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NEIR#2E LS BBESED Z LICX Y BEREN D Z &I, Z0fTEE
FIXTFHEMETICE L, £/, BRE L]EEELREIYE, E)tta0E
T THEALTE, 29 LEABEHOERICENT, b RERFE NI ThH-7
EZEZ BTV D DIIEARE T 5, FRITA I, =1L F =g AFH,
FMARAEITEATHND 26, Ka X FTOZXLF—HRICHIRL T,
BP T R/ —HEF20 128 RUE K AUiE, A OTEE I3 2 IMEANIC & Y | 2012420
IR O A E R B XA 40000 b U A2 TV D (1), R OET OT70%5MbAERE
AWK R EIZ L > TG STV D v o FET, BRSUAZAIIZ L - T
FWTWDHZEaRLTWD, LL, ZORE L LTHIERIZIE, 237REREL.
EABRELORE & D BLFE L RRDBFF BT TV 5D,

2O LT ROPTIHAER, TR0 HAMNERER CTH LA A~ A%
BHE U TR M & £ ET DRFEDNE AT O TV D, KL A R Lic
bLROTND INAF VT 7 ATV —] LiE AT~ A0 OBREE (LAl il
HEWT 5 KET RV —EDOE)DIEETH LM, SR LEEL 2D SoOH
Do KETIEL, 1990FARE D ANA AV 7 7 A F U —IZBIF 2 Bl BH I Dk

WCHTHIERE L L TCOBERA EZFE S L CMDICHEL TR0, BIfE, Z0H)
TR TR, fkpi STV D,

ETOAMRBERIMEZ N T ZANOGAEET DT EITEMORA LB L TnD
s H Y | BLEMITIIAFRETH D, ZO7D, (LFARFIEC LV ILHEM
NEWFREIE 2 NA T 77 ATV —THET LHFEDIANEEZ LT
%, KEDOEIXERDAMLTY 77 A F )V —CHWLNTE L7 e —F ¥ — %
BELC, SAAY 77 A5 U — 8B 2 & UT-FE b A ORI %2 ERk L T
WD (2)e A ARBHEIN ST R R OB EEFCIWZ LT, TAAFV 77 4T —



OHFEHEE LTHIRFL S kAW L LT, =¥ ) —v g, 7 a3 —),
7B )=V EEERROLEMRFT O TRBY . 29 LI e E O A FERINT
NAFV T 7 ATV —HEDIZDIZHEAR T R E A & 70D Z LN FPRILTY
Do ZO—HlE LT, "AARYF LT L7 X L— MNPEDEENEMEL LN
JNZEL XD & LTWDH@), PETIFEE, AMHBRONT X Lo 2 =5 T 5
Tl oTHEONET VI EA T L) a— L EEET H I & TERE
INTWD, KEGevoftiZ A A~ RANbA VT8 ) —VEEFET DALY % Bl
THELEHIT, AV TH ) —IVET VT INRIERST DEAN &S L=, — 5,
TF LT a— LI Fxy ) — b iliEd 5 7 aw AR L T 5,
201 HERIZR AT, 2B DEITEMAEDED Z LI K-> TRENS A~ AH3K
DOPETZAPEST H Z LR FREL o Tc L REE L TV D,

NAFY T 7 ATV —=TI&, EITHEWHROEFE 27BN, ME, BERE SRRE
T Rk A R EMIR E R ERSE A Z LI Lo THWWEZEET H 7 ok AN
Hobhd, 29 LicAEmEO F ¢ b BRHT, EEEHREHC AW b D 7
E.BBELTOREENHR SN TV IMAENTH Y | MFECRIRE & i 2
& THEAPEAN IRV, HTH - FEENH N, BN N Y T BREY . REERMEND
RN EOBNIMEN B D, T D LIZEER OB MEZTEN LT ANA TV 77 A4 F U —
DY LA DO —H] & LT, Melle-Boinotii & W e/ SA A= & ) — VAEFENRZET L
n5(5,6), ZIUET T VNTAS A=y ) — L BEICHC LD FIETHY | REE
T BRI DAY BE CREREZ UL L, pH3DFRREE TYi L72%. # VIR LT 5
EWVWIBDTH D, FMEETEFICLY a2 Ix—2a v LEMEIIRNEE LS
D5, BERRIIMBRTE DS id WO T2 O IR PRI BRI T2\, Melle-BoinotEICARE S 11D K
2T, A PV AMMEICEN DEERNIEE < DEE T n e 2B W T, O E
LT D,

B



WEST TR LT 550, BRLEATOLWOIMERH D, TOk
B, BEEEES LWEMTh L e — 2R REE, ~I B a— 2 REROF
NRD BN TND, NEFRAA A~ A0 5O, BIRICIZTRE TS 528,
TELETHEHEZ OBEDNEINTND, TOIOPHLIKICE ENHHEOEE
FMHTH D, KERNAA A~ ADNKGIRIE, ~F Y — AT TR F—2R
Z% < DEETEHEATOD(T), < BRI~ F—2X 2R+ 5 LnTE R
WD, WA T~ AL RATHITD720120%, 29 Lie~r F—A FFITKE
REGEZEDLF L — AR TE DBENLETH D,

kv 7 BERkCandida utilisiX. Saccharomyces cerevisiae<°Kluyveromyces fragilis & &
HIZ, T AV D EMHEERBEDAPEMTINY & L TN EROT-EHERNTH
%, F7z. Saccharomyces& & 1T H72 V| BICHER L MIG LB EMHE T T4/
—VEAERET. T K DEGEE T RN LD SEE Tk &I K
D NRN IR AR FTHE TS 5 (8), £ 72 ARERHIF > u— 2 DE(LAEE A L.
FERETTE 220, EEERORILREICENTWD, £DH, O TUTEAER L
LCTHR S, R b= %% G IREB O R LR-CHE L SV 7 2 BER & LT
FIRO TEAENER SN2 ENH 50, 11), ZiH OERIZSCP (single cell
protein) & L CEICEFEHOERHT, HIK N DR S e 7 v &2 F 4 00U AR
TR BRI & T 5 (12, 13),

C. utilisiZERMEHAETHY | Fu T bR LW EOBH NG| S. cerevisiaelZ Lt
NRTEEFHZMFUTIENCZ L, L LR, Box OFTEKEI TIZ19904-1%,
(CARBERE 25 £ & L2 BR OV AR L DB R 2 er L, BFi Y v X7 B D
BBV AT DEMEELIZ(14), ZHETIZ, EEHRY VR0 BoEx) X
HEFEHORDa-7 X 7 —E7 ERODRMES X E %10 g/LLL EDOF— X —T

AFETDHZ EITRBI L TWDH(15, 16), F-, WEEMEHEOE R T2 EECEAN LT



R THEMWE T, haT ) A ROAFEICHE L TUWA(17, 18), fkif. C.
utilisiZ 31T & Cre-loxPIEIZ L 2 Z B P E AL B e S, MR e 21T
DT EMAREE o 72(19), 2D X DT, MVTEEREC. utilislESFEANA AU 7 7 A
T U — B OEFEICHO TEWRT vy v EF LTINS EEX LR, FT-,
ZDIDDOBIET LFHTFELEH I >2oH D, £ 2 TR T, C. utilisz ik
BLTINA—=ARE LB —ANONAF Y 77 A4 F V) —OEBRYWETH LT
S, AR, A YT a R ) —VEEET DB IR AR T A L & LT,
AFRSNISODEN DR SN D, F1E T, SRRV BB AL L 0 il
FEDRPENE L ST v m — ZARHEERBEZ E AT 5 2 & TC. utilisizF e —
AT 2 AL G- LT B fLAC DWW TCRE#H LTz, H2ETIE, A7 7~ Far
—EAVEAZ AW THIE TR SN v o — AR B R TR B B & o
L LB A OWTCRH L7z, 22Tl A ShEEEFOae—Ke sy
H—ADREN EEFTT 52T, EOL D RBEANEEDEIEDZRD L, =& )
—NVEINS T 0B8R E21To7-, FIETIL, WEINT-F T r— RFBEEEE D
AZRO—=IHT, 8T RZ VT P= AT AT, Fn—AnbT ) —)L
PNEPE S D NIEMEREHRR IS O LR BEBSIC DWW TER 2T o T2, HFHAETIE, A
FTTAT v 7 DFEETHHL-E % ¥ > v — AL AFET DR OIS
WTCRLH L7z, 2 2Tl ARBERED B — /A TAMBH IR &2 W2 B T 03 A~ R
ICBWTCHEIEMICL-AMEEETHZ L 2R Lz, BSETIE, /rA NI VY
LBMEORHREZEATHZ LT, R v L DR E R VLAY T
a8 ) — VR RET DR A R TR TIRE L2 Z L IZ Wit L7z, 2 2
TIEE HIT, NTEERER R OBIECEMRIRBAITO 2 & T, Y 7 a8 — VAR
ZYEIRT D & & BT, ZORREES IC T 5 2 @O BRI IC OV TB R E21T o 7,



1 Candidautilisic XA F v a—RAMb0x X ) — )V ARE
5 Frim
FEERICRB W THR v o — R %, F o — AR THHEXR), ¥V b—/LlikFERESH

1

=

(XDH), FI/vm—2 Y UAEEERXKIZ LD T rm—RA5Y URRIZAERL S F,
IR b= R AT U CHRRE R THRET S 415 (20-22), S. cerevisiaelZ X
KEINDZ < OBEREHT, XR, XDHIZHYS T 5852 RELTEH, Fr—2
EME—DRFBIRE L TEEFET S Z ENTEZ2), Pichiastipitis, Candida shehatae”s
E—IOBEREIL, Sy —ANnbxTH ) —)VEEETDHZENTES23), L
L6, 29 LleFkym — REREMERERN IR 2 72 2 b L AMPEIZS9V 2 & 23V 6
NTRY, FEEMMIITE L TWhw, TO7h, FAEREICH A5 5 BERRIC
vn— ZFERERE LA 5T L B AL AR P TIT o TV D,

BERE CRMNT ¥ ¥ 1 — ZEAMEAT B- O 72 O ORI LM T o7z DX, FHEEFE 1M
2[R0 19934 D Kotter 5 DL T 5 (24), Kotter b1E, F 21— AFEEEMERERE DO —
FECdH BHP. stipitis®XR (PsXR), XDH (PsXDH)% = — K3 % PsXYL1 & PsXYL2% & A
T 5 Z LT, S cerevisiaelZ ¥ v r— 2 G REE (T 5 LT, & HIZ, P.stipitis XK
(PsXK)% 2— K9 5HPsXYL3, & 5\ LS. cerevisiaeDXK % =2 — K925 ScXKS1D i ¥l
FENT, oo — ARELEE Z M5 &V ) HMEN R S 72(25,26), LavL7R
WH, 29 LTHELNTHITGHIA Z RO F o m — 2 RBEETR S B Sh
For—ADLEF Y b= LTEREL TUVE(25,26), ZORREDIDE L
T. NADPHEZRAITH HXR ENADIKAFH Th HXDHIC L » THI & 2 S5k
BIRICIRIED A R T U ARETFT bND, DA NT Azl Frm—2A
A ESE 572010, Z U BTN TR X0 fiBER ERMEN A S
72 XR & XDH%ZE H W83 S ST 5(27-32),

Fon— RAFEEEMERERE O Sy T E RSB L C, S. cerevisiaeZ 5 15 & L7ZH Y fLA I



BZMESNTHWDLO0, ZRLUANO#RZ X —5 v k& LIl i T
7o, ZEOMOEEREZFIH L= & LT, Hansenula polymorpha®d & fifil 23217 &
N 5(33-35), MHEWERERET®H 2 H. polymorphal®, miE(48-50C)THF v o —AMND
TH ) VEENIRETH D, UL, =& ) — VAEERNMEWZD, Zh b0
HTE=Z ) = VRBEEOUERLETH D LM INTND, 20X, 7F
#H. “non-conventional yeast”®—#h X, ~ &/ m— AR HIZEBWTEVENMEZ B
S>TW5D,

X, CoutilisORF DR WIRFR Y L X B OAEFERE, & 5\ TER ) 7R EE 11T %
TR — AR A I T S ETRERT RV T =Vl b ¥ %, C. utilis %
WAL TH v —RAREERL 5T DRI AT, C.utilisid 3w — 2K
HTHIET 22 LIZTELb0D, FBEFEL, =F J —NVE/AEETDHZ LITTE RN
9), —J7. XREXDHORRHW THDHF LN —ANBIETH ) —VEEFETE D
ZEMMEEINTVWAO), 1o T, Coutilis?hiF o —RAZREETEX R0 DE, XR
EXDHOUSIZRRN A D D & B R bTe, AETIE, Fu—AREMERRETH D
C. shehataeH1 3 D XR (CsheXR). XDH (CsheXDH) & P. stipitis 1 kXK (PsXK) % F 53
L C. utilistR DAEEE 24T o 7o, F 70, EALRFE R BB ATEIZ K o THRIEER ZHRMED
WA SN T-XRXDHAEMEEE L C. utilis?dD 3 10— AFREEEIZ 5 2 5 B A fifht L=,

EB2f AEE & Tk
1. I K

C. utilis BF ARk & L TNBRCO0988FE A IV /=, ZaLLIShDC. utiliskRiZ-DW\ Tl
Table 1-11Z78 L7z, 77 A2 X RHELH D18 12 1%Escherichia coli DH5a. (Toyobo,
Osaka, Japan)Z M7z, 3w — AR ER OG54 EL LT, C. shehatae

NBRC1983#k. P. stipitis NBRC10063#% fi\ 7=,



2. B
- YPD2EZHE - FEREFEAHE fiE FH B 4

20 g/L~7 R~ 10 g/LEERE=F A 20 g/L7 Va3 — A

EAEE HUZ I TR FE20 /LD T A — 2RI LTz, TR HRHAR ORI TR E600

mg/L & 725 X 9o T a~A v (Hye) & W L= % v =,
« YPXSHEMI « [ REE R T 15 4

20 /L7 b, 10 LR F 2 50 g/LF v m— R
- YPX5DI : R RESE AR T 5% 4

20g/LX7 h 10 g/LEFRFT R, 50 g/L¥ v e—A, 10g/L7 /L a—A
- YPX5D2.5 : [ REFE I nAlii T 55

20 g/LX7 by 10 g/LEERE=F A, 50 g/[L¥F T r—R, 25g/LY/Va—R
« YPXSDS5 : PP RESE IR H B 4

20g/LX7 h 10 g/LEFRFT R, 50 g/L¥ v e—A, 50g/L/ /L a—A
- YPXS5EQ.75 : FEREFEEEaAER T £ 1

20 /L7 by 10 g/LEEREE=F A, 50g/L¥ v —A, 75gLTH ) —/L
* YPXSEL.5 : FEREFE IR il 5

20g/L_F b, 10 g/LEERFT=F R, 50 g/L¥ T m—A, 15gLmX ) —)L
* YPXSE2.5 : BRI AR 5T 1

20g/L_7 b, 10gLEERFTF R, 50g/LF v m—R, 25gLTH J—/L

- LBIEH - KIGF B

100gL R 7 by, SgLEEREFT % 2 10 g/L¥EfLF FY o7 A
AR - VSRR EE 1S /LD T A — Z I U Tz, T BRI O 388 12 IR £ 100
mg/LER2 B X T U ERIN LA v,

10



3. 77 AR

TITAI REEDOT-HORY A 7 —B X H(PCR)IZIE, KOD plus (Toyobo)%
iz, ¥R L 7Z-DNAWT /i O R RL 511X . ABI3130x1 DNA Analyzer (Applied
Biosystems, Foster City, CA) Clas L7z, HlIREFHZEHEL L2 T A R7 Z—Dfid
U RO Z 1ZShrimp Alkaline Phosphatase (Takara Bio Inc., Japan)% FH V>, DNA®
HAE RS IZIZDNA Ligation Kit <Mighty Mix> (Takara Bio)Z V72, 77 A I RO

FNMEH L7277 A ~—[dTable 1-212, HE L7777 A I RidTable 1-31Z/r L 7=,

- pVT92 : C. utilis URAIJEHHIA HIIFEHL A~ 7 & —

URA3 Eii(-708 72 5-196, +1 1T HEERERBAAG R 2 /s 9)id, C. utilis © 7/ - DNA
ZHFELE LT, TM-109/TM-110 77 A4 ~—% v b & W THIE L7, 7'V 'L T L
Fe K3V UVET e Karh—¥ 7 oe—4—(TDHIpr)ix. C.utilis 4/ - DNA
R L LT TM-111/TM-112 75 A ~—1%& » b & AWV THIIE L 7=, #4908 L 7~ URA3
ihkd % DNA W f & TDH1pr DNA Bri ZiE4& L, TM-109/TM-112 7 J f ~—t& »
e HWTA— 33— v 7 PCR 21T 72, 5 B 472 1.5 kbp @ PCR FEA1I Notl/Xbal
JLER L | TR BRE% S& CALEE L 7= pBluescriptIl SK™ (Stratagene Products Division, Agilent
Technologies, La Jolla, CA)ICZ v—=27 1L, pVT88 & L7z, Hygitt&=1 7t
v M, pCU681(19)Z 5 & LT, TM-115/TM-116 77 A ~—1 v + & CHIlE
L7ce 3RARZ VY Vgx ) —E X — I x—%—(PGKlir)iL, C.utilis D5/ A
DNA Z A & LT, TM-113/TM-114 77 4 ~v—t v b & HWTHIE L7, URA3
(203 A H+825)1&, C. utilis D4/ A DNA Z## & L, TM-117/TM-118 7' <
A~—ty FEHWTHEELZ, 3 50 PCR EHERA L. TM-115/TM-118 7'

A~—ty hEHNTH—1—F v 7 PCR 177z, 55417 3.5 kbp @ PCR £

11



1% Xbal/Xhol ZLER L, [AIf|FRA%3E CALEE L 72 pVTS88 I/ u—=27"L, pVT92 &
L7z, pVT92 i% URA3 Liithc4ll, TDH1pr, PGK1tr, Hyg MiMEiE{s+ 5 &~ ~| URA3
TR Z Z DIEFETH LTV D,

- pVT146, pVTI150 : CsheXYL1, CsheXYL2FEHL~ & —
CsheXR, CsheXDH # =1— R % & x1-(CsheXYL1, CsheXYL2)i%, C. shehatae
D7 5 DNA g L LT, TM-119/TM-122 £ TM-123/TM-124 7 F 4 ~—%& v
N HWTENZNIEIE L7, 155472 PCR FEYIT Xbal/BamHI 4LEE L | [A] i R

[ CALBE L 72 pVT92 (127 v —=2 7L, pVTI146, pVTI50 & L7-,

- pVT147, pVTI148, pVT149, pVTI151 : CsheXYL1ZS H{KFS K ONCsheXY L2248 HL 1A%
BT Z—

ZE MR CsheXR, 285 CsheXDH FEBLOD 7= 8O DZE R AT A > 73— A PCR {£
(KOD -Plus- Mutagenesis Kit; Toyobo)Z H\\CT4T75 7, CsheXR D% FE A D
7202 pVTI46 % #57% & L T, TM-133/TM-134, TM-133/TM-135 & L O
TM-133/TM-136 D77 A4 ~—t v & H\TA 73— PCR #1T-57-, K270R,
K270R/N277D, R281H DA # % Fi> CsheXR % 2 — KT 5B 12 FF>7 7 A K
XN pVTI47, pVTI148, pVTI49 & L7,

CsheXDH (D75 538 A (D207A/1208R/F209S/N211R)IZIE#HE & LT pVTIS50 &2, 7
FA4~—&y & LT TM-137/TM-138 % 7=, 677 F A Rid pVTI5]
L7,

