNODFERAN S, TCA YA
IWADRET Ty 7 R EFTEIEWN TS PMPE A, MAEADHREICENTH 3 & RBEINT,

2-2-TBCIEBbINa—RICL D MAEEKRDRET 7 v 7 A&

PMPERRICHE T B 7L A—ARVF L O—RORFT7 7 v 7 R D9 572512, GXIxMA
Z[U-BCIEHAL 72— R EFFEHF 0 —REZEE MI R/EHTEE L2, B8%. B&5LE
BROMAESDOFERT I/ B (EXFUY JUSY T30 JLRIVE RUYY
>) % GC-MS THOM L7z, IEBEBRDIIE ODgpo=0.5 & L. ODgyo ' 2.40£0.47 (EL /& & (C
Mgz RN L GC-MS D& 1To720 K 16 12, TNZTNORFYDOTA Y bR —HHERT
MA IF BC TREIZE#mINTEY . ERINT-MAAPETI/NLI—-RIIHET S EZRLTWL
. FERXRFUUOERKEZRIEY C TIRIFRRICEFBINTWE, e XF UL PPP K
5-TRARYRVILZY VA LERIND, TORERIL PPP ~Dx%Z7 7 v 7 XE /NI —R

ICOAHEEKL, FLA—XIEPPP TERAINGEI -/ ERRLTWE, —A, 77=V, 7
WE VB RO DD PC TREEINTRRZRDEIGIIFERICEI 72T D TNHDT
/BRI FEEF DR oERINTEERZOND, INLDORBERIE. KEBEEROAREF >
O—XEMRE (Tabb, XyARUXyIB) #RFLTVLWTH, F>O0—XDFE A EH Dahms
BEZNLTRILSINTVWE I EZRBLTEY, 2-2-4 DIFRE—HT 5, ¥ A—X2{ICEHE

EIT2RNRAMEETRTFOEBENEEACZE CT2DIC, xylA RO xyIB HHEIE S 17z GXIxMA B3k
D GX2xMA #RZ R L 7=, GX2XMA HRD BC BT Z 1T o7& 2 A GXIXMA & RERDRH 7

TALDELN (K16), TOFRRIE. xyABOEEICBHLS T, BIERE /13 PPP o
FMEICEHR T 2RBEDD., FLO—IDLERINTVAEVWI ERELTWS, £/, FRICKR
LT 7 &7 72y TREFBRRRF EFEBRRZRTFOMALIRE I Nz, INIE sdaA
IC&->Ta—FRanh/ize 77 I+ —+t (SDA) IC&-> TSNS, £V & EILE VRO
BZEBRICE-THIERIINFLEEZIOND Y, E Y EENLEVBOMBEREIZ, /L3 —XI(C
k4 2EREN) PPP & ¥ O0—XICHET S TCA Y14 7LD [EEE] THHEEZ LN
%, GXIXMA @ sdaA #HE L 1-%TH 5 GX3xMA ZHBEL 7=h. GX3xMA tkiZ. BEEEZS
L M R/NEHTITIBIETE A o7z, TN O DIERIE, SDA ICX > TEN SN B RBRHH M9
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BNE#HTO GX1 AEEOREICRAIX TH DD, ZLaT—H LIFF>A—XBEDRED
BADBRENTHS Zeh b, [EEE] oDREREDEISGIIAKBEONRIEEDRET 7 v
I LT/hEWn=d, PMPEICH LTS ZBEEN NS W EERELTWS,

2-2-8 PMPE ¥kiC & 3 MA £ED 7= DIEEFHRE
MA4EEDR EZ B L. GXIxMA ZEA L THREAR L I—R ¥ O0—-XLa &L
7zo GXIxMA %, 200 mL 7 7 XA THEEE 20 g/L. BT ¥R 5 g/L 25T 5EH (MY 5Eih)
ZERALTEELZ, @BICH T2 7L —XDEIE 0%, 256%. 50%. 75%. F£7=1% 100%
TEEZ1T>7: K17 I2ENENOFHTOEERFEREZ RS, FRIN/EY., JLa—XF 7
EF > A—RDAZETCEMTIE+ICEIEL B D o7z, INIE 2-2-4 ITRLERE—FLT
W5, MRUEIBICIZZLO—REFIA—XDOWADNRETH Y +07I8IBICIE 50% ZHBR 5
T A—REBENDETH >7=, GXIxMA (£, 25%. 50%. 5% D /)L 0 —AEFEH T 48 I
MIEE%, TNZFN 0.84, 1.94, 3.13 g/L O MA Z4FE L1, HELAL/ILI—ZIIHT S MA
INRIFINOLDZ/LA—ILOBTREREIIRoNGh o7z, £7-. [U-PCIOILa— R EFEE
BEFO—REEBE LTEALA MY EBHIICEWTH, £l SN/ MA L BC TREITIERS
NTu (K 18), MIY HEHAZRAWTH/ILI—R : ¥ 00— A2 E@TIEICLYEES
EIEINL72HN, IERIE MO S/ gtz B OB E RS L kR L TR A L7z (EEE 1.60 £ 0.08
g/L. U 0.30 £ 0.02g/g), 25%. 50%. 75% /L1 —X&HEMTD MA DRREEMIT, %
NZ1 0.078, 0.072, 0.114g/L/h TH~>7-. MA EREEDOFME (PCARVOHTIA—IL) RO
¥ IR IEAEE (Phe, Tyr, Trp. p-7 2/ ZBEFE. RO p-t FOF S REEFER) (ZEEHH
ICREEINT, IS ORBAIEERERETIEZAWT EATRRINT, £/, BB SR ICHEED
BIEYME LTEBEINTL S Z L HERINT (M19), FIC, EHshoF >0 —XLAENT S
LR R OB OERNRD b, 25% 7L 01— EH (FLra—X:F¥>a—x=1:3) TlF

A8 BERIDIZER(C 1.87 g/L OEFEE & 1.29 g/L DIHBIER SNz, T NITBHE| :;ﬁ%éim‘:
CA—XNINLDEBEBRICA—NN—T7A—=LT7f-oThBEEILND, BFBBOEREIL. PEP
DEBICLD Y VBT7TEFLETI > R727—t (Pta) OEHICL > T ERIINIZEEX
LbNb, Ptaldb/EvBZzT7EF LY VERICERL, 7EF LY VERIIEFR Y S —EICX > TEE

ICE#I N D, PEP X Pta OFIERFTE LTHEEL., U YBRT7TEFILOEREFEEL L.

ISEIEIT 2 S, ABOEEIZ. pH DETICL > TRl ERI SNAAESELH S, £2TD ST

—REBRIZBWVWT, T2 BEOEER, pH I 5.0 KIBICET L2 (FLa3—2 0%, 25%. 50%.
75% 5T pH4.59, pH4.46, pH4.85, pH4.98), 1§ pH &fHFid, EILEVERA ALBRICEHET
DI RER T EENT S0, CNICKVEEBASBEL-EEZ NS >, I HIC, F0
VBRI FFVIVBROEEIE, FUO-XEREICHAILTEMLI, ¥ B - X BE—RKR
ELTEDEMDBE, 72 BEOEERIC 1111 g/LoF> O ryBAERIN, F>O0VEBO
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L& l1d. Dahms BEZ N L7-YE FOLWT, NEXKEZETIEHBEOMETHS %, ¥
OYBOEEEROTHEEEE LTIE, 77 b 7ILTERTE RO F—+ (AldA) OBE|FEBAE
ZoNb, Dahms BEENLTEREN/ZY TI—ILT7ILTE RiZ, AldA (IC&Y 7Y 23— LEBIC
ZipIn, 77U I—=IVEIZZY =LA F O X—FICLY T UVAFIILRICEBRBINS,
Cabulong X5 ld, AldA #BRIFIRIET L2 & T Dahms BEZHAW/ALF>O0—XA 607 F
FUNBEEZRAEIEDIEICHIILTWLS ', LA >T, AldA &7 a— LA ¥ X —
YEBFRREILE, JUI—LLTLATE RO T UFFIINUNBICTHENDIIRET 7 v 7 A% d
52T FUOVBOBREZNETZHARENDH S, —H. JUAFTVIIEREREIL, 7TEFIL
COADREICLDBLDTHBEEZOND, Z7UFFVILEETEFILCoA L, Y ‘/:IEQ*‘/‘/’,‘\’

IC&->TU Yy OBIEICEREINE, 7EFIIL CoAZEILEVBASERINE D, FEBHIE
BLTWRZENB, ELEVEATEFIL CoA TEBRLEFBROAERICHAINTVWE EEZS
N5, Pta DIERNY v OBREZ L EVBRICERT Sy IMT7TE FOTrF—H 01BHFFEIRIC
N7 UTﬂF\‘/M/E&@i%%ﬁE;ﬁ’Gﬁ LREEEDN D B,

—EBTHRARELH I, pHORBILIEIMAEEICE>TEETHD, £ I T, Z/)d—
xw%%ﬂuﬁéﬂ4%ﬁ%ﬁﬁamm HORE 10 g/L & 725 £ 5 ITFM L 7-54 T GX1xMA
DEEBETH>72e TOERBET T, GXIXMA FRiZ, 72 BFFREESEI(C 4.09+£0.14 g/L © MA % 4R
L. CaCO,ii7e L oM L L TEES L 1.31 fEEmLl - (M 17), HE LA/ a—XIC
9B MA UK 3553 80 BSR4 12 0.31 £ 0.003 g/g ITEL . MIB/NEHER L L RNILF THE
INniz, B@mUIEE (0.68g/g) LLEBT 2 EKAE LTEWMETHSA, INIEI/ILI— D
RE=EDNDF IBRBEO LY TROKRBFYISANT, FREZNOORFYONBICLY N4 F <
ADR—=VF—N=PRI 577 THDEERZOND, FEERVINEL IS (ITEMIE IS
X, MA ARURER (REE3) LMETHANRBBEAWBTIHELHY, > FIBTE AT F—
Y- RT3 aroE & ydiBiz EPMERE LTEZ NS T,

ZZEF TORRICH LT, PMPE #k (GX1xMA) 2 L7 MA AEOERM A EIE L 7,
X 15 RO 17 1&. GXIxMA %k Tld CCR AMZIFBEI N, 73— EF > Aa—XHREEFICHE
EINfZlemmd, INETDCCRDERICEATS2Z DR TIE, XyIABZNHLTHFA—
AR LTWD, — RIS, XyIAB IC& > THES N 5 F 20— ARHERFERIE, BERENLIZS
LI —RBAER LY HEMEAEL, Dahms R ZF]A L7z PMPE % TlE, ¥ 0 — X &2 3h¥EM
ICRH L, MfEEL L MAEEZmY I 82 2 L ICKIN Lz, & 5IC, PMPE O#BKIL, 18
BMOBEKRERWIHEB L HBELT, 7RI/ TEE VWM EaE2EFT S 2,

2-2-9 PMPE #RIC & 2[R U HMIFRKET TO Tyr £E

> IMRIRICE TS PMPE O NNBMAMERT 272612, PMPE %hEER LT Tyr OEE
Atz 74— KNy IO EEAZMZA -3V RIBLE—Y/ T L7z vyBTe Fayr—+
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ZA— 92 tyrAY % FHIRTH 77X I FZBRL, IN% CFToX KU GXIXICEAT 5 Z & T,
CFT5xTYR & U' GXIXTYR %##E L1z, INoDBKEI LI —R 375 g/L RUOFTO—X 1.25
g/L =&t MIY i THEE L 7z, FREHTIE. GXIXTYR #IZ 96 R0 3E&E#% (< 1.34 £ 0.05
g/L o Tyr 24 L, CFTOxTYR &LbE LT 1.73 {5380 L 7= (X 20), CFTHXTYR KU GX1xTYR
D Tyr DERREEEREIF, T2 0.026 X1 0.021g/L/h TH -7, CFTSXxTYR KU GX1xTYR
DEBELERICERB LA O VB, 27U AT VLR, B RUOFBRIIRHEBRUTTH - 1=,
GXIXTYR OB&E /L 3—RIIHT % Tyr INKRIEHEE 96 BFE#£1C 0.35 + 0.01 g/g (S&EL Tz, &
nid, CFToXTYR & &L T 2.15 F8MLTH Y | MDEIEEERE LB WHEOEHINE (0.55
g/g) D 64%ITEL Y, BIFREM TR, GXIXTYR & CFT5xTYR IEZ 12N 0.32 = 0.02 g/L

(2% 96 B¥fEI%) & 0.40 = 0.02 g/L (728 o Tyr 2% L7z (K20), GXIXTYR IZH1F
2B /IO — RIS Tyr INEKR($ 0.32 + 0.10 (S L., CFTSXTYR & EbE LT 5.22 f5#mmL
2o INOLDOEREN S, PMPE HHIFEEH THNRARET IELEREKE THD I ENRES
N7ze Juminag Ko, Tyr EEMREDR b L2y 7 kIG5 (AroB RN AroK) ##8ET 25 Z & (2
LV, Tyr DEEEZREL O, REALI NIRRT 217 g/L @ Tyr ZEp L. ZNIFERBINED
80%ICHHHE T 5, PMPE %K TlEs ¥ IBBEENOBROBREERECRENEZIToTLAELD, &
W Tyr IRz ZER L7z TE. P F IBBEEFEE TS TCA YA 7IL~DRFRD RN Z BT
52T, VX IBREOBRAIBZRZENT S EHCNEDORENARETHE I LERLT
W2, PMPE #h > I BREBROX R Z&E(L TS 2 & T Tyr EXEDOELL2WENMAFTE
o FTo. B—ETHRAN/ZLS IS, U F IBRBERFEERONEETOELRERE LT, F IBRE
BORKED THLA ) RIBHIOEEINDIEIEDOERNZEITOND, F—FETIEFOYRXI
VRS VR =B EAV AV RI VBV Z—EOMEICLY) COMEENRE L, BRI/

BORMTE PMPE #AEhE 2 28T, Tyr £EZEC TV F IBBREFEEREEDOI LRI
ENHFIND,

2-2-10 ¥ ¥ IERBREAHY~D PMPE OIGH
¥R IBBREUNORERFEZ R TERI NG RNHYOEEICH LT, PMPE AL AREE
THDIEHRILET D70 PMPEERWT 1,2 70/8> P4 — )L (12PD) o4 EE A&7 (K
21). Bacillus subtilis BRD A F LT FFHILs v 22—+, KBEARNEOSZ Y tO—ILTFER
AT F—t, RO 12PDFF L FL X7 Z—Fx2ZNEFNI— T 5 Bs mgsA. gldA. kO fucO
e 75 Z 3K pSAK-PD ##EL., Ih% GXIx RO CTR2PD ICEA T3 Z & T, GX1xPD
KU CTR2PD R L7z, BB, Bs mgsAFRKBEICH LTI N Y OR#EME{To7z, IhHoD
Rz, 7)a—220g/L, #>A—X5g/L &1 MY BT, BIFRMERHTEE LT, BE
fERAM 22 [T, 5E 96 BFE£ICH LT, GXIxPD (X 0.53 = 0.01 g/L @ 12PD Z#4FE L.
Z1UE CTR2PD &R LT 140 B DIETH -7-,12PD DR AXEERE I CTR2PD KU GX1xPD
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I 1T 0.010, 0.015g/L/h T#H >7=, GXIXPD DEE L 7=/ — 2 Y7 Y @ 12PD YLK,
=& 96 e T 0.53 = 0.16 g/g TH Y, CTR2PD &R LT 114 ETH >7-, Z DY
faigiEZE R L A WEEOERINE (0.84g/g) O 62%ICHHET 2 o, Jain Kold b Y F—2
VEEA VAT -t HA—FITBELRTTHD piAZWIET S LT, AKBBEICE S 12PD O &EE
BEOMEICKIILTWS %, L LADNS oA RE|RTIEFRATLELOZLI—D L 1 EL
D 12PD A ERIgETH V. BEmmUNEKIL 0.42g/g TH %, GXIxPD Tl tpiA RIEVR D IEEmINER %
LFEIZNZET 12PD #4ELTH Y., PMPE A7 a—XHnD 12PD £AEE DM L ICHEM R E
BsThdrILaRmLTWD, GX1 Id> ¥ IMREFTEREE ICREM I NIRRT VA Dz,
I2PDEEZEHICMESESICIE RBORBUABETH S, HIZIE NADH BEZM LS
T EIIRATHD, 1 EILD 12PD 24 ET HHE. 2 E/LD NADH 2EE SN %, PMPE #%
IZH1FT2 NADH L ~LIEIESICEWL =5, NADH/NAD DBRLETT/N T > R EWET S I &I
LV, 12PDAEEED I LR HIEMAEHFTE 5,
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2-3 #8

