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WERHIER S FEZIEBAEME LT, MINOBENRSOETIAENE L TRVLIIE
DHELA D % . FFIZ Saccharomyces cerevisiae |3, D F 4T F 2 iBEOFM S %4}
FHNTRRIT, TV )LRERED Ttk & U TR EMIC OO TEERMEYMTH 5.,
A, ZORERFORHULRAIAY / LGHEIZ L OB S AR D, 264 IO E I
FoTWD, HAEMEICBWTSH, TOMEMI TNV EED VK TH DDA
57, WHHOBKICEEE G DL BYHAZEHEL TVAEIENS, WlENAT
R Z DTV D, WHORKICEEE 5 5EREL TR, @, &0, kb
KBTIV AF v —DEBEZEND, ZONT, HD EKICKEE LI 5MUDELL HW
RHZK D APESN TV S,

HHO/RDRNMIFAE TN TVSHDOEF TSIV )b, TAFIL, B HILE
LG, 7 I O BRUEHLEYE T80 fiLl AR SN THB O[], AT 5 &
BRRDELTHEL VRN E, RRELTHARINZAE L BVRIDD B, £
NSDRIMIDBERIC K S TEREIND ZENS, BRICL DT EZRRE B 50%
R BREEZREAFCRBRAT IMEOELENERAVIIKENEEZ NS, BT
P EN D BLURD 2K T MM V7 I0h 70 D BIF VO
REA IR ) ZRERF O BRI K D T el AAVE E N2, 3], PEEADIBHAK SN T
Wa FH S HMILM ALK D FRZHKOEMZRA, @G L TWSB[4], T-15W
FIZBRICEENSELIRDTH O, NIRBERTB-7x2xFINTINA—-)V % &
EETOIRERRUBICKDEML THWA[5]. RERSEMBOBRICLD ., BT
WL, WHEMRTIE, HF0ABESRVA, E-IVBTIE o-7 & NALEE
REMFRBIE T OHAICKD, RBRO RN TH B Y1 7 2FIVERLSME xhr
HAsE T T 5(6].

—J7. HETPICIE, AR Y R RS OZRO LKA DIAEL TV S,
TNTNORDAEREINC, EOMREHGELTVEON, FH I M B
TWEDNIEAHTHLH, HOKRIZENSEHOMEOHRMOTTRELZ DO LEHE
HND. THICAMMNEEIZHEOKE S>5TVEH0DOHIIE. KELSEFEORLOD
WBREXTIZBOOHD, TOMNMEIZHO THLVWONENETH S, ZORIEHT,
T DR 2 AL ER IR T S5 KB T 2k A0 IR TV BT, TORE.



W ORO I, HEOWRERE & ERREO AT 5ROz, BRETELEL
D 2 DDIRENFA XN, COHFEREHORBFIEHCMETFRIZZHINTNVS
M, EBBICIRTRENTVAHED 2 DOBEORIHIC K E 24172 <, BN TOZE
REXDODTICREA D THEEEZ SN, BESIT, L DKKS TR, HH
DREFDHDIZIEET BRI Y OHEENIT>THO, KDMAZHERORD
M ERATNBS, 9], TOHTH, HOKIZHT S, BMKKRTOFHDOKES %
AL TWD, WP OBURMEE LTI, AN EERDBDOEZASNDA,
FOK TOBIIMRHZ X D EPES NS ERE TN TNB[10]. LR CARETH > T
b, fH4 OHEMTIE, HREAOICEKROENRZ->TNEILEBRHALGNTNS.
TNSOHIE, BRIAVERT 24 B4 REPHRELZA S Z EIZKD, DK
DRI B WG E LA T ATREME 2R L T 5. BEIC, EROABREEEEDO RS
MBS NT VW BA, TOL RBERAHZBOALN[11-13]. ZHid, HHED
ABHNT BT ZRERE O A4 R EBE AR ICH > TS, TOZ LR, AEO
fEHIZRS>TVWADOARLT, WHAANTOARREERGEHZARICIL TS, £
> TREREOATHSIRE /L DEMIE, 5B AH T TORMZI S NMZT S Lid, LidH
FDERIZE > THERI EEEZEND,

APFEICBOTIE, WO, FICHO EHRICEHL T, BRZERTS I &I
KX OAKDRELZWHOHAELEZRAADBDTH S, B 1 BIBVTIE NFTERDT
$HBB-7cxFNT AL ERERMROZRBETOI7O -0 T 21TV,
2R E 7Y ARO4 BIZTOERMTHHZEZWSMNIL, ERAZRET D E
Ebic, BiEFHBAICE D) FEMERAE, B2 B0V TR, y0-=27L
7= AROAZERBETORT T4 TV a AL L TOAEMEZFML T,
fix ORI TSNy F2RELE, B3 BIIBW T, k472 TCA
[l W /AL 1O BB X R O AT R E R O RERMETH 5 7V IR
TR ORE T OB RO BRI KITTHRE ERERZH VTR
B EEDBIT, MOABREEERICOVWTER L. B4 BBV T, 1K
% R D 45 FlLAT B/ R BB A T OB 2 R L L 15 S A A TOREREO 17 B
HEBERN L., S 0MRZCIC, 2RURI D V) OV IERILHE
BREP KT x 2V AN T REE 2 RED S AR 4 PENE D RIZ DR RO /) B 2
RATe. AR, A LOEROFE, MRCEREZFMICRALIZDTH %,
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H1E HHOTDIIERESASAMMBOEHE
(B-7 zAXFINTIA—)VEEERRO ) 1B )

B S
HHOEDIR, EELTHRHCEDAEINTHED, MEMED-D O R/ #
LD TNS, KIIMELIFINS/MEIY 7 I)), LI TOCBIFIVOFK
DI, BRI EDEBBETIANIROEHRKEND ZENTE S, ITE, Wb OB
NOGHEZ, BMEBOFHIZL > TROAMANERK I N, REZNDHTVS
[2,3] LWL, BERIEDAEPET HFLUCIE, TN SEREFRD LM BELT2H DN
TS, EOHELTR-T X FINTNA—-), BLUREOMBIAFINTHS
RilE -7 X FINEITENE, TNSRINTROFED RS ELTHSN TV A,
HEHPTRITRMOICEVEDEENICHE0RB TNV, -7 32 FIL7)IVa—
Wi, FEET I /B THE TN T I & - ORKTEREIN, DL
Zx )7 S ERBRICHIBENTNS (Fig. 1-1). BIZZNSHRMTDONVT S,
7OVttt E RO P L 0 S PEMA O BES TV B[14, 15), FEESH T =
W75Z2>07F07TH5B-FLINT I= (THAMELE RO N L O, /M

phosphoenol pyruvate
erythrose 4-phosphate

B ARO3 | {  ARO4 <

7-phospho-2-keto-3-
deoxyarab':noheptonate (DAHP)

v

chorismate

N

anthranilate prephenate

phenylpyruvale p-hydroxy phenylpyruvate

A

L-tryptophan .
L-phenylalanine  f-phenetyl alcohol tyrosol L-tyrosine

Fig. 1-1. Regulahon of aromatic amino acid biosynthesis in S.cerevisiae (partial).
Line; - , feed back inhibition.



AdBRIZBVWTBHKOWN A 5D B-7 X FIVT IV — )V EAPET 5 K901-T12 %
DRELZZ[5]. ZOMKIZF O CEHMTA-7 X FINTIVA—-IVAEERARI T,
FO U AEBROREYMTHSF OV IV bBEIZAELE. ZOZ&i>FOr 4
RO HAIZED 58 E FICERBEE TV S alfEtk 2 /ML T 5. K901-T12 #4
i, EMEICBVTHEWEEEZRL, HoNlHEICBVTERNIIN IROF
DARHENz, EZAT, WHMEICHWSNA®RHT, HARMER S TRAFL T
WEHAMRZICHDEFEKTH S, THEOMRE, HECB-7XxFINT IV
A=)V VRIS SHAE T 51, HEE ERBIUVRAY ) -V 2itiad 5 id7s
59, BRBFNELEET S, T TERKORBIEE /N> KO ERBEGE T2
L. #lBAICKEMRID ) FERZ AT,

B B-FTIV7 5= (THA) LR BEroro—=2>7

1 EBMEIB IO GE

1-1 {EHAERBRUETIAI R

M% RE: K901(Saccharomyces cerevisiae Kyokai No.901), THA iiffH 2 58k K901-
T12[5]. ‘KBRS DBY747[16) (MATa, ura3-52, his3, trp1-289, leu2-3,112)

KW MC1061[17], JM83[18], DH5a[19]

72 A2 R:YCUp4 (pUC13[17]®D SspI iz YCp50[20]® CEN4 BL TN ARS1 M8
ASTN, EcoO01091 $B7iZ URA3 %23 HindlI-Smal Wi Sl AA £ /= YCp
RURERE-—- KIBE S v RV R2Z ) | PL1[21] (pUCI19[22]iZ 2um AV > B LN
LEU2 i’filAA £ 72 YEp RURERE— KIH S v BILRY & —), pUC118[23],
pHSG398[24]

1-2  fEH K5

MREOREEBAICIZ YPD Kl QBRI XRT R, 1%BERETF R, 2% 27)Va—R)
BELUSD lg/biiih (yeast nitrogen base w/ amino acid, Difco, 2%7/ )L 0
—A) ZHW/z, SD P RIICIE SRR Y 2 / BBZ AT, THA @fticiz- 7=
TR bk D /)2 13, & LT DBY 747 k& W2 8iA. SD /DRI B -2-



FILZV-DL-7 5 = > % 0.02mg/ml THEML K01 % H W =4 51213 5Smeg/ml T
U7z, KB @O #IZIE 2YT K4t (Bacto trypton 1.6%, yeast extract 1%, NaCl
0.5%, pH7.0)B XL Ki#l (Bacto trypton 1%, yeast extract 0.5%, NaCl 0.5%,
pH7.0) ZH W=,

1-3 MMABRBIULB- 7R FIATIN I DER
MEREABRI 15% 7))L 02250 SD InPHiiT 25C, 9 [INmRE X &7~
B-7 xR FINT I A=) O &ld, RTINS O L EAICHE L TiHio 7.