-+ pVT107 : P. stipitis XYL3 (PsXYL3)FH 7 & —

PsXK% =2— KR35 PsXYL3DXbalt A F &frET H7-H, 4——F v 7PCRIZ

12



X B RIZEERZIT > 72, P. stipitis’” / LADNAZ§H L L T, PsXYL3 ORF®Xbal ¥ A
N D5 Kl & 3 Kl 2 Z 1L ZE I TM-105/TM-43 &£ TM-44/TM-106 D 7 Z A ~—%&
v NCHIE L7-, 22DPCR FEMEZIRSG L, TM-105/TM-1067"7 1 ~v~—t ~ F & H
WTH—"—T v FPCRZAT 272, 15 HAVIZPCREEW (I Xbal/BamHILEE L, [F] i [

FESRCTHLBE L 7-pVTRIZ 7 m—= 7 L, pVTI07& L7=,

- pVT164, pVTI166, pVTI168, pVT170, pVT172, pVT174, pVT176, pVTI178 :
CsheXYL1-CsheXYL2-PsXYL3ZEHL~R 7 & —

30D F v u— AR BL 7 2 FFFCC. utilisfaRICHEIAT 77 A I K&
72, pVT150& 5\ idpVT151 % Nhel/Spel L HE L CT15 & #17- CsheXYL2, 725 HAY
CsheXYL2 (D207A/1208R/F209S/N211R) % 8L 1 & » b % & Lo DNAWKT JT ZpVT107 D
Spel¥ A MMEhEhs m—=27L,pVTI55, pVT172& L7-, pVT146, pVT147,
pVT148, pVT149% Nhel/Spel ZLEE L T15 5 4172 CsheXYL1, 25 #4CsheXYL1 (K270R,
K270R/N277D, R28IH)FEEL A & » b Z & e DNAWT /i ZpVTI155H L < 1ZpVT172D
Spelth A MZFNEThru—=27 L. 3250F v — AR EL 1Y T A

WCWATET T A RESOME LTz, HE L7777 A I RidTable 1-312/R L7,

4. C. utilisd /&t
C. utilis®P Bl DOFEE LT, Notl/Apal CHLEE X 17277 A I RDNAZ W
7z, & H5#iIXGene Pulser (Bio-Rad Laboratories, Hercules, CA)% fV >, Kondo & D
RNV AN KB FIEADITHEVESE L 72,200 mLOYPD2E: H TODgo232.5F2E (k4%
HEIAOIIN I 72 B £ TR L. [ L2 IR 2 KB E K TLEl, Kiml MY veE
R =L G2l LT, f 0B EREZ2.5mLIZZ2 D K9 IZIMY LV E h—LT7 ¢

NT w7 LT, T ORERA0 uLIZiE Y B ODNAW T &2 & 1010 pLoORENZ N2 TRA

13



L7c#, 02emDF 2~y MIB L, EXAEN2S5 puF, HPUEA3800 Q. FEHEA0.75
KVOEIETER/ VA EINZ T, ZOEK%Z2 mL YPD2EGHIZRE L, 6FEELL L,

30°C ThFAIEH LT-1%. HygZ & @R ic i L ¢, 30°CC2H Mig#E LT,

5. FHEER IR DI & B RTEVEE

W SRR PR E F O HLEE SRR 1%, YPD2 F5HhC 30°C, 24 BREEE U - BEREIE S 5
TR 72, AR EARZ 100mM U g R U U 2ZAEETR(pH7.0), 1 mM EDTA, 2 mM
TVFA ML A R DR AR TGS L, FAR CHEE L2k, HEOH T A
B — X (212-300 pm, Sigma, St. Louis, MO) & {E#& L. Mix Tower A-14 (Taiyo
Instruments, Tokyo)% VYT 4°CC 15 23T L < ¥k L7, 13000 rpm, 10 43f# Dz
D% Lizth, BIEZENL L, BERIGMERE, & X7 BEREICHW,

XR, XDH, XK &ML, @EIC#HE SN2 EBRICHE > TIT-72(23), 30C T Z
% NAD(P)H OfE{tH L < 1 NAD(P)DIE L% 340 nm DOWEHKZ{E & L T Molecular
Devices VERSAmax Plate Reader (Molecular Devices, Crawley, West Sussex, UK) Tt =
Z— U7z, 1 B EAL(L Unit)id 1 2312 1 pmol ™ NAD(P)H % fgft& 5\ MTiE T
LHEFBREEER LT, ¥ U\ EREIIV VINJET V7 X (Sigma) 2 EEYEYE & L
TH W7z Bradford #5(36) THIE L, HALX N7 EHEH D O HIEME

(Unit/mg-protein) & L CHH L7z,

6. FERFRER

ODgoo DI 1213, GeneQuant 1300 spectrophotometer (GE Healthcare, UK) % fV 7z,
YPX5H7HIT30°C, 24 e[l 4F b L 7oA 2[RI L | 80 A RS i Com D e L7,
FEREITHRFREAS 22\ R D 30 mLOOFERERRBR I H5 22 A4172100 mLA =/ 7 7 X 2% ]

WTAT o 72, #1%80Dgoo =20, 30°C. 100 rpm CITV, B BIEDAEPFEMIEE .,
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10— AR AT LTz, 7238, ODgoo = 1 DEFHEIRIT. | LOEEEIK H 72V #10.46 gD

RN Z G ATV D,

7. Mk

Froa—A, FVU b=, FUkr—/b =X/ —)LOEEILShi DO EIEK
Kowv~< 7T 7 40—k HEEZ—HEEL TIT>7237)., 60CTHRE LT
ICSep-ION-3007 7 2\(Tokyo Chemical Industry, Tokyo)z FV, ##EE L CT0.01 N #i
FE(tiH0.4 mL/min) 2 U 7=, B ICI3R 28 91364 H 45 (RID-10A, Shimadzu,

Kyoto, Japan)z 7z,

8. HitLpdAFE
CsheXYL1. CsheXYL2. PsXYL3 Dz Z:Ad%11% DDBJ/EMBL/GenBank nucleotide

database (Z DMO015263. AF278715. AF127802 & L THEEINTW 5,

3 AR
1. WEER RN S 7% v m — AR & BT 5 BEREE O R4

& R B TR FEZ FV 2 PsXR O iR ZRME O ZEHUT B4 2P 7813586
DR EATEH Y . K270R, K270R/N272D, R276H 7% NADPH X Y NADH (Zxt L
THIERM ETH2ERLLTCHMLNTWVDH3B0), &5 PsXDH IZBW T
D207A/1208R/F209S/N211R (ARSAR) DAL R FLIZS H 78 NAD KA 72 - 7= Al 5
FORMER NADPRTFRUC AT 2 LG ST 531, b oG %I,
Table 1-4 (27”7 K D IThk &~ 2o ffif# 3R 2Rk PE 4 773 CsheXR, CsheXDH 28 # K 4 8
9% C. utilis FEOIEE 1T - 7=,

ENENOEREBEER DFBU DWW TIEL, ENENDOMERTEERLZRNET HZ & T
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figsd L 72(Table 1-4), #FAM CsheXR Z B3 2 AHH#L 2 HR(TMS170, TMS182)> XR
[EM1X NADH, NADPH MFE(ET % & ZIZENZ 4 0.41-0.54 Unit/mg-protein
0.73-0.76 Unit/mg-protein 7= - 7=, 2= #/4 CsheXR @ H1 T $ NADPH (Z%}3 5 NADH
OFRATETEN B 2> > 72 D1E CsheXR K275R/N277D (TMS174, TMS186) THh v | LHI%
P£ NADH/NADPH [ti% 2.57-2.99 7257, CsheXR R281H (TMS176, TMS188)i
NADH BFIET 5 & & b mWHiEMEZ R L7223, i NADH/NADPH Fi
1.11-1.40 72572, NAD" & L <X NADP N {FfET % & & OB A A CsheXDH
(TMS170, TMS172, TMS174, TMS176)D LLiEMEIXZ 412 41 2.26-2.72 Unit/mg-protein
& 0.04-0.05 Unit/mg-protein 72 > 72, —J7 . BB FRF(E FIZ31F 5 CsheXDH ARSdR
(TMS182, TMS184, TMS186, TMSI188)D LLiFE M1 K & < ZH#i X 1TV 72(0.16-0.20
Unit/mg-protein, 2.12-2.47 Unit/mg-protein, Z L% 7L NAD"\NADP 77#7E T O LLIEE),
IV A=A THIHS B~ Z—a b —/ LR T XR {EME & XDH IEMEISRH S
AR o To M, F v m— ARG CHAE X ¥ 72354 . XR CTIZ NADPH, XDH TiX NAD"
fAE T CRERIEME DR &Nz, L LR S, ar ha—/URko % v o — 253
% ATV | A FH SR D% 35 (CsheX R, CsheXDH) % 3 5 S B 728k & 0 fked TR A - 72,

2. MMEZRRIC L AT m—ANbDZF ) — LIERE

CsheXR & CsheXDH D il ZRk P23 C. utilis D F 21— RAFBEIC -2 D3
RN H72012, 50 g/L ¥ —RAEME—DRFF L T HMICK T
—NWVAEEERGI L, X7 Z—ar hr—URRIE, K5 20 KT 133 g/L O F
0—AZEE LT, =X ) —VTAERET, 12gL DX U b—LEERE LT,
FNENEAEM D CsheXR, CsheXDH, PsXR # % Hl L TV 2% TMS170 #kiX 23.4 g/L
DX —AEHEL21gLDTH ) —)L 106 gL DFx VU h—LEEFE LT,
NADH R A EE R ERME DS S 4172 CsheXR & #7410 CsheXDH % 8 Hi
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2 A Z R(TMS170, TMS172, TMS174, TMS176)IZ38 W\ TIiL, ok & bl L T %
vo—AME L& ) — )VAEFEN KIEIZHEN L 7= (Fig. 1-1), CsheXR K275R/N277D
& BP AT CsheXDH, PsXK ZFHL L T\ 5 TMS174 #Ridx bV =&/ — VA pE &
ZaL72(174 g/L), CsheXDH ARSAR % ¥EELT HHK(TMS182, TMS184, TMS186,
TMSI188) TlI 7 Z—a hr— ARk E D F U h—/L3EHE L T e (Fig. 1-2),
F 72, CsheXR K275R % 3Hl 95 TMS184 £, CsheXR K275R/N277D % FRH ¥ 5
TMSI186 R T =% /) — V& ApE LT LIFME, CsheXDH ARSAR #5819 5
R CRE ¥ m— A REEDEITRO bV oT-, b ORERIL, C. utilis
BT DX —AFERICRBNT, Fou— AL E F2 U b — Lk E G
D TNAD BRI YA IV INDZENEBETHL I EERBLTND, £2, 4
[FIREEE L 7RI W T U B e — L OFREITFR O b o Tz,

3. XDHIZC. utilisd ¥ > 1 — ZFEED - D D EHEREFE Th 5

C. utilis OF o —2RFICHBITL2HEHEMELZRHET H720OIT, CsheXR
K275R/N277D & CsheXDH 23 Z 4L ZHVHI TEA SR ZHEEE L 72, CsheXR
K275R/N277D 73 Bifi G A S 4172 TMS304 FRITES 2% 67 HF CT43.8 g/L DF v 11—
AZHE L, 243 gLOF VY F—LZHERHL, =X ) — Va2 FELR)Iho T
(Fig. 1-3), —J7, CsheXDH 73 Bifilt T A Sv7= TMS306 #1% 302 g/L OF v — R
ZMHE L, 45 gL DX VY b—)b, 1.6 gL DX ) —)LEAFE L, Zhb Ok
RIXC.utilis O F > a1 —ARFEIZEB W C XDHIEMEDREETHDH Z LEREBE LTV D,
4. Fro—2ARFHcBIFHF T n—2R Fa—R xTH ) —)VEEDORE

Fu— AN B o T2 TMS174 BRO % 31— A FEEERE 2 i3 %
7o, Fm—ARELBACS LM, Iva—2AEFT, =& ) —VIETT
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R A S Lo, 1 FEOEMIC S X 2 SOmRSEM TREEZITV., RN
TMS174 RO F om0 — ZFEBEVEIZ 5 2 D30 B A T L7z, 2 2 Tl 100 mL A =14
7 7 A 22 30 mL OFFHAZ AT 100 rpm TR & 9 5588 U7 5ot 2 b 55+ 50
mL D% AFL T 100 rpm THE & 9 5538 U7-SRE 2 BB HIRSRE & L,

Fon— RBEE AL ST REERBR O R & Fig. 1-4 (17, RS TF
%% 520t L 7= TMS174 BRIZ > — RN 10 g/L, 25 g/L, 50 g/L OFMTIEIZ
FRI%OIRTE Y ) — IV EEFEL, ¥ un—AMBERITTY ) — LR EE SN
(Fig. 1-4A—C), L72>L. 100 g/L D ¥ 11— R & G eksHiCliRseE 36 Bt & /
— VAEFERN 20 g/LBTEIEL, ¥ n—207HEHE. ¥V h—1LOEBIIZF D%
Lkl Lo, ORI, TMSITAEOF v m—AnDb DT X ) — VAEFEREORS
M20g/LFRETHDLZ L 2R LTS, BEFIBRSEETIEF v r— 2 OHEEEIX
RESETFTLTBY ., 2tk ¥ ) — L AEM BIR T L7 (Fig. 1-4D-F), £72.
FLU F—=LIWNTNOEMIZENTHMARSIIFTEE L E XY bEEHE
LCWe, ZORERIE, TMSI74 RO F v a— AREACIE —EROBENLE TH
HZEERRLTWD,

F L —R LT a— ZARMAFT D G TR & FE i L 72R R % Fig. 1-5 12
T, WFRORHICBW TS, Za—2RNHEESN-BICR o — A REE S
Nnic, £, WHEI/INa—2A0ERLZNEEXF TR —AHEE T =4 XZB T DHF
O—ZAHEREMET L, ¥R —ANLAEEINDLT Y ) —)VOEERL T
KT L7z, ZORRIL. 7 a—ARNREKRFNICT O n — 2AOREEL R T S
TWLZLERLTWD, Fio, BRHEHIRSMECIEF v —AHBEFEEOIRT, =
2 )= NVAEERDIRT, 2V =L EEEOINNRD &7z (Fig. 1-5D-F),

TN a—AMIFFICBIT Lo —AEEEET N ) — VRO T A,
TN aA—RAEDHDIZE DB AFE LTS ) — VLD EEN TR 57
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WIZ, =& ) —VFETFICET D F 2 u— R IV A RN U7, F8EER BRI Fig. 1-5
DR THNZ I NV a—=ZANBAEESNDRRINED X ) — )L & TOREMICE
T CHEMi L7z (Fig. 1-6). TORR, HFT Y ) — L OBENRZWEILEF T m—
AHERE L = Z ) —VIRMNMETF Lz, LocL, 2 a—2ETORELD b
& X ) — VIRENRE D122 D6, Fig. 15 IR LIV a—RA L bF v
0= AREBEORTIIAEE L= ) =ML DD EZNUNOER NG D Z
&R I T,

A B

Fom— RIS, cerevisiae RO BFREIZEHT D AF7ECKIRD ¥ o 1 — AR
BEE) P. stipitis, C. shehatae DF&FERFIEMAT OWFFRIZZHERE S LTV 523, C. utilis
DEINZ [F =AM TEFIITE D0, BT L2 LIXTE R BRI
FHITx v — AR E 5T D RIE 2 E TITITb TV, KETHE, ¥
v —AREBEREE AT S C. utilis BROREEEZ 1TV, C. utilis (355 21— 2B,
FFlZ XDH OIEHERFINZ & & HIZITAIZAN O NADH/NAD FEAF > m— A5
DxH ) —VAEFELZHIRL TWDATREMEZ B 62 LT,

TSR ZEoRk 2% NADH B # 4172 CsheXR K275R/N277D, CsheXDH, PsXK
ZREBLY D AR Z BRI AR 0D CsheXR & B e o m — AUHIEER 2 R BT DKk K
D HEWNF e — AR A R LT (Fig. 1-1), ZiUE, ¥ a—R0ETLKIGE F
U = VORKERISEDOB TOMBER Y YA 7 A RF L m—ANnbOTH ) —
WEFEZREOTNDZEER LTINS, LLRR G, B4 CsheXR, NADP &
TFR AR 8 BRPE AN 2 S 1172 CsheXDH ARSdAR, PsXK % 3 B19™ 2 HEILBF A%
EIFRIEREEO X v r—AF AR LT (Fig. 1-2), PsXDH ARSdR ¢ NADP'|Z %}

95 KmIZNAD" & Ll 32 & 12.5 5KV 2 & A ST 5 (31), XDH DA%
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ST DBAMEITZE DT X WESINTHAF LTV 5723, in vivo T XDH 23 5EERIC
EH O OMEERZ R AT 2 0T ORIEER OIREIC b ELZ T 5, o T,
CsheXDH ARSdR 3% in vivo T NADP' % Zh=RAIZFIH T & TWZRWATREMEN B
2 HD, FEFRZ, CsheXR K275R/N277D, CsheXDH ARSdR., PsXK A3 Hi4 2k
I, WETELINF O —ANEDTH ) — VAEFENZED b= (Fig. 1-2),

CsheXR K275R/N277D B CIEF T o — ARFEREA T 5525 Z LN TEX R0 o7
Z &M B (Fig. 1-3A), Z OFEHRIZ, CsheXDH ARSdR 7% in vivo Tl NAD ZFI|f L
TWAHHREMEZRETS5H D THD, PsXR & PsXDH ARSAR %% Hl4 5 S.
cerevisiae & W2 OWETIX, Fvr—ANnLDOT ¥ ) — VAENRSKE L &
WO HREB)LEHELRP ST E VNI HEBS, 3N H D, o T, K2R
NADH/NAD b, & 2 WIEAHIA AR LR T/ T o 2 OHERF O HIEITBERIC L > TR
IRHDE LIV,

Fig. 1-3BIZ/R L7= &£ 8V | C. utilis % CsheXDH DFEAHLTHF T B—ANEHTH /
—NVEAE LT, £z, BFEOX u— ZREHERE N EA S L7z C. utilis B & HE
THE, R A—ar ba—ROF v — AREEEREE I TR, Fonm
— AFERERF I IO TE VW TH U h— LR L72(0.54 g/g consumed
xylose), 7> T, XR & XDH OFfEERRFEMEL VD . XDH IEMED H A3 F 21— A7)
HOTH ) —)VAEFEIZITEETHDL I ENB X LD, S. cerevisiae KL BRIZ
WT, XRIZK LT XDH OiFHEZ®EOHLZ LN, Fa—AnbLDXF ) h—/L
EHAEBD S, =& ) = VAEZENESED Z ERIME STV 5HA0), 72,
sensu stricto |ZJ& 3% S. cerevisiae D5 RIRD F o — AR HARERE & PR5E L7k
BRI e — 2RI, S. cerevisiae DIEUERKD 1 D TH 25 S288C i
HLTWRWXDH BB 72H LT EHmEIN TIN5 41), 20X H Iz, C. utilis
HEte < OB TR, F 3 m— XA ZRINFIHT 5729012 XDH A3 BB
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ThdeBEZOLND,

TMSI74¥RD ¥ — A B DT H ) — )L APEIT 20 g/LERENRR TH > 7= (Fig.
1-4), C. utilis 23 150g/L 7 /v a2 — A B/ 70 g/L DT H ) — )V EPET D Z L3 ]
RETH D Z & Z &) (datanot shown), ZAUIF T —ARER/HFOHZLTHD &
EZbND, £, L a—RFE T TOX 31— AFEEME T OJR K O — 134
FEINTZZH )=V ThDH I ENREINIZ(Fig. 1-5, 1-6), ZD X 512, TMS174
BRDF o — 2 PRI L < OREDNE SN TV D, ZOJRKZZEH T 572012
X, IRFPEOENT K DB FRAOEMOLRI B E LMoL &b
12, EBRCERBERE BT D 2 ERNETHDH EEZIBND,
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Table 1-1 Strains of C. utilis used in this study.