KETIE PMPE A /L O —X-F 20— XEAHEDORMNZAFIR % ATEEIC L Zd)‘i'éiiﬁ%b“
FIRBRFEEOEEIEATED Z L 2R LT, TCA YA JILADRERT7 7 v 7 AD5E
TERTIC L - CBl ERB T SN A MARIBTERE D D XIB1E, Dahms REEAEAT 5 Z & CTEIERIBET
HHZ xR LTz, PMPE #kTld, TCA B A ZiLh HEI N2 ELHYIE Dahms R % N
LTHFrA—hoftfal, 7LaA—-RDENORBYEEICER T2 LT SIRETDO MA K
O Tyr DEENER I Nz, —FH T, MEBEREOREC, ¥ OVBE2E0ERBERONE
X, PMPERICBIT2RETH S, Dahms BREEICHEWT, ¥ O VERTE FAOS > —EHE&EE
ZTHDH120, RKBEARED Yagk L&, KVEREFENSWVWTA VA LOFAICKY, BED
BFINnd, £/ VA FVILBROBBELBAITNZMBETH 5, HIZ LRI OF >0 —XEMRE
BTH D Weimberg BERIE 7 ARV ULBAELERETIC, FO0—XD5 a-7 7L ZILER%
B9 %, Weimberg #21&%EF L7 PMPE |3, BRETO@ELH S & W2 5,

KETIETF IBBRICEAEZYT, PEP & TCA YA ZLEZREICHTETH A v %
BERL-, REZIWT2R2EETEHILICEY . PMPE FELE VB, T F L CoAl KU
RRERD ERREY D o DIRT 2MOREICEATES EERXOND, RETHHEL, ¥F2
B IcREb S/ PMPE kA2 BWT, 12PD 04 EE#METE2 2 HRIA LA, BH
EEYMICEDEL PMPERZRAK T LI E TCELLIEEEDRA LTINS, RETEILT:
PMPE [, > F IBRRE7ZIT CRLABRA BRI ARSI N DB OEEIC, KELEMTS
I NG,
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2-4 ERBRAE

&

LBIig#hc iz a—x20g/L. FYU 7+ 10g/L. eigfERTx X 5g/L. NaClbg/L %
&6, MO s/NEEHICIZ, 1L H»7- /L3 —X 20 g, NaCl 0.5 g. Na,HPO, - 12H,0 17.1 g.
KH,PO,3g. NH,CI 1g, MgSO, - 7H,0 246 mg, CaCl, - 2H,0 14.7 mg. FeSO, - 7H,0 2.78 mg,
FT7 I UGS 10mg ([2MNZ. Tyr40mg. Trp40mg. KU Phe 100 mg (ATCC31882 i =
DT I/ BICH L TREBERETH Y CFTE REKIE Phe ICH L TREBERMETH 2720) =&
Lo MIOP EHEIE MO FAMEHIIC 10 MM ENLEVEEF b T LZERINLTIER L 7=, MIPM 153
I MIOP $ZH#IC 1I0mMM D U > B Z RN L TR L7z, 7 7 X3BETO MA EEICIE, MY 35
a7z, MY Bt M9 s EMIC b g/L DBER T ¥ X 2RI LCEE L 72, MIY $E#(C
T2 BEaHEFRD IV a— XKL 0%, 25%. 50%. 75% K 100%’(1‘%‘]‘[,7‘:0 pH HIET T
BEEETIE, A—F 7L — 74 L 72500 g/L CaCO, (FREKIZHE) #EEBRICINZ. BK
BEZ10g/LE L7z, 77 RAOEBEIZL D Tyr £EFETIE, Tyr ZFBW7- MY B2 Wz, 3

TOEMICHENT, BEISLLT, 7>rEXY > 100 mg/L, 7AS L7 =3—/L 30 mg/L #
ML 7z

BN

15 mL HEE. RE®EE 220 rpm, 37°CT 1 HM. 4 mL LB E#MTHIES L7z, FIEER
112000 rpm x g . 3min@OHEEL, EEEFHVMIBIEMTLERS L1, HELLHE
Ly b EABECTAVZEBICEBS €, 8 ODgo=0.1 &7 3 & 5 ITIBE L7, FREH
SHFBRAREEEE. 37°C, BEEE 220 1pm IS TIT o 72, WIFAEHEIC BT 2 RRELET
. A7 a—F ¥ 7 EHABREAXBAWNEZERE 150 rpm TIEEA{To7-, pHHEIETTHD 7 7 R
OBETIE, EEK 24 BT CaCO, 2B s AmL 7z, 77X ABETIE 200 ML 77 X 3%
L BT 10 mL (2 THT 72, 12PD B T4, 30 °C. BT SEMORBREEEIC TIT 7.

77RIFBE

ARETHW:Z7Z2RIFER1ICRY, 77X F0oso0—=>7I1CIk E coli NovaBlue
(Novagen, Cambridge, MA, USA) = B W7, KU X7 —tH#E#ENMIGIEZ KOD FX Neo (TOYOBO,
Osaka, Japan)# AU 7z, Custom DNA # U 3 X 7 L #F K7 Z 4 < —I4 Invitrogen Custom DNA
Oligos (Thermo Fisher Scientific, Tokyo, Japan) I T& L7 (582), IR OEE{LETAL
BIzFER (xdhand xy/Cfrom Caulobacter crescentus) % Invitrogen GeneArt Gene Synthesis
service (Thermo Fisher Scientific, Tokyo, Japan)|Z T1T > 7=,

PZE12-x IZRDFIETERL L 7=, xdh EFETFZT 7L —b& L. 774 <—pZ-xdh
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Fw KO pZ-xdh Rv ZFWLT PCR IC & V1&g L 7=, 3818 L 7zl7H % pZE12-MCS @ Kpnl 8B &
Hindlll SBfumMicysn—=>27 L, 86N/ 7Z7 X I K% pZE12-xdh & L7z, xy/C BRGEIET
BTV T7L—hELTTA~—pZ-xylC Fw K pZ-xylIC Rv #FAWLT PCR (Z & V1&g L 7=, 1E1E
L7-WrH % pZE12-xdh @ Hindlll ZfiL& EcoRV ZfIofEicsn—=>27 L, Boni-77x 32
N % pZE12-xdh-xyIC & L 7=, yjhHG E=FUTH X, £ coliMG1655 7/ s DNA 7> 7L —
E LT, 794 <—yjhH Fw %1 yjhG Rv #F W T PCR IC & W #8I L 7=, pZE12-xdh-xyIC % F
7L —bE L, T4 ~—pZ-xdh-xyIC Inv. Rv BT pZ-xdh-xyIC Inv. Fw ZFBW\WTA > /"= X
PCR IC&X VIR L. #RIR1L pZ-xdh-xyIC WrF & 157-, #RIR1L pZ-xdh-xyIC BrF RO y/hHG kT
% |n-Fusion HD Cloning Kit (Takara) # W CIwRRIL L BN/ 7 7 X 2 K% pZE12-x & L 7=,

PSAK-ZYc IFRDFIETIER L 7zo B—BTFR L 7z pZA23-ZYc T 7L —h & LT,
77 A4 ~—2ZYc insert Fw U ZYc insert Rv #F W T PCRICK W IBIRB L. aroZ-aroY-catAWrH
587, pSAK&FT > 7L —hE& L., 774 ~—pZYc vector Fw KX pZYc vector Rv ZFBWL T,
A >N —=Z PCRIC & VIR L. #IR1L pSAK BT i % 15 7=, #IR1L pSAK BT i K O aroZ-aroY-catA
Wr A% NEBuilder HiFi DNA Assembly Master Mix (New England Biolabs Japan, Tokyo, Japan)
ZAWTERILL, o777 X3 F%& pSAK-ZYc & L7,

pSAK-tyrA® (LR DFIETIER L 7z, Ptrc WA %, pTrcHisB 7> 7L— & LT, 77
A ~—Ptrc Fw XU Ptrc ZFHWT PCRICE VIR L 7z, pSAK ZT > 7L —bELT, 7714 %
—pSAK inv. Fw BT pSAK inv. Rv Z W T, 1 > /3—X PCR (Z & Y #E1E L #RIK1L pSAK BT %
B7=, Ptrc Brh R OHRIR1L pSAK BB % NEBuilder HiFi DNA Assembly Master Mix =B W TE
RILL. BoN=7 7RI K% pSAK-Ptrc & L7z, E coli tyrA" ERERTE T 7L—h&L
T. 774 <—tyrAfbrinsert Fw &\ tyrAfbr ZFAWTEIREL . A BiF %1572, pSAK-Ptrc %
FTr7L—kELT, 774 ~—pSAK-Ptrc inv. Fw & pSAK-Ptrc inv. Rv ZFEWLT, 4 >/ —
Z PCRIZ & V) 380& L #RIR1E pSAK-Ptrc BT B % 15 72, Ptrc BT B R ORIR 1L pSAK BT 5% NEBuilder
HiFi DNA Assembly Master Mix Z FIWLTIRIKIL L, S o727 7 X I K% pSAK-tyrA™ & L7z,

pSAK-PD &R D FIETIERL L 7=, gldAWTH &, E. coliMG1655 %7/ L DNAZ T > 7L —
he L., 7594 ~v—gldAFw B gldARv ZFWT PCRICK WIBIR L 7=o Bs mgsA-gldA i B 1%
SlAWT R O Bs_mgsA GBIz Fx2 7> 7L—hr& L, 774 <—Bs_mgsA fw &0 gldA Ry
FRAWTC, A—N=Zv 7T IXRT> 3> PCRICKYIBIEL 7=, fucOWTH X E. coli MG1655
7/ LDNAZT> 7L — k&L fucOFw B fucORv ZHWT PCRICK VIR L 7=, Bs_mgsA-
gldA-fucO Wi l& Bs mgsA-gldA Wi R % OX fucO Wik %7 > 7L—hFELTHW 774 ~<—
Bs_mgsA fw XU fucO Rv ZBBWCH—N—=Z v JT X7 3> PCR ICXVIEBIEL /-,
Bs_mgsA-gldA-fucO i %Z pSAK @ Kpnl 8iz& Hindlll BErofEicon—=>7 L, o
77 X2 K% pSAK-PD & L 7=,

pTAeda (FRDOFIETESLL 7=, pTargetF 7> 7L —r & L, 7714 ~—sgRNAedaRv
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KO sgRNA eda Fw ZFHWTA > /N—X PCR ICK VIR L 7=, oM 7k % In-Fusion HD
Cloning Kit IC&VERRILL., Bon/=T7 7 X K% pTAedaF & L7, E coli MG1655 4/ L
DNAZ#F> 7L —bt& L., 774 ~—HomSeq Up eda Fw & HomSeq Up eda Rv #A W T
PCRICKWIHBMEL. H.S. eda Up WTHh %#%8 7=, £ co/iMG1655 %7/ LDNAZT 7L —hk& L,
75 4 <—HomSeq Dw eda Fw & ! HomSeq Dw eda Rv ZFH W T PCR (IC & Y MR L. H.S.eda
Dw Brh %#57-cH.S.edaUp BTE R U HS. edaDw it a2 7> 7L —hr & L. 774 <v—HomSeq
Up eda Fw %0 HomSeq Dw eda Rv ZFHWTCH —R—=Z v 7TV X 7> 3>~ PCRIZ L V) 1E1IE
L. H.S. eda WrH #187-, H.S. eda WrH % pT AedaF @ EcoRl 7% Hindlll 2fzlicso—=
L, BoNf7 7RI K% pTAeda & L7,

pTAptsG (Z. 774 ~— sgRNA ptsG Rv. sgRNA ptsG Fw. HomSeq Up ptsG Fw,
HomSeq Up ptsG Rv. HomSeq Dw ptsG Fw, &K Uf HomSeq Dw ptsG Rv Z#FBWL T, pTAeda &
FIEk DA ETIER L 7z, pT Appc lE. 75 4 ¥ —sgRNA ppc Rv. sgRNA ppc Fw, HomSeqUp ppc
Fw. HomSeq Up ppc Rv. HomSeq Dw ppc Fw, & U HomSeq Dw ppc Rv ZFBUL T, pT Aeda
ERIBRDAFETIER L 7=, pT ApckWas constructed by the same procedure as pT Aeda using
primers sgRNA pck Rv, sgRNA pck Fw, HomSeqUp pck Fw, HomSeq Up pck Rv, HomSeq Dw
pck Fw, and HomSeq Dw pck Rv. pT AppsA &, 77 4 ¥ —sgRNA ppsA Rv, sgRNA ppsA Fw,
HomSeqUp ppsA Fw, HomSeq Up ppsA Rv. K& U* HomSeq Dw ppsA Fw ZFBWL T, pTAeda &
BIRRD T ETIERL L 7z, pTAxylAB &, 7' 4 ~— sgRNA xylAB Rv, sgRNA xylAB Fw, HomSeq
Up xylAB Fw, HomSeq Up xylAB Rv. HomSeq Dw xylAB Fw. X HomSeq Dw xylAB Rv = H
WT. pTAeda EARDAETEE L /=, pTAsdaA £, 754 v— sgRNA sdaA Rv. sgRNA
sdaA Fw, HomSeq Up sdaA Fw, HomSeq Up sdaA Rv. HomSeq Dw sdaA Fw. KO HomSeq
Dw sdaA Rv Z#FH W T, pTAeda &RBRDAETERL 7=,

BIEFREE

Jiang Ko DOWEDFEICHE L, CRISPR-Cas two-plasmid system # AW TEZFHIE%
T-7- %, FELTFHEERIZ, BUR T 74 ~v—Z2AVWTCaIR=—XA L2 b PCRICK VIEZENE
EF%EIEIE L. £ coliMG1655 BFERRE LLE L CEBIZTFHREC R > TWSE I L 2 ER L 7=, ptsG.
pheA. eda. ppc. pck. ppsA. xyIAB. T sdaA DRIEIZIE. ZNFN pT AptsG. pT ApheA,
pTAeda, pTAppc. pTApck, pTAppsA. pTAxylAB, KO pT AsdaA ZHuL 7=,

iz B Enit

BRBEEKROFBERIL Gene Pulser (Bio-Rad Laboratories, Hercules, CA, USA) % Ly
TILZ bARL—varEICEYiTo72 (1350kV. 600 Q. 10 uF, 0.1cm F a2~y h%fE
o SRBEKRANRIELTWE T 7RI FEOFEMAR L ITRT,
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BCZAWERZZ7 7 v 7 ABRO-HDH > 7IVRAS