1-4 Bz - FR Tk

RERF O TR, (Y S ORERE ) F 17 LGE[2B)IHE L Thro 7=,

B RE DNA ORI, FL—2a>Fy b (HAD—) MW,
DNA B2 DO P5Eid, ABI model 370A DNA s BV G s 7B ofl S F oY B
T DD T4, Molecular Cloning[26]iZ5f - 7~

2 EBRFMRBIUVER

2-1 ZERFEREAK DNA QMG 78N> 2 O

THA 28 54K K901-T12 DR #EKR L 04/ A DNA Z2H1 L. Alul TEH5 4%
fEL7c. TODNA%0.7%7 HO—Ah TELIKH L, 575 7Kb O+ % DEAE
81paper Z W TR L 7z, B/t DNA Ki}i. H& X BamHI THLL =R ¥
—YCUp4(YCp ), F7/zid BamHI Tifk L7z X 4 —PLI(YEp )% 7 5 7 % -
DNAZNT L THO S5 KIBBE MC1061 2T L » hOKL—2 3 itk O K
B L O\ U ZER L 7=(Fig. 1-2) . 74 7% -—-DNA ORI, b FOIO T
H5, (5-GATCCGGCAACGAAGGTACCATGG-3'/
5-CCATGGTACCTTCGTTGCCG-3" ZDT Y T 5 —DNA KA SR
BamHI TY)Kr L 72X & —DNA [ZHBT 5. F 7= EHASRIAE 0154 DNA Wi 1
G T 5. TNENDOY CBESICHTHL SR VMERE LK. "y — &5y
HIEDNAM T Z#BET/BTEITED, RV —-OEBRLEN <& E bz, Hii-
CECTERERRICED I 2 a R e FREXE 2 ENnfRICA S,



K9%01-T12 YCUp4 or PL1
genomic DNA

Alul partial digestion BamHI digestion

5-7 kb DNA
(DEAE paper absorption)

I—OH
HOA @
Binding of adapter DNA e Egﬁ?gﬂ —lt
T4 DNA ligase =i
Lozl
HO—Z] =
HO =94 on

@— ATP
<@— T4 polynucleotide kinase
<@— T4 DNA ligase

Transtormation (MC1061)
by Gene pulser (BIO RAD, 25uF, 2500V, 0.2mm width)

Fig. 1-2. Construction of genomic DNA library of . cerevisiae strain K901-T12 .



2-2 ZRBETOIO—-Z2Y

K901-T12 BRDY J LERWTHER L 722 ¥ —YCUp4 (YCp &), BLURRY ¥
—PL1 (YEp )DB{E N> 7 #HWT, S.cerevisiae DBY747 ¥k % i L
0.02mg/ml ® THA 258 SD R TIRENfEE oo 0-—2FhEh 1
7z, TS OREEREN S, 753 REEINT S Z &tk > T, THA it
BiET7230270--2 pAF1(YCp &) BLUpAF2 (YEp B) %5 . ZhH 2D
DT T A RPIZIZENEN 5.5kb B LI 6.0kb DI AN A3 EN T8, HIBR
BERHI D B S, [/ EREZD I EMbho7 (Fig. 1-3) . £-70-—-=2
JWih a7 0-7ELTHWT, NIVA 74—V RY 521> b (PFG) E&ikin%
frofedl s, RO T REKIINA 7)) L, SN 58 FidlEdahk ol
FTHBIENDON-Z(Fig. 1-4). TNSDT I X I RTHE ML /= DBY747 ¥
3. REREARICBNT, XY DA THHERLEB DL EVB-7 2 3F )
WAV EERZRLE (Fig. 1-5) . TOZE&D 2 O—-=>% L THA itttz
SR I BPERICREREZE B-7 2 2 F IV 73— )b e PEE i R T 5 = &
MR E Nz,

*—p -5 B - o . == O - =~ THA
1 xS E % g = ow resistance
1Kb § =5 & s & =3 £ ‘E, § !
pAF 1 YCUp4 =t g +
=
pAF 2 PLI &
PAF 1-1  vcups i +
pAF 101  vcups} : +
1D16 YCUp4 e +
1D2 YCUp4 e
2D25 ycups | +

2D4 YCUp4 |

Fig. 1-3  The structure of plasmid pAF1 and pAF2 containing THA resistant gene, and its
subclones and deletion plasmids. Plasmid DNAs were used to transform S.cerevisiae
DBY747. Plasmids which conferring THA resistance phenotype are shown as (+).



chromosomal
number

Fig.1-4. Localization of THA resistant gene on the yeast chromosomes. A preparation of
yeast chromosomal DNA from S. cerevisiae YNN295 (BIO RAD) was separated by pulse field
gradient (PFG) gel electrophoresis in a 1.5% agarose gel and blotting to a nylon filter. The

BamHI fragment of pAF1-1 was used to probe. On the figure Roman numerals indicate
chromosome number.

Plasmids used
pAF2
PL1
pAF1
YCUp4

0 50 100 150
B -phenetylalcohol  (mgl)

'l ' - |

Fig. 1-5 B - phenetylalcohol productivity of transformants in fermentation test. Cells were

grown in minimal medium with 15% glucose (30C, 9days). Host strain: DBY747. pAF2

(YEp type, THA resistance); pL1 (YEp type); pAF1 (YCp type, THA resistance); YCUp4 (YCp
type)



2-3 THA iE# {5 O RIER S & 2RO PE

THA it B %2 3 R 58 1x FRERERET 5748, Y 770--=2 %>
7z. Fig. 1-3 DERICH T 7 O0—=> 7 %{1\\, THA itfhi#s FrOREZI -7, O
fik, THA ittt Z2 /R 983, 2.1kb ® PmaCl Wi}y WIZdH B Z EMHMN &7 - 7=
O, ZOFIBIZDOWTHIERSDOWREZIT-> /2. #Bis ALY % Fig. 1-6 I2R7 .

BEFZRa L7z &2 A, ZO THA itfE 2 Rl s 113, Kinzler 5112k - TH
N7z ARO4 BIE T2TIOLRYARO4I TH B T EMHII L7z, L L EH S
O—-Z2 7 UERYE Kinzler O UARSETIE, 3—-F 4 > /R T2
AT D@ (RiR) AALNI=/0, BRADIEZEITH- 1=,

A RABAL T OEIERLS K 0 2.1kb @ PmaCl Wiy Z K AADRIE T I91 %20
U (Fig. 1-7). th2x 901 5O R4k DNA @ EcoRI 522t % 8% & L T PCR
KICK O 7022 T LT, 5 B RGR (s 1 & 2 AR LS 1T Fig. 1-8 1258
THAR, BRI BIE FEER L& T A, B RAUT Sphl-pfIMI Wi} NICFE(ES
LT ENHMIL o, € T THMARLD Sphl-pfIMI Wiy DS —4 > A %11, 2R E
HEgL2EZA, MBI RO TS84 FHOCHATIZARLTWA I EADNS
7z (Fig.1-6). ZO#RI—-RTH7I/EH 195 HHORY A7V 7 5=
JEBELDLOTVAS EHEEIN, BPBHHS(28,29]H, ANV I N4 7 =
W7 5 Z ittt A RO Rtk DNA 28% & LT, PCRILIZE D ARO4 D2 R
BEFE27O0-Z2 7L EE2BELTVS,

Gl EFESBI O T U EERUB LU ARO4 (ARO4™)B AL D1
LRSI & B SN TV D ARO4 B{E T OHIIERAI[27, 28] & D% 5% Table 1-1 1
XL/, Kiinzler 5 O U/2BS & HITRRIZRKIZ O —F 1 > 7T 2 &
DIEWBAHA SN, —DREIRULEERNESZASNAEHTHD, bSVED
13+613~621 OERSNDAETH -7z, BAITBVWTIE, HH S [28]D# i L 7=/ Az
BEFEELTWAOT, SROLERICBEFBERVWSDOEBDNS, 4, fHS[28]D
Hiy LARUBE TR, BEBI R R 496 FHO C A ICERL TS & #
HENTHBY, FESNI/ O L EERBE TFERERMAIRE-> TV, &
B THA ittt Z R TBE FOLRE T, B O ARO4 BEL T ARO3[30]. KB D
DAHP G hk#% (3 fiBD) 2 TTRAINTVWAEMIZAELC TV (Fig.1-9),



=957

CACGTGATCA ACAGCAAATT ATGTACTCGT ATATATGCAA GCGCATTCCT TATATTGACA -492
CTCTTTCATT GGGCATGAGG CTGTGTAAAC ATAAGCTGTA ACGGTCTCAC GGAACACTGT -432
GTAGTTGCAT TACTGTCAGG CAGTTATGTT GCTTAATATA AAGGCAAAGG CATGGCAGAA -372
TCACTTTAAA ACGTGGCCCC ACCCGCTGCA CCCTGCGCAT TTTGTACGTT ACTGCGAAAT -312
GACTCAACGA TGAAATGAAA AAATTCTGCT TGAAATTTTG AAAAAAAAAT GTGCGGGACG -252
CATTGTTAGC TCATTGAATA CATCGTGATC GAATCCAATC AATGTTTAAT TTCATATTAA -192
TACAGAAACT TTTTCTCATA CTTTCTTCTT CTTTTCATTG GTATATTATC TATATATCGT -132
GTTAATTCTT CTTTCGTCAT TTTTAGCATC GTTATAAGAG TAATTAAGAA TAACTAGAAG -72
AGTCTCTCTT TATATTCGTT TATTTTATAT ATTTAACCGC TAAATTTAGT AAACAAAAGA -12
+1 Sphl
ATCTATCAGA A ATG AGT GAA TCT CCA ATG TTC GCT GCC AAC GGC ATG +36
MET Ser Glu Ser Pro Met Phe Ala Ala Asn Gly Met

CCA AAT GTA AAT CAA GGT GCT GAA GAA GAT GTC AGA ATT TTA GGT TAC GAC +87
Pro Asn Val Asn GIn Gly Ala Glu Glu Asp Val Arg Ile Leu Gly Tyr Asp

CCA TTA GCT TCT CCA GCT CTC CTT CAA GTG CAA ATC CCA GCC ACA CCA ACT +138
Pro Leu Ala Ser Pro Ala Leu Leu GIn Val GIn Ile Pro Ala Thr Pro Thr

TCT TTG GAA ACT GCC AAG AGA GGT AGA AGA GAA GCT ATA GAT ATT ATT ACC +189
Ser Leu Glu Thr Ala Lys Arg Gly Arg Arg Glu Ala Ile Asp Ile Ile Thr