Strain Relevant genotype Reference
C. utilis
NBRC0988  Wild type NBRC
TMS33 NBRC0988 URA3:: TDH1pr-PGK1tr using pVT92 (empty vector) This study
TMS170 NBRC0988 URA3::CsheXYL1-CsheXYL2-PsXYL3 This study
TMS172 NBRC0988 URA3::CsheXYL1 (K275R)-CsheXYL2-PsXYL3 This study
TMS174 NBRC0988 URA3::CsheXYL1 (K275R/N277D)-CsheXYL2-PsXYL3 This study
TMS176 NBRC0988 URA3::CsheXYL1 (R281H)-CsheXYL2-PsXYL3 This study
TMS182 NBRC0988 URA3::CsheXYL1-CsheXYL2 (ARSdR)-PsXYL3 This study
TMS184 NBRC0988 URA3::CsheXYL1 (K275R)-CsheXYL2 (ARSdR)-PsXYL3 This study
TMS186 NBRC0988 URA3::CsheXYL1 (K275R/N277D)-CsheXYL2 (ARSdR)-PsXYL3  This study
TMS188 NBRC0988 URA3::CsheXYL1 (R281H)-CsheXYL2 (ARSdR)-PsXYL3 This study
TMS304 NBRC0988 URA3::CsheXYL1 (K275R/N277D) This study
TMS306 NBRC0988 URA3::CsheXYL2 This study
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Table 1-2 PCR Primers used in this study.

Name Sequence (5' to 3")

T™M-109 ATCTGCGGCCGCACTCGCGCGCAAGATCTTGCTGATG
T™-110 CTCGCTGTAAGCTTGCTAGCGAATCGGAATCGAAACTAGGCG
T™™-111 GATTCCGATTCGCTAGCAAGCTTACAGCGAGCACTCAAATCTG
T™-112 CTAGTCTAGATATGTTGTTTGTAAGTGTGTTTTG

T™-115 AGCTGACTAGTAAGCTTCGTACGCTGCAGGTCG

T™-116 AGAAGTATCGATCTCTAGTGGATCTG

T™-113 CGCGGATCCCTGCAAGCTACTTTGTAATTAAAC

T™-114 GTACGAAGCTTACTAGTCAGCTGGAGACTCTTCACACTG
T™-117 ATCCACTAGAGATCGATACTTCTCTATGGAGTC

TM-118 CTAGCTCGAGAGATCTATACAAGCCAGAGCTCAAC

T™-119 CTAGTCTAGAATGAGCCCAAGCCCAATTCCAGC

T™-122 CGCGGATCCTTAAACGAAGATTGGAATGTTGTC

T™™-123 CTAGTCTAGAATGACTGCTAACCCATCGCTCGTG

T™-124 CGCGGATCCTTACTCAGGACCGTCAATGATAC

TM-133 TGGAATGACAGCTACGCCTCTTTGAGCGG

T™-134 AGATCTAACCTTCCAGAGAGATTAGTTCAAAAC

TM-135 AGATCCGACCTTCCAGAGAGATTAGTTCAAAAC

TM-136 AAGTCTAACCTTCCAGAGCATTTAGTTCAAAACAGAAGTTTC
T™-137 GCCAGATCCGACAGAAAGTTGCAAATGGCCAAGGACATTG
TM-138 AATGACAATGACACCCTTGGCACCGAAG

TM-105 CTAGTCTAGAATGACCACTACCCCATTTGATGCTC

T™M-43 CTCGGCCGTTCTGGACCAGTATACC

T™-44 GGTATACTGGTCCAGAACGGCCGA

TM-106 CGCGGATCCTTAGTGTTTCAATTCACTTTCCATC
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Table 1-3 Plasmids used in this study.

Plasmid Relevant genotype Reference
pBluescript SK*  Cloning vector Stratagene
pCU681 PGK1pr-HPT-GAPtr (HygR cassette) 19
pVT92 C.utilis integration plasmid; TDH1pr-PGK1tr, HygR marker, integration at URA3 locus This study
pVT146 TDH1pr-CsheXYL1-PGK1tr This study
pVT147 TDH1pr-CsheXYL1 (k275R)-PGK1tr This study
pVT148 TDH1pr-CsheXYL1 (k275R/N277D)-PGK1tr This study
pVT149 TDH1pr-CsheXYL1 (R281H)-PGK1tr This study
pVT150 TDH1pr-CsheXYL2-PGK1tr This study
pVTI151 TDH1pr-CsheXYL2 (ARSdR)-PGK1tr This study
pVT107 TDH1pr-PsXYL3-PGK1tr This study
pVT155 TDH1pr-CsheXYL2-PGKtr, GAPpr-PsXYL3-PGK1tr This study
pVT172 TDH1pr-CsheXYL2 (ARsdR)-PGK1tr, TDH1pr-PsXYL3-PGK1tr This study
pVT164 TDH1pr-CsheXYL1-PGK1tr, TDH1pr-CsheXYL2-PGK1tr, TDH1pr-PsXYL3-PGK1tr This study
pVT166 TDH1pr-CsheXYL1 (k275R)-PGK1tr, TDH1pr-CsheXYL2-PGK1tr, TDH1pr-PsXYL3-PGK1tr This study
pVT168 TDH1pr-CsheXYL1 (k275rR/N277D)-PGK1tr, TDH1pr-CsheXYL2-PGK1tr, TDH1pr-PsXYL3-PGK1tr This study
pVT170 TDH1pr-CsheXYL1 R281H)-PGK1tr, TDH1pr-CsheXYL2-PGK1tr, TDH1pr-PsXYL3-PGK1tr This study
pVT173 TDH1pr-CsheXYL1-PGK1tr, TDH1pr-CsheXYL2 (ARsdR)-PGK1tr, TDH1pr-PsXYL3-PGK1tr This study
pVT174 TDH1pr-CsheXYL1 k275r)-PGK1tr, TDH1pr-CsheXYL2 (ArRsdR)-PGK1tr, TDH1pr-PsXYL3-PGK1tr This study
pVT176 TDH1pr-CsheXYL1 (k275R/N277D)-PGK1tr, TDH1pr-CsheXYL2 (aARsdR)-PGK1tr, TDH1pr-PsXYL3-PGK1tr This study
pVT178 TDH1pr-CsheXYL1 (R281H)-PGK1tr, TDH1pr-CsheXYL2 (ARSdR)-PGK1tr, TDH1pr-PsXYL3-PGK1tr This study
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Table 1-4 XR, XDH, and XK activities in cell extracts obtained from recombinant C.
utilis strains grown in YPD2 medium.

XR

XDH

Strain Description (U/mg protein) (U/mg protein) (é(/ﬁg
NADH NADPH NAD* NADP* protein)
TMS170 XR/XDH/XK 0.41 £0.03 0.73 £ 0.03 2.26 £ 0.15 0.04 £ 0.00 0.32 £ 0.02
TMS172 XR K275R/XDH/XK 0.50 £ 0.07 0.53 £0.16 2.74 £ 036 0.04 £ 0.01 0.36 £ 0.04
TMS174  XR K275R N277D/XDH/XK 0.75 £ 0.11 025 *+0.10 231%*023 0.04 £ 0.00 0.32 %= 0.00
TMS176 XR R281H/XDH/XK 1.07 £ 0.05 0.76 £ 0.16 2.62 £ 0.59 0.05 = 0.01 0.31 £ 0.02
TMS182 XR/XDH ARSdR/XK 0.43 £ 0.02 0.76 £ 0.02 0.20 £ 0.25 2.43 = 0.04 0.27 £ 0.03
TMS184  XR K275R/XDH ARSdR/XK 0.54 %+ 0.06 0.73 £0.09  0.18 =0.00 2.47 = 0.05 0.28 £ 0.01
TMS186 XR K275R N277D/XDH 0.67 £ 0.04 0.26 £ 0.02 0.16 £ 0.01 2.32 +£0.02 0.27 £ 0.01
ARSAR/XK
TMS188 XR R281H/XDH ARSdR/XK 0.95 £ 0.06 0.80 £ 0.02 0.19 £ 0.04 2.12 £ 0.03 0.25 £ 0.02
TMS33 Vector 0.00 % 0.00 0.00 £0.00  0.00 £ 0.00 0.00 * 0.00 0.18 £ 0.02
TMS33D  Vector 0.00 £ 0.00 0.03 £ 0.00 0.09 £ 0.01 0.00 £ 0.00 0.20 £ 0.03

Enzyme activities were measured in extracts from stationary-phase cells (24-h samples).
Data are mean values == SD for three independent experiments.
D Activities of cells grown on xylose.
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Fig. 1-1 Ethanol fermentation by recombinant C. utilis strains in YPX5 medium

(50 g/L of xylose).

The concentrations of ethanol (A), xylose (B) and xylitol (C) in fermentation with
strains expressing native/mutated CsheXR, native CsheXDH, and PsXK are
shown. Data are mean values from three independent fermentation experiments.

Error bars indicate SD values.
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Fig. 1-2 Ethanol fermentation by recombinant C. utilis strains in YPX5 medium (50

g/L of xylose).

The concentrations of ethanol (A), xylose (B) and xylitol (C) in fermentation with
strains expressing native/mutated CsheXR, mutated CsheXDH, and PsXK are
shown. Data are mean values from three independent fermentation experiments.

Error bars indicate SD values.
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Fig. 1-3 Ethanol fermentation by recombinant C. utilis in YPX5 medium (50 g/L xylose).

Panels A and B show the results for TMS304 and TMS306, respectively. Data are mean
values from three independent fermentation experiments. Error bars indicate SD values.
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Fig. 1-4 Time-dependent ethanol fermentation profiles of TMS174 in YPX medium with

10-100 g/L of xylose.

The concentrations of xylose (A and D), ethanol (B and E) and xylitol (C and F) in
fermentation with TMS174 are shown. Panels A—C and D-F show the results for semi-
aerobic condition (100-mL spherical flat-bottom flasks containing 30 mL of medium) and

micro-aerobic condition (50 mL of medium), respectively.
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Fig. 1-5 Time-dependent ethanol fermentation profiles of TMS174 in YPXD medium with
50 g/L of xylose and 0—50 g/L of glucose.

The concentrations of xylose and glucose (A and D), ethanol (B and E) and xylitol (C and
F) in fermentation with TMS174 are shown. Panels A—C and D-F show the results for
semi-aerobic condition (100-mL spherical flat-bottom flasks containing 30 mL of medium)
and micro-aerobic condition (50 mL of medium), respectively.
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Fig. 1-6 Time-dependent ethanol fermentation profiles of TMS174 in YPXE medium with
50 g/L of xylose and 0-25 g/L of ethanol.

The concentrations of xylose (A and D), ethanol (B and E) and xylitol (C and F) in
fermentation with TMS174 are shown. Panels A—C and D—F show the results for semi-
aerobic condition (100-mL spherical flat-bottom flasks containing 30 mL of medium) and
micro-aerobic condition (50 mL of medium), respectively.
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w1k,
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F1ECHEINIZTMSIABEDOF v a — AN DT X ) — VLR 60%FE fE
bV, WEORMNH S, S. cerevisiaekl L X RIZIBWTH | B O X 21— 2
MEBLTEZEANLTZOALTIE, ¥V M—ANRNEEETHRE, =& ) —)VAE
MARTENTHDZ ENFEINTNDHE2), Fva—ANnLDOTH ) — VAR,
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=

M ESELDIT, FR—RANTUAR—Z—DEAA3), < h—R Y Rl
KB L DIBFIFEBL(2S5, 44). RART 87 —BREDEAMS), hT Ak ReX
=B DEA46), WIEMERERREE DHIFRQS, 47)78 Efkx 72 U0 M A3 ST
W5,

TSR D VTV L LT, 300 F e — A EIEER OB L L E
b D HENRRESN TS, FlziE, YEp/YCp/YIpHLD K 5 7e % A 7D H7s
DIBART 2 —% D Tk, TN ENOBEEGICEHT et —4—%2 &
AT 2 EDFETH D851, LALRNRE, 9 Lo FE TR E ) fi
LS REBIG T 2DICERBRHZE L TLE D W ORERH -7,

Yamada® (%, SECHZ X —F >y hE Lo 7T~ AFae—ENEZISH L,
U RS L 0 — R RO T2 D3O VT — ¥ OB E N Ek S 7zS.
cerevisiaefR MG L7- 2 & #85 L72(52), Z DEMLFEAER., BEOBLG 3
BA¥y FEFERICERARIEAL, BT —NVER7 ) —=0 7352 LT,
BHICARETORBOMBZ R Z LT D Z LN EETH D, EHEDNHMDIRY |
ZOFEPRH LFEOEGECICFIA SN2 BiliEZan, KE T, C.utiliso 7 7L
~NFa—EANEASEFH LT, 320% v a— A HEEE O R B LA il
ShizCoutilisz G345 2 &2 AL Lz,
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F28 KR ik
1. ff FHEE R
C. utilis B4k & L TNBRCO9SSKEZ V=, E L LIFLDC. utiliskR Iz > Tl

Table 2-112/r L7z, BRI L KGE A 77 A I MEEAEEE LTHW,

2. Hih
- YPD2J5H : [ REAEASH i ] 15

20 g/L~T ko, 10 gLEERETF 2 20 g/L7 /L — R
RS - IR E20 o/LOT W — % U LTz, BRI TR E 60
mg/LE 725 X DIy 7 a3 N(Cyh)Z il L7zEs 2 iz,

- YPX 8T« % RS I a1 4

20 g/L~T7 R~ 10 g/LEERE=F X 80 g/LF T H— XK

- LBEGHE - KAGE LS HE

10g/LhY 7 o Sg/LBERE=F 2 10 g/LiEfkT F U 7 A
[ RETHUC I TR LS /LD T I — %I LTz, TR HRHIR ORI ITAEIRE 100
mg/LE 2B X7 e U ERINLIE A v,

3. 777 AI N

7T A RIEEO T OIAR 72 TR FIEIL., FIEICRH L7 HIEICE - THE
i U7, fEH L7277 A4 ~—I[dTable 2-212. fE L7277 A I F|LTable 2-11Z/~x L
7~

-pVT340, pVT342, pVT344 : mCsheXYL1 (CsheXR K275R/N277D). CsheXYL2, PsXYL3
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D% a B —HLABIAR T B —

Mutated CsheXR (K275R/N277D), CsheXDH, PsXK % =2 — K7 % #E & 1
(MCsheXYL1, CsheXYL2, PsXYL3)(>DNAWi/TIL, pVT148, pVTI150, pVTI107 (%1
) % Xbal/BamHIALEE 3% Z & CTHfSF L7z, pCUISSIXTDHLpr, 7 U LT LT b
R3U VT v Ka s —8 4% —3I x—4% —(TDH1tr), CyhififtEBE T+ E >y b &2f
LTHEY, URASFEEAZHEM L LzZ a v —HUIARTI R X4 —Tdh 5(15), Hbhi-
mCsheXYL1, CsheXYL2, PsXYL3?DODNAWTf % Xbal/BamHIALEE L 7= pCU155(ZZ 4%

N7 u—=121, pVT340, pVT342, pVT344 & L7,

4. C. utilis? JE /& firfa

BRI EI ISR LI FIEICiE> CHE Lz, 7 T~ Fae—iEA
BRERES T 5 72012, BolII CALEE XL 7-pVT340, pVT342, pVT344% 1:1:1DE VL
TIRE L. C.utilis NBRCOISSIKZ I E A L7-, WH. FIEEEZIT>72%. Cyh
o PSS B A LT, 30C T3 MR Z1T o7,

5. BTN NTFabt—EARORAT ) —=7

~ T A —HAREA DT DI, TWEERR T —L X 0572607 m— 1 OHE
TEALHL X B 2 YPD2EF HET30°C, 245 A X528 L7z, 100 nLOHTEE &K A3 mLo
YPX8EZHI(15 mLakBRENZBEFE L, 30°C. 100 ipm TR & 5 B2 U7-, K52 S0RFH#
O EFERICEENDEEDRE. Fu—AREEZ ST LI,

6. A —HDERE
WL Z BRICE A SNT-ENENOBE T2 B —%0%, Real-time PCR TE® L7Z
(52), #4254 7 2 DNA |Z. YPD2 EsHiT 30°C. 24 WiffIlsa L7-HIEND
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QIAGEN Genomic tip 500/G (anion exchange column, QIAGEN, Hilden, Germany) &
QIAGEN Genomic DNA Buffer Set (QIAGEN, Hilden, Germany) % FV > CHhitH L 7=, C.
utilis ACT1, PGKltr, TDH1pr, URA3, mCsheXYL1, CsheXYL2, PsXYL3 ®4 DNA
FlA Z it 5 7212 £ Z v, ACTIf/ACT Ir, PGK1tf/PGK 1tr, TDH1pf/TDH1pr,
URA3f/URA3r, XYLIf/XYLIr, XYL2{/XYL2r, XYL3{/XYL3r D77 A ~v—%& v K
Mz M L7277 A ~—% Table 2-2 |75 L 72, Real-time PCR {3 SYBR Premix
Ex Taq Perfect real-time kit (TaKaRa Bio)% T, LightCycler 48011 instrument (Roche
Diagnostics Corp., Indianapolis, IN) CHEfi L7z, EisF = B —OEHENIL, ACTL
ZEYERR - & L7z Standard curve iE4 Ve, 7ok, S ROBABR T2
E—$iE, TMS174 fRICEA Sh - % v o — 2 REiEEEEFOa ' —K% 1 Th
HHEFEIZESNTHRIH L,

7. HEERIR O FHHE & BRI E
o BEICEE LT HEICE S TEML7-, XR OFEEIEMERIE CIIfEEE L LT

NADH % HW 7z,

8. JEWEARR

ODgooDHIE 21X, GeneQuant 1300 spectrophotometer (GE Healthcare, England, UK)
ZHWIZ, YPD2EFHIT30°C, 2454752 Lo IR 2 [BINL U, FE RS It T
OVEE U7, FEEIE100 mLOYPX8IE 22 AN72300 mLAED =7 T A aZz VT,

BB

170D = 1. 30°C, 80 rpmTHTLY, Hide LIEOE ML, %o — A,
IR )BT L7z, 7235, ODgoy = 1 DHFIENEIE, | LOBERETD 1= 1 £90.46 g0 AR

KEEGATWND,
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9. STk
Fro—A, FVU b=, FUkur—N, =¥ —)b BiROERIL, HIE
\ZRCE L 72 HIEICiE - T L7,