Y Y 7B 2o 0ABEEZ]ICIE, [U-PCl7L - RVFE#HFN— 28
$ M9 &/ EH (0.1-mM isopropy! 8 -D-1-thiogalactopyranoside &%) %AW 7z, #HF ODgy,
=05 &BBEDICHEEL. ODg ' 2.0 ICEELZRRTH Vv TV ERE Lz, Bonh/zH T
LWL NEEL, BE% MA DIBY v 7L e Lz, BODBEICE > TR ONTZEERL Y M I
PBS (—)N\y 77— C2E%%E&EL%, 400 uL @ 5N HCHIZEE L. 100°CT—HRemNEN L 7=,
g, ERFE THEAIL 721 400 uk @ 5N NaOH Z N CHRF L7z, PRz =098 L 7-%&
ICEBEEIRL. REMAEY T Le L,

MA S#TAY > 7Ll 20 ul = —KeEZERZIE L 7=, 82/RIZAEIC 50 ub @ N-X FI)L-N- k
DAXFIL YUY 704072 b7 I REOC20 L oY o> x 37 °C. 30 min k& L.
BEFNEIT o7, FEMRZEODEEL 72, £E%Z GC-MS HiTIcft L 7,

KBTS > 71E, 20 pl 2 —BpE 220k L 78, FoMpFRAE(IC 30 ub @ N-tert-7F )L
PAFITVYI-N-AFII Y TZALFATE T IR (1% tert-7F LA FLoO0Y7Y) &
O 30puL D NN-P X FILFRILT 2 F%EINZ 80 °C, 60minikEL. FERIEIT o7z, FERK
bR = OB L 72, £F% GC-MS Ttk L 7=,

PRAE

fHAiEsE, s a—X, MA, PHB, PCA RUOAT =L 1-4 ITRL7=AETHE L 7=,
FIREAESE (DCW) XK 23 TRO-BREMAEA LT, ODgy > EH L 7=,

Wele, B, RUOFTAVERIE. MA LRFROFZGTAELZ, ¥ E—XF/La—x &
FRRDEETRE L7z Phe, Tyr, Trp. RO p-7 2/ ZE2EF®. (. PHB. PCA RU'ATa—
L ERIBRD S TAE LT,

7)) FF LB Chihara KH OREDFRICHEL, HPLC #BUWToMr L7z %, RDA
EICBWT, ZUFFIIBOFERETo T, BBEEEFEROCERZS0 UL % 950 uL T %/
—IVISEBE LTy Yo 7-T 4/ —ILBAR 100 uL (2100 MM 1-E'L > ra v (AT 4
/=) 50 uL O 200 MM X FILT7FALT I (AT X/ —I)L) 50 uL #E& L. +2I1C#
BL7:, BAKEZHALICTS80°C, 1000rpm T 60min JIEIRE L 72, FRICAE L7, 300
UL Dk ZRIL., @FRAEL rha vy BE RIS Y, =Oo8EL /2%, % HPLC AY ~
T LTz, HPLC D&% LUITISRT,

BEIME: A= T b= UIL-50mM EFEE/N v 7 7 —(pH 4.0, 35:65) B AR
B=7thr=krUJL (1.0 mL/min)
72T b A:B=100:0 (0-15 min)
A:B = 0:100 (15-15.5 min)
A:B = 0:100 (15.5-26 min)
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717 Ls: 5C15-MS-I1l column

(5 um. L x I.D. =250 x 4.6 mm. Nacalai Tesque)
H 7 L@E:30°C
& 1 25: UV-VIS detector (450 nm)

BC #Z#t /7 a—RzBWitikEz7 7 v 7 ZA8EITIE. GC-MS-QP2010 Ultra instrument
(Shimadzu) Z#AW/=AX7Ba~ F7Z 74 —-BENHE (GC-MS) ZAWTIT>7z, DTS
ZATITRY,

717 L CP-Sil 8 CB-MS capillary column
(film thickness, 0.25 um; L x I.D., 30 m x 0.25 mm:; Agilent)
Frv UTHR: ~UTL GRE 2.1 mL/min)
FAZ: 1L (R7Y v EE1:10)
A 2—7x—Z&E:300°C
A F ViREE: 150 °C
AF bk BFA A1 (70eV)

GC-MS I2& 5 MA DHTIERD & 5129757,
#— 7> &E: held at 150 °C for 1 min)
raised to 240 °C at 15 °C/min
raised to 300 °C at 120 °C/min
held at 300 °C for 3 min
T/ BATIERD LD ITiTo 7,
*— 7B held at 150 °C for 5 min
raised to 300 °C at 10 °C/min
held at 300 °C for 5 min

N

PMPE #R DX 4T

JNaA—=210g/L RUF>A—X10g/L #EE MY £#A BT, TNThOKEESE
L. WEIEIEHR IC B WY > 7Y v 7% T-7- (ATCC31882x, 5.5 h; CFT5x, 14 h; GX1x, 14 h),
HBrn2ml 2 RRICT MR —EBL, BRZREINL 7, Shirai Ko DHREDFEICHL,
HUE &R (CHCI3:CH30H:H20, 2:2:1, v/v/v) Z B\ CHREY D % 17> 7= %,15,000 x g, 4 °C,
15 min =00 B, 78 400 ul =B L 7=, #H & % LCMS-8040 triple quadrupole LC/MS/MS
spectrometer (Shimadzu, Kyoto, Japan) =B W/EEk s/ A< N5 74 —BEDITEZAWT
REVOEEZIT > 70
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E. coli E. coli PMPE strain \
Glycolysis | | Target Glycolysis Target
PPP metabolite PPP metabolite
Biomass Biomass
constituents x X constituents
“-/ TCA\J Energy TCA Energy
k \\Cvcle  / synthesis ] L Cycle synthesis

Fig. 1. The concept of “parallel metabolic pathway engineering.” (a) Glucose and xylose carbon fluxes in
common strains. Glucose and xylose are catabolized by the same pathways, glycolysis and the pentose
phosphate pathway, and a large amount of the liberated carbon is used to synthesize biomass constituents and
produce energy. (b) Glucose and xylose carbon fluxes in the engineered “parallel metabolic pathway” strain.
Metabolic pathways of glucose and xylose do not intersect, making them metabolically “parallel.” Blue, yellow,
and green arrows represent carbon flow from glucose, xylose, and both, respectively. The red-bordered yellow
arrow represents the introduced exogenous xylose catabolite pathway. The thickness of arrows represents the
proportion of carbon flow. Red crosses and dotted lines indicate the disruption of metabolic pathways.
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Fig. 2. Diagram of the xylose catabolite pathway. Green and blue framed pathways are the Dahms and isomerase
pathways, respectively.
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Fig. 3. Growth of the CFTS5 strain. (A) Blue, gray, and yellow symbols indicate M9 minimal medium
supplemented with glucose, a glucose—xylose mixture, and xylose, respectively. (B) Green, blue, and yellow
symbols indicate the use of minimal medium containing glucose supplemented with 10-mM sodium pyruvate,
10-mM sodium malate, and mixture of 5-mM pyruvate and 5-mM malate, respectively. The data are presented
as the average of three independent experiments, and error bars indicate standard errors.
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Fig. 4. Strain construction and cell growth examination. (a) Metabolic design of CFT5x. (b) Bacterial cell
growth. Blue, black, and red symbols indicate the growth of the CFT5x strain and ATCC31882 cultured in
medium supplemented with glucose, a glucose—xylose mixture, and xylose, respectively. (¢) Glucose and xylose
consumption. Filled blue symbols indicate glucose consumption in glucose-containing medium. Filled red
symbols indicate xylose consumption in xylose-containing medium. Open blue and open red symbols indicate
glucose and xylose consumptions in mixed sugar-containing medium, respectively. G6P, glucose-6-phosphate;
PEP, phosphoenolpyruvate; E4P, erythrose 4-phosphate; DHS, dehydroshikimate; and Gluconate-6P, gluconate-
6-phosphate. The data are presented as the average of three independent experiments, and error bars indicate

standard errors.
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Fig. 5. Growth of the CFT5 derived strain expressing each Dahms pathway enzyme in M9 minimal medium
containing glucose as a sole carbon source. Green, blue, and yellow symbols indicate the bacterial cell growth
of CFT5 harboring pZE12-xdh, CFT5 harboring pZE12-CcxylC, and CFT5 harboring pZE12-yjhHG,
respectively.
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Fig. 6. Metabolic pathway and growth of CFT5-derived strains. “A” indicates gene disruption. Orange
highlighted “+” indicates that the strain grew in M9 minimal medium with glucose as the sole carbon source.
ED Pathway, Entner—Doudoroff Pathway; PEP, phosphoenolpyruvate; E4P, erythrose 4-phosphate; and 6PG, 6-
phosphogluconate.
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Fig. 7. Bacterial cell growth in M9 minimal medium with glucose as the sole carbon source. (A) Time courses
of cell growth. (B) Cell density after 72 h of cultivation. The data are presented as the average of three
independent experiments, and error bars indicate standard errors. P values are computed using the two-tailed
Student’s ¢-test (**P < 0.01).
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0.8
07 | —e—GX1(M9P)

—o—GX1 (M9PM)

0-0 1 I 1 1
0 24 48 72 96 120

Cultivation time [h]
Fig. 8. The growth of the GX1 strain. Red and orange symbols indicate M9 minimal medium supplemented
with pyruvate (M9P) medium and M9P minimal medium supplemented with 10-mM malate (M9PM),

respectively. The data are presented as the average of three independent experiments, and error bars indicate
standard errors.
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Fig. 9. Examination of the growth of the strain in which the Dahms pathway was introduced. (a) Metabolic
design of the GX1x strain. (b) Bacterial cell growth in minimal medium. Gray, blue, and orange symbols
indicate the growth of the GX1x strain cultured in medium containing only glucose, a glucose—xylose mixture,
and xylose alone, respectively. Yellow symbols indicate the growth of the GX1 strain (i.e., a strain lacking the
Dahms pathway) cultured in medium containing a glucose—xylose mixture. Black symbols indicate the growth
of the ATCC31882 (control strain) cultured in medium containing a glucose—xylose mixture. G6P, glucose-6-
phosphate; PEP, phosphoenolpyruvate; E4P, erythrose 4-phosphate; and DHS, dehydroshikimate. The data are
presented as the average of three independent experiments, and error bars indicate standard errors.
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Fig. 10. The effect of overexpressing XylA and XyIB on the cell growth in M9 minimal medium with xylose as
a sole carbon source. Green, blue, and yellow symbols indicate the bacterial cell growth of CFT5 harboring
pZA23-xylAB, CFT5 harboring pZE12-xdh-CcxylC-yjhHG, and CFTS5 harboring pZE12-xdh-CexylC-yjhHG
and pZA23-xy/AB. Purple symbols indicate the bacterial cell growth of GX1 harboring pZE12-xdh-Ccxy!C-
yjhHG and pZA23-xylAB.
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Fig. 11. Bacterial cell growth in the rich medium. Blue, orange, and gray symbols indicate the growth of the
GX1AB, GX1x and GX1xAB cultured in the medium conteining 5 g/L of yeast extracrt supplemented with
xylose, respectively. The data are presented as the average of three independent experiments, and error bars
indicate standard errors.
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Fig. 12. Metabolome analysis of PMPE strains. Figures indicate the specific accumulated amount of metabolites per ODsgo, used that in ATCC31882x as a benchmark.
In 3PG and 2PG, these were evaluated as a combined value. Gray, orange, and red bars indicate the results of ATCC31882, CFT5x, and GX1, respectively. The data are
presented as the average of three independent experiments, and error bars indicate standard deviations.
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Fig. 13. The relative abundance of ATP, ADP, AMP, NADH, NAD", NADPH, and NADP" in PMPE strains. (a)
Blue, yellow, and orange bars indicate ATP, ADP, and AMP, respectively. (b) Dark green, and light green bars
indicate NADH, and NAD", respectively. (c) Dark purple, and light purple bars indicate NADPH, and NADP",
respectively. Figures indicate the specific accumulated amount of metabolites per ODgsoo. CFT5x was used as a
benchmark in NADP* and ATCC31882x was used as a benchmark in other metabolites. n.d., not detected. The
data are presented as the average of three independent experiments and error bars indicate standard deviations.
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Fig. 14. Culture profiles of CTR2MA in M9 minimal medium. (a) Black, blue, and red symbols indicate bacterial
cell growth, glucose consumption, and xylose consumption, respectively. (b) MA production in CTR2ZMA.
Black, blue, and red symbols indicate bacterial cell growth, glucose consumption, and xylose consumption,

respectively. The data are presented as the average of three independent experiments, and error bars indicate

standard errors.
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Fig. 15. Culture profiles of cis,cis-muconic acid (MA)-producing strains in M9 minimal medium. (a) Black,
blue, and red symbols indicate bacterial cell growth, glucose consumption, and xylose consumption,
respectively. (b) Green symbols indicate the produced amounts of MA. All open and filled symbols indicate the
results for the CFT5xMA and GX1xMA strains, respectively. The data are presented as the average of three
independent experiments, and error bars indicate standard errors. P values were computed using the two-tailed
Student’s ¢-test (*, P < 0.05).
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Fig. 16. *C-metabolic analysis. Blue, red, and yellow bars indicate the mass isotopomer distributions of six metabolites [glycine, alanine, lysine, histidine, glutamic
acid, and cis, cis-muconic acid (MA)] from tracer experiments with [U-"*C]glucose and non-labeled xylose in ATCC31882xMA, GX1xMA, and GX2xMA, respectively.
The vertical axis indicates the relative abundance. The horizontal axis is M+, which denotes the difference with a fully unlabeled isotopomer regarding the m/z of a
mass fragment (fully unlabeled isotopomer, M+ = 0). The maximum value of M+ for each metabolite is the number of constituent carbons of the metabolite in the mass
fragment. Red closed crosses indicate disrupted metabolic pathways in the GX1 and GX2 strains. Red open cross indicates the disrupted metabolic pathway in the GX2
strain. G6P, glucose-6-phosphate; PEP, phosphoenolpyruvate; E4P, erythrose 4-phosphate; and aKG, alpha-ketoglutarate. The data are presented as the average of three
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Fig. 17. Culture profiles of the GX1xMA strain in M9 minimal medium containing 20-g/L sugar(s) and 5-g/L yeast extract. (a) Bacterial cell growth. (b) Produced
amounts of MA. (¢) Glucose consumption. (d) Xylose consumption. (e) Production yield of cis, cis-muconic acid (MA) from glucose (g of produced MA/g of consumed
glucose). Red, orange, yellow, purple, and blue symbols indicate the results of cultivation in 0%, 25%, 50%, 75%, and 100% glucose medium, respectively, in a—h. (f)
Culture profiles of the GX1xMA strain with the addition of CaCOs. The final sampling time is after 80h cultivation. Blue, red, and yellow symbols indicate the glucose

concentration, xylose concentration, and the produced amount of MA, respectively. The data are presented as the average of three independent experiments, and error

bars indicate standard errors.