GGT AAA GAC GAC AGA GTT CTT GTC ATT GTC GGT CCT TGT TCC ATC CAT GAT +240
Gly Lys Asp Asp Arg Val Leu Yal Ile Val Gly Pro Cys Ser Ile His Asp

TTA GAA GCC GCT CAA GAA TAC GCT TTG AGA TTA AAG AAA TTG TCA GAT GAA +291
Leu Glu Ala Ala GIn Glu Tyr Ala Leu Arg Leu Lys Lys Leu Ser Asp Glu

TTA AAA GGT GAT TTA TCC ATC ATT ATG AGA GCA TAC TTG GAG AAG CCA AGA +342
Leu Lys Gly Asp Leu Ser Ile 1le Met Arg Ala Tyr Leu Glu Lys Pro Arg

ACA ACC GTC GGC TGG AAA GGT CTA ATT AAT GAC CCT GAT GTT AAC AAC ACT +393
Thr Thr Val Gly Trp Lys Gly Leu Ile Asn Asp Pro Asp Val Asn Asn Thr

TTC AAC ATC AAC AAG GGT TTG CAA TCC GCT AGA CAA TTG TTT GTC AAC TTG +444
Phe Asn Ile Asn Lys Gly Leu GIn Ser Ala Arg GIn Leu Phe Yal Asn Leu

+

ACA AAT ATC GGT TTG CCA ATT GGT TCT GAA ATG CTT GAT ACC ATT TCT CCT +485

Thr Asn lle Gly Leu Pro Ile Gly Ser Glu Met Leu Asp Thr Ile Ser Pro

CAA TAC TTG GCT GAT TTG GTC TCC TTC GGT GCC ATT GGT GCC AGA ACC ACC +546
GIn Tyr Leu Ala Asp Leu Yal Ser Phe Gly Ala Ile Gly Ala Arg Thr Thr

Fig. 1-6 Nucleotide sequence and deduced amino acid sequence of the mutated S.cerevisiae
K901-T12 ARO4 gene (THA resistance gene ), and wild type sequence from K901.
The nucleotide sequence is numbered from the initiation codon ATG(+1).



GAA TCT CAA TTG CAC AGA GAA TTG GCC TCC GGT TTG TEF TTC CCA GTT GGT +597
Glu Ser GIn Leu His Arg Glu Leu Ala Ser Gly Leu Phe Phe Pro Val Gly
TCT
Ser
¥ild type

TTC AAG AAC GGT ACC GAT GGT ACT TTA AAT GTT GCT GTG GAT GCT TGT CAA +648
Phe Lys Asn Gly Thr Asp Gly Thr Leu Asn Val Ala Val Asp Ala Cys GIn

PfIMI
GCC GCT GCT CAT TCT CAC _CAT TTC ATG GGT GTT ACT AAG CAT GGT GTT GCT +699
Ala Ala Ala His Ser His His Phe Met Gly Yal Thr Lys His Gly Yal Ala

GCT ATC ACC ACT ACT AAG GGT AAC GAA CAC TGC TTC GTT ATT CTA AGA GGT +750
Ala Ile Thr Thr Thr Lys Gly Asn Glu His Cys Phe Val Ile Leu Arg Gly

GGT AAA AAG GGT ACC AAC TAC GAC GCT AAG TCC GTT GCA GAA GCT AAG GCT +8@1
Gly Lys Lys Gly Thr Asn Tyr Asp Ala Lys Ser Val Ala Glu Ala Lys Ala

CAA TTG CCT GCC GGT TCC AAC GGT CTA ATG ATT GAC TAC TCT CAC GGT AAC +852
GIn Leu Pro Ala Gly Ser Asn Gly Leu Met Ile Asp Tyr Ser His Gly Asn

TCC AAT AAG GAT TTC AGA AAC CAA CCA AAG GTC AAT GAC GTT GTT TGT GAG +9@3
Ser Asn Lys Asp Phe Arg Asn GIn Pro Lys Yal Asn Asp Val Val Cys Glu

CAA ATC GCT AAC GGT GAA AAC GCC ATT ACC GGT GTC ATG ATT GAA TCA AAC +954
GIn Ile Ala Asn Gly Glu Asn Ala lle Thr Gly Yal Met Ile Glu Ser Asn

ATC AAC GAA GGT AAC CAA GGC ATC CCA GCC GAA GGT AAA GCC GGC TTG AAA +10@5
Ile Asn Glu Gly Asn GIn Gly Ile Pro Ala Glu Gly Lys Ala Gly Leu Lys

TAT GGT GTT TCC ATC ACT GAT GCT TGT ATA GGT TGG GAA ACT ACT GAA GAC +1@56
Tyr Gly Val Ser Ile Thr Asp Ala Cys Ile Gly Trp Glu Thr Thr Glu Asp

GTC TTG AGG AAG TTG GCT GCT GCT GTC AGA CAA AGA AGA GAA GTT AAC AAG +1187
Val Leu Arg Lys Leu Ala Ala Ala Val Arg GIn Arg Arg Glu Val Asn Lys

AAA TAG ATGTTTTTTT AATGATATAT GTAACATACA TTCTTTCCTC TACCACTGCC +1163
Lys ook

AATTCGGTAT TATTTAATTG TGTTTAGCGC TATTTACTAA TTAACTAGAA ACTCAATTTT +1223
TAAAGGCAAA GCTCGCTGAC CTTTCACTGA TTTCGTGGAT GTTATACTAT CAGTTACTCT +1283
TCTGCAAAAA AAAATTGAGT CATATCGTAG CTTTGGGATT ATTTTTCTCT CTCTCCACGG +1343
CTAATTAGGT GATCATGAAA AAATGAAAAA TTCATGAGAA AAGAGTCAGA CATCGAAACA +1483
TACATAAGTT GATATTCCTT TGATATCGAC GACTACTCAA TCAGGCTTTA AAAGAAAAGA +1463
GGCAGCTATT GAAGTAGCAG TATCCAGTTT AGGTTTTTTG ATTATTTATA AGTAAAGAAA +1523

AAGAAAATGC CGGTCGTTCA CGTG +1547
Fig. 1-6 continued.



PmacC |

primer

ORF
primer 1 5>AGG TTA CCA CTT TCA ACG TCA ATC ACG TGA <3'
primer 2 5>TGC CAG TAT ACA GCT AAC CTT GAA AGT GAT <3'

Fig. 1-7 Amplification of wild type gene corresponding to THA" gene by PCR.

The PCR was done in a 100 pul volume with the following components: 10 pl 10xTag DNA
polymerasereaction buffer (100mM Tris-HCI pH8.3, 500mM KCl, 15mM MgCl12,0.1%

gelatin), 4 pl 1 ANTP mixture(2.5mM), 1 ul upstream and downstream primer (25uM),0.5 ul
Taq DNA polymerase(5U/ pl), Takara, 5.6 pl template DNA solution which were EcoRI-

digested fragments of K901 chromosomal DNA(0.176 ug / ul), and 78 ul H,O. A layer of
mineral oil was placed over the reaction mixture. Amplifications were carried out in a QUICK
THERMO II(NIPPON GENETICS), using the step-cycle program set to denaturing at 96%C for
30sec, annealing at 65C 30sec, extending at 72%C for 3min, 35 cycles.

ARO4 Bz Fid. HEKY X/ BREAHADOHFEME TH S DAHP DS HRBE#K
(DAHPsynthetase)Z 11— F 9 5B THh 5. TOREFKITIE, S.cerevisiae TiZ, 2
FO7 AV LDBEEL, DRFOLICED 74— RNy ZHEEZS T, 5

DRI T7 N7 5= THHEEZRZIITISB(AR03TI—-—RFEINTWVWS) (ATHRE-T
WaFig. 1-1) ARO4 5 X 71T, ZNH6D5BDF O K DHEZEZT HR
KTHB[31,32]. ZOI EXD THA itk K901-T12 iZ BV Sttt 2 RAE RS 13
DAHP SIABEDF O NZE BT 4 — KNy ZHEN S ORI LB D EE
AN, DEOBRBIEICKD, FOL D EEBHITREMPKTEI 72N T 52>
TYFOVARDBEREINS 20, itz LbOEBbns. TO&E, Bt
MKTR 7oV S AGROMAEMTH S B-7 2 RxFIVT N A=) BZ R4
EINEHbOEEALNS,



1 Kb a @ Q
pAF101 YCUp4+— T
pAFW1 YCUp4 -
pAFF1 ycup4 2l
pAFF6 YCUp4 -

pAFF4 YCup4
pAFF3 YCUp4+—]
pAFF5
pAFF2

< >
Mutation site

4 TR

ORF

Fig. 1-8 Location of the S. cerevisiae strain K901-T12 THA resistant mutation. pAFFI1~6
were constructed

from pAF101 containing THAr gene and pAFW 1 containing wild-type gene by partial exchang
in 2.1Kb PmaCl fragments. Plasmid DNAs were used to transform  S.cerevisiae DBY747.
Plasmids which transformed to THA resistance are shown as (+).



Table 1-1. The list of differences in the nucletide sequence of the ARO4 genes
from different sources.

Kiinzleretal.27) Fukuda et al.28) This study

Position™' S288C X1 BAO-ll I{!')(2 180- KO901-T12/K901 Change in ORF"™’
wild mutant/wild mutant/wild
haploid haploid diploid
-336 6 i g &
-286 T T C
-264 G G A
-123 C C T
42 G G i i
241 i C T
496 C A/C C Ginto Lys
556 C C T
584 C C TIC Ser to Phe
+613~621 deleted GATGGTACC GATGGTACT Asp,Gly, Thr"’
+1059(+1068) A A G
+1130(+1139) G G A
*1:Numbering refers to the A(+1) of the first ATG in the ORF of the ARO4 gene isolated by
Kinzler et al.27) () indicates position of Fukuda et al. and this study.