10. Mg FEREA A& =
CsheXYL1, CsheXYL2. PsXYL3DHh A B Gk F 1L 1350 # LT,

IR IEEES
1. 7 TN~ F a e —8AEL DM X BROBE & ik

ShcH & 2 —74y h& Lizh 7 T~ /vF a e —E AJEIL, S. cerevisiae Tlais
ENTWDA, C. utilis TIEHAE STV, £, 7/ AMETORBENS b,
C. utilis IZ8ELFID b T 2 ARV AR STV RN (S3), C. utilis (28T, Y
BUAL a e —EB AT H—L LT pCULS5 BHE STV A (15), Kondo & DR
IZEIE, ZORT X —[THR KT 90 a—% URA3 JEIZH T LTHAT D Z &
MAMRETH Y, £7o, 2O Z—IZ L > TH LN R RO FRFE S X7 H D
AEPERIT 50 AROIERIEEEIZHE W THRE A Lv(15), —7F . Ikushima
513, C. utilis NBRC0988 #kiT 4 iHABERE T D Z & AR 2 EZIT>THY |
Hipd &b URA3 IR FIZBI L TIEIAl—? URA3 B 123 4 2 B —1F(ET 5 Z LA
IRENTND(19), & ZT, ARAFFETIEL, pCUISS ZEHDOT Vv e X —7 v k&
LN TA~AFabt—EAlTIAI RELTHWSZ L & LT,

mCsheXYL1, CsheXYL2, PsXYL3 % ZNZBlx DRI~ 2 —lcr/n—=1r7
L. £ 5 CTRFFC C. utilis 2 E#sH L 7= (Fig. 2-1), TNENDRIT ¥ —|C
FIEF IS v —F —IEEOF Cyh MtEEE TN SEE~— T —L LT a—r
fEENTEY, Za—D0NREAERIHIAENTZ L EDOHA, IS LTERKSH
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5H(15), ZOREEHIZI D, 300400 fHD Cyh itk v —rZ2HE L7, 295 L
L7 a—iF, 3 50%F v o —ANHIEEEEE TR TN NRR D L TE
ASNTWD, Cyh ZF I T A XD/ S an=—Z BT 2K TITEA=
B3 DB RS D Z LG, an = —t o AP IRIIRE N 60 2 =—
BRI L, ¥ —AORMELZHE L, TOME. 2O OBRRITSHEC
BATER v a—ADORENEE R T 2 & D BT o 72 (Fig. 2-2),

TH )= VIHERGEE L e — R L CEE LY ) —LvEE L LT
BHDIZ, BIEWEEOBREZGATEY , =R B AZ KL TNDZ &0 b,
MM X RO ¥ v m — AREERE 2 79 2 ECEEREE CH D, TOd, 5=
)= NVIERIZ B 2 52 D EPEM DI AT > T, TORER, =4 ) — VIR E
TH )= VEERITIEOMBE, =% ) — VIR E X ) h— L ERBEITAOHBE
R LU72(Fig. 2-2), =X J —)VAREITT X ) —VILROBEERTHLZ L, ¥
P VITEERED T v — AR B I L HEREM E L TES<HLRATWS Z &
MH, ZNHDOFRERITMDTHY THD, £/o. ZAHMHELZ C. utilis IZHBWNTS
Ut — L OEBTFED RNl

2. TMS174FKIZ BT % & ¥ i — AR B s 7 DA = B — O T

NI TN=NF e —EAROEN 2 ©— AT 572012, £ TMS174 £k
DEANIE—HN 1 THDI L 2R LI, 8 1 EOHEINT TMS174 #iX 3
D v a— AR R T2 URAS JBEIC i x TEA SR CW5D, /-, &
AN TND 3 5O F v — 2R B FILE £ TDHLpr & PGKltr TR
TAT7 SN TEY, URA3 FERFEAICEASNLTWD, o T, 4 fHETH D AR
RDT ) K21 a2t —=0x o —AR@ERRIEFPNEASHLTWD EREShD,

A 3 B O D712, NBRC0988 £, URA3 @ 1 [AlfHERE (CUDIF), 2 [A]
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ik (CUD2F), 3 [mIfk#ERE (CUD3F) | 4 [RIfilkEERE (CUD4F, s22fifErk) %=
v ha—Lb & LTHW(19), TMS174 £k URA3 @ = =%, CUDIF (4T Ml
%51k L7-(Table 2-3), —7J7. ACT1 &7-¥ ® TDH1pr & PGK1tr DIIERITZ N Z
173 £ 2,70 TH Y, ZHUENBRCO98S KR & LLigid™% & N 1.73 f5, 1.80 fFIZ
FHY 4%, NBRCO98S kA 4 5K TH U | D> DAREERKD TDH1pr & PGKltr % 4
AE—FOR LTS EET D L. TMS174 HRIZIH T 2 HINEE N Z R OELSIA
3ab—#iL7ZZ EARBRLTWA(T 2 —/4 2 — = 1.75), ZHHDOFERMN
5, TMS174 #RIZIZ 1 2 B — D URA3 JENIES LS Z & T, 1| at—0Fm—
AR BB FPEAINTNDIHDEEZZ BND,

3. A 2 B R AT e SR TE MRS N o figiT

AT E—OBINTIBTERIC L, BEFRELBROAEL NI EHD, 2
— B OB EARERE £ > TRERIEEZ BN S T2 0HRT 572012, BT T
~ VT 3 BB AR LOTMSI748 0 % v b — AR BB A v —H &
ZIUCHHS T D EERIEMEZJIE L2, TMSI748EOXR, XDH, XKiGFtEiZZhEh
0.05. 0.85. 0.21 Unit/mg-protein’=>7=, —J5, #7277/~ /F a—EHAKTITE
A 2 IR AF I i 5 BESETEPE DSBS IN L 7=(Fig. 2-3)s & DFERIZ. AEFH
AV LTeERRIZBWT, 2 B8N K HREFEAEEN ML TV RWNWT & &R
LTW5b, —J7, a2 E—HOEEIIMREEOMAEICT S5 L TR 57, filxiX, 8-10
A —DBIZTFREANSNIRITIBN T, BERTEIEITI3AMERE L2 L Tuni
Mol

KW THWN D 7 T A~V Fa—EANKTY T DB BTEEAT DT
W, BASNWEZBIBETBNV—TT U M LAREMERZEZA NS, LNLRBL, 60
ROA 7 T = F 2 B —HAKIT30 A O IRIRE R % THOREREA T —
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BOETIZED SNl dro 7= (Fig. 2-4), Z DFERIT, BRZHER T 28I ED X )
TRFERFHZ DN 2R Z 5202 EERT H DO TRV, RIFFEIZIs 1T 5 TS
ROZUELZIFFTHHDOTH D,

4, BA 3 v —H, BERIGME & % v — X IEBERE O FH B AT

TWEEBURIZ BT 28 ANBIF O3 E— L 2 — A FEERE O BHEME 2 5l &
TAHDIT, =F ) — VIR EE BT O3 ©—OMHEBMRT 217 > 7o /5 5.
CsheXYL2 & CsheXYL3 @ = &*—#giI— % / — /VIH L IEOFHBI 27~ L, mCsheXYL1
WA DB Z R LT (Fig. 2-5), BASNTF B FEOHS X m— X R
iz 52 2 MEMEZ BB L, FEMK AT 5 CsheXYL2/mCsheXYL1,
PsXYL3/CsheXYL2, mCsheXYL1/PsXYL3 & = b —¥tt & =% / — VILROFHBIZ >
WTHRAT L7-, ZOREHE. CsheXYL2/mCsheXYL1 @ =2 ¥ —¥¢lbid =% / — VIR &
EDFZ R L, mCsheXYL1/PsXYL3 =t &' —¥ i3 B OAHE 2R L= (Fig. 2-6). &
o BRIEVEDT — 2 2 W CRBEOfET 21T 7 & Z A M U %~ L7z (Fig.
2-7,2-8), ZAUDHOFEFIL, XRIEMEIZHK LT XDH & XK OIEEZEEMEE S5 Z &
WL ) = VNROYUEEIIZIRAITH D Z L E2mR LT D,

5. FEBLE L EGEILE O ¥ o v — ZIEEERE D FIFAT

FEH R REARO N T 3 —~ A ZFHIT 572012, 3 >ORZ@KL, ¥
0 — AR A Lo, CIS3SHRIZ, W7 T~ AFat—E8AKOF Tt~
Z )= NVINRE B ) — VAEPERPEVIKE L TR Sz, CISI8 #RIT, BAS
hiz3 SOFx o —2RPBFRBETFRRBEO L —H (BB ELZL 6 a8—)ThH
27z, TMS174 BKiE, 3 DD F vm — AR 2T 1 2 B —8AS
IR TH S, Fig. 2-9 & Table 2-4 1T, FHERERBRO X A La—X LiRFEEZ R LT,
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CIS35 FRIZ TMS174 £k & b U THALRE R, HALRFHE & 72 D ORI F v n— A
WEEDS 216 fi5, =2 ) — )VIREEDS 1.37 fi5, =% /7 — VIR 1.42 f5H8IN L 7=, CIS18
BRIZ TMS174 Bk & Hofg U CHALBE IR, BAOZRFE & 72 D D e RS o1 — Z{H Bl EE A
1.62 fif. =& —/VIREEDS 1.23 fiF, =& / — VIR 1.20 589 L7=, CIS18 £
DF Y b—VILER L TMS174 Bk & IZIEFRFRE T o 7223, CIS35 B TIE 66% K T
Lz, TNENORERICE N T, BREITF o — 2N HEE SRS TE THMmL,
BRI IC A B RZITRD N2 o To, TORRIT, Fm— AHEEE D H
BRIZEREBIRNMELS 222 WO FERZHHT 5 b D TH D, FEREEABROFE R A i
Ei2e, Frm—2AR@BERL A RELT 2 2 i3, BB s HagsEs Lo
HAEEMUEDONRNPREN LR LTND,

XFoua—ANLTH ) — )V EEIEETAEMET 5SS, cerevisiaetk DEFLIZEI T 5
Hh, INETEONRINTWD, —#ilZ2T 5 L. HabiIPsXR & PsXR R281H
DO 5% PsXDH, PsXK& & $1ZS. cerevisiae THRIL I, o —R &2 &l
MRS T2 = & THALRRDOREE 21T - 72(54), 15 DI iR, YPX8E I C27.
9 g/LOTH ) — )L 60REM] CTHEFE Liz(= % /7 —/VILERI30.350 g/g), ASHFIE THELE
ENT-CIS35KRIZ. YPXSEEHIT29.2 g/LDT X ) — )L A TOREE THRE LT(= 4 /) —
JVIERIT0.402 g/g), IMEITHE SNTCHMHFEIC L 2F o n—Anb0x s ) —)LAE
PEDRGE R Z BT D &, KETHESINIZCIS3SHRD F o — 2R FEREREIL. S
cerevisiae THRAG SN TV D & L UL D % o — R FEFEMERRSOP. stipitis & & Te KK
DF T — AR L AL ETH D, o T, AWFERRITF v r— 205
DT ) —VAEFEFEFEE LT, CUtilisii KRERRT Uy LERLTNDZ L AR
BT HHLDOTH D,
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Xoa—ANnbxF ) —/VEFEIIEETERET HC. utilistift 2k Clx=% / —v
DAEFEENE L, VU b=V OZEREN D220 - 7=(Fig. 2-2), £7=. Fig. 2-6 L Fig.
2-8DFERIT, CsheXYL2/mCsheXYL1 = &' —% bt & XDH/XRIEMELL OEE NN = & 7 —
IR OBENRATHDHZ L 2R LTND, TNHORERIE, 1 —RA%E
PES. cerevisiae BRI EEIC BT 2 A IC B W T hikim STV H(48-51), fliliER & LT
NADPH,NAD'ZF|H] L7z & & . PsXR & PsXDHIC X 5 JUIEZ 24,575 x 10° M
£ 6.9 x 10" MO ER A RT(55,21), ZDFEHREIT. XREXDHOKIETIXF Y
M VEENEMLTH D Z L 2R L TR Y, XDH/XRIGMHL O F Y h—1
DEREEWDL SEDL L2 XFTHHLOTH D, AL CTIINADHERA 4% FR
FURMEDZEHE S 4172 CsheXR & CsheXDHAZ FHW 7223, REOFERIZF > r—RA 005
DxTB ) —VAEFEOWEEDN, HEPHEROEWVZLORNWI EEZREBLTND L
EZHILD,

¥ n—AFHBEZAT 5 L7 S. cerevisiae £ Tl&, XDH/XR IEPEE OHENE 27V
tr— NV EFROEMERTICHFET 5 LG STV 5H(48,51), 2 DEEZEIE
AN DOBALIE TN T  ADEIZ L > ThTebaInNbd &IN5, B, 7
Uta—/WTlENCAPE S L7z NADH DSEER L S b & ZICRIFFCAEE SN D
(56), AWFITIZIBWNT, HEEINTWT L0 C. utilis B ZFRICEBNTH 7Y &R
—LT e BELTEL T, £72 XDH/XR LLOBERIIFRINRIC B % 5. 2 72 )
-7 (Table 2-4), F|72 NADH [IFFRSIZIBW T S NG 5728, S. cerevisiae
& C.utilis IZBIF 5 Z b DEW X, C. utilis DFF S BRI IEMEIZ L » TAE L 727
REMEDS B 2 HIVD,

Foa—ANLTY ) —VEBNETERET S C. utilis L ZEIZE VT
XYL3 D= &%, 35 KON XK {EMEA KT 2 MM A7 i/ (Fig. 2-5, 2-6, 2-7,
2-8), ¥ —RAFFREAL 5 L7z S. cerevisiae BRICEBW T, XYL2 s+ & a5
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BLzE &, Fom =AM W END T ERHEINTED(50), Zh
I3 XK IEPERF v m — A RBOBEEED 1 D THDLHZ L AR LTS, LL7A
DB, XK{EMEZEERIZHEINE 72 & &, S cerevisiae D F > 1 — AEEHICTOHESE I
P &N 72(57), S HIZ, BREOHEMIZ., XK OEMHEEEIC L > ThzbEnd
BHEEDTEGD. LD EEEICL T, Fv o —2AREEEZEHD S
cerevisiae Fk & BFET D ERICIE, WNEMED XK {5 1-(SCXKSL) % 38 S % 00,

PSXYL3 Zfdeh /e 7' mE— 2 — CHRBLIE L HFENBIRSINL TV D, ZOEMEIE,
U UBALSDTUEIZ L > TH 72 b &iviz ATP OfEERF T —ADOEY iAL %
B SETND ZEDPFRTIE RN E BRIN TN D(58,59), £z, oI
FHUE, B X v m— AT ORI, JEMAYICIL ATP APER LI K Tl
[REND EZSHILTVDH(60), C.utilis lIZBWTH, Fa—RADEY IALIZIE ATP
MR TH D EW I HEN RSN TND(61), AWFFEIZIBWTHEE S 7z CIS35 £
(X, XK IEMERTRIITHM L TWAHIZH 20300 53, TMS174 BRE bl L TF o m
—AMEHEEITET LT\ -o 7o (Fig. 2-5, 2-6, 2-7, 2-8), C .utilis 2B\ Tix, P/O
FE(NADH FE{L.DOBRIZAEPE S LD ATP DE )M 2.0 &, S. cerevisiae D 1.5 LV &
WZ ERHBILTND(62,63), ZALH DOFERIT, HBEED L 5 ITEEENHIRE I -8R
BTFIZBWTY C.utilis IZRMICATP #AETEX DL L E2RTHLOTHY £,
L ORERE & Ll LT, C. utilis 1X ATP AZFEDHIFI 72 < | AV E A PEDS ATRE T
OHZ LI ELLDOTHD,

AREETHESE STz CIS35 BRI TRV T 4+ —< v A2 Rz Th 5,
A SN2 A FITREERICHEA TN TV D 720, JES S 7o fil 2 BRIZIERIR
BB THOHWL ZENTED LWV REQRFEEALTVD, & 512, CIS35
HDF v m— 25 RERRIT 30 HHAROIFBIFERICB VN THREE T Lot
(data not shown) , ZAUFEEZEFHITIIAERFETH D,
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Table 2-1 Strains and plasmids of C. utilis used in this study.

Plasmids and Relevant features Reference
strains or source
Strains
C. utilis
NBRC0988  Wild type NBRC
CUDIF Single URAS3 disruptant derived from NBRC0988 19
CUD2F Double URA3 disruptant derived from NBRC0988 19
CUD3F Triple URA3 disruptant derived from NBRC0988 19
CUDA4F Quarduple URA3 disruptant derived from NBRC0988 19
isrs | NERCDSURS TG D PO G
CIS18 NBRC0988 URA3:: cocktail multicopy integration of This study
mCsheXYL1 (K275R/N277D), CsheXYL2 and PsXYL3 Clone No. 18
CIS35 NBRC0988 URAS:: cocktail multicopy integration of This study
mCsheXYL1 (K275R/N277D), CsheXYL2 and PsXYL3 Clone No. 35
Plasmids
pVT148 TDH1pr-mCsheXYL1 (K275R/N277D)-PGK1tr, HygR cassette Chapter 1
pVTI150 TDH1pr-CsheXYL2-PGK1tr, HygR cassette Chapter 1
pVT107 TDH1pr-PsXYL3-PGKl1tr, HygR cassette Chapter 1
pCU155 C. utilis multicopy integration plasmid; TDH1pr-TDH1tr, 15
CyhR marker, integration at URA3 allele
pVT340 TDH1pr-mCsheXYL1 (K275R/N277D)-TDH1tr, CyhR cassette This study
pVT342 TDH1pr-CsheXYL2-TDH1tr, CyhR cassette This study
pVT344 TDH1pr-PsXYL3-TDHL1tr, CyhR cassette This study
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Table 2-2 PCR primers used in this study.

Name Sequence (5' to 3")
ACTIf AGCGTATGCAAAAGGAGATCA
ACTIr GAACCACCAATCCAGACAGAG

TDHI1pf TCAATGTAGGGGAGAAGCCTTG
TDHI1pr ACGTAACGTCAGACAGGCACAC
PGK1tf TCTGGGTGGGATGGAAGTTA
PGK1tr ACTGTCAAACGGGAAGATGG
URA3f TCCAAGAAGACGAACCTGTGTG
URA3r AAGGACCAAGCGTATCAACGA
XYL1f GGTCCTCAATCTTTCGTTGAG
XYLIr GCTGGGACTTTGTTGTGCTTG
XYL2f GGTGGTCGTTTCGTCCAAGTC
XYL2r GAAAGAGCCGAACAAGGTGAG
XYL3f CTCCCGTCAACGGAAACTACA
XYL3r ATCCGATCCATTCCTTCTTGG

Table 2-3 Analysis of copy number of the xylose metabolizing enzyme genes in TMS174.

Amplification per ACT1
Strain Description
URA3 TDH1pr PGK1tr
NBRC0988  Wild type 1.17%0.01 0.9610.05 1.52+0.07

CUDIF Single URA3 disruptant 0.78+0.07 N.D.D N.D.D
CUD2F Double URA3 disruptant 0.551+0.04 N.D.D N.D.D
CUD3F Triple URAS disruptant 0.28+0.05 N.D.D N.D.D
CUD4F Quarduple URA3 disruptant 0.00£0.00 N.D.D N.D.D
TMS174 The three xylose metabolzing 0.74=£0.01 1.73£0.02 2.70£0.22

enzyme genes were integrated at

URAS3 locus?

Data are means = SD from three independent experiments.

D'N.D. no data
2) The three xylose-metabolizing enzyme genes were driven by the TDH1pr and PGK1tr.
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. . . . TMS174 strain
Conventional mtegratlon using

the HygR gene mXYL1 gene
XYL2 gene
XYL3 gene

C. utilis Wild-type strain

[~ ]l
DR
[~ e~ ] =]
Lo [ ][~ ]

/
\ —

Cocktail multicopy integration —
using the CyhRgene —

=]l ] =]
(=] ]l ][~ ]
BREN
Lo =]~ ]~ ]

Various recombinant strains

Fig. 2-1 Schematic illustration of the cocktail multicopy integration method in C. utilis.

In a conventional integration method using the HygR gene, the vector in which the three
xylose-metabolizing enzyme genes are cloned is integrated at the URA3 locus on a
chromosome by double-crossover recombination, and a single copy-integrant strain can
be selected as hygromycin B-resistant transformants. In cocktail multicopy integration
using the CyhR gene, the multicopy integrative expression vector pCU155 can be
integrated in tandem at the URA3 locus on the other chromosome by single-crossover
recombination. Linearized plasmids, each containing one of the three xylose-
metabolizing enzyme genes, are introduced into yeast chromosomes simultaneously. A
CyhR gene with deficient promoters is constructed by deletion of the CyhR promoter
region from the 5’ end. As a result, only multicopy integrant strains can be selected as
cycloheximide-resistant transformants. Ultimately, a pool of recombinant C. utilis
transformants with various genes present in different numbers of copies are constructed.
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Fig. 2-2 Scatter plots of metabolites production and ethanol yield from 60 cocktail
integrant strains and TMS174.