71



0.9
0.8
0.7
0.6
0.5
0.4 -
0.3

Relative abundance

1l all
2 3 < )
M+

Fig. 18. *C-metabolic analysis of produced cis,cis-muconic acid (MA) in the flask fermentation of the GX1xMA
strain. Orange bars indicate the mass isotopomer distributions of MA from tracer experiments with [U-
BC]glucose and non-labeled xylose in the GX1xMA strain. The vertical axis presents relative abundance. The
horizontal axis is M+, which denotes the difference with a fully unlabeled isotopomer, in m/z of a mass fragment
(fully unlabeled isotopomer, M+ = 0). The maximum value of M+ is the number of constituent carbons of MA
in the mass fragment. The data are presented as the average of three independent experiments, and error bars

indicate standard errors.
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Fig. 19. Culture profiles of the GX1xMA strain in M9 minimal medium containing 20-g/L sugar(s) and 5-g/L
yeast extract. (a) Acetate accumulation. (b) Lactate accumulation. (¢) Glyoxylate accumulation. (d) Xylonate
accumulation. (e) Xylonate accumulation in 75% glucose medium with CaCO3 addition condition. Red, orange,
yellow, purple, and blue symbols indicate the results of cultivation in 0%, 25%, 50%, 75%, and 100% glucose
medium, respectively, in a—d. The data are presented as the average of three independent experiments, and error

bars indicate standard errors.
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Fig. 20. Cultures profiles of L-tyrosine-producing strains. (a, b) aerobic condition. (¢, d) micro-aerobic condition.
(a, ¢) Black, blue, and red symbols indicate bacterial cell growth, glucose consumption, and xylose consumption,
respectively. (b, d) Green symbols indicate the produced amounts of L-tyrosine. All open symbols and filled
symbols indicate the results for the CFT5xTYR and GX1xTYR strains, respectively. The data are presented as
the average of three independent experiments, and error bars indicate standard errors. P values were computed

using the two-tailed Student’s #-test (*, P < 0.05; **, P<0.01).
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Fig. 21. Diagram of metabolic pathway incruding 1,2-propanediol synthesis pathay. ED Pathway, Entner—
Doudoroff Pathway; PEP, phosphoenolpyruvate; F16BP, fructose 1,6-biphosphate; G3P, Glyceraldehyde 3-

phosphate; DHAP, Dihydroxyacetone phosphate; and 6PG, 6-phosphogluconate.
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Fig. 22. Culture profiles of 1,2-propanediol-producing strains in M9 minimal medium. (a) Black, blue, and red
symbols indicate bacterial cell growth, glucose consumption, and xylose consumption, respectively. (b) Green
symbols indicate the produced amounts of 1,2-propanediol. All open and filled symbols indicate the results for
the CTR2PD and GX1xPD strains, respectively. The data are presented as the average of three independent
experiments, and error bars indicate standard errors. P values were computed using the two-tailed Student’s #-
test (*, P <0.05; **P < 0.01).
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Table 1. Strains and plasmids used in this study

Strains and Plasmids Genotype Source or reference
Strains
endAl hsdR17(rK12-mK12") supE44 thi-I gyr496 relAl lac recAl/F' [proAB" laclq ZAM15::Tnl0(Tet

Nova Blue Novagen
r)]; used for gene cloning

ATCC31882 L-Phenylalanine-overproducing strain ATCC
CTR2 ATCC31882 AptsG ApheA This study
CFT5 ATCC31882 ptsHI::P 411ac0-1 -glk-galP ApykFApykA ApheA Atyr Noda et al.?
GXa CFTS5 Aeda This study
GXb CFTS Appc This study
GXc CFTS5 Apck This study
GXd CFTS5 Aeda Appc This study
GXe CFT5 Aeda Apck This study
GXf CFTS Appc Apck This study
GX1 CFT5 Aeda Appc Apck AppsA This study
GX2 GX1 AxylAB This study
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GX3
ATCC31882x
CTR2MA
CTR2PD
CFT5x
CFT5xMA
CFT5xTYR
GX1x
GX1xMA
GXIxTYR
GX1xPD
GX1xAB
GX2xMA
Plasmids
pZE12MCS

pTrcHisB

GX1 AsdaA

ATCC31882 harboring pZE12-x

CTR2 harboring pSAK-ZYc

CTR2 harboring pSAK-PD

CFTS5 harboring pZE12-x

CFTS5 harboring pZE12-x and pSAK-ZY¢
CFT5 harboring pZE12-x and pSAK-#yr4™
GX1 harboring pZE12-x

GX1 harboring pZE12-x and pSAK-ZY¢
GX1 harboring pZE12-x and pSAK-tyrA™
GX1 harboring pZE12-x and pSAK-PD
GX1 harboring pZE12-x and pZA23-xylAB

GX2 harboring pZE12-x and pSAK-ZY¢

P Liaco1, colE ori, and Amp "

Ptre, pBR322 ori, and Ampr
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This study

This study
This study
This study
This study
This study
This study
This study
This study

This study

This study

Expressys
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A plasmid containing aroZ from Bacillus thuringiensis (codon-optimized for E. coli), aroY from

pPZA23-ZYc Klebsiella pneumoniae (codon-optimized for E. coli), and catA from Pseudomonas putida DOT-T1EFujiwara et al.%
(codon-optimized for E. coli)

pSAK Paiacor, SC101 ori, and Cm" Noda et al.’

PSAK-Pir Pue, SCI101 ori, and Cm" This study
pZE12 containing xdh from Caulobacter crescentus (codon-optimized for E. coli), Cc xylC from C.

pZE12-x This study
crescentus (codon-optimized for E.coli), and yjhHG

PSAK-ZYc PSAK-Py. containing aroZ, aroY, and catA This study
pSAK-tyrA™®r pSAK-Py. containing #yr4™" and feedback-inhibition-resistant (fbr) derivatives of #yr4 This study
pSAK-PD PSAK-Py. containing Bs_mgsA from Bacillus subtilis (codon-optimized for E. coli), gldA, and fucO This study
pTargetF Constitutive expression of sgRNA Addgene

pCas Constitutive expression of cas9 and inducible expression of A RED and sgR Addgene

pTAptsG Constitutive expression of sgRNA with donor editing template DNA for ptsG disruption This study
pTApheA Constitutive expression of sgRNA with donor editing template DNA for pheA disruption This study
pTAeda Constitutive expression of sgRNA with donor editing template DNA for eda disruption This study
pTAppc Constitutive expression of sgRNA with donor editing template DNA for ppc disruption This study

80



pTApck Constitutive expression of sgRNA with donor editing template DNA for pck disruption This study
pTAppsA Constitutive expression of sgRNA with donor editing template DNA for ppsA disruption This study

pTAxylAB Constitutive expression of sgRNA with donor editing template DNA for xy/4B disruption This study
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Table 2. Primers used in this study

Plasmids Primers Sequences
pZ-xdh Fw TTAAAGAGGAG AAAGgtacc ATGAGCAGCGCCATTTATCCGAGCC
pZ-xdh Rv TCGAGGGGGGGCCCGtcatta ACGCCAACCTGCATCAATCCAATAT
pZ-xylC Fw CGGTATCGATAAGCTcattaaagaggagaaagg ATGACCGCACAGGTTACCTGCGTTT
pZ-xylC Rv CTGCAGGAATTCGATAT Ctcatta AACCAGACGAACTTCATGCTGCGGC
pZE12-x
pZ-xdh-xylIC Inv. Rv cctttetectetttaatgAACCAGACGAACTTCATGCTGCGG
pZ-xdh-xylC Inv. Fw tgataaAAGCTTGATATCGAATTCCTGCAGCCCGG
yjhH Fw taaagaggagaaagg ATGAAAAAATTCAGCGGCATTATTCCACC
yjhG Rv ATCAAGCTTttatcaGTTTTTATTCATAAAATCGCGCAAAGCC
pSAK vector Fw GAGGAGAAAGGTACCatgAAATATAGCCTGTGCAC
pSAK vector Rv GGGCTGCAGGAATTCctattaACCTTCTTGCAGTG
pSAK-ZYc
ZY ¢ insert Fw GAATTCCTGCAGCCCGGGG
ZYc insert Rv GGTACCTTTCTCCTCTTTA
pSAK inv. Fw CCTAGGGTACGGGTTTTGCT
pSAK-tyrA™®r
pSAK inv. Rv GTGAAGACGAAAGGGCCTCG
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pSAK-PD

pTAptsG

Puc Fw

Puc Rv

PSAK-Pyc inv. Fw
PSAK-Py. inv. Rv
tyrA™" insert Fw
tyrA™ insert Rv
Bs_mgsA fw

gldA Fw

gldA Rv

fucO Fw

fucO Rv

sgRNA ptsG Rv
sgRNA ptsG Fw
HomSeqUp ptsG Fw
HomSeq Up ptsG Rv

HomSeq Dw ptsG Fw

ccctttcgtcttcactgttgacaattaatcatccg

aacccgtaccctaggaaggcccagtctttcgactg

GATCCGAGCTCGAGATCTGC

GGTTTATTCCTCCTTATTTA

AAGGAGGAATAAACCatgGTTGCTGAATTGACCGC
TCTCGAGCTCGGATCttaCTGGCGATTGTCATTCG
TTAAAGAGGAGAAAGGTACCATGAAAATTGCACTG
CGAATGTTcattaaagaggagaaagge ATGGACCGCATTATTCAATCACCGG
gttagccatcctttetectetttaatg TTATTCCCACTCTTGCAGGAAACGCTG
gggaataacattaaagaggagaaagg ATGGCTAACAGAATGATTCTGAACGAAACGG
ATTCGATATCAAGCctaTTACCAGGCGGTATGGTAAAGCTCTACAATATCCT
GATTGCAGAACCAATCGGGGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGC
GATTGGTTCTGCAATCCAGCTAGCATTATACCTAGGACTGAGCTAGCTGTCAAGG
TGCTTTTTTTGAATTCGCTTAGATGCCCTGTACACGGCGAG
CTGTCTGGTGGCTTCCACCGGAGATAATCCCTCCGAGTACGC

GAGGGATTATCTCCGGTGGAAGCCACCAGACAGTTTACCCGCAGTC
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pTApheA

pTAeda

pTAppc

HomSeq Dw ptsG Rv
sgRNA pheA Rv
sgRNA pheA Fw
HomSeqUp pheA Fw
HomSeq Up pheA Rv
HomSeq Dw pheA Fw
HomSeq Dw pheA Rv
sgRNA eda Rv
sgRNA eda Fw
HomSeq Up eda Fw
HomSeq Up eda Rv
HomSeq Dw eda Fw
HomSeq Dw eda Rv
sgRNA ppc Rv
sgRNA ppc Fw

HomSeqUp ppc Fw

GCTTCTGCAGGTCGACCTGATCCACTTTAGACACATCAGCAACGC
CCATTGTTTGTTGGTCTCCgttttagagctagaaatagcaagttaaaataaggcetagtccg
ACCAACAAACAATGGTCactCgtattatacctaggactgagctagctgtcaaggatccag
tgctttttttgaattc TACCGTTTTTCTTCGCATTCTTTTTTACCT
TCAGACACGTTactagtGCCTGCTGAGTTAATACGGAATCTTCAA
ACTCAGCAGGCactagtAACGTGTCTGATCAGGTTCCGGC
aatagatctaagcttaTACGCACAGCGTTTTCAGAGTGAA
CAGTACGGGTACTGTACTAAAGTCACTTAAGGAAACAAACAT
GCTGGAGCAGGGCGATAAGCAGG

tgctttttttgaattc AATGCCAGAATTACATAAACTCATGCCGC

AGCTTTCAGactagtCAGAGTTTTCTCTCGCCTGATTACAAATTTGTC

CGAGAGAAAACTCTGactagt CTGAAAGCTGCTACCGAAGGGACTATTCC

taatagatctaagctt GGGTTAAACCCGGCAAAAAAACGCTAC
CTCCATTGCCGCCTAactCgtattatacctaggactgagct
TAGGCGGCAATGGAGCCTTGgttttagagctagaaatage

attctctagagtcgac TCCACGGAATGGCGCGTAGTGACTC
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pTApck

pTAppsA

pTAxylAB

HomSeq Up ppc Rv
HomSeq Dw ppc Fw
HomSeq Dw ppc Rv
sgRNA pck Rv
sgRNA pck Fw
HomSeqUp pck Fw
HomSeq Up pck Rv
HomSeq Dw pck Fw
HomSeq Dw pck Rv
sgRNA ppsA Rv
sgRNA ppsA Fw
HomSeqUp ppsA Fw
HomSeq Up ppsA Rv
HomSeq Dw ppsA Fw
HomSeq Dw ppsA Rv

sgRNA xylAB Rv

CTGCGCCGCGTGAAAATTGGTCGCGGCGGCGCACCTGCTC
TTTCACGCGGCGCAGGGTGTCGAGC
acagggtaataagcttCGACCGCGACGGCAACCCGAACGTC
CTCGAGTTCTTGCGGactCgtattatacctaggactgagct
CCGCAAGAACTCGAGGCTTAgttttagagctagaaatage

attctctagagtcgac AGCAAACCAGACCCTGAAGT

ccgttcataacgataactagt TGTTAACCGCGACAAGGCTC
tatcgttatgaacggcgega

taatagatctaagcttgatttcaggttccgcttctt
GGAGGCATTTTTGCCCCCactCgtattatacctaggactgagctagctgtcaaggatcc
GGCAAAAATGCCTCCCTgttttagagctagaaatagcaagttaaaataaggctagtccg
tgctttttttgaattc ACCTCCGCAGTTATTGCCGTACCATCAG
actagtCATCGAACAATCCTTTTGTGATAAATGAACGG
TGTTCGATGactagt TGCCGGACGCTTCTTTTGCCG
taatagatctaagctt ACCATGCGGATTTTTTTCGACCCCATG

ggtgccaagatctatcccattatacctaggactgaget
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pTAsdaA

sgRNA xylAB Fw
HomSeq Up xylAB Fw
HomSeq Up xylAB Rv
HomSeq Dw xylAB Fw
HomSeq Dw xylAB Rv
sdaA N20 inv. Fw

sdaA N20 inv. Rv

sdaA Hom. Seq. Up Fw
sdaA Hom. Seq. Up Rv
sdaA Hom. Seq. Dw Fw

sdaA Hom. Seq. Dw Rv

atagatcttggcacctcgttttagagctagaaatagce
getttttttgaattcCGTTGGTAAGCAGGAGTGAGGTGC
GGCAGGGGATAACGTATTGAACTCCATAATCAGGTAATGC
ACGTTATCCCCTGCCTGACCGGGTG

cagggtaatagatct GTTTAAAACACCGATAAACAAGAG
TATTCGACATGTTTAAGGgttttagagctagaaatagcaagttaaaataaggctagtccg
actCgtattatacctaggactgagctagcetgtcaaggatccag

tgctttttttgaattc CATCAGCTATCGCCGCCGCG
CGTCAGCGACactagtGATGATTGTCTCAAGTAGTGTTTTGTAGATGTAAA
GACAATCAT CactagtGTCGCTGACGGGTAAAGGCC

aatagatctaagctta AGCGAATAGCCGGTTTCATTACAGTACG
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3-1 5

INFTOE—E, FIETEHRVYXVBIFALPICRBIFZFNFEZAV T X IR
REFEEROEESEOM EICKINL 7z, AETIE, MEKRE (YT I7XL) ICHEDRVINVE
RERSEBRICEAERNIC PEP AERE I Y ¥ IBEEMEEH LI 2BREHERE L. TDR
RICEELIZRFOREICLY, > F IBBEFEROEES L IEMNI L 2 HRAFEME RS

KRG EDT 7 LREMEORNIR RIS ENIFAKNREBE R 77 XL 0D,
MEEANBICIER =Y v EMEN D RERAEZ DI ODREBRR N IVENEFEELTEY, LTI/
B, A AR EDBELTFTOEDTFAEDDNZENILEUC L) RY T I XLAEBBTEI LN
k2, —A. MlERETIE., EERENGEREE®Z VX7 BICL 5, ATP 70 b OBz
Bhe LB EENMThNd 20, R T T XL EMBEETERET 20 F LB ITHIE
INTWD, "M A TR avyORFICENT, RYUTIXLIE, BEBX V0B EET S
BoOBREMRGE LTHBEINTWS, £/, B-7IL3¥X—+ (BGL) HED%HE - 4 1) JHEH R
FZERYTZALICBELRIEEIET. HEHEARBENENTERVWEHEYCA Y TS YE
SEOEBEE LTHVWAZENHES, COLIIC. RYTTRLFICZ VNV BZHKIAIEDHE
firdE <FIBINTVWSE A, ZNICL - THAE :Efz%%;% FICRBICEZ 2FEICDOVWTIEE
TERBALED D% W,