*2: ARO4 mutant genes isolated by Fukuda et al.28) or this study compared with the ARO4 gene
isolated by Kiinzler et al.27)
*3:inserted

(1) (2)
S. cerevisiae Aro# 170 DLVSFGAIGARTTESQLHRELASGLEFPYGFKNGTDGTL.NVAVDACQAAA 219
S. cerevisiae Aro4 170 %VS GAIGARTTESQLHRELASGLIFPYGFKNGT! NVAVDACQAAA 216
S. cerevisiae Aro3 163 DCFSLGAIGARTTESQLHRELASGLSFP IGFKNGTIDGGLQVAIDAMKAAA 205
E. coli AroF 156 DLFSWSAIGARTTESQTHREMASGLISMPVGFKNGT ATAINAMRAAA 212
E. coli AroG 155 DLMSWGAIGARTTESQVHRELASGLSCPVGFKNGTIDGTIKVAIDAINAAG 204
E. coli AroH 154 DLISWGAIGARTTESQIHREMASALSCPVGFKNGTDGNTRIAVDAIRAAA 203

Fig. 1-9. Partial comparison of deduced DAHPs amino acids sequences from various
species. Sequences derived from S.cerevisiae (S.c. ARO4: Kiinzler etal®”; S.c. ARO3:

Teshida et al.3?), E.coli (E.c. aroF: Schultz etal.”®, E.c. aroG: Davies and Davidson,””; E.c.

aroH: Zurawski et al.”>) were aligned, and the deduced amino acid sequence of THA resistant
gene,mutated ARO4(top lines). (1) : The different site of deduced amino acid between the

THA resistant gene and one of the reported ARO4 (Kiinzler etal.’”). (2) : The region of
deduced amino acid sequences contained in theTHA resistant gene, whic was not exist in the

reported ARO4 (Kiinzler et al.’”).
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1 HI
7F A3 R pAF1 (Fig. 1-3) B L UHIEH A M 72 A 2 K pAF1-9P, pAF101P1
ZHWTRB-7 3 FINTIINA—)V@ et iR R 02 7% ida 7= (Fig. 1-10).

| 1 Kb | .E 3 WS 2 E
pAF101 YCUpd  p—o |
pAF1-9P puctis | L
pAF101P1 pucts | —1 ]
-—T--

Fig. 1-10  Plasmids used for homologous recombination. ORF indicate the ARO4 gene.

2 EEBMEIBIO L
S D HIEB3NCHEC THR K 200 g Tiro 7z, {LIAAR D % Table 1-2 IZ/R7,
15C—@ERET, MOE 17T HHICE L MEICELD FREL /=,

Table 1-2. Components in sake mash.

addition first second last Total
(mizu koji) (soe) (naka) (tome)

Total rice (g) 10 25 65 100 200

Steamed rice”'(g) 25 55 80 160

Koji rice™ (g) 10 10 20 40

Water (ml) 70 100 190 360

*1: a4 Tce

*2: dried koji

*3:  2ml lactic acid solution (Sml lactic acid, 0.65g KH,PO,,
0.25g NaCl / 100ml water) was added.



3 HBARBIUELR

3-1 TI9AIRRZY—-ZRHLI-EHM

LEMEDE W YCp DT T A 2 K pAF1 UV, 5Smg/ml @ THA %
O SD #EXRKEHUTHRA L T AL 0= —-K 0 2 901 5 OB E ik %/ ML 7=,
4 ROIEEH 2 O TOMERRBRZI T > /2 & T A, IBEERIZ 2T, THA it
MEARMKENGED B -7 2 X FINT I A )@ EsEEE R L7 (Table 1-3) . £/4
FeRRIBRIB), WD T< RN TITH A F OV - IV BXKUOKI T b 74— bm‘k
JEL 7=,

Table 1-3 Aroma components in crude sake.

Strain PheOH PheOAC Tyrosol Tryptophol
mg//

K901 152 Di8 158 11.4

K901-T12 589 19.1 773 47.5

TF-1 617 19.7 718 19.2

TF-2 592 20.0 713 47.5

TF-3 608 20.3 659 423

TF-4 597 18.9 3 48.2

TF1~4: Transformants of K901 by plasmid

pAF1.

PheOH, f-phenetyl alcohol; PheOAC, -

phenetyl acetate

3-2 MMM Z 2RI L= EH

L THRBE FEREROHIRAAKZERT 5720, BERNTO FIHERIHAA 0]
ETARZE D ARO4 B &G0 79 X2 R pAF1-9P, BL U pAF101P1 Z U,
MM AIEIC K S HEFRZ AT, 7T A2 R pAF101-P113, 75 X X K pAF101
@ Sphl-PmaCl ] 1.5Kbp W) Z Vi ARk L72%. 75 A3 KpUC118 @ Smal
MALICHFA L TSR L, £/ 7522 RpAF1-9pid. 75 A3 KpAF101 &0
PmaCl-BstEII [#] 1.5Kbp K7 hZ V-t Kufb L7z, 75 A3 K pUC118 @ Smal
PRACICHF AL TR L 7z, Rl & TIX ARO4 it - N Kl %, & Tid C Kz
RRLTWS, TNTNDT 5 A3 R(25ug)% EcoRI %713 BamHI TH{L L Titi s
fEU7=1%. 2901 5B L. 5mg/ml OEE T THA %58 /D HC 34
L7z. pAF101-P1 THRHEERLAZBDIX. v —-LiIZ 1440 —»4: U,



PAF1-9P TII 208 A4 U7. TR, 75 A KRYCUp4 THHEEHRLE-TS5 >
3302 —-R@BAECARN 2. TNTNDI vy — L&D 3D DORBHiEkE L
THREL T, RRABRICILZEZ A, SVB-T X FINTIV A IVAEPEREZER L,
KEMIEN O O nlfettAURM X /- (Fig. 1-11) .

Plasmids used

1 J

0 50 100 (mg/l)
B-phenetylalcohol

Fig.1-11  B-phenetylalcohol productivity of transformants

in fermentation test. Host strain is K901. Bar indicates the average + standard deriation
(n=3). Plasmid pAF101-P1 was constructed by inserting the 1.5-Kbp Sphl-PmaCl fragment
of pAF101 at the Smal site of pUC118 after blunt-ending the Sphl end. Plasmid pAF1-9P
was constructed by inserting the 1.5-Kbp PmaCI-BstEIl fragment of pAF101 at the Smal site
of pUC118 after blunt-ending the BstEIl end.  Plasmid pAF101P1 and pAF1-9P were used
for homologous recombination after digestion with BamHI, and EcoRI, respectively.

HUET

B-7 R FINT I A=) L FEVERE R & s PRI KK D BT 5720, B-
FIINT 7= ittE B8k (K901-T12) K OBz N> 22K L, > ay hH >
70— 7&K 0 B-T X FINTIVA—)VvigEPEVE %A 59 % THA 12 2k
ffEr/n——>J0Lk. ZO#EH3. HERSKLD, AROL s D% RAY
(ARO4™)TH O, TOLERIIMEBRE TN TORLERIZEDZODTH S Z EMbH
2. HR 901 5% ZD ARO4BIZ G YCp D7 5 2 3 K pAF1 TiHHE
BLI-EZA, WEERKIT, HHEO/MBARBRICB T, BEICHAK 4150 3-
TR FNTINAI@EEREZ R L, £EERAZGT AROI™ R4 E 7% 4
AL 2 BT 5 X3 K pAF101-P1 BL I pAF1-9P % VT, MMM X 3
CEDIBR 901 SEBEEML/-E A 6N EEEERKIIRERRICBOL TS
WMB-TxRXFIVTIVA—-I)IVAPEEZRL I=,
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FB2E B-FIINTY I UmtEERBETFOFIH

B S

BROS FERBOLZDIZIE, BEERKORIROD, ¥ —H— LR35 4%
HEIND, I, TI/EEFORBEREZFEOE L2, TOREERM
ZHATLHIHEFET AL THWSENA Z EMNEN, BUGEHMRTIE, KB
RUEZMNGT 2D DL, BUERECH ST 28572600 % RN D
580, TEANTOMITIZV, TOERRUBICKEZF A - EDVRICHEZS T
EROSDONFESNTIINS([34, 35140, —MNICIItE BICEARURERT &%
DEELBWRZY—-NHAFLW, TIT, SRISMELEB-FTIIIVT 7= Vit
25 (THADBILE T (ARO4» B TFOZETHAMN, LBEY—-H—-ELTHEMTS
HER. 250K EHNS) ZHV, @ERZERAELRXT 5 DR Z il
Flze TRBERRISIAAT, EHEMOBE FEHOTEREINTNS[36].

i BIRTOBAZT TR, BHOBIE 2T 28EL. T o Ol 1
MEF OB ZMIT S LTHADOEHER > TETVS. EOHBITH, WK
RICRY—N—BETFHALEEEINS, EBREKTIE, 16 EICEBOREERELT
BINTHD, TS ZHFT I BE AT h—-ELTHWSER TS, LA LE
BOBETFOZEBBICIE, BETIREFOREI Y- —BIEFBASLEEINT
Wiz, BEIZ, THA B FI3RREOHFRIEICED 285 FOZ BRI - — &
LTHWSN, BIFREEREZGTHO[37]. ITHMNEEEZ SN, IR X
FoRRIC, RBERENMG S INTORVBEARROBBEICIR, F2740 T2V 7 >
a »INA[AEM THA BT, KDBLAEY—H-—-TH5EbEX 00, B
HMOBER, FTHMBE TFOBERE FRICY -G F2HAL. BT
TAI REWMET S, RIZ, 7T A3 RETIRFEHEUM L THBYL L2, MRHTHE
ALTEBETEZ2MAMMAKE Y T —Z2HEE L TRRT 5, L LEBEIC
3, BT I AI ROMBIZZ KRBT N ELELET S, BEROSHATINEY-H
—BETIE, BEREMBOAMIADTHO ., BT 53 RERRTHHEH
FHEINBZRKBRETOY-H—ICi3 RS0, ESICHMREGE FIRZ 7 —ICHAX
NTWAED, Bl T—BEFPHFAINZTIAI RIMERTETS, B-
HI7 NI F—BIEHIC K28 NNATER L., TOLED, EROBAGLBKED X7 1)



—Z2J7. b LKBRIZAWVWEZIO=Z—-NTTYUF1E—- 3> PCR 2 LiTH
& BT A ROBIRMNTER VL., 22T, &0 B ICRRLRE FOMEETT
272D, RITOY - H -85 FEARBRETOY - -l rz2ty hELTHAA
AT, BRIty N OBEERAAT,

95O SIS eI RERE- KB S v BILARY Y — DRGSR

1 FBMELB XUk

72 A3 K pUFO01 (Fig. 2-1 ), pCV6[22] (Fig. 2-1 B)

TOMOERR, 75 A3 R, fHEH, B F A FEB LR EERRILIN 1 5
EW L,

2 ERASEBLUER

7 I A2 R pAF1 @ THA ittt £ R85 7 %3 4.2 kb BamHI Ml 24 0
L. 707 L7 =0 )viHED 75 XX K pHSG398 @ BamHI J{ifriciEAL., 7
T A K pAFpl-1 Z1%/z. TDT7F A3 K% PmaCl 41, EcoO1091 /L ug
AKwfbL7223702F )22 28DT7 5 X3 RpUF0L LM - S5 —2a> L
THAr 81 (2.1 kb PmaCIWi}y), 237024V, 7o ED ) VitEB LU~
WFora-—-Z27891 h&fAT % YEp 8RS #—pAFT1 ZiEk L= (Fig. 2-1) .
[ikk(Z CEN4 s T ARS1 2$¥D 75 A2 R pCV6 ® Narl i1 ~D ARO4m i {5 1
230 PmaCl By OFFAIZL D, YCp DR Y #—pAFH2 &R L. ZHh5D
N7 &MV -MN O TR HRIZ, URA3 2 BINFA ET 5 YCUp4 IZHAK
3 1 EIT MM /=M, 2hIC THA i Dbk z T E 7~ (2x103(4
/lugDNA, DBY747 ¥).