Panels A, B, C and D show the data for the xylose consumption, xylitol production,
ethanol production and acetate production, respectively. The regression line was
calculated by least squares method using Excel with ystat2006 software
(Igakutosyosyuppan, Tokyo, Japan). “R” represents the linear correlation coefficient
between the metabolite and ethanol yield. Arrows indicate the data of the TMS174 strain.
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Fig. 2-3 Correlation of activities of the xylose-metabolizing enzyme with its copy number

of the integrated gene.

Panels A, B and C show the scatter plots for the enzymatic activity and copy number of
mXYL1 (XR), XYL2 (XDH) and XYL3 (XK) from 60 cocktail integrant strains and
TMS174, respectively. The regression line was calculated by least squares method using
Excel with ystat2006 software (Igakutosyosyuppan). “R” represents the linear correlation
coefficient between activity of the xylose-metabolizing enzyme and copy number of the
integrated gene. Arrows indicate the data of the TMS174 strain.
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Fig. 2-4 A copy number of integrated xylose-metabolizing enzyme genes after 30
generations under nonselective conditions.

Panels A, B and C show the scatter plots of a copy number of mXYL1, XYL2 and
XYL3 from 60 cocktail integrant strains, respectively. Transformants stored on YPD2
plate containing cycloheximide were inoculated in liquid YPD2 medium for 24 h at
30° C. In order to analyze the copy number of integrated xylose-metabolizing
enzyme genes under nonselective conditions, genomic DNAs were prepared from the
transformant cells cultivated for 30 generations in YPD2 medium.
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Fig. 2-5 Correlation of ethanol yield and copy number of integrated xylose-metabolizing
enzyme genes.

Panels A, B and C show the scatter plots for ethanol yield and copy number of mXYL1,
XYL2 and XYL3 from 60 cocktail integrant strains, respectively. The regression line was
calculated by least squares method using Excel with ystat2006 software
(Igakutosyosyuppan). “R” represents the linear correlation coefficient between ethanol
yield and copy number of the integrated gene. Test of no correlation was performed by
Pearson's correlation test using Excel with ystat2006 software.
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Fig. 2-6 Correlation of ethanol yield and copy number ratio of integrated xylose-
metabolizing enzyme genes.

Panels A, B and C show the results for the copy number ratio of XYL2/mXYL1,
XYL3/XYL2 and mXYL1/XYL3, respectively. The regression line was calculated by least
squares method using Excel with ystat2006 software (Igakutosyosyuppan). “R” represents
the linear correlation coefficient between ethanol yield and copy number of the integrated
gene. Test of no correlation was performed by Pearson's correlation test using Excel with
ystat2006 software.
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Fig. 2-7 Correlation of ethanol yield and copy number of integrated xylose-metabolizing
enzyme genes.

Panels A, B and C show the scatter plots for ethanol yield and copy number of XR,
XDH and XK from 60 cocktail integrant strains, respectively. The regression line was
calculated by least squares method using Excel with ystat2006 software
(Igakutosyosyuppan). “R” represents the linear correlation coefficient between ethanol
yield and copy number of the integrated gene. Test of no correlation was performed by
Pearson's correlation test using Excel with ystat2006 software.
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Fig. 2-8 Correlation of ethanol yield and the enzymatic activity ratio of integrated

xylose-metabolizing enzyme.

Panels A, B and C show the results for the enzymatic activity ratio of XDH/XR,
XK/XDH and XR/XK, respectively. The regression line was calculated by least squares
method using Excel with ystat2006 software (Igakutosyosyuppan). “R” represents the
linear correlation coefficient between ethanol yield and copy number of the integrated
gene. Test of no correlation was performed by Pearson's correlation test using Excel
with ystat2006 software.

48



A 30
25
- e
= (=]
f? 15
aQ >
3 10 B
x o
5
' 0
0 50 100 150
Time (h)
B
- )
=) =
g =
z £
0 50 100 150
Time (h)
C 1 30
1 25
/_T 1 20 g\
S (=]
> 115 %
g =
> 110 o
X o
15
; 0
0 50 100 150

Time (h)

Fig. 2-9 Ethanol production by the engineered C. utilis strains in YPX8 medium.

Panels A, B and C show the results for TMS174, CIS18 and CIS35, respectively. Data
represent the average of three independent fermentation experiments. Symbols: xylose
(closed circles), xylitol (opened circles), biomass (closed triangles), ethanol (opened
triangles), acetate (closed squares).
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TRV — BRAGETCHEY & E B L 7-(Fig. 3-2), WG EIRTIE, &L L TEW
L UL TR RN O ZEN B SN, £ R UF v n— A TR L7 WX,
RX HAZLET 5 & RXERIZBWTZ U BAT AT 3 U UERGAP) LY E
MOMEHERRHY, =V A —R4 ) UEER <y b—2 U CEBEIEARHY 2 X
D ERML TV, —J . RX HRICEIT D GAP Tt O =k, TCA [Hl
RO LT WX EIR L VKoo,

Fou—REHMATH LI IS, cerevisiae D 3 v — AREHET O %A
IX. ATP A7 & HIBIN DEBLIE T AT VA Ko THIBR S 2 Z L AEShTw
%(60), Fig.3-3 124X 912, C.outilis IZBWTIE, WTFHORIESETE ATP L
NNV DEARIFBRE SN0 Tz, —F T BLECAEIITEW DR b,
Bl 21X, RX @A TITAIIEN NADH LUL728 WG HiR, WX #ik & g L Czn<
3205, 40 FICHINL TWne, 2B ORERIZIVT, NAD L-ULIZRE 7
ZITRO Lo Z L2 RX BETIL NADH/NAD B K& <#L T
DT EMPREINT, SHIZRX HETIX, NADPH b £7-, WG Hik, WX Fi{k

FOFENFA24%, 22 fFITH8NL Tz,

3. BlnREOTe Ty ALY T
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BEERR OB T I BLE OB 21T o T2/ R WG R & WX F{RDH 50
WG Hifk & RX BROBAR T RBELOZEIL, WX FkE RX BROBIR T HELOE
fEE 0 RKR&ENWZ EARENT-(Fig 3-4), Z ORI, HHT 2 REIIC K DEET
FELOED, BETEIEICL > TSR ESNIBETFHEIEAOLEILLY REWD
L TWD,

% < DIRFERBIE FIZB W TL, RFVE, &2 WITERE FHEIC L > TRBE L
IV DEACITBIEL SR> T2 (Fig. 3-5), —J7. ~» b— A U UEREIEE, BEFT/E. TCA
[EEE DBRFIZBWTIE, ¥ r— AR AT 570 2 ATV TR EOH NN
MRS nic, K27 V7 b= 1,6 AT+ A7 7 X —B& =3 — N4 % FBP1 D3
B, WG EA LI LT, WX iR, RX WA TIZZNLN 9.1 f5, 5.8 5121
LTV,

T X )= )VAPEIC b A EHEE G (ADHL, PDCL) DRI EITF o 10— R R5EE
(ZHIIM L TR o Teis, =& ) — I B D D R s 7 ADH2 |33 v — R
R CRBLENIM L Cve, S 51T, WG IR & g LT 2 500 B3 BLE A HN
L72BIEFI2OWT GO BT 21T >7-& Z A, “acrobic respiration” (Accession GO
0009060) D GO ¥ — LA G T DBIGFEEORIENP<0.05 TAEICHEML TV
Z & D B 2T 72 o 7= (data not shown), Z L5 O RIL. C. utilis D F > — A
L TH D EERLTND,

FEUEAE O, M E OfbiE TR B A EF IR OTZOICII LV Ry 7 Ao ¥ b
IVDERET DB B D Z LD H(56), RICZNLH Y ¥ M AT LD 5 BB
T ORBUFENT 21T o7, RX WIRICBW X, =%/ — A7 Vka—La/ L
Yy VAT LT % ADH3, ALD6-M, GPD1 I8 X8I k=2 N U 7PN NADH
FRILIZBE 5 NDI1 OFRBLENHEIM L Tz (Fig. 3-6), £z, U I/ 4 %4

WEfiE S v el o Afig/ eV E VR v RVIZEE S MDH1, MDH2, PYC1, MAEL
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DFBESHENEI23 5. 4.5, 145, 5.1 FITHEIM L T\ e, 2 b ORERIE,
X — 2 REEFICITFE 2 O NADH/NAD &% ML AT ASNEERRE 2 -

TWDZLamELTWnD,

4. TV 23— VK AR B A ORI

ADH2 8L L~ )L DAL, HIfRE 0 NADH OB RIAFES 1] Tl =& /) — v
RPEAE BRI TR S 5, & 2T, TMSI74 KD F o 1 — A FEEM: & U
T 57202, FEEHIL NADH OF(LE NN ST ' T LT e RExT X ) —/LC
E=ILT D ADHIp (27 EH L7z, T 7eb B, TMS174 #£T ADHL Z @I+ 5 Z &
IR RN OBLE TN T R EMFFT D L L by ) —VEEORH T T
v I A LD ENTED LEE N T, £ 2T, ADHL Z g5 L7z
C. utilis#H#L 2 FE % 1EHE L | YPXS K5 COMININ NADH/NAD He A JIE LT & 2 A,
22 b — Uk &l LT NADH/NAD FEME R 32 2 ERH LT e oo, —J7,
ADH2 OB BT, YPDS £5Hi, YPXS B[ 5 T NADH/NAD 23880 L
T /z(Table 3-3), £/, Fv v —ANLDxT¥ ) —VAEEREZFHELZEZ A,
ADHL BRI BIME C= & /) — VAEFERD 17%IN L, U b — /L ERE &N 22%
b LTV /= (Fig. 3-7, Table 3-4), —J7  ADH2 BRI B TII= ¥ J — VAFEEDN 13%

WAL, F2U b—AEREED 72 33%E LTV 7= (Fig. 3-7, Table 3-4),

SRR B

W ERE A R ICBNT, A AR I A TR0 & R ToRELZ D T
BRIy — L& LTI T & 72(65, 66, 68, 69), = 9 Lo EHRMOERIL. &
B PRBURNTREROMRZ AR — 52 L& rEEE Lz, RETIE, 3 2O%A
N5, 1 DEIEL, WFENZEFR L7 NADH 23 C. utilis Fi 2 RO ¥ > v — 2 &
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HFIRL CTWAAEEEDRHDH Z L Th D, 2 DHIE, TCA RIEEOMWEH, =% 7 —/b
R B D 258 a3 il Sz o 7= Z &b, Coodtilis O v v — A REHTEE
kI THLZ L THD, 3OHIL, TEMNTATE RO ) =N ~DT T
AP EBFIINOBRICETL NN T P AZWE L, X R —Anbxd ) —/VAEER
EHNsE, ¥UU b LEFEHBEZIETSELZILTH D,

ADH1 D% EilX NADH/NAD I AR T S, Fim— AFEMELZUE LT
(Table 3-3, Fig. 3-7), Z O#&EFH &1L, ADHI1p 73 C. utilis fl#a 2 FRIC L D ¥ —=R
FIRIZBIT HDHEEEFED 1 D THLHZ 2R LTS, EXVFTEL TWAIFZES
N—7TliE, LAETZ v a— A THEEE LT C. utilis O &G ORIy — 7 = 4
—\Z X B BT % Fhi L 7-(53, Whole genome transcriptome), fi#dT OfEH, 7 v
T—ANHE SR LEZEFEH TIE ADHL O7 »F & v ABHOIRBENHM L,
ADH1 £ > AHOBBLEME T T 5 2 E B LM/ o72, 29 LI ADHL 7 v F
T ABHOFRBLESINT, STRBEEIZ L o Tl v ABHOERGH] & 5] X i Z 3w EE
PERE 2 Hivd, £72,C. utilis 73 2 A RNA 2 0 it 5 A2 H L T 5854
HRR L7277 v F A RNA X ADHIp OEFEZIKR T SE A AREMNE 2 b b,
¥ m—ZEHT ADHL OF > F 1 ABEDORBEIIM L TV DI RHTH D
D, TN aA—ANFEL TN, 7L a—AEREOEFHO X 5 ICRBEEN
WML TWADARERE 2 bivd, £D7=H, ADHL Ot A8 A FE X
ADHIp ApEZ IS, =& / —VAFER LIZRE DWW b0 EHEI S5,

ADHL @RIFEHIC L 2F o n —2AEMMELEO L S 1 SDOHH L LT,
NADH/NAD (LR TR 7 U w7V F b K3 U el /k3#EEE#E(GAPDH, C. utilis
TIX TDHL 122 — RFEND)DRSHEZ M LSBT AR E X bibd, A X ARB
— LT ORE R, WX EIER L O RX WA TIE GAP LR O % P #A<> NADH
NEFE LT = (Fig. 3-2), Z#E, GAPDH % o —AfHOASERETHD =
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EERBLTND, LoLans, TDHL OEEIRBIT X 1 — 2 OREES
NADH/NAD' FLI 13588 % 5. % 727> > 7=(Table 3-3, Table 3-4, Fig. 3-7), Wi FLIE<CME£E
> GAPDH (X, HUFIPND ATP JBJES° NADH, JETERSSE 72 E Kk~ 72 EKIZ L - TR
EEZITDHZENHRE I TVDH(70-72), 16> T, GAPDH OJSMEIL, = OEEH
TEVERRDMEN D TR <, 8O NADH (X - THES TV afREMENE
oY (I

Fom— R THEE L7z C. utilis fHHR X R Tl B8R4, ZWF1, GND1 72 K D21k
Ry h =2V VEERIRICED 2B FORBEDSEM L TW e, 2 b 0%
W77y 7 AL TWDAREMER B 2 Hivd (Fig. 3-5), 26 DBEMEFIZL
STa—RINL7Na—26 ) CEHKERER L 6 R AR TV KRR
X, RISIZEE L, NADPH %547 5720, ZOR# 7 7 v 7 ZADHEINIL NADPH
SHEZEINS T2 REMEN H 5, EEEIT C. utilis #H#2 2 ¥k TiL, NADH 7217 CT72: <
NADPH O bBIE SNz, 2O ~7 7 v 7 2B 2 THllL. GAPDH 723FA
FEINTHDHAEEERH D EWVIERETELRZNEDTH D,

ARETIZ, AR =L E N T A7 U7 b— Afifb 2 A e, R
HOHRHBFED THIZATV B FHIET 52 LICX > TEOTFRIOZ LML LU
FRRAEIZ DWW THREEEAT o 72, Z OFTRERIZ, C. utilis DBEROHL TR, ~3
Tn—AHROPEEEFIAT HBRCEERIERE D Z B IND,
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Table 3-1 Strains and plasmids of C. utilis used in this study.

Plasmids and strains Relevant features Reference
or source
C. utilis
NBRC0988 Wild type NBRC
b RO DGR
PGK1tr
TMS174/Empty TMS174 URA3::pCU155 (multicopy integration) This work
TMS174/ADH1 TMS174 URA3::pCU155-ADH1 (multicopy integration) This work
TMS174/ADH2 TMS174 URA3::pCU155-ADH1 (multicopy integration This work
TMS174/TDH1 TMS174 URA3::pCU155-ADH1 (multicopy integration) This work
Plasmids
pCU155 C. utilis multicopy integration plasmid; TDH1pr-TDH1tr, 15
CyhR marker, integration at URA3 allele
pCUI155-ADHI1 TDH1pr-ADH1-TDH1tr, CyhR cassette This work
pCU155-ADH2 TDH1pr-ADH2-TDH1tr, CyhR® cassette This work
pCUI155-TDH1 TDH1pr-TDH1-TDH1tr, CyhR cassette This work

Table 3-2 PCR Primers used in this study.

Name

Sequence (5' to 3")

™-411 CTAGTCTAGATGGTTGCCATCAACAACCCATC
T™-414 CGCGGATCCTCACAACGAATTCATCAGTGTAACC
TM-380 CTAGACTAGTATGTCTGAGATTCCAAAGACGC
TM-381 CGCAGATCTTCACTTGGAAGTGTCAACAACAT
TM-415 CTAGTCTAGATGTCAATTCCAAAGACACAGAAGG
TM-422 CGCGGATCCTCATTTGGAAGTGTCAACAACG
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Table 3-3 Intracellular NADH/NAD™ ratio in recombinant C. utilis.

NADH/NAD™ raio
Strain
YPD5 YPX5
TMS174/Empty 0.69 = 0.05 0.87 = 0.09
TMS174/ADH1 0.67 = 0.04 0.71 £ 0.06
TMS174/ADH2 0.95 = 0.07 1.12 = 0.09
TMS174/TDH1 0.65 = 0.06 0.91 = 0.08

Data are mean values == SD for three independent experiments.
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Fig. 3-1 Representative time course studies of semi-aerobic fermentations for wild
type grown on glucose (A), xylose (B) and TMS174 grown on xylose (C).

Arrows indicate the time of quenching of cells. Symbols: glucose (opened circles),
ethanol (closed circles), biomass (opened triangles), xylose (closed triangles) and

xylitol (opened squares). Data are means from three (A and B) or two (C) independent

fermentations, respectively.
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Fig. 3-2 Metabolites involved in central carbon metabolism.

Metabolomic data obtained for wild type grown on glucose, and for wild type and TMS174 grown on
xylose are shown as bars from left to right, respectively. The arbitrary concentration of each
metabolite is expressed as the ratio of the internal standard (methionine sulfone) to yeast biomass (an
arbitrary amount of cells equivalent to OD,,=10). Three extractions from one sample were
performed, and each extraction was analyzed by CE-TOF MS. Data are means of 6 to 9 samples (two
or three independent growth experiments were performed, see Fig. 3-1 legend). Error bars indicate
SD values. Abbreviations: 1,3PG, 1,3-bisphosphoglycerate; DHAP, dihydroxyacetonephosphate; E4P,
erythrose-4-phosphate; F1,6P, fructose-1,6-bisphosphate; F6P, fructose-6-phosphate; GAP,
glyceraldehyde-3-phosphate; G6P, glucose-6-phosphate; PEP, phosphoenolpyruvate; 6PG, 6-
phosphogluconate; 2PG, 2-phosphoglycerate; 3PG, 3-phosphoglycerate; R5P, ribose-5-phosphate;
Ru5P, ribulose-5-phosphate; S7P, sedoheptulose-7-phosphate; X5P, xylulose-5-phosphate; ND, not
detectable.
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Fig. 3-3 Intracellular pools of high energy metabolites and NAD*, NADH, NADP* and
NADPH.

Metabolomic data obtained for a wild type strain grown on glucose, and for a wild type strain and
TMS174 grown on xylose are shown as bars from left to right, respectively. One sample was extracted
three times and each extraction was analyzed by CE-TOF MS. The arbitrary concentration of each
metabolite was expressed as the ratio of the internal standard (methionine sulfone) to yeast biomass (an
arbitrary amount of cells equivalent to OD,=10). Data are means of 6 to 9 samples (two or three
independent growth experiments were performed, see Fig. 3-1 legend). Error bars indicate SD values.
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Fig. 3-4 Scatter Plot of Microarray Data.

Panels are scatter plots for comparing wild type strain grown on glucose versus wild type grown xylose (A),
wild type grown on glucose versus TMS174 grown on xylose (B) and wild type grown on xylose versus
TMS174 grown on xylose (C). Data are normalized intensities.
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Fig. 3-5 Gene expression involved in central carbon metabolism.

Expression data obtained for a wild type strain grown on glucose, and for a wild type strain and
TMS174 grown on xylose are shown as bars from left to right, respectively. C. utilis gene names were
assigned based on homology to S. cerevisiae and Candida albicans. Transcript levels are shown as
expression ratios to wild type grown on glucose. Data are means for 2 to 3 independent samples (see

Fig. 3-1 legend).
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Fig. 3-6 A scheme for respiratory chain enzymes (A) and expression data for genes
involved in NADH/ NAD" cycling (B).