AETIEEY. ATCC31882 R Y 75 XLICBGL /LS B2 T, ZLaA—ZH 5
D Phe EEMNEMT A EERHE L7z, £7-. BGL ARV 77 XLBICHREASIE/KIE. T~
PO—LREER L, 73— D Phe £EEIFTHL, PEP OfifENEESH EELTWS
ZENDD T, RIS, RORBIFZNFEICKY O F IBBERZRE LK THLRKROME
NENDODEHER LTz, 73 —REYIAHDERICAWSNDS PTS > X7 Lk, El (ptsH) &
O HPr (ptsh). ENA (crr). ENCBE® (ptsG) & > THERINTH Y., PTS v X7 LDHIEIL
> & IR DT DD —RNEFEATH S, El KU HPr 2 REBELIZHKICEWLTH, BGL &
V77 XLICREI YR I LICLY Phe EERU PEP BEEENEML 7=, BIC, PTS Y X T L
REROKRA BEEREZBELRTZTo72& 24, EICBS BEERICHE LT BGL 2R 7T X

ICRTEL LIZBROBIRERN RN N T EAER I NI,

EIICBE  I3flfaNEA EB T 2REBR /XU BETH 5, BGL # Mg RICEEN LTRY
77 XLRIZBEAIEEHETH, Phe EEDBMARERINT WS Z & H 5, BGL A EIICBS®
I L CEZND DYEBICEE L RIFT I L IEB&R LAV, £ TBGL & EIICB ###/d
DRFHNGFEITDEER, TOREZRAST, £7. BGL BEMICL Z2RBYOEEED T %
AT, ZORER. BGL BEICL VR (B LY 77 XLxz6hbE7-EE) (LB
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WETHD 7L F—RRPFIO—REEBE LTHREBEARZTo7/-E2A, INODEEE
B L1=5HEI1C BGL BEMDHRITERNT A 572, EIZ G6P FE T Tl BGL OFMENHE S 11
B ENFEREIN., BGL A GOP 2RI 2800 H 5 2 L AR E N,

G6P #* BGL B LIC L 5 Phe AEEM EICEELTUWLS EIRE L. BGL UAD G6P & £
BLdrBEZAVWCZORIEZHAAT, G6P ZHE L T5EH (Pgi. Zwl) 2~ 77 XL
ISR SR TRERRZITo72E A TN O DK TIE Phe DEES (FIEMN L 2 H - 7=H
INFNORENEALAE%E BGL ICRELSE S & Phe £EEEN ML 7z, TNHDFERN S, G6P
ZHE L. "OBREEEFT-AV GIoEMICERLAEWL) o8 (G6P #E& /X7
B) 2RV 77 ALFICHKBILIHEIC, Phe DEEENIBERT 2 2 EATRI N,

G6P B /X BEDN) 77 XLBEICEZ3RIE. Phe £EIT TR L Tyr DEE
THEZRINT, RETEONTAMBIE, XY 77 AL ZEOFEICL > TREZRBELT S & W
>z, MREKREIFOH AN BOREBICHESTHEEI LN,
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3-2 ERBRRUER
3-2-1BGL o~ Y 77 XLR/HTEILIC L % Phe £EERE

AR TIE. KBEETOEBEL /N7 BHRICEWT BGL EHEOEEN HHBERZTH 5.
Thermobifida fusca YX (Tfu0937. UniProt Q47RE2) (CHkd % BGL A L 7z, Tfu0937 %
~) 7 XLIC/BERESE S 72010, HIAREICEE LT Tfu0937 2/t E 85 A% (Hfgk
IRz & U7 XLHIC Tfu0937 ZEBHRRETRE(L S € 575% (Pel BiX) D 2 D075
EERA LT, HEKEBRTIE. 2y VB MRAMRICEE S 28I TH b, Blc 7rh—% >
x2E (UniProt POA901) &MiEn 2, MREMNRICBEL Y 77 XLAICEHTZ )R
JEDCKRimE, BRNDX VNI EDONKBICHMET LI EICLY, EX Y/ VEE~) TS

ICRERSIE S, Pel X TlE, PelB 7 FAURTFRZFERALTENOR VX 0BEERY S
7 ALICEET B, PelB ¥ 7 FILRTF RESNIL. Erwinia carotovora Do F V) 7—+ B
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HHIC PelB ¥ 7 FIRTF FEII AT 2 2 & ick ) BB LAERIINRY 77 XLICEEI N
Zo

3. Phe SEEKTH S ATCC31882 % Phe £FED K E L TER L 7=, ATCC31882
o 4 >0 KREGEK, BD1, BP1, BCl, X1 BDO ##% L 7=, BD1 ¥, Blc Z@ha L 7= Tfu0937

(Ble-Tfu0937) # #IR9 2%k Tdh 5 ,BP1 ¥k PelB >~ 7 HIL_RT7F K &Fh& L 7= Tfu0937 (PelB-
Tfu0937) #RIBI B TH D, BCL kkiTWLWA %27 2 / BRESSIH 0L TUWL AL Tfu0937 %
FRERNICKIRT 2% THD,BD0 1. BORI X —%RFTH I bA—ILkTH5,BD1, BPL,
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O 2.23 5 Phe ZEFE L7 MRREELVO /LI —-HEEICKEAEWVWEIRESN AL 57, —
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DHEIFL NIVIEEBETH -7=h. BP1 D Phe £EEEZ (L BC1 &Y £ &5Mh >7, BD1 XU BP1 &
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TELTW3,
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3-2-2 BGL HIREDZE{LH Phe EEICEX 2 FE

3-2-1 TlEEIAIE—D 75X I REMRWT Ble-Tfu0937 # FIBE B 7-, Phe £FEICXTT 2
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NnZn 1.04 + 0.07, 3.93 + 0.07, 27.04 * 0.98 uM/ODgpo/min T >7z, 2B 2. TN Zh
DD T ITRZRYTAY T4 > 7 OFER%RY, BDIL XU BDIM (2513 Ble-Tfu0937 D #1R
. B THERTELL o7, INOHDFERIE, Ble-Tfu0937 OEURUVFHIEL NIUHAT TR I K
DAL —HIEME EHITBIMNTEH L E2R"ELTWS, M2CIE, BERZ2IE—-HDTIXI %
FA L7550 Phe DN BREEEDE(LDEREZRL TS, BDIL XU'BDIM @3> b0
—LELT, ZNFNEIEC—ROPFIAE—DED T TR I FE2EFT 5 BDOL XU BDOM % AL
7=o Blc-Tfu0937 #HRIET 22 TOKIE, ThENno > bO—ILtk& Y H Phe EEEAIEIML
7o &Y bA—ILKRIZXTT S Phe £ESEDEMEKIE, BDIL, BDIM, XU BD1 Ttz zh
1.21, 1.39, RN 148 fEThH -7z INHLDOFERA B, Ble-Tfu0937 OFEIBL RILE Tz =T
SZVEADEMOMEE OBICIEOHEELH S Z & A RB I NI,

3-2-3 KiEMH{t BGL »* Phe £ EICE5E R 2 2E

BGL &M & Phe EADRERRRAR S MZT 272012, FEL BGL (Tfu093758%*) |2 Blc
ML F=2 /808 (Ble-Tfu09375%") % %3R4 24 (BD2) %ML 7z, Tfu093758 (4,
Tfu0937 M388FEH D VI K I VEEA T SV ICBBMEIN-ERIATH 3, BGLIEMEAEICL Y,
BD2 IC BGL /&AW & R L 7zo BD2 &, 73— T kFBE LTS MIYP B CIEE
L7#ER. Z0%iE 1.86 = 0.07 g/L D Phe Z4FE L, ZDEEE(E BDO D 1.90 & TH > 7=,
T OfERIF. BGL DR TS5 XLBEICL B Phe £FESDM@EICIE, BGLEMEADETIE AL
JEETRELTWS,

3-2-4 PTS BUE#ICH (1% BGL DR 75 XLRE(LDEE
ARROE B, E_EBETHRNLSIC, KBREORHICEWT, PEP I TCA B4~
LEFIESF IBRRICHDIRTI2EELRBEDD 1 DTH D, PEP 2#BHET 5 & 5 aREHE
i, Y F IBRRRFEROEEZBNIE 2R —MOLREEDO 1 DTHD, FFIC, CFTOD LD
IZ. 73— REY AR E PTS 1o GalP /Glk Y R T LICEES 3 &, AEERVINEN K
TRICIEINT %, 2D KD BREKRDOEEE (C & > TREFERETSINARICEWTH, Y 7T XLICBGL
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REASE ST LT Phe DEEEIENT 20 %1&5T L7z, ATCC31882 75 2 D0 PTS BF:&
BT (pts/ . ptsH) HIEL, GalP/GIk Y R T LICEB &R /=6, CFT1 2L L7z, & 5IC
CFT1 ##% &£IZ, BDAHI1 (Blc-Tfu0937 #3894 % CFT1), BPAHI1 (PelB-Tfu0937 %3R3
% CFT1), RO'BDAHIO (T b A=Kk, BONRT Z—%EE CFTL) O3 DOMREBEL 7,

INSDOHE, LI —RERKZRETS MIOYP E#THEE L7z, X 3A IZ. Phe D4AES %R
¥, BDAHI1 %O BPAHIL (£ 3.51 £ 0.10 %T* 3.44 + 0.12 g/L @ Phe #£EL7-s INiF

BDAHIO "4E L 7= Phe (2.70+0.24g/L) &V H 130BFRV 12T ESWMETH - 7=

BGL &~V 7' XLIZBTEL L7ZEHRD Phe £EDIENIE, PEP OFRAIRR TH % LHR
L7 RRETZRERT 57, BPAHIL & BDAHIO I COMAERNICE TS PEP EEERVOEILE
MEBEZ®R L7, BPAHI1 TlX, #EA PEP I BDAHIO &KV 2.6 &ML, —HEiLEyBEIE
BDAHIO @ 0.57 FICEA L7z (K3B), TNoDERIE, RY T T XLAD BGL DRIELICE Y.
HIANRIEA > F IR BT H2DICHFE LVIRREBICE (L LA L 2RE LTV,

3-2-5 BGL DR Y 77 XLRBERICEAE T3 PTS BEEEFORE

KBEICEWT, 73— XWMYIARICEEE TS PTS Y RTLIZ 4 DDX /37 EITK
S>THERINTWS (K 4A), EI #° PEP h o) VBRE % (FEL - 7%, HPr. ElIA. EIICB®® @
EIIB XA ~E) VBEEDY L -3, &ENICT/LI—INY VELIKEED EIIB F XA > h
ol ryBEZZITEY G6P &7 5, CFT1 TlE, EI XO'HPrZ3a— K LTW2% ptsH RV pts/ H
BRI N, GalP/GIk Y AT LICEZEZ bNTz, PTISYVXTLIZREETHD /L1 —XzillgE
RICER YA S LT llRBE L RY 77 XL ZYWEMIC OB CEEZB LTWA7-6, BGL O
YT XLREMICE > TEIZERIEINDZEABRBRICASH DL THE L TLWEDTIE LWL L
ERXT 3-2-4 DIFER LY El RO HPr (ptsH. pts) %HIEL12HETH. RERHIER I N
ZEnB, INHLDRYNRIBRABRRICESLTOWAWI EARBEI N, D PTS BREE
TH5 EIA RV EICBE & RKIRKRDOEEEAFAET 572, CFT1 A5 EIIA XU EICBS %= Z %2
NI—=FT2 crrk ptsGH=WIE L I-hZBEL. CFT1Acrr RV CFT1A ptsG L L71= (K
4A), 51T, ZNOHDHED &2 BDAHICL (Ble-Tfu0937 %3895 CFT1A crr). BDAHICO
(ZDNY 2 —%1F¥59 5 CFT1A crr). BDAHIGL (Ble-Tfu0937 %389 % CFT1A ptsG). &
O'BDAHIGO (BDRY 2 —%{R¥E5$ % CFT1AptsG) ##E LT, FNVI1—REREZRE LT
No 4 O>0EREE LT, K4BIZPhe £EE%Z Y, BDAHICL 13 2.83 £ 0.07 g/L @ Phe %
FEL.CNIEBDAHICO DEEE(1.95+0.12g/L) LB LT 14515 Tdh > 72,—A.BDAHIGL
IC&k % Phe £EI13239 £ 010 g/L THY., BDAHIGO m4AEE (2.39+0.25 g/L) L BHERE
FHEA ST, TNODFERIE. CFT1I FRMKRICEWT ptsG&#ET 2 & BGL DR 75 XLF
HEAEDPhe £EEICE A DMEINERT S &2 TE LTV, X4CIZ.BDAHICO RUBD AHIGL
BT 2ENH% PEP EBERUVENE VBEBEZ T, VU 77 XLIC BGL 2/HE/MIE
% BDAHIGL Tl&. #gA PEP »* BDAHIGO £ Y 3 BREICHE D L. 3-2-4 L HEDFERE 72
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(XM 3B), fMIEAEIILEVEEREIZ BDAHIO & BDAHII O TEREIEHRL, EILEVERICE
WTH 3-2-4 LELRDEREG Tz INOLDHERD B, CFTLAptsG BHERD#RTIE BGL &=~V
TI7RALICBEIETCH PEPAERINT, ¥ F IBBE/ BRI NBE W EATREINT,

INEFTOF/RELY, EICB (ptsG) HABRICEVWTALLDEEZR/IZLTWDS L
EZoND, ptsGHIEIC K 258 % BAMEICHER T 572912, ATCC31882 o ptsG & wHHE L 7=
HERBEL, ATCC31882AptsG tanza L7z (B 4A), & 51T, ATCC31882A ptsG %= H & IC,
BDAGI1 (Blc-Tfu0937 % #3325 ATCC31882A ptsG) X% BDAGO (BEORI X —%EE
ATCC31882A ptsG) D2 DDNEBE L /-, VI A—RA A RFRELTING 2 DDOKEEEL
7=o M 4D (CPhe £EE% "9, BDAGO XU BDAGI X, #1 £ 1.67 £ 0.06 g/L XU 1.57
+0.15g/LDPhe ZEEL, INOLDOKOETERREITEN 72, T HIC, ATCC31882 O
A EINCBC & R7EMAL L 7= kAL L, C421S &8p& L7z, C421S L. ptsGEB=FREIZE—
IR VRERZEAL, EIIB FXA YD) YBEACEMITH S 421 EEDUEDV AT A v+t
UVICBEEHZ DI ETHELE, C421S %#H & (12, C421S1 (Ble-Tfu0937 2 FIR3 % C421S)
RN C421S0 (BN Z—%EE C421S) #HBE LT, /LI —XXEZRFRELTINS 2 DD
MEEE L7, M 4D IZ Phe £FEE %~ 9, C421S1 (£ 2.22 £ 0.02g/L @ Phe =4 L. C421S0
DEFES (1.49+027g/L) EHELTLIA9FTTH 7z, INLDIERN S, EIICBY L BGL
DR T T XLBEICE D Phe EXDHEICHNETHEH., ZOEEIIHT LELETITAL
& mIRBI NI,