S SITHIMHRZNIC, 75 A 3 R pAF2D25 (Fig. 1-2)& pUC118 @ EcoRI 12 &
LMEMOKEAICL D, 79 A3 K pAF2D25p (Fig. 2-2) 2L, ZOT T A
2 Fid. THAS B 73— FRBOIFA. €O Rk 800 b p DfEEEZA TN S,
COWIEITIIHIBRAE# Ball, PmaCl U)EiBN AT 5, EBEIE LT, URA3#
= %30 HindlI-Smal Wi} % i Alwft U 7= %, pAF2D25p @ Ball {7124 A
L7 5 A3 R pUURT25(Fig. 2-2) &ML=, TDT 5 A3 K% BamHI TH{LL
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Fig. 2-1. Construction of plasmids pAFT1 and pAFH2 used for dominant selection.



EcoR1 Sphl

pAF2D25

EcoRI ' 9-2 Kbp

HindIIl

PmaCl

Fig. 2-2. Construction of plasmid pAF2D25p used for homologus recombination.
Plasmid pUURT?2S was constructed by insertion of a 1.1 kb HindIII-Smal URA3
fragmentgene to the Ball site of plasmid pAF2D25p after blunt-ending the HindIII end.



TEBEL /2%, DBY747 kZEEHEM L, 0.02mg/ml O¥EE T THA Z 58 R/Dh;
Hi@eu,trp his #0N) ITRAL72E A, BIEREVWHOD THA @EN DT T2V
FORMEMMAKRE NHET S 2 ENTER (3 #/ugDNA) . O Z EI3HE 72/t
AL TR L 725G, IR ORI # L WiB{E TS, THAN R FHX
CED FHDBE T, HALWIBIE T2 KAADEO DNA 24 L THIFE,
HIFIMIIR 21T &L > T Al 2 AED AROSBIE T FRICHAARD Z &
AETHD LB RBLIE,

B R TR A Y b O

1 EBRMEIB XU

WH7SAI R KB TOERIRY—-h—E L THDRA A > Vit is %23
$ 79 Z 2 K pNH-Kan/oriT[38]. TDOMOEKkL, 75 A3 R, i, @iz 1¢
FFEB I EERREEE 1 TEWT,

2 ERERBIVER

THA iME RSB 72 AT 5 BE BNy MILL FORKICHEL - (Fig.
2-3) .

THA itttk s 23587 5 A 2 K pAFpl-1(Fig. 2-1)® 3.2kb. EcoRI-HindIIl ¥
FZEYoHL, pUC13 @ EcoRI-HindI {724 AL ZZ(AF111), ZD I EIZKD
THA i85 F0E 1L K2 Mo 2 @i EcoRV Y)Wz 2 1 &Lz, £
D% 7z EcoRV AL (#5120 K> Fifi 225bp) 1275 A 3 R pNH-Kan/oriT ®
1.8kb,Kmr {7 %278 BamHI Wil 2 P Kb L2, AL, ZOXEETH
FIRNAPIRET H o728, SIHICZOMELLT A3 RO THA BELU Kmr i# s 1
Z3 0 5kb, HindlI Wil (THA Atw b) 275 A3 K pHSG398 IZB LA, 7
7 A2 N pHTHAKm Z#% L7z, ERICHWAHBICR, ELZVWllET (7>
U UMEDR—H—Z2H/H ORI T —ITF-> T 3) OGRS o Y)W iE i
Z RO M 72 IR RO CER AR Z R SRR IR E KR E DA THE
WARMET S aRE, BLARIZ Y- IZMHELEWVWE D) . pHTHAKm % Hindll T
UINT L, Fill-in \IZX D P AL L 72l O AZTTRAERV. HWT S AI K%



FOKBEBEEREDA Y ) =27, 72ED) 2 ERFTA 2 220
WWABRLTEL7 0228 RTEIEICKDERITITRAS.

[Akkic pUC13 @ HindIll, BamHI i 124 URA3#{s 1 1.1 kb HindIll $
LTNT S5 A 3 K pNH-Kan/oriT 13 ® 1.8kb,Km* j#{{s - BamHI K}y 2 A L T,
R TOENY—-H—E LT URA3 %, £-KBRETOERNT—H—% Kmr 9%
MG SRy bR L - (Fig. 2-3). 728, TO X T3 URA3 15 1 & Kmr
s - OMICE B OFIRMEFR TN AFEL TL £S5 /2%, Hindll TYWiH%, H71
7—2a LT, TENSEROTHIRMEEBIZFF DN ZBRELZ, ZORRICLT
kL7275 A2 K pURAKm £V, URA3 BLU Kmr {5 %38 2.4 kb Smal
W) (URA3 1t w b) Z2U0HLTHERTSZEICKD, BIEFHEH TS AR
DENEDICTED, RikT 5 (3 HH I 4 55) S FiA7 AR T
ORI Ll 2 FIROBEN Ay NEHWEEZA, BHICTHBEH 75 XX RO
BEONRETH Tz FTNSE T T A3 REMWE TCA RIEERFRBE -OMET
iZ. o BHERE 1~4 KON 1 KIZZ) o)V &EEZ LS T-HRKTSH
0 (Table 2-1), EHHIZ DML TELZHDTH >z, RBRBBLETIR, —DO~T—
H B FEERNH W THNOBE 22 HEET 5 FEAHB I TV S([39]
2, FRUTLTH FREAMNS728, SIS LB Ity NI S ICRRER S
FOBENITA DN THHTH S L b3,

Table 2-1 Integration efficiencies.

Strain plasmide ORF percent transformants harbouring
the correct integration ®
DBY747¢ pACOU1 ACO1 32 (6/19)
DBY747 pKGDU1 KGDI1 97 (35/36)
DBY747 pFUMU1 FUM1 75 (9/12)
DBY747 pFUMT1 FUM1 81 (29/36)
K901SDHU14 pSDHT1 SDH1 47 (17/36)

aSee Table3-2 and 4-2.

bCorrect integration was determined by glycerol assimilation property
(number of glycerol non-assimilating transformants/total number of
transformants checked).

© his3-Al,leu2-3,112,trpl-289a,ura3-52, Mar a

d SDHI::URA3, Mar a/a
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7 0—-_>27 ULl THA itz FE2RHWT, IV Fro—-— 78 z6L. &
PR IRA I REZS YEp BB LU YCp BORERE- KB > v MIVRT 5 — 25 TNC
MIFER 7S HI Z KIS B0 THIBA RO # U Willls 7%, BRI ED ARO4
BT FREAICH AL, THA ftE 2 E U GRIRE nREICT 5 MR A
U5l £/ THA it F FIRICKBE TORR Y —H—& LT Knr
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#9575 A3 KpURAKm HHEL /-,
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pNH-Kan/oriT
72 kb

o
pUCI3URA
39kb

URA3

1.8 kb BarH | fragment 1.8 kb BamH
Klenow fill-in fragment

T4 ligase T4 ligase

#/ ort  pTHAKm
8.1kb

pHSG398

{fCm"

23 kb Hindll1

Hindlll digestion
Ligation

Sa(-173)

{/.., PHTHAKm
7.3 kb

Bs (2264)
(2466)

(2485) P (1325)
(2427) (1641)

Pkt P(3192)
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Fig. 2-3.  Construction of plasmid pHTHAKm carrying the THA resistanse gene, and

plasmid pURAKm. B, BamHI; Bs, BstEIl; E, EcoRI; EV, EcoRV: H, Hindlll; P, PstI; Pf,
PAIMI; Pm, PmaCl; S, Smal; Sp, Sphl.



o5 3=

KERERZ W= BERE D
A REIE A4 PERERE O R EH




$ 3T ERRERZEHWRR O A BRR 4 PER R O )

Bl S

WP ENSABRIRKRIEBRL 52 2YHELTHETH S, EELTE
DERRIIRRIIC KD EEZEZSNTH Y, TCA RIEOMEHEE (B{LH) 1ZX 5 4Rk,
ols GEoh) ICKBEWR,. 7)) ERAST SIIIBRBICBI S /) A F IV
RIEEIC KB AERENRBEINTVS, LA LEOERBEICOWTIE, REWMTIX
B ZOWEMORINZ, W E A AP T O 2R A R 15 O BRSO A B - e
HORLGDIEENOEHZHEL LTS, T TRAIE, il A ICBE Y 58
ErZEB3EL T, BROABREAEBBIC OV TR L,
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T, PIRFRHE B ITRR A IR Z IR L TRERED N7 BEPEREIZ D W TR L
oo TOKRE, WHAAPOINIEEIZ, EELTEOWERRT) > ITENS TV
IWVEBZERTIERINS EHE L TV5,