Data obtained for a wild type and TMS174 grown on xylose are shown as bars from
left to right, respectively. Transcript levels are shown as expression ratios to wild
type grown on glucose. Data are means for 2 to 3 independent samples (see Fig. 3-1
legend). Abbreviations: G3P, glycerol-3-phosphate; bc1, bcl complex; cox,
cytochrome ¢ oxidase. C. utilis gene names were assigned based on homology to S.

cerevisiae and C. albicans.
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Fig. 3-7 Ethanol fermentation by recombinant C. utilis strains in YPX5 medium (50
g/L xylose).

Panels A, B, C and D show results for xylose consumption, xylitol accumulation,
ethanol production and biomass production, respectively. Data are means for three
independent fermentations with error bars indicating SD values. Symbols:
TM174/empty (closed circles), TMS174/TDH1 (opened circles), TMS174/ADH1
(opened triangles) and TMS174/ADH2 (closed triangles).
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NAFTFZAF 72BN TH, BEEBE LRWEEN O OAEITHEETH S,
— IO ILEEE R, oryzaelIF v B — AW LIMBEAFET H I ENTETDHHDOD, L
ROFEFEEE 131+ TIERVNT6), F7-. B L7 X 912 < ORI v r— R
ZRHAT D2 ENTE RV, ABAREL X u—AFEEE LV ) 2D OFRED IR A
HTH DD, T ETITS. cerevisiaeZ N THF v — AN MEAEE L &
W YRRV, Timen S 1%, 3 31— AFEEEERERE T & S P. stipitisiZ Lactobacillus
helveticusH R DL-LDHZE AT 5 Z & TRERFEIC L 5 F o o — 20 b OFLBAE
ZARND TRERL LT2(82), € DA#HLZ P. stipitistRiZ /v a—A, v m—200Th
BB FIEZ AEPE LTS PDCOMEEE S VTV RWZOIZ T Z ) — )L DAEPE ST

M, LBROIRITKS0% ThoTo, o, HEAEERE, Foum—AHEERED
K<, 101 gLOF T a—RAZ5ERITHE T HDIC147TR R A2 ZE LT,

EHOPTET AR TlX, 2 E TICEs & L7=C. utilisz W5 Z & T,
TN A —ANHRRD TEWIER CL-FLEE A EPES D Z L ITEE L TV 5 (83),
Cre-loxP > 27 L% AW TPDC1O e KR Z 1§48 L, B. taurusHi > DL-LDHANE
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ANSNTIHBEZ R AR LT, T OpdelEERITZ A0S E EE R IBIHME DK T 2R
9 109 g/L7 )V a— R &G e C103g/L O @ e Al O L-FLER % 33 W5 CAE
Liz, ZOWf, =& /) —VAER B BHRALTE TR T LT, L LR 6,
ZoC. utiliskkiZF o m—ANLHMEAPET HZ LIXTE o7, £EZTKET
X, ¥ —2NGL-FRE A EET D C. utilisBkOMEIZETF LT,

EE2E MREL ik
1. T AR

FLEREPERE DN 5 S U7 2 Bk & L CC. utilis PjO9STREZ FHV M 7=(83), ASKRiX
PDC1A3/K#E L. B.taurusf3KLDHASPDCLAEIZ2 2 B —E A I TWN D, Fa—2R
REFREE T 5T 572 00FkE LT, POSTELLEONTZ~—h—7 ) —KEH
W7o, AEEE L 7-C. utilistR X Table 4-112R L7, 777 A X RHEIE FH O KI5 HfiE EI12o

AN ES A E AN By

2. BEHh
- YPD2EZHN « S REFLAHESE 5

20 /LT by, 10 g/LEERE=F R 20 gL /L — R
[ (A B ML VT AS IR FE20 /LD T AT — % U N U 72, TS RHRHAIR 0D 388 B L2 1 A& T 2 600
mg/L & 72 % X 9 IZHygZ SN L 72 B5 & vz,
- YPDSKEHY : ERES R AT AE F . SRS I E A B 1
20g/LXT by, 10 g/LEERE=F R 50 /L7 /L — A
- YPXSEEHN : BERRAREEABR AR A . B SR I E £
20 g/L~T F o, 10 LR F X 50 g/LF v m— 2R

- YPXI10CE:H - BEREREEE R A BS H
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20 /L7 by 10 gLEERF = AL 100 g/LF v m— A 45 o/LERIRTI V2T L
- B UASAKIB IR - RS R R SR 1

E— AR, U o B — RIS (Yokohama, Japan) L Y pREAE T2, B

— IALAKIRE LI IR, RS/ E RIS L - TR L 72, 100 g/L & — /LA %
0.6 Nfiifiz TO0°C., 3IFHALEE L, SN/AKER LT MU U A TpHS.0E 705 X 9 IZHFI
Lz, 0Ot milkt/r 7 —ENS500103 L TUNNS50013 ( Novozyme, Bagsvaerd,
Denmark)iZ L ¥V, 50°C, 24HFFIE(L 21T 572, 15O HELIRIC KR 45 g/L &
BHEDITRBIN T T AETINL, BEERBRAOR L Lz,

- LBERHE - KA B ISl

10g/L RV 7 Ry 5SgLEERF=F A 10 g/LifLT N U 7 A
RS - IR E LS /LD T H— 2 U LTz, TEIRER OB 121 3&IR EE100
mg/LE 72D X7 eV AR LR A VT,

3. 77 AR
* pVT164 : CsheXYL1-CsheXYL2-PsXYL3%EH -~ & —
» pVT168 : mCsheXYL1 (K275R/N277D)-CsheXYL2-PsXYL3FEEI 7 & —

BHRBLART H—DOREFIZONTIEE 1 EIZREHEH L7z, pVT164 %, CsheXR,
CsheXDH, PsXK % =1— K3 % CsheXYL1, CsheXYL2, PsXYL3 D3I~ ¥ —Th
%, pVT168 (% pVT164 @ CsheXR i&fx 175 NADH ZRM D %8 F (K (CsheXR
K275R/N277D)BE T ICE il o T\ b, KRFERTHEH L7277 A I NiX Table

4-1 1ZR L7,

4. C. utilis? JZ G st

C. utilis®FEHaHEOFEE LT, Notl/Apal CALEE X 17277 A I RDNAZ W
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Tz TEEERHAITHE 1 I RLH L 72 7 VRICIE » T L7z,

5. FABESR IR O FHRL & BESRTE R E
1 FEICELE L TR o T L7,

6. JEMEARR

ODgoo PHEIZ1E. GeneQuant 1300 spectrophotometer (GE Healthcare, England, UK)
EHWIZ, FRCREHEN WG E ., il & L TYPD2EHIT30°C, 245 4F <2
L7zB Rz VT2, 30 mLOFEREHI R 22 AN 72100 mLAD =7 7 A 22 Fn T,
HIFEODgoo = 10, 30°C, 100 rpm TEEE 2TV, B3 HIFOEEWIRE, ¥ n—X
IREZ M LT, 7238, ODgoo = |OEFEIRIZ, 1 LOEFEIEH 7V £90.46 gD Rz

KEEG LTS,

7. M5

Fro—A, FvU b=, =X —LOERT., FIFEIEEHEH L FEKE-
THENE L7z, L-FLEE O & & |3 Biochemistry Analyzer YSI-2700 system (YSI Inc.
YellowSpring, OH), D-FL4® iE & ¥F-kit (JK International, Tokyo, Japan)?D 7 &2 s =2 —

Ve T T o T,

8. M LAl AE B
CsheXYL1, CsheXYL2. PsXYL3DE Al A & ekE S 1L 13 I50# LT,

H3HT R

1 B o m — AR 2 38 B % FLIR AL FERR O 5L
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ETHARO X v o — 2R B T8 A SR A PERR 2 TMS195 #K.
Fifili 56 HRME A NADH BUZZE#2 S 3072 CsheXR K275R/N277D % & e HEAYE A
STk % TMS196 #k & L7-, Table 4-2 2R Lz &k 91z, BFES v v — A{RHImESR
ZRBLTORIL, FUr— A TR L3 b r—bfk & el L TR Tim
XR, XDH, XK {fiMEZ 7R L7z, TMS196 #RIZI350 Tik, TMS195 #£ & Hilgs L T NADH
FAEFTO XRIEMN M ELTWizn3, NADPH fF/E F CIIE F LT\ e, Fiz,
YPXS H5 I COHIHIL, N EN OB Z RIZIHB N TRERETRO b o iz

(data not shown),

2. FHIEZ BRI X D ¥ v — A0 O

BRSO m — ARG O AT KOS ZR M2 NADH BUZ A # S iz
XR DEANRF 1 — A0 O L-FLBAEFEIC G 2 DB AT 5 72912, YPX10C
BT o L-FLBRAEER M L7, REOF v —ARFERPEAS LT
TMS195 £, TMS196 #£CTid, = b — LRk & i L CF v m — A DA
REL M ELTEY, ZHISED, L-FBEAEES KE <M kL7 (Fig 4-1), 5
75 BEffE. 22 b — ARRCIT L-SLER Y 9700 2.9 g/l LOMVERE SR> T2 DIZ
XL, TMS195 Bk TIX 43.8 g/L AEFES Tz, LLARANH, TMSI95 #RIZEB W T
132 EDOX U b= HEIZEL TV (254 g/L), —J7. TMS196 £kiT XR DOAfil%
BORMEDOEHIZ L > THF U =L ORIENRESKTFTLTEY (3.8 g/L), L-FLiE
APFEIT672g/L £ TH ELTWe, ZRHDOFRIZ, ¥ r—2A0®RITHIG, ¥
U b=V OBARBRISIZBWTNAD 2 VA 7 VT 52 ERFTa—ANHOD L-
HBOAEICB W THMBOD TCHETHLZ LA RETHHDTHDL, £/, T b
DB RIZIBNT, =&/ —)L, Bk, 7 ) Er—/ D-HLEERITZEN TR
RUTTH Y, HF 57 L-FROEFHE T 99.9%LL B2 72,
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3. HLERAEPED - O FE AL

TMS196 BRD % > v — 216 D L-FLIBAFER WET D72 OIT, il R R %
A LT, WIS, BEACR T DIRE DR EZ G LTz, 30°C, 35C, 40CTHM
B AL L7-E 2 A, 35CTHRbEW L-JLEEOAENEEZ R LTz, 40°CTiX 30C
KO EWRELZ R LT2DS . APEEE TR > 72 (Table 4-3),

L-FAMAEERZUGET Do FiEE LT, AR ORFIRIZER Lz, YPDS K
#d L <IE YPXS Eifi CRifEEE LIc @R Z W T 35CTREFRBRA R L2 & 2
A YPXS HEHLCHIEGE 2 Lo & SO G YPDS H5HECRIF R L7 & 2 K0 & 32%
L-FLIRAEPE RN D o =(Table 4-3), LxL72n 5, FEHI C L-SLBRINRIZ 2L
RN T,

C. utilis 1% S. cerevisiae & 13872V 7 77V ) — RN THL LD, B
(2 & o TR A IIHI S e 2 LM LTV A (8), - T, B 2R iR Tl
BIERBYLEHARIEIE ATRE T H 5, T 2Ty IRICHE R RIZ L D L-ALRAEPEIC O
THRET L7z, #1756 ODgoo & 20 (238 E L7256 T, L-FLER ORI THEM L 7=,
AREMETIE, 105 g/L DF T m—ANS 93.9 g/l O L-JLEE & B3 43 BEE CAEME L7z
(Table 4-3), FEBERTIC 6.8 72~ 7= pH X 3.9 ITIK T LT\ 2, TOERICTH ) —)L,

7V —b, EEEROBE 2 ERITRD b hoT,

4. B — /UALAMIBE IR D D OL-FLEE A PE

BRI, EARBRAA A~ ADET L E LT, E— WA IR & O Tl
MR ZAT o7, BE—/HIARNE, BV BUEICB W TERIT 2SO BRICE L 5 K2M T
HO. 18%NBENAE—R 29% BT TV X T ALK o THERK SV D BEARR A

T~ ATHD, ZOE— /LA E A & il L7 —BRET 5 LIk~ T
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BT B —UAAKIEE LR I1E. 25.8 /L /b3 — R 205 g/l ¥ m—Z 103 g/L
T T = ARG AT, R LT X v m — RAREEEFLER A PEC. utilisik A VT
R E i L7 & 2 A, BHEET2ME C B — U IAK B LI 2> 536.0 ¢/ LOL-3L
Be % /EPE S T-(Fig. 4-2), 2 O, 1% LIoBHC 6 5 L-SLBRILRITT7.7% 72 ~ 1=,
DX DI, CoutilisiTFEBREF O TR EEEO A A~ 205 bR
WCHBBEAPFETEZHZ ENHAL NIRRT,

b

A &
FEFEDRDRY  KEORY AT, BERFE TS /) — X U F—/LORIE
Mz, HBOESEELIZENR LTVO TORETH D, AFRIZE > T, HiEEEE
SKPEAY NADH 2 # X 4172 CsheXR & CsheXDH PsXK #3E AT 25 Z L1280V,
X —APLHAMBELREETELZ NP LT oTlz, o, BESN K
A5 2 IR D TMS196 BRITEAHEAIICER 78 43 FE[E T 105 g/L OF a2 — A5
939 g/L O L-FLIE 2 AT 5 2 E RPN o T,
CsheXR DR ERMEDES L, =& 7 — V721 T L-ABEEET H LD
(CBIn T S BERRIZ W T b L LB EENER L& F 2 ) b — L EREK
IZHZTH - 7= (Fig. 4-1), FHH L5 1 =T, CsheXR K275R/N277D, CsheXDH,
PsXK % 1 2 B —FOHAERIZEALIZLGA, £TOFn—Rnb50xF ) —/VI
HITFGTIERD -T2 Z 2R Lz, KEICBIT D RS REEMO 1 21%, H1FEL
LAY 2 —ZH L TWDICH D 6T LBRAEFERICGEA L7256, MEKO
X — A5 OFIBIEPBD TEWVDXZ2EN, EWHZ L ThHD, Fvr—
ANBDTH ) —VAEFEDLA . RN ORISR T o AR EICRTZND 720
. XR & XDH, %72 GAPDH & ADH O UGIZRBWCHIEEEN Y 1 7 v S5
VENHDLH, LML, 3 ETRLIELIIC, ADH OM NI DY A 7 V%
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BT ERE 20155, —J7, IWBAEEOL AL, PDCL ME ST\ 5725, ADH
DR Y IZ LDH A3 NAD O FER{LIZBE D 5, i L TW\W5 LDH X E /L E U EEICH
WBFIEZ B L TWD Z A SN TE Y LDH OWISTE Z D IZ< e T
I DH84), 7z, SN LRI CHBIEZ TR T 2, B pH
DIHPEIZ IV BREE Tl Mlsh~—EE R S 7= P A AR EE A IA N IC R SAE D
DI N T UAR—=F =N T HRENDH L0, 2 9 LTI IAZO KA LDH
WS DOHEE & 72 D ATREMED B 5 (85), & BT, WTEMEDOILERE (L% (CYB2)IL%
DG NAD TR v hrah b2 2FMT 5720, T ORBITHMAEN
NADH/NAD' 2 5 2 2 528130 70 2 2 5305 (86), T 4L DEEKIC . #
P A PERFIZITFLIE N O BV B R 2 A PET 2 SUR IR T Z 0 IZ < WBRER & 72
STWNDHZ ERTREND, Z< DORBLEITCISIZIFERIETH 5, 1E-> T, fia
N NADH/NAD H & @ EIZ R 602, HIIWME O EEFEZERT 2720121%, BIX
LW RS 20325 2 & HEEN D LIV,

¥ H—ATORMBEEITF 2 — 20D OL-FLBAERE Z IS S 7253, -3
FRINRITHGIN SR 727> o 7= (Table 4-3), HA L7z o — X AGEIEESR OTEMEIL

v — A E TV a— AR CE L ey o 7o (Table 4-2), €6~ T, ZAUIWNTE
PRI DO X o m —Z~OBME RN ER L B2 Hivd, Bl C.utilisz 7L =—
2H LIEF v r—A 2 RERE UTEE LRI, TEnoETtrm—
ZEBFE b T VAR —Z — L @B N7 VAR —F =R HBLT D 2 LB
ENTWVBHOD, /o T RERE LTH L n— X2 E i CRigET 52 L T,
Fiur—RA T URAR—Z—EONEMERIZFORBNEL L, TOF T v—2F)
FNZHE L7 Z 572 2 & T REEBERHSEHF SN b0 LB BN,
C. utilis (IMRAFEDO T TH RS mWFFRIEMEZA L TRV Q). TORMEEFIH L
To BRI K Dk A BB ORAEENRE SN TVD, TRETHEIN T
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HIEBIERR T, IV TFAURRM Y B e & BRI AR
HHMENIE DAEPENMT E AL ETH H(15, 16, 87), ARFEDRY A TlL, mHBER:
FICEY, e —ZAnDOAMBAEENFEZmD D Z LIS LT (Table 4-3), #.
D X 7R D& EE S FEE Th o7 DiX, C. utilis DIEIET = A X L 3EE~
A ADNEHFBFEETESICTHE AR Ch o722 LITERT B2 BN D,

TMS196 ¥kix. B — UALAKIN S 77.7%DINR T L-FLlg & £ PE L 7= (Fig. 4-2), L
LRI G, FOAFEREII GG E W HE LB L TH, BB NTIET L
TWe, TOERD 15& LT, BEFHEMEOAENET bND, KETERMAL
TeAWERIZ X D AMLBE TIL, 7V T 7 — 00l e & DRk~ I 8BS E W E D E
PESND Z &I SN TV 5(88,89), = HIZ, THEIZHAT D 0.6 M ORiitERE
HELHRBIHELGZ TNDEEZOND, T 9 LICERRAL I~ A 203 1)
R 2 720I21E, ol 72 RO BRI A, Y72 AL G OB b BT
bHEEBEZOBND,

EHOWFFEIC LY, CoutilisZz VT v a— 20 b TR IR CL-3Lig % £
PETDHZEMNAIREE 2o T, BHRTH DTMSI1968KD /X7 + —~< > A1, Ilemen
DO & LT, RBMEOFBERE, MISEOINETH L, HMBEFEOTIZE
Fo O —ANOIHMAEAEETE DS DITFET 208, BERHIEpHMEZ FFo & 95
AN D D, HlZIE. C.utilisiZpHAS3 4R T 7= B/ NEEHI(100 g/LoD 7' )L 1 — A
6.7 g/LDyeast nitrogen base) THIHIODg = 0.1 & LEEE 2 BitA L 7=z Th
70.8% DI TL-F IR Z APET H Z L N ARETH o 7c, AFETORRIL, BEREOF;
OAMAMEZ R L, & bRDMIBAZ ORI RE BB 2 E 26D EE RS
na,
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Table 4-1 Strains and plasmids of C. utilis used in this study.

Plasmids and Reference
) Relevant features
strains or source
C. utilis
Pj0957 NBRC0988 pdclA4::L-LDH 83
TMS195 Pj0957 URA3::CsheXYL1-CsheXYL2-PsXYL3 This work
TMS196 Pj0957 URA3::mCsheXYL1 (K275R/N277D)-CsheXYL2-PsXYL3 This work
Plasmids
pVT164 TDH1pr-CsheXYL1-PGKa1tr, Chapter 1
TDH1pr-CsheXYL2-PGK1tr, TDH1pr-PsXYL3-PGK1tr
pVT168 TDH1pr-mCsheXYL1 (K275R/N277D)-PGK1tr, Chapter 1

TDH1pr-CsheXYL2-PGK1tr, TDH1pr-PsXYL3-PGK1tr
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Table 4-2 Activities of XR, XDH and XK in cell extracts obtained from recombinant C. utilis strains.