2-6 BGL O~V 75 XLRIERICEAET 5 XS DESR

3-2-5 DfERL Y. ptsGHIA— KT 3 EICBAZDBHEKFOEELARFD 1 2THB T
EDTREINT, L LAaA o, EICBE I3 NiEZ BB T X /X0 BETH D=0, kst
JRICEE SN TLS Ble-Tfu0937 & ENCBE ISEHEMEAMFAT A2 I L3RV EHRINE, 22
T. EICB®* (%, Blc-Tfu0937 LBEMERMT ZRNOEFTERY 77 XLNEEXRT EEEKE LT
ERLTWADTIERWAERIREII T (R5A), BESNEEFIE. EIICB A EXATEETH
V. hOMIERORBICHEERIFLIZHDTHD ELIRE L. BEZIRNOKRIYISER LT,
FERDHZREDEBET D701, BDAHIO RU'BPAHIL ICH T 5, BIEZROGEREYTH 5
G6P. 7L h—x-6-1 B (F6P), 712 b—Z-1,6-£ XY v (F16BP). KU PPP o R
REYTHD 6 FAK/LaAVE (6PG) OMENEREZAE L7, K 5B ICE&R#HY (G6P,
F6P. F16BP, & U 6PG) DiENEEE % R"T, F6P XU F16BP OElx BPAHIL & BDAHIO @
BITHEZIZA < BPAHIL OMIA 6PG I BDAHIO & U b EFAITEA LT, BBENT &2,
BPAHI1 @ G6P | BDAHIO @ 2.25 f&123#hN L7z, & 512, CFT1AptsG ICH%T % BDAHIGO
& BPAHIGL E DRI T. G6P OBEICEBRENEN 5122 DD, GOP AT DBRRODEBE AR
HEYTH D LRE LT,
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G6P NMABRICEIELTWLB A SIE, G6P ZEMLICK WRERZHAWS Z & TABRR
IS DEENEIND EHREIND, KBEORMRKRTIE, ZLa—XF/La—ERY
PTS £7z1% GalP/Glk ¥ R T LT & > THIFBEWNICEE I, GOP ICERINTHIERICAD
B, BMYRAENTZ/LI—RIEL TGP ~eFHmENS (B50), ¥FO—XRIE, FO—RFf
BEWATPEE Ny boaxAEF/-ildFo0—2-7'0 b HEXARIC & > THEBRN (CE3HX S 4.
FINA—RIITWEIND, FLIA—XFFILA—X-5-U VEICEBEI N, PPPICAS (K
5C) 7T b—=RIF7NLT F—REFEMPTS (L > THIFBEARICEXIN, 717 F—X-1-V
v (FIP) I[CZ¥an5, D%, FIP X FI6BP [CEfash, MBIERICAD (M5C), ¥ 0
—RFIEFETNT =R ERFBRE LTEELZHA, GOP X PPP AN LTHIEEI DA, T
A—RFRFRE LIZBE LR LT, ZORET7 7Y 7 REEDT

FOA—RELETLI F—REEBEE LTEARALEZBED,. BGL ORY 77 XLBE
LIC& % Phe EE~NDFE%ZRAE L7, BDO XU BD1 #, kFRELTHFA—XFIE7L
g b —REBWTEZE LT, K5D 2. EHERUOEEHEMEICEITS Phe £EE4 KT, ¥20
—RERIFETNY b —=REFRETSHE. BDLIEZENFN 0.90 + 0.09 g/L %10 0.76 = 0.00 g/L
® Phe Z4#EL, I old BDO D Phe £EE (0.79+0.07g/L %1 0.78+0.07g) £LRL L~
IWTTHhoTze INLOIERNM B, BGL ORY 7' I XLBENRICK 5 Phe EE~NDOFE T, £E
ERDIEOEBREICIKET S I EATEINT, TRTORE (FILa—X FA—X RUE7LY
f—X) IIBERLVOPPP ZNLTEILINED, TNTNOERMREICH ITEIRET T VIR
D/INZ— TR | BBHERKRO PPP OFBRBYOMENERELEEILICELRZ EEZON
b, ¥FVA—RKRVTNLT F—RIFE, EBLHLHEMREICHIVNTGOP 2R TICRH#SIND, N
LEEBE LTHARIC. BGL O 77 XLREICE D Phe EEDHRNENGZ N ED D,
G6P WARBRICH T 2RABYTH D Z L HREI NI,

KIEE TlE. MRPNERICHFEES S G6P 13 UnpTHEU VB R 5 v 2 R—%— (Uhp ¥ 2T
L) IC&>THEI N, Uhp > X7 L OEMHACIZIEIZSN G6P OFEIKTFT 5 2 LA F LN TL
%, Uhp Y RATFLICEYRY FSILFRD G6P A Y v B L83 ICHEE ICEEHEE I N HE.
HIBEAND GEP OREMNENT S EEZOND, YT T ILLHBEOED G6P OFFELLD
ARG ARROA D ZXLDERDBBICKWVICETEE TS EBbs D, BEEICELNTRD Y
TFALPEMBRERDINDFEZINENERICEET AL IIRETH D720, SBOFEETH
%, MRE T D G6P DEFEIL ptsGmMRNA @ RNase E IRFUARLEL 5| SR I T LA LN
T3 B9 EICB ORBEMNMET IS &Y BRI N7 EIIA (EIA~P)IWEET 5, EIIA~P X
TTINY I —EDORBEZFEL,. 772077 —€ICLY) BIKRAMP (CAMP)AYER &S5
s cCAMP |& cAMP Lt 72— v /0B EEEHRERR L, 7T VB v 2—ERansBT
ROy —+, 7L BE R I 2—t, ROY Y IBTEe FOTF—t%D TCA Y4 JIILEEE
“A— PN L7-BEFHOGEEZEELTS ", LHrLANS, EIIA ZFRIBLAWCFTIAcr ICH
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¥d 5% (BDAHICO, BDAHICL) ICEWTHRBOEAIEI ~TWB I &5, EIIA ZNL
F-RBEEELUND X HZ X LDENT WD EHRIN D,

3-2-7 G6P IZ & % BGL O FM4FAE

3-2-6 DIER LY, GOP AARIRRICEHL B RHFTH 2 AReEN TR I N7z, G6P & BGL @
MEERZHEANS -5, G6P £7/-13 /L2 —XDFHE T T Tfu0937 @ BGL &M% RIE L 7=, X6
12, Tfu0937 DEXEMUDHERZRT, GOP OFET TIE. BREMEDEIGIT IV O — X RMK
REL Y HET L7z, GOP RV TN I—RDENTOBREEHIE Morrison d= (X 1) IC& VK&
7=, Ja—2x& G6P O BMIFTOBEEEKIZ. ZNEFN 595 mM & 295mM Th -7z, ZDiE
RlE, Tfu0937 X G6P ZEB L I Za ML AWLA, ZILa—X &Y H GOP I LTEWE
MEZTF->TWB I EamBRLTWS,

v ([E]+[1]+Ki—app)_\[([E]+[1]+Ki—app)2_4[E][I] \
—_ = 1 - o o . Et 1
) 2[E]

(E] : BRRE, [I] : HEFBRE. Koy ROTOBEEER. v, BEHI G VRBORISERE, v, RIGEE

3-2-8G6P R Z v NV BDRY T 7 XLBENXICK S Phe EEEDR L

INETORRLY ., BGL O~ 75 X L~DETEIL. EIICBY, G6P AERIRRDETH 5
ZEDNTERINT, INODEREZREFRAD L, EICB ITL>TRY FTXLNERHEINTZ
G6P A%, RU T ZXLBIZHBEAINAZBGLICE VRSN, RFICASHDFEEEKRIZLTL
5. EWHIRERDBEZOND, TDIRERTIE, GOP 2R 77 XLHRICRIZT B2 /X7 &L G6P
HREEL. DD GOP IS L TEREEL W E /08 (GPREXR v /X/E) ThiiE, BGL
ADZ RO BTHRRDIBENERED EEZAOND, CORMEHERT 57-5, G6P FHEX
YRTBOEFME LT pgillL>TaA—REN3 7L —R-6-UVBA Y XA T7—+ (Pgi). zuf I
FoTa—Fanss/La—2-6-Y>vB1-Te Fasr+—€ Zwh. K phoA L >TaA— K&
NBTIHVKRZT7 72—+t (PhoA) D3 DDOBEZRPINLDONEUEREZEIRL 72, Pgi.
Zwf % U PhoA OEFARIEER X, GOP LHEATZE 2 3R EZFTH. "D GP 2z &EE L LTH
BT, INODOBEROIEFEETH S Pgitssor Zwf2A BT PhoAS?*A X, ZNZF N Pgi ®
386 ZEEHDAIBOELRAFY VAT T2, Zwf D 239 BEEDMUBOERF IV ET 7= V2,
PhoA @ 124 ZEDREBED LY v ZT7 7 2 VICBEMA B I EICLURBELT, INo0RNER
{fbiRlE G6P L#EETE 2 3 RoBEAIFDL, GoP # 2B L L THEET 2EHREFEILFLEL,
Pgi. Zwf RUO'ZN O DRENWNEEEE XY T ALIIBELRSIE RO, ZNEFNDZR /Y
BHE PelBY I FIRTF Raga L. £ Z 1 PelB-Pgi, PelB-Zwf, PelB-Pgi™*** &% Uf PelB-
Zwfi?h & L7z, PhoA IZTTENRY 77 XLBERTH 575, PhoA T PhoAS?* [ZIERMEIRRE T
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FKIBIH 7,

ATCC31882 # % & 1Z, PP1 (PelB-Pgi ##38). ZP1 (PelB-Zwf Z#%3). AP1 (PhoA %
F380). PP2 (PelB-Pgi® % %18), ZP2 (PelB-Zwf™% % 1) ). KU AP2 (PhoAS®?* % %
W) D6 DODKREEE L, &5, AV bA—LkE LT, RY TS XLEBICEBERZR /87
BAEHFIRT DM, GP1 (REeENK /78, GFP 2#%11) #EBE L1z, Thos0k%xE, FLd—
AHERFRET D MIYPEHTEEE L=, M 72, Phe DEESE%RRT, EBEEZV/X/EDO
v hE—LH%THD GPL I, 0.74 £ 0.03 g/L @ Phe ZFE4 L7, PP1. ZP1, RU'APL X, %
NZEN 0.62 = 0.01, 0.99 = 0.14, K 1.16 = 0.19g/L @ Phe #4FE L7, PPLIZBD0 £V 1
72 Phe Z4FE L, ZP1 & BDO @f. & AP1 & BDO ORI TId Phe £ EEICARAEITE
Notee TNHLDRERIE, GOP I L TEEEZFOEBRONRY 77 XLRBENLIE, Phe £EICH
ELAEWIEERRLTWS, —h, PP2, ZP2, RO AP2 I3, T ZFN 1.69 + 0.09, 1.43 *
0.09. B1*1.64 + 0.09g/L @ Phe #4FE L, BDO &b LAEENKRICEHELZ, ZOFER
ERTH L 72 REiE XF T 2R TH D, Thbb, BREEZR/T GOP ICHEMEZET 22
RIBDHD, R 77 XLIZBIERLTHBED Phe EABDEMICEEST 5 2 L ATRR I NI,

3-2-9BGL DR Y FF XLRBTEICE S Tyr EEEDRA L

FIMRREEROEEZRET 270 HEE LTONBEZERIT 570, ARR%
BFHbWT Tyr £EEEDAEERRAT, CFTL OIYRIVEBRAZR—Y/7L 7 BT R 2 —
Y% 3—F95 pheA #WIEL 7%, JVURIVEBLR—Y/7L 7By r—+En7
A=Ky JEEZBRLI-EEEZ -5 tyrA™ % tpf BEFEICEATSEZ EITLY.
FOVEERTYR ZBEL, TYR ZH £IZ, Ble-Tfu0937 #FIFT 24 TYR1 &, ZORY
R—%FFT S TYROZEEL, TYRIBLUTYR0 2, ZLa—X%RFRE LTERLTHE
HL7 TYRLELOTYRO IZ, ZNFN 273 £ 0.05 5L 002.20 + 0.03 g/L D Tyr #EEL,
TYRL O Tyr £EEIX TYRO D 1.24 fETHhH -7 (M 8), ThoDiERIF, VYT FXLTBGL %
HKIWEE DL, Phe 2T, DOV F IBRERFEROEEEM LICHFETHIEETRL
TW3,
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3-3 #&E

AETIE RUTI7XLTBGL £7:13 GEP R X /X EZHIRT 5 &, Phe KU Tyr o
EENMEMT S EZFEIEL, CORRICEADLS 2 D0EELRRFEZHRE L7-, PTS BEELT%
B L 7-tROFERICE Y EIICB A EELRER & LTRE SNz, 7o X ZRH— LEBITCERA 74
AW HEARD O, 0 1 20FEZELRAFELTGEP PFES N/, WSOHDERELD
ZNODORNERENEREZRY 77 ALICRENMS I RORBHROER. ) 77 XLFICHRE
fts €% % /X7 EI3 BGL LAROME., T74hHb G6P ZfET2AEE LG EWLW-7tHE
NBTHD I EDNTRRENT, RETHEANLTE Tabb, BUYGX Y NIEEZRRSESZ
L& DRV T IXLRBEOUREIFZ, NAFTAKXT L 3 /IZEWTHNORBEY DINE % 1B
SEBHLWTTO—FTH B, L L. AARDERZ & VIEWEEORE LR, MEYEEICE
R 5IC1E, RIRROFMGA DX LDBEAN RO OND, AR THEONICAMREICHHE, 5
ZDAPHZRALZRRBL TN ZET AR TI7XALREOWREICL Y REZRIET S & W o 7 HT
BEMHDEILES N, ERLCEHOMEDLEEORREICEH TS CHHFIND,
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3-4 ERBRAE

15
LBIig#h(cidsLa—x20g/L. MU 7+ 10g/L. sigfERTx X 5g/L. NaClbg/L %

&8, MO s/NEEHICIZ, 1L H7-Y /L3 —X 20 g, NaCl 0.5 g, Na,HPO, - 12H,0 17.1 g.
KH,P0O,3g. NH,Cl 1g. MgSO, - 7TH,0 246 mg. CaCl, - 2H,0 14.7 mg, FeSO, - 7H,0 2.78 mg,
FT7IVIERE 10 mg 28T, AEBREREETOD Phe £FE(C1Z. MIYP itz BN 7=, MIYP 52
Hlx MO & EEHIC 5 g/L BT X, Tyr 40 mg. Trp 40 mg. (ATCC31882 (77 2

RIS L TRBERETHS7-0) RO 10mM EILEVEESF R DLAZGRIMLTERL 7z, 3
EREIEEICL D Tyr £ETIE. Tyr 2 E Phe 100mg Z 750 L 7= MOYP #E#iA FH W 2y T RTD
EHICEWT, HRBICHLCT, 72U > 100mg/L Z25FML7-, RERIZZLO—X, F>0
—ZARVPT7NT b=Z2DOWInh % 20 g/L ANL 7=,

EEEN

15 mL SHERE . 2 EE 220 rpm, 37°CT 1 B, 4 mL LB 5 CHIEE L 7o, AIEEIL
15 mL HERE. BEME S mL IIX L TEHEERZTHE ODg=0.1 &2 LS ICHEE L. 37°C,
2IBERE 220 rpm (2 TIT - 7=,