— 77, #5411 LB e DBY746 O 77 I—Vil{a - (FUM1) [42]Z#EL
TeRRBMERR L, MRS T O R R AR 3 K UV MRS AR IC K 0 MRk O £7 BRE /-
PEVEDBE 21T o Te. TOFR, FREGARS X OHHEBLE ROV TIICBNTH,
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ZITHWMIERICBIT S, BOONIEE, ) O IRB I T IVRE D4 plft i
ZHOMNTT S0, FO TCA R, 7 AF 2 IVEREO SRR EELE B
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ZDORERED TCA FIRBERBFOBIE I, 70273 Tnwb, £E0MAM
e /) A7070 7 MBCEOHEMIEINTNS, 5 IR O FIEH M
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Table 3-1. Genotypes and sources of S. cerevisiae strains used in this study
Strain Genotype™! Source
DURA his3-Al,leu2-3,112,trpl-289a, URA 3*2 This study
DACO ACOI::URA3,his3-Al leu2-3,112,trpl-289%a This study
DKGD KGDI::URA3,his3-Al leu2-3,112,trpl1-28% This study
DICLU ICLI::URA3,his3-Al,leu2-3,112,trp1-28%a This study
DFUMU FUMI::URA3,his3-Al leu2-3,112,trpl1-289%a This study
DFRDS FRDS::URA3,his3-Al,leu2-3,112,trpl-28%a This study
DOSM OSM1::URA3,his3-Al leu2-3,112,trpl-289%a This study
DFRDOSM  FRDS::URA3,0SMI::THAr,his3-Al,leu2- This study

3,112,trpl-28%a
DSDHFUM  SDHI::HIS3,FUMI::URA3,leu2-3,112,trpl-289a This study
DFRDSDH  FRDS::URA3,SDH1 ::HIS3,leu2-3,112,trpl-289a This study

DBY747 his3-Al,leu2-3,112,trpl-28%a,ura3-52 YGSC*3

DSDHH SDHI::HIS3,leu2-3,112,trpl-289a,ura3-52 This study

DICLL ICLI::LEU2,his3-Al,trpl1-289%a,ura3-52 This study

DFUMT FUMI::THArhis3-Al,leu2-3,112,trpl- This study
289a,ura3-52

*1 All strains were Mar a genotype.

*2 Strain DURA was obtained by integrating the URA3 gene into strain
DBY747.

*3 The Yeast Genetic Stock Center.



Table 3-2. Plasmids used in this study.

Plasmids Contained yeast genes Source

pSE-31 2um replication origin, (43)
URA3,ACOI

pG70/T1 2um replication origin, (44)
URA3,KGDI

pG5/T2 2um replication origin, (41)
URA3 ,FUMI

pICL1.1 2um replication origin, (46)
URA3,ICLI

pSS1 SDH1::HIS3 (45)

YDp-icll ICLI::LEU2 (46)

pACO1 ACOI] This study

pKGD1 KGDI This study

pFUMI FUMI This study

pICL1 ICLI This study

pACOUI ACOI::URA3 This study

pKGDUI KGDI::URA3 This study

pFUMU1 FUMI::URA3 This study

pFUMTI FUMI::THAr This study

pICLUI ICL1::URA3 This study

1-3 BiETFEREBIIEHEER

W RE DBz 713813 Rothstein @ one-step gene replacement 75:[54]1I2E L Tfro
feo Y 7Ov bNA T F A — 323 random primer labeling and the
signal amplification system for a fluoroimager (Amersham)To N1 >/ L, #d0f;
Fiiigs (STORM, Molecular Dynamics) % W\ TR L 7z, £ OOz 13508
1 &I T 72,

1-4  HRERIE OB & BTG DORE

BRI OFEIT, ROBKIZITo 72, 30T, 48 Mefil## 5% (100ml YPD, 300ml
=75 A0) LM EEEER. 20mM K,Na U > EREE B (pH 7.5) 12 88 L
B 0.5 mm OH T A E—ZXT BEAD-BEATER (Biospec Productions) % i W T i
#L 7z, 10,000g T 20 s L7z EiEZHMEREKE L THW,
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(=691~+1335) Z pUC119 @ BamHI $AIHFA L THER L. 75 A I RpICL1
&, 75 A3 K pICLL.1 @ ICLI i#fs 7 %58 2.4-kb EcoRI-Sphl Wily (168~
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Smal fALITHA L THER L /2.
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Fig. 3-2. Plasmids constructed for gene disruption.

The plasmids pACOU1, pKGDU, pICLU1, pFUMUI1 and pFUMT1 were constructed by the
insertion of URA 3 or THAr cassetes into the ORF gene contained in the plasmid pACO1,
pKGDI, pICLI1 and pFUMI, respectively, as described below. The plasmid pACO1 was
constructed by the insertion of a 3.3-kb EcoRI-Sall fragment ( -647 to +2653, relative position
to the start codon [+1]) containing the ACO/ gene in the plasmid pSE31 (43), into the EcoRI-
Sall site of pUC119. The plasmid pKGD1 was constructed by the insertion of a 2.0-kb
BamHI fragment (-691 to +1335) containing a part of the KGD/ gene in the plasmid pG70/T1
(44), into the BamHI site of pUC119. The plasmid pICL1 was constructed by the insertion of
a2.4-kb EcoRI-Sphl fragment (-168 to +2242) containing the /CL/ gene in the plasmid
pICLI1.1 (46), into the EcoRI-SphI site of pUC119. The plasmid pFUM1 was constructed by
the insertion of a 2.5-kb Smal-Sspl fragment (-800 to +1710) containing the FUM] gene in the
plasmid pG5/T2 (41) into the Smal site of pUCI19.
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Fig. 3-3.  Southern blot analysis of genomic DNAs from the wild-type strain and disruptants.

The construction used to disrupt the ACO!I (A), KGDI (B), SDHI (C), ICLI (D) and
FUMI (E) genes. The locations of the EcoRI (E), EcoRV (EV), HindIlI (H), BamHI (B),
Bglll (Bg), Hpal (Hp) and Xhol (Xh) sites are marked. The ACOI, KGDI, SDHI, ICLI and
FUMI genes are depicted by solid bars. The arrows at the gene show the direction of
transcription. Genomic DNAs were digested with EcoRI (A), HindIll or BamHI (B), BamH]I
(C) and HindlII (D, E), separated on 1% agarose gels, and then transferred onto a nylon
membrane. A 1.8-kb BamHI fragment bearing the Km' gene (F), a 3.5-kb BamHI fragment
containing the SDH1 gene (G) or a 1.7-kb EcoRI-HindlII fragment containing the /CL/ gene
(H), labeled with fluorescein, were used as probes. (F): lane 1, DACO ( genomic DNA was
digested with EcoRI); lane 2, DICLU (HindlIIl); lane 3, DKGD (BamHI); lane 4, DKGD
(HindlIl); lane S, DSDHFUM (HindIII); lane 6, DFUMT (Hindlll) and lane 7, DFUMU
(HindIIl). No fragment was detected by the Km" gene probe in the genomic DNA of
DBY?747 (data not shown ). (G): lane 1, DBY747 (BamHI) and lane 2, DSDHH (BamH]).
(H): lane 1, DBY747 (HindIll) and lane 2, DICLL (HindIll). A HindllI digest of lambda
DNA was used as the size standard.



(F) (G) (H)

<—4.]1 kb

3.5kb—>
3.6 kb¥

Fig. 3-3. continued.
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Table 3-3.  Growth properties of disruptants

Strain Genotype Rich meida  Minimal media

YPD YPG SD SG SE SDG SGG
DURA URAZ +4+4+ A+ A+ A4+ H++
DACO ACOI:URA3 ++ - - - - ++ -
DKGD KGDI::URA3 +++ - 44+ = = +++ -
DICLU ICLI::URA3 +44+  +++ +++ = - +44 -
DFUMU FUMI::URA3 +++ - 4+ = - +44 -
DFRDS  FRDS::URA3 +++ +++ ++4+ +++ +++ +++ +++
DOSM OSMI::URA3 +++ ++4+ +++ +++ +++ +++ +++
DFRDOS FRDS::URA3 +++ +++ +++ +++ +++ +++ +++
M OSM|I ::THA"
DSDHFU SDHI::HIS3 i x - 4+ = - - -
M FUMI::URA3
DFRDSD FRDS::URA3 +++ +  +++ = - = =
H SDH1::HIS3
DBY747 ura3 +++  +++ +++ +++ H+H+ +H+ 4+
DSDHH SDHI::HIS3 +++ + 44+ = - - -
DICLL ICLI::LEU?2 +++ +++ +++ = - - -
DFUMT FUMI::THA® +++ - 444 o= - - -

Growth in the various media was scored after 2, 4, and 7 d of incubation at
30°C. The most rapid growth is indicated by three plus signs. Minus signs
indicate absence of growth.



Table 3-4.  Enzyme activities of cell-free extracts in wild-type and disruptants

Enzyme Strains Gene disruption Specific activity
(umol/min/mg protein)

Aconitase DBY747 0.26

DACO ACOI1::URA3 N.D.*!
a-Ketoglutarate dehydrogenase DBY747 0.94
DKGD KGDI::URA3 N.D.
Isocitrate lyase DBY747 0.048
DICLU ICLI::URA3 N.D.
DICLL ICLI::LEU2 N.D.
Succinate dehydrogenase =~ DBY747 0.08
DFRDSDH  FRDS::URA3 N.D.

SDHI::HIS3
DSDHH SDHI::HIS3 N.D.
Fumarase DBY747 2.8
DFUMU FUMI::URA3 N.D.
DSDHFUM SDHI::HIS3 N.D.
FUMI::URA3
DFUMT FUMI::THAr N.D.
Yeast cells were grown in 300 ml Erlenmeyer flasks containing 100 ml YPD for 24 h at
30°C with shaking.

*1 Not detected (less than 1% of the parent DBY747).
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Fig. 3-4. Construction of plasmids for disruption of the FRDS and OSMI1 genes.

Plasmid pFRDU2 was constructed for FRDS disruption. A 796-bp Hincll fragment (+69
to +864) of the FRDS ORF was removed from pFRDH (the unique HinclI site at the
multirestriction site of plasmid pFRDS was deleted by HindIII-Sall digestion) and replaced with
a 2427-bp Smal fragment containing the URA3 and Km' genes prepared from pURAKm. The
plasmids pPOSMU1 and pOSMT | were constructed for OSM disruption. A 57-bp EcoRV
fragment (+531 to +588) of the OSM 1 ORF was removed, and replaced respectively with a
fragment containing the URA 3- Km' gene and a blunt-ended 5065-bp HindIII fragment
containing the THAr and Km' genes from pHTHAKm.