Strain Medium XR (U/mg protein) XDH . XK .
NADH NADPH (U/mg protein)  (U/mg protein)

Pj0957 YPDS 0.00 = 0.00 0.00 = 0.00 0.00 £ 0.00 0.18 = 0.01
YPX5 0.00 = 0.00 0.04 = 0.00 0.07 £ 0.01 0.19 = 0.02

TMS195 YPD5 0.44 £ 0.02 0.61 = 0.06 2.55 £0.28 0.33 = 0.02
YPX5 0.45 £ 0.02 0.55 = 0.06 2.74 = 0.33 0.39 = 0.03

TMS196 YPD5 0.67 = 0.03 0.19 = 0.03 291 £0.13 0.32 = 0.02
YPX5 0.71 = 0.05 0.18 = 0.01 3.11 £0.22 0.37 = 0.09

Each enzyme activity was measured in extracts from log growth phase cells (24-h samples). Data
are mean values &= SD for three independent experiments.

Table 4-3 Effect of cell and culture conditions on the production of L-lactic acid from

xylose using TMS196.
Medium of Temperature Initial L-Lactic acid Xylose Yield L:;gggzti;id
preculture ODg,, produced (g/L) consumed (g/L) (g/g consumed xylose) rate (g/L/h)
YPD5 30°C 10 356+ 14 53.9 £ 0.7 0.69 £+ 0.16 0.89 = 0.06
YPDS5 35-C 10 55.0 £2.1 70.5 = 0.9 0.78 = 0.14 1.22 = 0.04
YPD5 40-C 10 20.8 = 2.1 28.9 £ 0.9 0.72 £ 0.12 0.53 = 0.02
YPX5 35C 10 66.7 = 14 84.1 £2.1 0.79 £ 0.13 1.62 £ 0.11
YPX5 35:C 20 939t 15 1032 = 1.9 091 +0.13 2.18 = 0.13

YPD5 or YPXS was used as the pre-culture medium. Xylose consumption, and L-lactic acid
concentrations and yields were measured after 43-h batch fermentations. Data are mean values = SD
for three independent experiments.
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Fig. 4-1 L-Lactic acid production from xylose using recombinant C. utilis strains in
YPX10C medium.

Concentrations of xylose (A), L-lactic acid (B) and xylitol (C) in fermentation are shown.
Symbols: opened circles, Pj0957; closed circles, TMS195; opened triangles, TMS196.

Data are mean values from three independent fermentation experiments. Error bars
indicate SD values.
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Fig. 4-2 L-Lactic acid production by recombinant C. utilis TMS196 strain in the spent
grains hydrolysate.

Symbols: opened circles, glucose; closed circles, xylose; opened triangles, arabinose;
closed triangles, L-lactic acid. Data are mean values from three independent
fermentation experiments. Error bars indicate SD values.
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5% Candida utilisic L 51 Y 7 aX ) — VA BE

§

HIET Fram

AT aR) =T BAEWIC L > TEETE 2 b MR 2 M7 La—1o 1
DTHD, AV 7T aN ) = VENKRKISIZE D 7 B L o~ B TE L2 &b,
BARIZT TR, R T Lo ikt e Lic 77 2F v 7 /-G oEemE & LT
HHAMAEDS & Do A A~ 26 OEFIAPEIL, 19 WAL PIEIZ Ik S iz 2 L s
b5, ®BHEO 7 v A N U LABHEIX, TR NS TE N X — IV
[RRFICAPET 5(90), ZDEXAPFEINDT & N L, MlENO T EF L CoA % i
BtE L TW5091-93), 7&F L CoA 1. TEF I CoA 7 FNEIEBEESR
(ACOAAT, C.utilis TIXERGI0 (22— RENDH)NZLV, T b7 EF /N CoA IZE
faXi, WIZT & K7 TV CoA HEFEREESR (ACOAT, Clostridium acetobutylicum Tl
CfABIZ =2 — RENDNT LD, 7T& MHFRICAIAS LD, 7 & MEEERRIEZT & I HER
i ER R #% 35 (ADC.,  Clostridium beijerinckii ClX adc (22— K& )Nk~ TT7 & b
ANEHEIND, ZNHDOHFTY C.beijerinckii 72 EH HEMEICBWVTL, &HI122
7 v — VB k FE# 3£ (SADH.,  C. beijerinckii TiX sash (22— K& D)NZ LV,
T MATA Y T E R ) —VICE TEILSASH(94), Chen HIX 52 FED 7 m A K
TULBMEOHR T, C. beijerinckii 23 HZED 1.8 g/L DA Y FrsX ) — L EAg
PET D Z LaWME LTZ95), LLARRE, Zho OMEITEEBST v by, 74
J—=)v, TH ) =)V kxR RIEY) & [RIRFICAEET S 90) 2, mifliEDA V7
BN =N EET DT OIIIEME RO TRPLE L 25 LW O ER S -
Tz 9 LTCiEEZ AR 272012, M2 KIGW 2 VoA Y 7 ass ) — VA pE
25 Hanai & Jojima 512 X » THA S472(96, 97), = ORFERL X 7=/ x ki3 <
NENA9g/L, 14gL DAY T ) —)VEEFEL, ZNENOIEIT 43%, 51%
Tholo, E72. Inokuma HIE, MBX KIGE DA Y 7T o/ ) — VA PED K%
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FEhp L, TARXARNY v BT HAEVAT L& W BRIGEEERIZLD 143 g/L OA
VR ) — VPR EFETE T2 EHRE LTV 5(98),

S. cerevisiae &, TNFE CEERTA Y7o/ — L EAFELTERE TSN
TRV, C. utilis ITMERIEVEIZEN TV D Z L0, FHHIX. ZOBRKITT 4
J—=VORIVEEME 200, @A Y TR ) — VAEENEER TE HRT vy
NEALTWD EE XL, £Z T, AETIE, C. utilis ZHWTZ va—2nb A
VTS ) = BT D L2 R LT,

F28 MR ik
1. fF R
C. utilis BpARE & L CTATCC152398k % H\ 7=, F LA DC. utilisfkiz >\ T,

Table 5-11Z7 R L7c, SFHIEICFEH LI RKGEZ 77 A FEENEFE L L THW,

2. i
 YPD2J5 1 « % R A HE JiE 155 4
20 g/L_TF Ry, 10 gLEERE=F A, 20 g/L7 v a— R
BEREE - IR 20 g/LOT W —% I LTz, SEIZS U T E ISR OBk

(AR E600 mg/L Hyg, 200 mg/L ¥ = X7 1 22 (G418), 60 mg/L Cyh%x E4LZ
AR L 7= 85 & Ve,

- YPDI10KEHY - B RS ek A 5%

20 g/L T kL 10 g/LEERE=F A2 100 /L7 /b2 — A

- YPDI10CHZH#1 : % REJE PRl JH 1%

20 g/L_X7 b2y 10 g/LFERET S A, 100 g/L7 /v — A 40 g/LIREE I V3 7 I

- YPDSCHEH - BEREF B AR A 5%
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20 g/L_X7 by 10 g/LEERET A, S0 g/L7 /v — A 40 g/LIRER I /L 7 A
Helal oy R BRI S B\ T, 48RS (23Rl KRS0 g/L L7 D K o IRk
A —RAERMLT,

- LBESHI - A i %

100gL RV 7 by, SgLEEREFT% 2 10 g/L¥E(fLF FY o7 A
[ AR B HUZ I AEIR ELS /LD T T — & W U Tz, T AR D38 HR I IR EE 100
mg/LE72 b X7 e RN A e,

3. 77 AN

7T A FHEEO T DEEARN R ERITIET, HIFEICRHE LI TR > TF
i L7z, i L7277 A ~—[ITable 5-212, % L7777 A X RidTable 5-112/~ L
7

* pVT239 : LYS2JHEHHIAARIY A~ T 22—

LYS2 B3t (99472 5+380) 35 L OVTFIE (+14417>5+2768) ELXIix, C. utilisdd 7/
LDNAZFEH & LT, TM-168/TM-1693 X ONTM-170/TM-171D 7 5 A ~—% v h &
FAWTENZHHEE Lz, #IE L7722 >ODNAWH Z A L. TM-168/TM-171D 7
FA4~—ky P2 HWVWTH—""—F v FPCREATV, 5 OLINTZPCREY &
pCR4Blunt-TOPO (Invitrogen, Karlsruhe, Germany) (27 ©—=27 L7, Xhol4LE|Z
X o TH B 7=LYS2E S % & T0492.7 kKbp DDNAWT /1 %2 . pUC119 (TakaraBio) ¢Sall
YA M7 m—=2 7L, pVT202& L7z, GAISMHEEISF & » M. pCU595(19)
ZERR L LT, TM-115/TM-116 75 A ~—+t » k% IV CHlg L7-. 75857 7-PCR
PEN) % Spelds L UClalfL B L 7= 1%, [l FRIE#SR CTHLEE L 72pVT20212 7 m—=7 L,

pVT239 & L7z, pVT2391ILYS2 Liihdsl, Spelth . G418 MHE(s T I & v I,
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LYS2 Fiiilcs % = OIEEZETH LTV 5,

- pVT92-ctfAB : URA3EEFHIAARICHA, ctBIEL~T & —
* VT239-adc-sadh : LYS2 J#fHIA Z 7 ade, sadh JEE~7 7 —

A Y 7ass ) —)VAREIZEE D % C. acetobutylicum ctfA, ctfB, C. beijerinckii adc,
sadh (X, Pichia jadinii ® = F s FIAHEE & KL IZ TakaraBio #2286 B4 fK#EH L 72(C.
utilis 1% P. jadinii 7 EL 7 L SATWD), = KRBT, Codon Usage Data
base (http://www.kazusa.orjp/codon))ZZ M L7z, M SN/ 7 7 A I Firb,
Xbal/BamHI ZLEEZ L 1 | ctfA, ctfB, adc, sadh @ DNA Wiz =l L7, [FIfHIFR
%S5 CAUER L7- pVT92(3E 1 E)I2 7 @ — 1k L pVT92-ctfA . pVT92-ctfB, pVT92-ade.
pVT92-sadh % {EHL L 7=, pVT92-ctfB % Nhel/Spel LB L CTH+ 57~ ctfB BH A&

k% & Te DNA Wi fr % Spel ALEE L 7= pVTO2-ctfA (27 17—k L pVT92-ctfAB % {E
LU 7=, £72. pVT92-sadh % Nhel/Spel #LE# L T 5 47z sadh A&~ &= &
DNA W7 Jr % Spel ZLEE L 7= pVT92-adc (27 v — 1k L,pVT92-adc-sadh = EHL L 7=,
pVT92-adc-sadh % Nhel/Spel ZLEE L TH 47 ade 8L &~ k& sadh A & -~

k% & T DNA 77 % Spel 4LEE L 7= pVT239 {27 17— 1k L T VT239-adc-sadh & L
7o

- ACS1, ACS2. ALD6-C. ERG10 D% =1 " —HIALIA~ Y K —

7 FIVCoARRKEESR, 7B T /L CoAG AIER2. 78 7 VT b RIKHRERESR,
T e FINCoAT B F VISR #a— RTS8 T (ACS1, ACS2, ALD6-C,
ERG10) ®DNAK A 1%, C .utilis”7' / ADNAZ#57 & L7=PCRIZ L » CHAE L7=, &
E N O EIZ L. TM-376/TM-377 . TM-376/TM-377 . TM-385/TM-386 .

TM-235/TM-236 D7 5 A ~—+t » k& f\ 7=, pCU155(XTDH1pr. TDH1tr, Cyhiiit
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PELT Iy EATHURAEZIEN & LS a b —fARBIR T X —CTh D
(15, 5F2&, FH3F), 5 H4L7=ACS1, ACS2, ALD6-C, ERGI0DDNAWT /i % Xbal/BamHI
LER L 7= pCULSSICENFh 7 v —=12 7 L, pCUI55-ACS1. pCUI155-ACS2.

pCUI155-ALD6-C, pCUI55-ERG10& L7z,

4. C. utilisdOJZ B HiRHA & BRI EE

TR HA 1T 51 BEIC RO L 7o HIEIC e - CTHEMa L7z, C. utilis ATCC15239%k D
PDC1DA%EEIX, Cre-loxP s A7 A% Fv 7=Tkushima > D FIEANIHE > TIT o 77,
AV TN = VAEIZED LB FH 7 v — 2 {b 372 pVTI2-ctfAB |
VT239-adc-sadh % Z 1L EHUBgIT S L < 1ZNotI TY{k L 7=, C. utilis ATCC15239%k.
& %I DOpdel BRI O TR BRI L7z,

WIEME B AG B REIFE O 7212, pCU155-ACS 1, pCU155-ACS2, pCU155-ALD6-C,
pCU155-ERG101ZZ N ENBgIITIHAL L7, A VY 7 13 ) — VA BERR(TMS2728K)
DI E R LT,

ACS2 & ERG10% [AIFRFIZ BRI B+ DR OMEIZIE, 7 7 T~V F a v —H A
(#2%) & 72, BglITiE{L L7=pCU155-ACS2, pCUI55-ERG10% 1:1DE/LHT
BE L, C. utilisf Y 7w /X)) — ) )VAEFER(TMS2728R) 2 TR E st L 7, @ B mlE kS
BEATo 1%, CyhZ G @IS HIC B4 LT, 30°CC3IAMEE 21T o7, WHEIR
7= X0 LNT72407 0 — 0 OHEEFAIL X K2 YPD2ES #1 T30°C, 24FFH 475X
B L7z, 100 pLO BTS2 25 mLOYPD10CE Hi( T A FRBRE) ICHERE L, 30°C.
120 rpm THR & O 5548 L 7o, {EDFFMBEOA Y T X)) —/WREZ 5L, &b
AEFEPED @R A TSR R LT

5. A —DER
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55 2 FICELHL L 72 FIEICHE W M RIEA S NTeENEROBEF =2 B —#
Z Real-time PCR TE® L7, BASh R a bt —HBrzERET LH7DIT,
TM-435/TM-436 D7 T A4 ~—% v bW T &R Bty F2 FT7A47LTW5
TDHLtr Bl % HE0E L 7=, F£7-, ACS2 & ERG10 DE A2 B — K EE&ET H 70T,
TM-478/TM-479 & TM423/TM-424 O F7 A4 ~—t v M EZNENH Wz, KA

2T ) A EDave—Hut, ATCC15239 BN 2 (K TH D EIRE L THRH LT,

6. FHIESR IR DO FHE & BESATE M E

FLRE IR OFRELIE, 5 1 BICFCH L2 FEICE > THEM L7, BV e MR
F#R(PDC), 7 & M7 v7 b RE/KFEEESE(ALDH), 7T /L CoA & kEESE(ACS).
7B F IV CoA 7 & F VIR E(ACOAAT) DIEMEIEIL, \EDWMEITHE - TLT
©72(99-102), 30°CT#E Z %5 NADP)H Dfgfk, & L <% NADMP)DEIL% 340 nm
D24l & LT Molecular Devices VERSAmax Plate Reader (Molecular Devices,
Crawley, West Sussex, UK) CE=4— L7, 1 BEEHEAL(1 Unit)iL, 145721 pmol
® NAD(P)H Zf{bd 5 MTiE T HMRE L ER LD, ¥ /7 EREIXY i
1§77 V7 X (Sigma) & HEM)E & L CH V7= Bradford #£(36) CHIE L, HAL A& X

7B 85720 O IEME(Unit/mg-protein) & L CTHEH L7-,

7. AR

ODgooD M| 21X, GeneQuant 1300 spectrophotometer (GE Healthcare, England, UK)
Z V2, YPD2EEHET30C, 2447 5ibs 8 Lo @ iR 2 Bl L, SERF R A 5 1
T DR L7e, FERFERUBRIT80 mL o> SRR I EE 2 AL 72300 mLAED =47 7
A a3 &, #1%0Dgo = 1. 30°C. 120 ipm TITV, K5ge LIFOAFEMIRIE, ¥

o— AR HEAEEZ ST LT, 7B, ODgo = |DEHEIKIZ. | LOEEERREHI-Y
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#10.46 gDELEEIRZ G ATV D, FalrE2E Tld, YPDSCES#EIRIZ SISO g/L

DX HICEE S L a— R F48RE B = 123 EIE LT,

8. T ITik
JNa—Z FiEg, 7V en— VOERIT, FHIFEICEHE L2 HIEICE > THEM
Lic, 4 Y7 uasx/)—)b =% /) —)LiLTurbo Matrix HS (Shimadzu, Kyoto, Japan) %

AWl A7 a~ ~7F 74— (GC-2010 Plus, Shimadzu) AW TEEEZIT- 72,

9. ARSI S

ctfA, ctfB. adc., sadh, ACS1, ACS2, ACT1, ALD6-C, ERG10, LYS2 ®igFAd
#liZ. DDBJ/EMBL/GenBank nucleotide database (23T, AB641123, AB641124,
AB641125, AB641126, AB641819, AB641820, AB682755, AB641821, AB641827,

AB641828 & L TEGEI LTV 5,

RTINS
1. A YT — VAEFERR DR S IV FERR DRSS

TNT—=ANSDA Y T/ ) —VEFEDTOIZT A LIZC. utilisOH#EER
BRI & | Fig. 5-1127x9, C. acetobutylicum ATCC 824F¥KH1 sk DctfA, ctfB, 35 L
C. beijerinckii NRRL B593#kH 3k MDade, sadhzE AT 5 & TA VT aR /) — LA
FEMEC. utilis TMS2728K A AB4E U7, TMS2728k 1%, B 44054 128 K T0.21 g/LD
A Y 7asN ) —)vEERELT-(Fig. 5-2B), —}5C, "7/ ¥ —=a kua—/LTMSI-01
BECIEA Y 7 a8 ) — WTAEFE S o T2 (Fig. 5-2A), = OFERIL, TMS272FkIC
BWT, BALA YT R —LERICED HRERBEE T ORBNRI LI Z &
ZARL TS, TMS272RIT Z DR, 6.3 g/LOEHRAZZHLTBY ., Znid=ar b
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0=k D1.6 gLL VY ZoT-, £, FEE6SHEHHZ OTMS228k E =2 b —)L
BROBEZIROpHIZ, TNFN43L52TH -1z, RSN A IERE O EREH HeRs
NieholeZ Ehh, TMS2T2EEIBROpHOK FIL, FHROERIC L s b0 LE
BT,

2. FRIGMH T TOA Y TRy — VAR

TMS272 BREGHE R D pH DMED o T2 72D (IRIZIRIE I V> D LI LY pH =2~
N — LB EE LIS T DA Y T a oS ) — VEFEICOW TR LT, 2 DR R,
RSt LR LT, KD ZL< DA Y T a ) —UREFESIT, TMS272 FRIZ
Ko THEEINTA Y T a X)) —VREIX, AEISNT-T X ) — VIRERICHEE S
D E THIIN Ut i, 5528 113 BFREIC 1.2 g/L IZE LT (Fig. 5-3A), T OEROE;
HD pH 1L 52 7207, T D DRERIT, Fithdfe b2y TMS272 #RDA Y 7 m X
= WVEER R T SETNLZ 2R LTS, 7206, EiK pH ILIZHH
L CHE Z BB ORERMALDS A Y TR ) — VAR FIE L TWAT]
RMENEZ HND,

o

I

3. BV E R IR SRR R TR O

X )= VORIEEZIRTSE DO, =& ) — VAEFEOHEZE THLE LY
iR EERESR % 72— N3 5 PDC1 OfEZ 7=, B HSCHK 83 8 KOV 4 BEORER
226, C. utilis IZ3BVT PDCL ORHEIT = ) — VAEFEROR KL SR T &
MBS N2 72 > T D, Cre-loxP > 27 4% T C. utilis ATCC15239 ¥k PDC1
ERELILEZA, 2 EOBGRTERICEL YRR EOBRTFRE2ICKBLE
(data not shown), = D#EFIX, ATCCI5239 ¥R 2 (5K CTHDH Z LA RETHH DT