772 FBE

AETHWLETZ2RAIRA2KRLIC, 7794~ —%K 2 IR, pHLA-blc-tfu09378388* (3

FIETER L 7=, pHLA-blc-tfu0937 27> 7L — & L. 77 4 ~—E388A_for %X E388A _re

HRAWTA > /N—=XPCRICK VIBIEL 7z, I8 L /=BT % In-Fusion HD Cloning Kit (Takara) %
BuwTRR1L L., Bon7/=77 X I K% pHLA-blc-tfu0937E388A & L 7=,

pHLA-pelB-tfu0937 (R DFIETIER L 7=, pHLA-blc-tfu0937 7> 7L —h &L, 75
A~ —pelB_Tfu0937_f1 K0 Bgl2_pelB_for zZ HHWWT PCRICK WIEEL 7=, IR LKA ZT >~
TL—k&L., 774 ~—Bgl2_pelB_for B Xhol_Tfu0937_re Z#HAWLT PCR (Z & WIBIEL 7=,
Jon/trRh%z pHLA @ Bglll 88f1& Xhol BuDOEIC/A—=v 7L, o777 X F%
pHLA-pelB-tfu0937 & L 7=,

pHLA-Tfu0937 (XD FIETIER L 7=, pHLA-blc-tfu0937 257> 7L —h &L, 774 ~%
—n.s._tfu0937_f K F n.s._tfu0937_r ZFBWT PCR (CL VIR L 7=, BB L 7=B¥rH % pHLA @
Bglll #AL & Xhol AIOEIC/A—=> 7L, §oN/=7 7 X I F% pHLA-Tfu0937 & L 7=,

pHLA-phoA (ZRDFIETERL L 7=s £ coliMG1655 4/ LDNA #F > 7L —hEL, 7
7 4 < —phoA_f %0 phoA_r ZFAWWT PCRICK V1&ME L 7=, &M1& L 7=/ Z pHLA @ Bglll Z’{
& Xhol AIOMIC/B—=> 7L, B§oN7=7 7 X I F% pHLA-phoA & L7z,
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pHLA-phoAS2* 3k D FIETERL L 7z, pHLA-phoA 27> 7L —hr &L, 7747 —
phoA_S124A r KUf phoA_S124A f ZFHWTA /X=X PCR ([CX W iBIgL 7=, BB LM%
In-Fusion HD Cloning Kit Z W TIRIRIL L. BHoN7/=7 7 X I F%& pHLA-phoAS™#* & L 7=,

pHLA-pelB-pgi &R DFIBTIESLL 7=, £ coliMG1655 %/ s DNA 25> 7L — k& L.
774 <—pelB_pgi_fl & Xhol_pgi_re #FHW\T PCR [Tk V)18l L 7=, ¥EIEL 7=WTH % pHLA
@ Bglll Efz & Xhol AL/ O—=>7 L, o777 X I K% pHLA-pelB-pgi & L 7=,

pHLA-pelB-pgi™* A IR D FINETESR L 7=, pHLA-pelB-pgi 27> L —hr & L. 774~
—pgi H386A smal _for %" pgi H386A smal re #FHWTA »/N—X PCR IC& VIR L /=, ¥
1% L 7=#7H % In-Fusion HD Cloning Kit ZBWTEBR{LL. BoN=7F X I K% pHLA-pelB-
pgifi®er & L 7=,

pHLA-pelB-zwf (&R DFINETIEELL 7=, £. co/iMG1655 7/ LDNA 257> 7L — k& L,
75 4 <—pelB zwf f1 % Xhol zwf re #FHWT PCR IC & YR L 7=, &L 7-BTH % pHLA
@ Bglll iz & Xhol FAIDMEIC/O—=>2 L, §6N7=7 7 X I F% pHLA-pelB-zwf & L 7=,

pHLA-pelB-zwf'** g D FIETERL L 7z, pHLA-pelB-zwf 27> 7L —hr &L, 774
~ —zwf_H239A_pstl_for XU zwf_H239A pstl_re #FHWTA > /N\—X PCRIZ L VIBMEL 7=, 18
18 L 7=WrH % In-Fusion HD Cloning Kit ZFBWWCIRKIL L, BoN7=77 X I K% pHLA-pelB-
zwf 3% & L 7=,

pHLA-pelB-gfp IERDFIBTIERL L 7z, pEGFP 2T 7L — b & L, 754 v—gfp f1 &
Wegfp f2#BWTPCRICKYBEIRBL EIRBLIZMAZT v 7L—bE L. 774 <—gfp 2 &%
U gfp_r zFAWT PCRICK YIBIRL 7=, B o N7=lTH % pHLA @ Bglll Z4z & Xhol EREIDRIIC 7
A—=>7L. BoN7=77 X3 K% pHLA-pelB-gfp & L 7=,

pSAK-blc-tfu0937 IR D FINETIER L 7=, pHLA-blc-tfu0937 27> 7L —hr & L. 774
< —c.n._tfu0937 f X c.n. tfu0937 r #FHWT PCR IC L W IR L 7z, 1E1R L 7B H % pSAK O
Xhol Z3L& Hindlll BBIOMEIC/ B—=>v 7 LIEoN7=7 T X I F% pSAK-blc-tfu0937 & L 7=,

pZA23-blc-tfu0937 (XD FIETIERL L 7=, pHLA-blc-tfu0937 27> 7L —hr& L. 77
A < —c.n._tfu0937 f R c.n. tfu0937 r #F W T PCR I & VIR L 7=, 1818 L /=BT % pZA23
@ Xhol Z3iz & Hindlll FAIoMIcso—=> 2L, §oN/=7 7 X I K% pZA23-blc-tfu0937 &
L7,

pTAptsG £, 774 ~— sgRNA ptsG Rv., sgRNA ptsG Fw, HomSeq Up ptsG Fw.
HomSeq Up ptsG Rv. HomSeq Dw ptsG Fw., &Uf HomSeq Dw ptsG Rv #F W\ T, & 2-4
®D pTAeda ERIBRDFETIER L 7=,

pTAcrr &, 774 ~— sgRNAcrrRv, sgRNA crr Fw, HomSeq Up crr Fw, HomSeq Up
crr Rv, HomSeq Dw crr Fw, & HomSeq Dw crr Rv #FHWT, E£-F 2-4 ® pT Aeda & [AHR
DAETIEH L7,
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pTtrpEtyrA™ (I X DFIETIEEL L /=, pTargetF #57 > 7L— k& L. 754 <v—sgRNA
trpE Rv % TF sgRNA trpE Fw ZFHWNT A > /N— X PCR (IC & VIR L 7=, 8 > N7/-WrH % In-Fusion
HD Cloning Kit IC & W ERIL L, BHMN7/=7 7RI F%& pTAtrpEF & L7z, E co/iMG1655 4/
LDNA%ZT>v7L—kEL, 774 ~—HomSeq Up trpE Fw &7 HomSeq Up trpE Rv &ALy
TPCRICKYHEIEBL, H.S. trpE Up BT %157, E£. coliMG1655 47/ LDNAZT > 7L — k&
L. 774 ~—HomSeqDw trpE Fw & * HomSeq Dw trpE Rv Z#F UL T PCR (IC & WIEIE L, H.S.
trpE Dw BrH #157-, HS. trpE Up BTE R O'H.S. trpEDw it 257> 7L — &L, 774~ —
HomSeq Up trpE Fw & HomSeq Dw trpE Rv ZFHWTCH —N—F5 v 7T XF >3 3> PCR
IC& UIBIE L. H.S. trpE WrH %#187-, H.S. trpE WrH % pT AtrpEF @ EcoRI ZRAI% O* Sall ERALIC
sA—=v7 L, BoNi=7 7RI K% pTAtrpE & L7z pSAK-tyA" 2T v 7L—belL, 7
Z A < —tyr_ins Fw U tyr ins Rv ZAAWLT PCR ICK Y IEIR L tyrA™Br 21572, tyrAP BT %
pTAtrpE @ Notl ZBIIC/7 B—=> 27 L, Bonl=7 7 X I K% pTtrpEutyrA™ & L 7=,

BIEFBRERVYT / LEHAHKICL ZEEFEA

Jiang K5 DWEDFEICHKE L, CRISPR-Cas two-plasmid system # AW\ TEE FHIES
T-7-%, FELTFHRERIZ, BURT7A4A~v—Z2AVWTCaIAR=—XA L2 b PCRICK VIENE
TFZEIBIRL. £ co/iMGL665 BFAEMR L LEBR L CEEFHERE (A >TWA I & TR L 1=, ptsG.
crr. U pheA DWIEIZIE. ZNFN pT AptsG. pTAcrr. KO ZERB W=, troEBLFEAD /™
(21 pTtrpE:tyrA™ Z 7=,

AL R

BRBEE%OFEERHIL Gene Pulser (Bio-Rad Laboratories, Hercules, CA, USA) % By
TILZ bAKRL—Ya k& YIiTo72 (1350kV. 600 Q. 10 uF, 0.1cm Fa~y h&(E
o ERBREKMRIFLTWVWE 77X FEDOFERZR 1 ITRT,

S HE
MEEIE R N7 a—X T 1-4 IR L=AFETRE Lz, ¥ O0—X, Phe RO Tyr IZ 2-4
CRBEOEHUETREE L, 7MY F—ZAF L a—2AROF o O— L EEOSXETHTEL 7,

BGL jEMHHEIE

BGLEMHAIEDEE ICIE p-= bA 7z Z-B-D7ar> /> F (pNPG, +HF74 TR
7) ZERALE, EEK%EZ, 5 ml @ LB#E#T 37 °C, 24 BEEE L, V> 7 U v I LIS
% 12000 rpm, 5 min @008 L. BAEZEIL 7z, EUXL72EE%E PBS() /Ny 7 7 —(I1C& Y%k
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L7, BFLEMAEICI0mM pNPGHOuL, IMEFER S b U 7 A 25 ul ZINZ 721, #EAH' 500
UL &5 KD BEKICTXRT v 7 LTz, BEREZ 37 °C, 30min it 7%, IM RKE_-F
MU L 500ul ZMNA XS Z1EIE S 87z, KIEIERD E7F% Synergy Hl x40 7L— Y
— & — (BioTek Japan) (2& Y 400 nm TRIE L, SNz p-= bB 7 =/ —IILDOIENE %
E LTz BP, -7 E—EFMD 1 Bfzld, 37°C, pH5.0 T1lmin 7Y 1umol ® p-=
A7/ —LVEeERTIBROBE LTEERL,

(R AR

JNaA—Z%B6 MIYP BHEZRWT, ZNZTNOKEEEL, WHEEHRHICELWTY >
7T HFT-57- (ATCC31882x, 5.5 h; CFT5x, 14 h; GX1x, 14 h), ¥ > 7L 2 mL #FEIZ 7 «
LR — g L EiRZ [N L 7=, Shirai & © OFEDF EICHREWV HHHEEASR (CHCI3:CH30H:H20,
2:2:1,v/v/v)EBWTREYOHE A 1T- 7, 15,000 xg, 4°C. 15 min &0 EEE.. £7F 400
uL & [EUY L 7=, &% LCMS-8040 triple quadrupole LC/MS/MS spectrometer (Shimadzu,
Kyoto, Japan) #AW/=&kAExI/ A~ b7 74 —BENNMEZAVWTREYVOEEZTT> 7=,

DIRXRY7AYyTF4vY
1-4 LRIRDEETHONEIT> 7=,
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Figure 1. BGL localization in the periplasm by anchoring to the cell outer membrane or by using the transport

signal and localization in the periplasm. (A) Phenylalanine production after 48 h cultivation. Light green and
Dark green bars indicates the production of phenylalanine by control strain (BD0) and the strains expressing
BGL (BD1, BP1, and BC1), respectively. (B) Whole cell activity of BGL in BDO, BD1, BP1, and BCl1. (C)
Western blotting analysis of BDO, BD1, BP1, and BC1. Left side lane: protein marker. An anti-Tfu0937 antibody
(Sigma-Aldrich) and an Anti-Rabbit IgG (Fc) AP Conjugate (Promega Corp.) were used to detect Tfu0937. The
data are presented as the average of three independent experiments, and error bars indicate standard errors. P

values were computed using the two-tailed Student’s z-test (NS, P> 0.05; *, P <0.05; **, P <0.01).
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Figure 2. Effect of copy number of the plasmids expressing BGL in the periplasm. (A) Whole cell activity of
BGL in BDO, BD1L, BD1M, and BD1. (B) Western blotting analysis of BD0O, BD1L, BD1M, and BD1. Left
side lane: protein marker. An anti-Tfu0937 antibody (Sigma-Aldrich) and an Anti-Rabbit IgG (Fc) AP Conjugate
(Promega Corp.) were used to detect Tfu0937. (C) Phenylalanine production after 48 h cultivation. Orange, blue,
and green bars indicate the relative production of phenylalanine in the strains derived from BD1L, BD1M, and
BD1, respectively. Light color and Dark color bars indicate the relative production of phenylalanine in control
strains harboring empty vectors and in indicate BGL expressing strains, respectively. The data are presented as
the average of three independent experiments, and error bars indicate standard errors. P values were computed

using the two-tailed Student’s #-test (NS, P > 0.05; *, P < 0.05; **, P <0.01).
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Figure 3  Culture profile of CFT1-derived strains (A) Phenylalanine production after 48 h cultivation. Light
green and dark green bars indicate the production titer in the control strain (BDAHIO) and BGL expressing
strains (BDAHI1 and BPAHII), respectively. (B) Relative intracellular concentrations of PEP and pyruvate
relative to control strain BDAHIO. The data are presented as the average of three independent experiments, and
error bars indicate standard errors. P values were computed using the two-tailed Student’s #-test (*, P < 0.05;
** P<0.01).
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Figure 4. Disruption of genes related to PTS. (A) Diagrams of glucose transportation by PTS and GalP/Glk
system. Red “P” indicates phosphoryl group. The table in the diagram subscribes disrupted, edited, and
overexpressed genes in each strain. “A” and “+” indicate gene disruption and overexpression, respectively. (B)
Phenylalanine production after 48 h cultivation. Blue, orange, and green bars indicate the production titer in the
CFTl1-derived strains (BDAHIO and BDAHI1), CFT1Acrr-derived strains (BDAHICO and BDAHIC1) and
CFT1AptsG-derived strains (BDAHIGO and BDAHIG1), respectively. (C) Relative intracellular concentrations
of PEP and pyruvate relative to control strain BDAHIGO. (D) Phenylalanine production after 48 h cultivation.
Yellow and purple bars indicate the production titer in the CFT1-derived strains (BDAHIO and BDAHI1),
CFT1Acrr-derived strains (BDAHICO and BDAHIC1) and CFT1AptsG-derived strains (BDAHIGO and
BDAHIGL1), respectively. Gle, glucose; PEP, phosphoenolpyruvate; G6P, glucose-6-phosphate. The data are
presented as the average of three independent experiments, and error bars indicate standard errors. P values

were computed using the two-tailed Student’s ¢-test (NS, P > 0.05; *, P <0.05; **, P <0.01).
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Figure 5. (A) Diagram of the hypothesized mechanism of this phenomenon. Red “P” indicates phosphoryl group.
(B) Relative intracellular concentrations of G6P, F6P and F16BP relative to control strain BDAHIO. (C)

Catabolic pathway of glucose, xylose, and fructose. (D) Phenylalanine production after 48 h cultivation. Blue,

green, and yellow bars indicate the production titer using glucose, xylose, and fructose, respectively. Glec,

glucose; PEP, phosphoenolpyruvate; PPP, pentose phosphate pathway; G6P, glucose-6-phosphate; 6PG, 6-

phospho-gluconate; F6P, fructose-6-phosphate; F1P, fructose-1-phosphate; F16BP, fructose-1,6-biphosphate;

GAP, glyceraldehyde 3-phosphate; E4P, erythrose 4-phosphate. The data are presented as the average of three

independent experiments, and error bars indicate standard errors. P values were computed using the two-tailed
Student’s #-test (NS, P> 0.05; *, P <0.05; **, P <0.01).
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Figure 6. In vitro examination of the inhibition of BGL-activity by glucose and G6P. Blue and red symbols
indicate fractional enzymatic activity in the conditions adding glucose or G6P, respectively. G6P, glucose-6-

phosphate.
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Figure 7. Phenylalanine production after 48 h cultivation. Light green and dark green bars indicate the
production titer in the control strain (BD0) and proteins expressing strains (GP1, PP1, PP2, ZP1, ZP2, AP1, and
ZP2), respectively. GFP, green fluorescent protein. The data are presented as the average of three independent
experiments, and error bars indicate standard errors. P values were computed using the two-tailed Student’s #-
test (NS, P> 0.05; **, P<0.01).