(+69~864) ZFR\T, £ ZIZ pURAKmM KOO H L7 2.4 kbURA3 L Km'
MR T ETOM(URA3 Bty b) 2HA LT FRDS M D75 A 3 K pFRDU2
EZHERLEZ HNT S AI F2F000-C0OBRIIHF A1 URIRICKDESIC
I3 A7z OSMI1 B 75 A3 R pOSMUL & pOSMT1 DORESEIE. pOSMI
D IEE L 71 D 57 bp EcoRV K (+531~588) W\ T URA3I 1tz ME-IZ
pHTHAKm #13k®D 5 kbTHA itz b Z2FAL Tiro 7z,
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FRDS B1ix 7 2155 %12, 75 A3 K pFRDU2 % EcoRI TH{L L TH/-
FRDS::URA3 Wil T DBY747 k&2 I L 7=, TOFKER. K50 kDT 52 IV
SURTERRZ)MEL 7= [HIBRIC OSM 1 W8k %15 %5 %12, pOSMU1 % BamHI-Clal
THEL, S5/ OSMI::URA3NiITIC&k© DBY747T k&ML /=, FNE
NOBHERIIIOGEONLI7 020565 > F LI 5 B, Jfaik DNA ZHiH
U, Hindlll TZ2HLLR, Y NS TSI a KD @EREIT- 12
(Fig. 3-5). 2B7O0—-T&ELTIE. 75 A3 K pNH-kan/oriT & O #M¥ L 7= Kmr jit
fa &Mz, FRDS:URA3 Wi/ TIEE#ai% L /=¥ ® 1 ¥, DFRDS 25T 2.9-kb
DREESI NN R E Nz, £/- OSMI1::URA3 Wi} TR L =KD 1
#,DOSM BT 4.8-kb OREI NN RARIHE N/ &M S, DFRDS %
FRDS i3#kk, DOSM % OSM1 it#ikk & L7z, KIZ DFRDS 275 A 2 K pOSMT1
M5 BamHI-Clal /b U T# 6 7= OSM1::THA" Wi T L, THA i {80
5 FRDS XU OSM1 @ —Hifiil#dk, DFRDOSM %147/,

Table 3-5. Fumarate reductase activitiy of the wild-type strain and fumarate reductase gene-
disrupted strains.

Strain Genotype Specific activity *
(umol/min/g protein)
DBY747 FRDS', OSM1" 6.7
DFRDS FRDS::URA3 2.6
DOSM OSM1::URA3 4.9
DFRDOSM FRDS::URA3, OSMI::THA" Not detected

* Activities were assayed in extracts of cells grown on YPD10.

CHBRRKIIER TRRSRIC, ERBERARGTREE LRS00, HhiEkE%
& (1-5 BH) THE UMK IZ DWW TREETGYE Bt L 7. Table3-5 iZ
/R L7=kkIC FRDS B 1zx - 3kk DFRDS Tid. Bl¥kD DBY747 OREEIEME I LA
39% DREHRIGHE L AVRE oo 72, £ 72 OSM1 #ilsikk DOSM1 OMIR £i5ME13 73%
TH-ol, E5IT FRDS,08M1 O " HBHHK OB AR TIIE < 7 VR %
MR ENZh -7, NSO EXDBIE FOBENFHHAINS EEBIT,
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Fig. 3-5. Southern blot analysis of genomic DNAs from the wild-type strain and
disruptants.

The construction used to disrupt the FRDS (A) and OSM1 (B) genes. The
locations of the HindlIll (H), Hincll (Hi), EcoRV (EV) and Pstl (P) sites are marked.
The FRDS and OSM1 genes are depicted by solid bars. The arrows with the gene
show the direction of transcription. Genomic DNAs were digested with HindIlII,
separated on 1% agarose gels, and then transferred onto a nylon membrane. The probe
DNA was a 1.8-kb BamHI fragment bearing the Km" gene labeled with fluorescein.

(C): lane 1, DFRDS; lane 2, DOSM; lane 3, DFRDOSM and lane 4, DBY747. A
HindlIlI digest of lambda DNA was used as a size standard.
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ZE->TH & T 5L (Fig3-9) . DOSM Q20— RHT/hNEWZ Etbhns,
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Fig. 3-6. Growth characteristics of the wild-type strain and the fumarate reductase gene-
disruptants on YPD medium under aerobic or anaerobic conditions. (A): Aerobic condition
maintained by shaking (40 rpm) in YPD; (B): Anaerobic condition (static culture overlaid with
liquid paraffin) in YPD; and (C): Anaerobic condition (static culture overlaid with liquid

paraffin) in YPD27. Strains are (4) DURA; () DFRDS; ( A) DOSM:; and (X)
DFRDOSM. After 90 h (time of the arrow) of anaerobic cultivation (B), liquid paraffin and 15
ml of culture were removed and the tubes were vigorously shaken for 5 min.
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Fig. 3-7. Growth characteristics of the wild-type strain and the fumarate reductase gene-
disruptants under aerobic conditions maintained by shaking (40 rpm)  (A): YPD (2M
glucose); (B): YPD + 2M ethylene glycol; (C): YPD + 2M glycerol, and (D): YPD + 2M

sorbitol. Strains are (€) DURA; () DFRDS: ( A) DOSM: and (X) DFRDOSM.



Fig. 3-8. Cell growth of fumarate reductase gene disruptants.

(A): aerobic condition (30C, 3days)

(B): anaerobic condition 30°C 3days

(C): After incubated under anaerobic condition (30°C,3days), the plate was
transfered to aerobic condition (30C, 2days)
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Fig. 3-9.  Cell growth of fumarete reductase gene disruptants in anaerobic condition.
10°: 6ul of yeast culuture (5.5 x 10°ells/ml) was spotted on the agar medium.

10™ indicates the spot (6ul) of cell suspention after dilution at 10™.

Incubation time : 3days (30C)

Gas pak system was used for anaerobic conditions.
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Fig. 3-10. Ethanol concentration in YPDIS liquid culture. Ethanol concentration under

aerobic conditions ([_]) and anaerobic conditions (). Each value represents the mean of

triplicate samples, and bars indicate the standard error. The productivity of disruptants that did
not require uracil was comparable to that of DURA, while the productivities of other disruptants
(uracil auxotrophs) were comparable to that of DBY747. The ethanol concentrations of a
culture of DURA under aerobic and anaerobic conditions were 5.3 and 6.4%, respectively.

The ethanol concentrations of a culture of DBY747 under aerobic and anaerobic conditions were
5.5 and 6.4%, respectively.
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Fig. 3-11. Succinic acid concentration in YPDI1S5 liquid culture. Succinic acid
concentration under aerobic conditions (A) and under anaerobic conditions (B). Each value
represents the mean of triplicate samples, and bars indicate the standard error. The
productivity of disruptants that did not require uracil was comparable to that of DURA, while
the productivities of other disruptants (uracil auxotrophs) were comparable to that of DBY747.
The succinate concentrations of cultures of DURA and DBY747 under aerobic conditions were

90 and 524 mg/L, respectively. The succinate concentrations of cultures of DURA and
DBY?747 under anaerobic conditions were 98 and 264 mg/L, respectively.
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Fig. 3-12. Malic (A), citric (B) and fumaric (C) acid concentration under aerobic

conditions ([]) and anaerobic conditions (). Each value represents the mean of triplicate
samples, and bars indicate the standard error. Malate and citrate productivities of disruptants
that did not require uracil was comparable to that of DURA, while the productivities of other
disruptants (uracil auxotrophs) were comparable to that of DBY747. The malate
concentrations of cultures of DURA and DBY747 under aerobic conditions were 69 and 58
mg/L, respectively. The citrate concentrations of a culture of DURA under aerobic and
anaerobic conditions were 243 and 112 mg/L, respectively. The citrate concentrations of a
culture of DBY747 under aerobic and anaerobic conditions were 274 and 147 mg/L,
respectively.
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Fig. 3-13. Model of organic acids production of S.cervisiae in YPDI15.
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Table 3-6. Succinate productivities of non-proliferating cells.

Strains Genotype Succinate productivity
(umol/h/g dry cells)

cells grown cells grown
under aerobic  under slightly

conditions aerobic
conditions
DURA URAY 113 49
DACO ACOI::URA3 34 21
DFRDS FRDS::URA3 130 44
DOSM OSMI::URA3 94 30
DFRDOSM FRDS::URA3, 103 24

OSM1::THAr
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Joo TOREE, TNV — A% 15% bZUEM TS, iFKA RN T TCA [HIB O O
BE (BLHIN) ICKDABENEEINS ZENHSEMTIE-/2[67]. LA LERSK
RIFETR, ANTROEMEKE L T, TCAMKOREL, 7IIIBOE TEND D
B ED 2 DDRENGFET DT ENHS MR- 7.

COFEIZBWTIE, EHFROABRMEEE FrOBBZTTL, Wb AAPTO
I RE D A7 BRE 1 PERE DB 22 il ATz

9 Hi #2901+ D ACO1,KGD1,ICL1,SDH1,FUM1 B X T OSM1 i O Wi

1 EBRMEB Ik
B EM 7 9 A 3 R% Table4-1,2 128 U7z 2 B BRI W22 901
5 @ ura3-/ura3-4 5e6k Kura 13574[68,35]12 K 0. 7))V A O OF > Mttt 4 bk
KO EEL 72,
75 A3 KpSDHI11Z7 5 A3 K pKC36 ® SDH1 i fs 1% % Es 3.6kb BamHI Wi}
(-273~+3295) % pUC119 @ BamHI ST AL THEEL 7=,

Table 4-1. Genotypes and sources of S. cerevisiae strains used in this

study.

Strain Genotype Source
K901 Mat o wild-type BSI*1
KACO Mat /o, ACO1::URA3,ACOI::THA"  This study
KKGD Mat a/o,KGD1::URA3,KGDI::THA"  This study
KICL Mat /o, ICL1::URA3,ICLI ::THA" This study
KSDH Mat o/o,SDHI1::URA3,SDHI::THA"  This study
KFUM Mat a/o, FUMI::URA3,FUMI::THA"  This study
KOSM Mat a/o,OSM1::URA3,0SMI1::THA"  This study
Kura Mat a/o,ura3fura3 This study

*1:The Brewing Society of Japan.



Table 4-2. Plasmids used in this study.