H5, Flz, MIEFEIE O PDC IEEZRIE Lz & 2 A, BEKD PDC IEMED 1.18
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+0.09 Umg Tho7=DIZH LT, pdel BEEK CTIIRHBRLU T THho72, b
DOFER AT, WRIZ pdel BREERR 2 FAWTA Y 7 a8 ) — VAREE et LT,

pdcl AEERRIZ A Y T a X ) — L ERUZED S 4 DOBIRF 2V EA S 1172 TMS290
HiT= s ) =N AE LD, RbVIZZ7VErn—AnEmERHEL, &K
DAY T asN ) — ) )VAFEEIL 0.87 g/L I8 % > 7= (Fig. 5-3B), £7-. Z/La—Ax®D
HEHRERL LU Y T aR ) — LV OAFEREIZEWTS, A %27 FOPDCL & f
T2 TMS22 B LD IR TF LTV, b OfERE, C. utilis Mz kDA V7
BN = VAERETIZPDCIC L OMH 7 7 v 7 ANEETHLZ L 2Tm BT 56D
Th b,

4. WIEMEE S OB FEIFE B O 2

TMS22 BRIZ KL A Y T as ) —)VAEPEIL, =& ) — VA HE L TSR L
ftlf7ze T2 T, TERTEFIL CoA HEE2 RO T, MLV DA Y TR —
WAEFEZRFERT D100, FFHIETH ) — VBRI L 71 F T EF L CoA Ak
IZB94> % ACOAAT (ERGL0 |22 — RE N AH)WIIEH Lz, =4 / — L%, ADHI/ADH2
IZ2— R &5 ADH, ALD6-C |[Z=— K& 415 ALDH, ACSI/ACS2 IZ2— K&
ACS 2L - T, TEF/ CoA ~L &M%, ADHL & ADH2 |&, FFIRFESE T T
BB LTS Z LR STV 5(53), £ 2T, ALD6-C, ACS1, ACS2, ERG10
EERBE ST L0, pCUIS5(15) 2 _"— 2 L LT Fa b —8 AR ¥ —i 4t
HLlz, BRI X —%Z NN TM2T2 FRICE AL, 4 Oz 7 — L%
fERLL 72, C. utilis ATCC15239 #RI% 2 fHA L FRE S, 2 5D URA3 & A L T
%o 1 DD URA3 FEIZA Y 7 /X ) — VAEREIZE D 586 FOEANZ LD IEI N
TWb7%, pCUISS 127 m— AL ENTZBIEFIEH 9 —J7 D URA3 JEEIZ— sifH L

XV 2T MRAEN D, FFZ T — DL 1 DOaa=—(C
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DWTER PCR 3 i L72fER, BALLEEFR S 1o 8§ ab—»REnEno
Pt RICHLAGAEN TN D Z E N R S 72 (Table 5-3), B FE AL D MHHEZ
BROBEFRIEMED N L T\ D 2 & 2R T 272012, M ik o B 3E M 2 I E
L7z, ZOf5E5%, ACSL, ACS2, ALD6-C, ERG10 MDiBFIFIIZ L v | ®IEsd BEEE
DOIEMENZIEI, 3.9 1%, 4515, 44.7 {5, 22.2 {5120 L 7=(Table 5-3),

F LA R FIRBE D A Y T a X — VA PE B % Table 5-4 127 L7z, ACSL,
ACS2, ERG10 ODIFFEBUZ LV | A VT w/X ) — VAEFERIZENZEI 2.5 %, 2.7
&, 22 fRITHIIN L7z, F72, 2O OKRICEKIT 2SR RIL. TMS272 #Re bt
L TIERT LTWe, —J. ALD6-C iBRIFEBIRD A Y T m /S ) — VAPERITRE
L. LROF A SR LI,

5. ACS2 & ERG10 O [F] Rt Fell 5 Bl oD 5 2%

ACS & %M ACOAAT DTN DIERIFETRITA Y T v /X ) — VA FE R 2 ¥
SHTZD T, WIZT ACS2 & ERGL0 DIRIRFEREFEBLIC SUNTHET L7z, ACS2 % il
FHL L TV DA ZBRIE, ACST ZIERIFEH L TW DM AR & i LT, AEIZ
%< DA Y T uasR ) —)LEAPE LT=(Table 5-4), £7-. S. cerevisiae |28 T, ACSlp
X ACS2p L8720 | V)V a—AFFEWNC R E T 5D 2 & s STV 4(103),
INDHOMAZ I, FRFERIFEBROERIZIT ACS2 2R LT,

ACS2 L ERGI0O DB A v hE2 W 7 T~ Fab —EA L TELN-HET X
TV D 40 BT, b A Y TR — VERERDREVEE LT TMS411 #E % 8
P L7z, TMS411 BRIL3 2 =D ACS2 & 6 = °— ERG10 # A L T\ 7z, ARER:
BEE TMS272 ¥k & ALl % & A Y a8 ) — VAFERIT 11.9 228 L, Hig
SREEIZ 104D 1 £ TIE T LTV e(Table 5-3, 5-4), £72. ACS & ACoAAT D

BESETEMEIT . T AVEH 3.5 1%, 15.7 FEISHIIN L C U /= (Table 5-3), 2405 DOFE RN S
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ACS2 & ERG10 D [RIMf@FEIZHLIL. C. utilis DA VY TR ) — )LAREZMHTREHIC
MEFELZENRHALMNI ST,

6. FEIFEEICL DA Y T m/R ) — VARE

TMS411 ¥RDA Y T a3 ) — VEFEDRT v v VEFHET 2 72012, Fmloh:
BIZE DA Y7o ) —VAEFEREEN LT-, YPDSC 5iHUIZ TMS411 BRZ2BARE L |
i 48 R B EITHKIRIZE S0 g/L & 725 KO I/ v a— A& 3L & 2
A, BEFE 196 RFIMRICIHRK T 272 g/lL DA VT asN ) —)VEAEFET H Z LTI L
7= (Fig. 5-4), 1 mol D7 )L a—Z5H 1 mol DA V7 uX ) —VRAERESRD Z
EERBRRRORINE L LIZBE, A Y 7 a8 ) —VERIT 41.5%72 -7, Hilige 7'V
tr— /L OFEEEIT, TNEN12¢L, 001g/L Thol,

AR B

EBDVINDIRY | KFEOWR Y MATEERFE T A Y T a ) — L&A pE LT R DR
HTH D, AWFIEIZLD . C. utilis #HE X ERIZISUVT, ACS & ACoAAT O [A] i1 Tl
FHINA Y T X ) = )VONRIVEREICTHF G T 5T ENHABNERY | £ DRI
THDH TMS411 FRIZ, 2% 196 BRI CT27.2 g/L, INEK41.5%TA YV 7)) —)L%&
HEPE LT, TOEERIL, AETHEIN TV ARRDO A VT as8 ) — VAR

b

DINT F—< A% LEIDHEDTh-oT,

AT e ) —)VEFERE L7V a— ZAEERIZEIN L, A Y T aoR ) — VRE
X ) — U BSERICHEE LR S5 £ TN L7=(Fig. 5-3A), 7z, =%/ —
NELDT v Y VEER TH DT & F L CoA BRklEF(104)% =2 — R4 % ACS1
BLOACS2 OEEIFEBLUL, A ¥ 7 a8 — VAR EIZ% 5 Uiz (Table 5-4), Z i
HOFERIX, C.outilis X KRIZ= X ) — DA Y T as ) — )V EAET DHES
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MEWZ 2R LTS, ZORMEMGET H720I, 25 g/L =4 ) — /L ZMg—
DIRFIRE T DR TA Y TR —VAEERFE LIz L 2 A, 53.4%DIETA
VTasN ) — VN ERES T, ZORERIX, 50g/L Vv a—REHEE L THWE
& EDRER, 2% LV DT NTE Mol 7 X N Yy ARMEZ V- ABE
FREZBNT, =& ) —/VITERREED E LGRS TV DL, Ao %
Bl % &, ARECHE S L C. tilis SR X KRICEB W CIZAEFR IR E LT
Z DT WEG L DG Liv7Ruy,

TH )= VISEEERIC A S D & &  ADH & ALDH OUGIZ L W £ 4 1 mol
® NADH & NADPH 2349 % (Fig. 5-1), & HIZSADH X7 & o & A V7 ax
) —VZERT 572912 NADPH ZF| 3 % (Fig. 5-1), Z O—#H D &S T U7zil
%72 NADH 1, FEREH CHBRLIND LB X BND, CoutilisiZr 77 U —%
PEVERERHC R L TRV | BERMED T Tl b mWIFFIIEEZ A4 5 (8), £ DA
BRI X ) — Ao A Y TR — VAT DH I ZTROEE LWEED 1D
ThdeBEZLND,

ACOAAT (% 2 mol D7 & F /L CoA 7 b BiIREEZ fED 7R WHEE SUSIZ L Y 7 & b
TEF CoA ZAPET L8, ZORINIAHRIETH D, —MKAIIZ, ACoAAT |2
LDISIET ' R T EF IV CoA G LD 7 FTEF /L CoA T4 U T ADFH iR
ZDRT NI ERE BTV D(105), 1E-> T, ACS2 & ERG1O0 [r]IRFilE 7 Bz
A YT a R ) — )VAEFEDOFFEIEIN(Table 5-4)i%. ACS2 @EIEIICEL Y 7EF L
CoA APEREGM L, ACoAAT |2 X 2 PSS T & 7 & F /L CoA A RN
T, XVZL DT B FTEFILCoA e SN Z LITERT S EEZ B D,

C. utilis #l¥AX ¥R DA Y T m /X ) — )VAEFEIZIBW T, BFROSEEITEERMET
&bo7- (Fig. 5-2B), HEEEHEOERD 1 D%, BREIEEDOA VR TF A Th D,

TMS411 £k, TMSI-01 #R(_ 27 # — =2 h a—/LK), TMS272 #&, ALD6-C % ita %
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BL L7288 ALDH/ACS HIXZ1 241 0.17, 035, 048, 30.6 TH Y, ZIUIEEED
EEE E BN ® D (Table 5-3,5-4), DFE V| WEICERET DHHBELWS T 720
2, BRI 2R CTh D ACS DIEMENEETHDH EE X HivdH, ACS I
MEPDE NETE OAEMITIFEL, TEFUIT B F AL E I LI
FHRRB BRI K > CTEDOIEMERHIE STV (106, 107), S HR5A Y a8 )
—NVAEFENEDE LD T2, ACS BER D & 2 R 7 B T I b B S R -4
2o
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Table 5-1 Strains and plasmids of C. utilis used in this study.

Strains Relevant features Source
C. utilis

ATCC15239 Wild type ATCC

TMS-pdc ATCC15239 pdclA2 This study

TMSI-01 ATCC15239 URA3: pVT92, LYS2: pVT239 This study

TMS272 ATCC15239 URA3: pVT92-ctfA-ctfB, LYS2: pVT239-adc-sadh This study

TMS290 TMS-pdc URA3: pVT92-ctfA-ctfB, LYS2: pVT239-adc-sadh This study

TMS342 TMS272 URA3: pCU155-ACS1 (multicopy integration) This study

TMS343 TMS272 URA3: pCU155-ACS2 (multicopy integration) This study

TMS346 TMS272 URA3: pCU155-ALD6-C (multicopy integration) This study

TMS350 TMS272 URA3: pCU155-ERG10 (multicopy integration) This study

TMS411 TMS272 URA3: pCU155-ACS2, pCU155-ERG10 This study
(cocktail multicopy integration)

Plasmids

pCU119 Cloning vector TakaraBio

pVT92 C.utilis integration plasmid; TDH1pr-PGK1tr, HygR marker, Chapter 1
integration at URA3 locus

pVT239 C.utilis integration plasmid; G418R marker, integration at LYS2 This work
locus

pVT92-ctfAB TDH1pr-ctfA-PGK1tr, TDH1pr-ctfB-PGK1tr, HygR cassette This work

pVT239-adc-sadh ~ TDH1pr-adc-PGK1tr, TDH1pr-sadh-PGK1tr, G418R cassette This work

pCU155 C.utilis multicopy integration plasmid; TDH1pr-TDH1tr, Cyh® 15
marker, integration at URAS allele

pCU155-ACS1 TDH1pr-ACS1-TDH1tr, CyhR cassette This work

pCU155-ACS2 TDH1pr-ACS2-TDH1tr, CyhR cassette This work

pCU155-ALD6-C ~ TDH1pr-ALD6-C-TDH1tr, CyhR cassette This work

pCU155-ERG10 TDH1pr-ERG10-TDH1tr, CyhR cassette This work
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Table 5-2 PCR primers used in this study.

Experiment (amplified

Name Sequence (5'to 3') DNA fragment)!
TM-168 GCGGCCGCCGCTCCAGTGTATCTCAGAGTAAAGACTCG A (LYS2 upstream)
TM-169 ATCGATGGCATACACTAGTTCGTCATAGTCAACCGCCTTGGAGGC A (LYS2 upstream)
T™M-170 CGAACTAGTGTATGCCATCGATGGTGCCCAACTGCTTGTTCCAAC A (LYS2 downstream)
T™M-171 CTCGAGGCGGCCGCATACGGTCAACCTCCTTAGCAAATGCCTTG A (LYS2 downstream)
TM-115 AGCTGACTAGTAAGCTTCGTACGCTGCAGGTCG A (G418R marker)
TM-116 AGAAGTATCGATCTCTAGTGGATCTG A (G418R marker)
TM-374 CTAGTCTAGATGCCAGAAGCTACTTTGAAGTCG B (ACS1)

TM-375 CGCGGATCCTCATTTCTTGCTCTTGACAGCACTG B (ACS1)

TM-378 CTAGTCTAGATGCCTAATCACAAAGTTGTGCAC B (ACS2)

TM-379 CGCGGATCCTCACTTCTTAATCAAGTTGAAGTAC B (ACS2)

TM-384 CTAGTCTAGATGACATCCTTTAACAGAGCACC B (ALD6-C)
TM-385 CGCGGATCCTCATTTCAAGTCTCTCAATTTGATTC B (ALD6-C)
TM-235 CTAGTCTAGATGTCTGAAAACAGCGCTTATATTG B (ERG10)

TM-236 CGCGGATCCTTACAAGATAACGTGCTCAGAA B (ERG10)

TM-435 TCAATGTAGGGGAGAAGCCTTG C (TDH1 terminator)
TM-436 ACGTAACGTCAGACAGGCACAC C (TDH1 terminator)
TM-478 TCCATTTGCTGGTCCAAAGAC C (ACS2)

TM-479 CTCCCAATTGGTCAGCTTCATT C (ACS2)

TM-423 TGCCAGAATCTTGGTCACTTTG C (ERG10)

TM-424 AAAACCATGGAAGAAGCACCAC C (ERG10)

DA, construction of pVT239; B, construction of expression vectors based on pCU155;
C, real-time PCR analysis.
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Table 5-3 Copy number of the integrated genes and corresponding enzyme activities

in the engineered strains.

Copy number of the integrated gene

Specific activity (U/mg-protein)

Stain ALD6-C ACSlor  epaig ALDH ACS ACOAAT
ACS2

TMSI-01 (WT/pVT92-empty, pVT239-empty) 0 0 0 0.0420.002 0.119+0.011 0.233+0.017
TMS272 (WT/pVT92-ctfAB, pVT239-adc-sadh) 0 0 0 0.05240.003 0.0870.006 0.2350.030
TMS346 (TMS272/pUC155-ALD6-C) 5 0 0 2.333+0.198 0.076+0.002 0.195+0.014
TMS342 (TMS272/pUC155-ACS1) 0 6 0 0.0580.009 0.340%0.022 0.205+0.031
TMS343 (TMS272/pUC155-ACS2) 0 6 0 0.055--0.002 0.3870.034 0.2150.029
TMS350 (TMS272/pUC155-ERG10) 0 0 8 0.056£0.002 0.090+0.005 5211£0.456
TMS411 (TMS272/pUC155-ACS2, pCU155-ERG10) 0 3 6 0.067£0.004 0.312£0.034 3.689%0.191

Enzyme activities were measured in extracts from stationary-phase cells (24-h samples).
Data are means == SD for three independent experiments.

Table 5-4 Effect of gene overexpression on production of isopropanol in C. utilis.

Strain Isoprgpanol Acc?tate
production (g/L)  production (g/L)

TMSI-01 (WT/pVT92-empty, pVT239-empty) 0.00 = 0.00 0.93 = 0.08
TMS272 (WT/pVT92-ctfAB, pVT239-adc-sadh) 0.82 = 0.09 7.63 £ 0.71
TMS346 (TMS272/pCU155-ALD6-C) 0.02 £ 0.00 3799 + 2.15
TMS342 (TMS272/pCU155-ACS1) 1.99 = 0.21 5.08 = 0.68
TMS343 (TMS272/pCU155-ACS2) 2.20 = 0.32 4.04 = 0.46
TMS350 (TMS272/pCU155-ERG10) 1.81 = 0.03 5.51 = 0.38
TMS411 (TMS272/pCU155-ACS2, pCU155-ERG10) 9.52 = 0.32 0.77 = 0.05

Isopropanol and acetic acid were measured after 52 h of batch fermentation.
Data are means =& SD for three independent experiments.
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Fig. 5-1 Engineered metabolic pathway for the production of isopropanol in yeast.

ADH, alcohol dehydrogenase (encoded by ADH1 and ADH2 in C. utilis); PDC,
pyruvate decarboxylase (encoded by PDCL1 in C. utilis); ACS, acetyl-CoA synthetase
(encoded by ACS1 and ACS2 in C. utilis); ALDH, acetaldehyde dehydrogenase
(encoded by ALD6-C in C. utilis); ACoAAT, acetyl-CoA acetyltransferase (encoded
by ERG10 in C. utilis); ACoAT, acetoacetyl-CoA transferase (encoded by ctfAB in C.
acetobutylicum); ADC, acetoacetate decarboxylase (encoded by adc in C.
acetobutylicum); SADH, primary-secondary alcohol dehydrogenase (encoded by sadh
in C. beijerinckii). Yeast genes are shown in upper case italics; bacterial genes in
lower case italics.
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Fig. 5-2 Production of isopropanol by recombinant C. utilis strains in YPD10.

Panels A and B show results for vector-only control strain TMSI-01 and TMS272,
respectively. Symbols: glucose (opened circles), isopropanol (closed circles), ethanol
(opened triangles), acetate (closed triangles), glycerol (opened squares) and ODg,
(closed squares). Data are means for three independent fermentation experiments;
error bars indicate SD values.
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Fig. 5-3 Production of isopropanol by recombinant C. utilis strains under neutralizing
conditions.

Panels A and B show results for TMS272 and TMS290, respectively. Symbols: glucose
(opened circles), isopropanol (closed circles), ethanol (opened triangles), acetate (closed
triangles) and glycerol (opened squares). Data are means for three independent
fermentation experiments; error bars indicate SD values.
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Fig. 5-4 Isopropanol production by a recombinant C. utilis strain
overexpressing both ACS2 and ERG10 in glucose fed-batch culture.

YPDSC was inoculated with cells and 50 g/L of glucose were added at 48 h
intervals. The total amount of added glucose was 200 g/L. Symbols: glucose
(opened circles), isopropanol (closed circles), ethanol (opened triangles),
acetate (closed triangles). Data are means for three independent fermentation
experiments with error bars indicating SD values.
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