107



w
”

w
o
|

**

Tyrosine [g/L]
= N N
wn o wn

=
o
|

o
o
|

0.0 - .
TYRO TYR1

Figure 8. Tyrosine production after 48 h cultivation. The data are presented as the average of three independent

experiments, and error bars indicate standard errors. P values were computed using the two-tailed Student’s #-
test (NS, P> 0.05; **, P <0.01).
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Table 1. Strains and plasmids used in this study

Strains Genotype Souree or
reference
endAl hsdR17(rK12-mK12") supE44 thi-I gyrA96
Nova Blue relAl lac recA1/F' [proAB" laclqg ZAM15::Tnl0(Tet Novagen
r)]; used for gene cloning
ATCC31882 L-Phenylalanine-overproducing strain ATCC
ATCC31882AptsG ATCC31882 AptsG This study
CFT1 ATCC31882 ptsHI:: P aiaco-1 -glk-galP Noda et al.?®
CFT1Acrr ATCC31882 ptsHI::P ai1aco-1 -glk-galP Acrr This study
CFT1AptsG ATCC31882 ptsHI:: P 411aco-1 -glk-galP AptsG This study
C4218 ATCC31882 ptsG::ptsG-*S This study
TYR CFT1 trpE::tyrA"™ ApheA This study
BDO ATCC31882 harboring pHLA This study
BD1 ATCC31882 harboring pHLA-blc-tfu0937 This study
BDOL ATCC31882 harboring pSAK This study
BDIL ATCC31882 harboring pSAK-blc-tfu0937 This study
BDOM ATCC31882 harboring pZA23MCS This study
BDIM ATCC31882 harboring pZA23-blc-tfu0937 This study
BD2 ATCC31882 harboring pHLA-blc-tfu(093753884 This study
BP1 ATCC31882 harboring pHLA-pelB-tfu0937 This study
BC1 ATCC31882 harboring pHLA-Tfu0937 This study
BDAHIO CFT1 harboring pHLA This study
BDAHII CFT1 harboring pHLA-blc-tfu0937 This study
BPAHI1 CFT1 harboring pHLA-pelB-tfu0937 This study
BDAHICO CFT1Acrr harboring pHLA This study
BDAHICI1 CFT1Acrr harboring pHLA-blc-tfu0937 This study
BDAHIGO CFT1AptsG harboring pHLA This study
BDAHIGI CFT1AptsG harboring pHLA-blc-tfu0937 This study
BDAGO ATCC31882AptsG harboring pHLA This study
BDAG1 ATCC31882AptsG harboring pHLA-blc-tfu0937 This study
C421S0 C421S harboring pHLA This study
C42181 C421S harboring pHLA-blc-tfu0937 This study
AP1 ATCC31882 harboring pHLA-phoA This study
AP2 ATCC31882 harboring pHLA-phoAS!244 This study
PP1 ATCC31882 harboring pHLA-pelB-pgi This study
PP2 ATCC31882 harboring pHLA-pelB-pgi*864 This study
ZP1 ATCC31882 harboring pHLA-pelB-zwf This study
ZP2 ATCC31882 harboring pHLA-pelB-zw {234 This study
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GP1

TYRO

TYRI

Plasmids

pEGFP

pHLA
pHLA-blc-tfu0937
pHLA-blc-tfu093783884A
pHLA-pelB-tfu0937
pHLA-Tfu0937
pHLA-phoA
pHLA-phoAS!24A
pHLA-pelB-pgi
pHLA-pelB-pgi'?86A
pHLA-pelB-zwf
pHLA-pelB-zw{12394
pHLA-pelB-gfp
pSAK
pSAK-blc-tfu0937
PSAK-Pi.

pSAK-yrA®r
pZA23MCS

PZA23-blc-tfu0937
pTargetF

pCas
pTAptsG

pTAcrr

pTtrpE::tyrA®r

ATCC31882 harboring pHLA-pelB-gfp
TYR harboring pHLA
TYR harboring pHLA-blc-tfu0937

Express GFP in bacterial systems
P rce, ColEI ori, Amp”

pHLA expressing Blc-Tfu0937
pHLA expressing Blc-Tfu(93753884
pHLA expressing PelB-Tfu0937
pHLA expressing Tfu0937

pHLA expressing PhoA

pHLA expressing PhoAS!244

pHLA expressing PelB-Pgi
pHLA expressing PelB-Pgi3%6A
pHLA expressing PelB-Zwf
pHLA expressing PelB-Zw{!1234
pHLA expressing PelB-GFP
Piacor, SC101 ori, and Cm”
pSAK expressing Blc-Tfu0937

Pire, SCI101 ori, and Cm”

pSAK-Py. containing #yr4™®" and feedback-inhibition-
resistant (fbr) derivatives of #yr4

PAuaco.],p].SA OI"i, Km "
PZA23MCS expressing Ble-Tfu0937

Constitutive expression of sgRNA

Constitutive expression of cas9 and inducible
expression of A RED and sgR

Constitutive expression of sgRNA with donor
editing template DNA for pzsG disruption
Constitutive expression of sgRNA with donor
editing template DNA for pheA disruption
Constitutive expression of sgRNA with donor
editing template DNA for 7™ insertion into trpE
gene loci.

This study
This study
This study

Takara

Tanaka et al.”*

Tanaka et al.”
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
Noda et al.®”
This study
This study

This study

Expressys
This study
Addgene

Addgene
This study

This study

This study
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Table 1. Primers used in this study

Plasmids

pHLA -blc-tfu093 753884

pHLA-pelB-tfu0937

pHLA-Tfu0937

pHLA-phoA

pHLA-phoAS!24A

pHLA-pelB-pgi

pHLA-pelB-pgi'3864

pHLA-pelB-zwf

pHLA-pelB-zw {12394

pHLA-pelB-pgi

Primers
E388A_for
E388A re
pelB_Tfu0937 f1
Xhol Tfu0937 re
Bgl2 pelB for
n.s._tfu0937 f
n.s._tfu0937 r
phoA_f

phoA r

phoA SI124A r
phoA S124A f
pelB_pgi fl
Xhol pgi_re

pgi H386A smal for

pgi H386A smal re

pelB_zwf fl
Xhol zwf re

zwf H239A pstl for

zwf H239A pstl re

gfp fl

gfp_f2

Sequences
CTACCCGGGCCTGCCGCTGTACATCACCGCGAACGGCGCCGCCTTCGAGGAC
GTCCTCGAAGGCGGCGCCGTTCGCGGTGATGTACAGCGGCAGGCCCGGGTAG
ccgetgetgetggtetgetgetectegetgeccagecggegatggcc ATGACCTCGCAATCGACGACTCC
gecaagettctcgagCTATTCCTGTCCGAAGATTCCCCCG
tggaaaaaggagatctgatgaaatacctgctgccgaCCGCTGCTGCTGGTCTGCTGC
TGGAAAAAGGAGATCTGATGACCTCGCAATCGACGACTCC
GCCAAGCTTCTCGAGCTATTCCTGTCCGAAGATTCCCCCG
TGGAAAAAGGAGATCTGATGAAACAAAGCACTATTGCACTGGCACTCTTACCG
AGCCAAGCTTCTCGAGTTATTTCAGCCCCAGAGCGGCTTTC
CGTCACCGACGCGGCCGCATCAGCAACCGCCTGGTCAACCG
GTTGCTGATGCGGCCGCGTCGGTGACGTAGTCCGGTTTGCCG
ccgetgetgetggtetgetgetectegetgeccagecggegatggcc ATGAAAAACATCAATCCAACGCAGACCG
gccaagcettctcgagI TAACCGCGCCACGCTTTATAGCGG
cagactggcccgattatctggggtgaaccCggGactaacggtcagGeegegttetaccagetgatccaccagggaac

GTTCCCTGGTGGATCAGCTGGTAGAACGCGGCCTGACCGTTAGTCCCGGGTTCACC
CCAGATAATCGGGCCAGTCTG

ccgetgetgetggtetgetgetectegetgeccagecggegatggccATGGCGGTAACGCAAACAGCCCAG
gccaagettctcgagI TACTCAAACTCATTCCAGGAACGACCATC
cggtcagatgcgegacatgatccagaacGCCetgetgecaGattctttgeatgattgegatgtctecgec

GGCGGAGACATCGCAATCATGCAAAGAATCTGCAGCAGGGCGTTCTGGATCATGTC
GCGCATCTGACCG

CCGCTGCTGCTGGTCTGCTGCTCCTCGCTGCCCAGCCGGCGATGGCCATGGTGAGCA
AGGGCGAGGAGCTG

TGGAAAAAGGAGATCTGATGAAATACCTGCTGCCGACCGCTGCTGCTGGTCTGCTGC
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pSAK-blc-tfu0937
PZA23-blc-tfu0937

pTAptsG

pTAcrr

pTtrpE::tyrA®r

gfp r

c.n._tfu0937 f
c.n._tfu0937 r
sgRNA ptsG Rv
sgRNA ptsG Fw
HomSeqUp ptsG Fw
HomSeq Up ptsG Rv
HomSeq Dw ptsG Fw
HomSeq Dw ptsG Rv
sgRNA crr Rv
sgRNA crr Fw
HomSeqUp crr Fw
HomSeq Up crr Rv
HomSeq Dw crr Fw
HomSeq Dw crr Rv
sgRNA trpE Rv
sgRNA trpE Fw
HomSeqUp trpE Fw
HomSeq Up trpE Rv
HomSeq Dw trpE Fw
HomSeq Dw trpE Rv
tyr_ins Fw

tyr_ins Rv

GCCAAGCTTCTCGAGCTACTTGTACAGCTCGTCCATGCCGAGAGTGATC
TCGTCTTCACCTCGAGGCTCCAGATCGCTAGCTTGATCTCTCC
ATTCGATATCAAGCTTCATTTATCAGGGTTATTGTCTCATGAGCGGATAC
GATTGCAGAACCAATCGGGGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGC
GATTGGTTCTGCAATCCAGCTAGCATTATACCTAGGACTGAGCTAGCTGTCAAGG
TGCTTTTTTTGAATTCGCTTAGATGCCCTGTACACGGCGAG
CTGTCTGGTGGCTTCCACCGGAGATAATCCCTCCGAGTACGC
GAGGGATTATCTCCGGTGGAAGCCACCAGACAGTTTACCCGCAGTC
GCTTCTGCAGGTCGACCTGATCCACTTTAGACACATCAGCAACGC
GGCTTTCTCTTCCAGCAGGGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGC
GCTGGAAGAGAAAGCCAAGCTAGCATTATACCTAGGACTGAGCTAGCTGTCAAGG
TGCTTTTTTTGAATTCTTGCTGGCGATGAACGTGCTACACTTC
GATAACCGGGGTTTCACCCGGCACGTCTTCGATATTGACGATCTC
GAAGACGTGCCGGGTGAAACCCCGGTTATCCGCATCAAGAAGT
GCTTCTGCAGGTCGACGATCTCGACAGTGCCATTGCTGCCG
GGAAACCACTGGCAGCGGGGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGC
GCTGCCAGTGGTTTCCGTGCTAGCATTATACCTAGGACTGAGCTAGCTGTCAAGG
TGCTTTTTTTGAATTCGCAATCAGATACCCAGCCCGCCTAATGAG
GGGTGAAATCGCGGCCGCCACAAGGTCATAAGAGAACAGGCCGCCG
GACCTTGTGGCGGCCGCGATTTCACCCTATTTGGCGCGTCGC
GCTTCTGCAGGTCGACGTGGCGATACCGTTTTCCACCAGC
GGGTGAAATCGCGGCCGCCCCAGTCTTTCGACTGAGCCTTTCG
GACCTTGTGGCGGCCGCATAGGCGTATCACGAGGCCCTTTCGTC
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KEIZZAVEREGEICEY, vF IBREFEFROLEESRNNEOR EZBE L, HFE
wEDT,

BE—ETI, BEIZNAFE BER 08N 2RV TY ¥ IBREZEHETH D
MA OIREKRA L& HH 7z, RBODIE R THD IV R IBOPNBOBELAMAEX /X7 BE LTH
WIEBIET, VFIBBRENODRFRT7 7 v 7 X% MA EIRIEENEECZ I L 7=,
SRR EFESIL 445 g/L THY ., O FA—LETH S CFT5la LB L CEESIT 4.44 (%
mMEL7z, ZOBRIF BER YNNI BEFERLEZREFr U oD BHOREICKET 7 v
IR EFETHBARY —ILTHDHIEETELTWD,

BB T, i RBITZHEEE TH 5 “Parallel Metabolic Pathway Engineering”(Z &
2EMMEYOEEER L% BIE L7z, PMPE#TlE. Dahms BEEZ N LT 0 —Xh HIEE
ICABRREYIHE S NAZDICT L, 23— L TCA YA ZILITHAT S I &7 < MA £
ICFB SN0, SINETMAZAEET S LI LT, RERIICEES 4.09 + 0.14 g/L.
IR 0.31 £ 0.003 g/g #FER L. EbOHKNIBICHES N, /. PMPE BIFRHEISLMEL T T
BT R[EGTLENTH S I 0, > F IEmBEUADOR (1,2-7 ANy DF — ILEERK)
THENTHHIEHRIAELT, INHDFERN S, PMPE (34 BEEOICEMEEICH TS
INRmE EICKELEBRT S I ENBFHFIND,

FEZETIE, 2<HLWT7O0—FTHHIMPRELIFICL D> F IBRBTEORILEVDZ
DAHNZXLDEFER%ERMTz, BGL RV GEPHEX /30 E% R 77 XLFICHBERESES Z
&£ T, PEP AEREL > ¥ IBBEEIRIELINDIEA2RR L, INEFT. YT T XLEMIC
B2y OBEBEIMMBICEZP2EEICEIZ2REIFIFLEA LR F-REVOEEER
FEBERE L TR I RLDREZHE L-DIEAHEI O T TH D, FIT. TDIIRRITIL,
PTSY R T LAERTHEEBX /X B TH 5 EIICB ROBIEZRTEREIY TH % G6P H'E
SELTWBZEEBEONICLT, L VEMAXHZZXLORBITSHDEEAETH BH. MigEXED
BENMBAEELRITT LWV AR THONLARIE, Fi-AlRIEETORRICEST
5 EHHIND,

UEDESIT, AARTIEBREICEVWTERZERZAVWCIF IBREIEROEES
M EICERII LTz, MEDZBWTALEYMEETIE. BEOHBOAZAWTHDICEESPUCK
ZRAEIEELIEIIRETH D720, BRALBEMBEZHEAGHOEDL I ENEETH D, AARDOE
BEFICEZERVOEZETHVWAERKIZ INEFTICAVWIYE T N TITHONT7 7 —FTH
V., ZTOBRAUERIELI-Z LIE. BEDICLI2UEVEEBRMOREICKRELEFEETHTHA
Do Stk AR TR L -HIEOEAEHE P, BFOHME L DEAELEICL T, ¥F2
HREFERTRO & Lo, BRABIEYEEOE L Z2HENPF NS,
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