Plasmids Contained yeast genes Source
pKC36 2um replication origin, (45)
URA3,SDHI
pACOl ACOI (67)
pKGD1 KGDI (67)
pSDHI1 SDH1 This study
pFUMI1 FUMI (67)
pICL1 ICLI (67)
pURAKm URA3 (67)
pHTHAKm THAr (67)
pACOUl  ACOI::URA3 (67)
pKGDUl KGDI::URA3 (67)
pSDHUl  SDHI::URA3 This study
pFUMUl FUMI::URA3 (67)
pICLUI ICLI::URA3 (67)
pOSMUI  OSMI::URA3 (72)
pACOT1  ACOI:: THA’ This study
pKGDT1  KGDI::THA This study
pSDHT1  SDHI:: THA" This study
pFUMT1  FUMI:: THA" (67)
pICLTI ICLI:: THA This study
POSMTI1  OSMI.:: THA’ (72)

2 EBREIRBLIUER

2-1 BZFHBN T 523 ROME

SDH1 #1{x F#8H 75 2 2 K pSDHU1 D413 pSDH1 @ SDH1 #:5;58tHs SRy
? 1.4kb @ Bglll ¥} (+118~1495)%Br L L, £ ZiC URA3 1t M &AL T,
BamHI TiH L, MRIOBBIZH W, ACO1,KGD1,ICL1 B X1\ SDH1 #1: i
BN D75 X2 K pACOT1,pKGDT1,pICLT1 3L 8 pSDHT1 DRESIT. R+
ty h&ELTURA3 Y hORDDIC THA Aty M ERWEEEBRNWT.
pACOU1,pKGDU1,pICLU1 BX X pSDHU1 O & Mk IZi 775 7= (Fig. 4-1).
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Fig. 4-1. Plasmids constructed for gene disruption.

The plasmids pSDHU and pSDHT1 were constructed by the insertion of URA3 or THA’
cassettes into the ORF contained in the plasmid pSDH 1 (see Materials and Methods). The
plasmids pACOT]1, pKGDT1 and pICLT1 were constructed using the same procedure as
pACOU1, pKGDU1 and pICLU1 (67), respectively, except that the inserted fragment for gene
disruption was the THA" cassette instead of the URA 3 cassette.
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2 901 SIRTEIA D=8, 2 BEEDMIEIZ L 0 B Z SR L7z, T 7523
K pACOU1,pKGDU1,pICLU1,pFUMU1,pOSMU1 &8 pSDHU1 71 & i 3% 11 My
I ACO1:URA3, KGD1::URAS3, ICL1::URA3, FUM1::URA3, OSM1::URA3 $k
' SDHI1:URA3 %2%)D L, Kura OB ZET>7. ThZNOBEERIZLD
fFoNZ URAM I O—2 %5 0 F L2 5 BRERD), YHF N TUFLHE— 3>
XD EfICHE S 0> 2 8kUL-, RICFIAIR
pACOT1,pKGDT1,pICLT1,pFUMT1,pOSMT1 $ & 28 pSDHT1 7 & Bk 8 1 o7 1
ACO1:THA" KGD1:THAr ICL1::THAr, FUM1:: THAr, OSM1::THA" &8
SDHI:THAr Y0 L, 2 BtEH OBEE#ETT> /-, 2mg/ml ® THA 2458 SD
BT AL, AR L TEZIO0=—% SD BLUSG Ktz L 71 5 LT SD kb
KOAEFTEHZ/O0- 8K L. TOBENSDOEDS /L DNA 2L,
Kmr s 727 0-TELTHY NS TUFA - a >0, llERRLE
(Fig. 4-2). 738 ACO1 WM TII SD KU VIV o X B %34 L 7= 55 % Bl L OO
WU, 7= OSMI1BETOBBIVHF NS TV I E—2 a L PG THRRET
5o )

TNTN O MR OB FIGEZ Table 4-3 1259, ACO1,KGD1,ICL1,FUMI B &
X SDH1 R T2, ENThOMK ORI I Wiz o/, /- OSM1 s
RO 7 )V REE e RTEMEIZ, K901 D 80%ICE FLTH D, £k DBY747 bk
D OSM1 i¥kk (73%) EIFFFRBREDIEMHEK FTH 7=,

BAR TR O RIREE % Table 4-4 ICE &/, ZONTEMMORE R & L8
BRORRTHRIZ S 50, KBREKD ACOI BN 7 IV Y I D BEREZ S LD
IZx LT KHERD ACO1 itttk KACO TIZ VIV Y I DB ERMZ RX b7
ETHD. KACOKTRY =4 —tiEHEIMRD S hABRWDT, HLNHT5ETCA
B EfEH LIz, MOV Y 3 D RARBDERK TIRGEET 3006 LA,
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Fig. 4-2. The construction used to disrupt the ACO! (A), KGD1 (B), SDHI (C), ICLI (D),
FUM!I (E) and OSM1 genes (F). The locations of the EcoRI (E), EcoRV (EV), HindlIl (H),
BamHI (B), Bglll (Bg), Hpal (Hp) , Clal (C) and Pstl (P) sites are marked. The ACO/, KGDI,
SDH]1, ICLI, FUMI and OSMI genes are depicted by solid bars. The arrows at the gene
show the direction of transcription. Genomic DNAs were digested with EcoRI (A), BamHI
(B, C) and HindIll (D, E, F), separated on 1% agarose gels, and then transferred onto a nylon
membrane. A 1.8-kb BamHI fragment bearing the Km' gene labeled with fluorescein were
used as probes. No fragment was detected by the Km' gene probe in the genomic DNA of
K901 (data not shown ). A HindlII digest of lambda DNA was used as the size standard.
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Table 4-3.  Enzyme activities in wild-type strains and disruptants.

Enzyme Strain Genotype Specific activity
(umol/min/mg protein)
Aconitase K901 074
KACO ACOI::URA3ACOI:: THA’ N.D."
a-Ketoglutarate K901 0.7
dehydrogenase =~ KKGD KGDI::URA3,KGDI:: THA’ N.D.
Isocitrate lyase K901 0.014
KICL  ICLI::URA3,ICLI:: THA’ N.D.
Succinate K901 4.4
dehydrogenase KSDH SDHI::URA3,SDHI:: THA’ N.D.
Fumarate reductase =~ K901 0.044
KOSM  OSMI::URA3,0SMI:: THA’ 0.035
Fumarase K901 4.4
KACO ACOI::URA3,ACOI:: THA’ 0.5
KFUM FUMI::URA3,FUMI:: THA" N.D.

Yeast cells were grown in 300ml Erlenmeyer flasks containing 100ml YPD for 24h at 30°C

with shaking. Cell free extract was prepared and used for enzyme assay.
*1 Not detected (less than 1% of the parent K901).

Table 4-4. Growth properties of disruptants.
Strain Genotype Rich media Minimal media

YPD YPG SD SG SE

K901 Mat a/o +++  ++H+ H++ 4+
KACO ACOI::URA3,ACOI:: THA" ++ - 4t = =
KKGD KGDI::URA3,KGDI:: THA"  4++ _ TIIp _ _
KICL ICLI::URA3,ICLI:: THA" +4++ At +++ +/- -
KSDH SDHI::URA3,SDHI:: THA"  +++ + 4+ _ _
KFUM FUMI::URA3 FUMI:: THA" ++ - +4+ - _
KOSM OSMI::URA3,0SM1:: THA" +++ +++ +++ +++ +++

Growth on the various media was scored after 2, 4, and 7d of incubation at 30°C. The most
rapid growth is indicated by three plus signs. The minus sign indicates the absence of growth.
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2 EBRERBLUERE

6 FERIOD B D FERE idBR % YPD15 K5 TH 2725 7= (Table 4-5), WK RMETO
Wi 2% TII IR SR D B T & A 5 N 72 6RIC OSMT Kk KOSM O H5fidk A ki sd
T > 7= (Fig. 4-3). OBk O WGitE B KNS/ — VA DERE IR B4 K901 &
Z2H0EMH T, #iKk KACO (A ACOI), KKGD (A KGDI)B LU KFUM (A
FUMDTIL, K901 (TN AN ENTN 42%, 24% BLNBI%ITE F
LTWw/z. 7., KSDH (A SDHI)BXUKICL (A ICLI)TIZ K901 & [HfETH
27z, E51Z, KFUM OREHETICIZ 7 IIVBOEREEHIT, V> TROMEMN
BT N7z, DL EORRIZ, BREKEFARTH 57z, L LEREKOMEK TH
SN bkIE. ACO1 BIC K % 7 T BOEBERIIA S N - /. BBHFLERHETO
K3 T3, SDHI1 M TIANY BOERNH 5N 5%, \FIFHBRE & BTk A
v Tn5,

Table 4-5. Analysis of ethanol and organic acids in fermentated YPD15 medium

Strain Ethanol Organic acid concentrations (mg/])

(%) citrate malate succinate  fumarate  acetate
KOl 58+0.1 148+ 2 46+ 2  464+10 <10 114+11
KACO 56405 152410 69+19 193424 <10 91+18
KKGD  60+04 124+ 6 30+ 3 112428 <10 115+18
KICL 60404 1290+ 2 36+ 1 304+11 <10 103418
KSDH 61403 132+ 9 39+ 2 406434 <10 95+13
KFUM 59405 150+ 2 <10 276423 36+0 105436
KOSM™ N.D."” N.D. N.D. N.D. N.D. N.D.
Rura ™ 58401 155+16 68427 7374170 <10 lsg+as

Fermentation time: 2 days

The values given are the means * S.E. of three different tests.
*1 The strain showed very poor growth (Fig. 1).

*2 N.D.: Not detected
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Fig. 4-3 Growth characteristics of the wild-type strain and the OSM/ gene disruptant on

YPD15 medium under anaerobic condition. Symbols: ((1) K901, () KOSM
At the indicated times, the culture was gently stirred, and the turbidity was measured at 660 nm.
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R D — #7347 5 L TN R 70 HT 45 5 % Table 4-6 1279, MM KACO BL U
KOSM Di#EREFEII K901 (TR ER LA BmlLiE) . AREPOINIEES R
& KACO,KKGD BX X KFUM TEFHEA K901 D 53%., 63% B LN63%ICEFL
7o )i KOSM THUGE L ZWICIZBMEAD 1.5 50NV EAGEN TV, /-
KACO THUE L 7=#ICiZ 2.1 5D > IEMAGEN TV, L LB TA LN
Fe b3 KFUM TO 7Y I)VBOERMB I > IONELRBRIE N 2L >, 28
72 )V ERYEMK Kura TR L 2#ICIGBEOINI BB L) IR ESENT
BO, WEREED 7.8ml EBDTEWEEE ST,

THWREE A BR 12 35 5 ik KKGD & KFUM O O\ 7 BBk i, RS F
LTWED, ZOERFERIZDONTIIR/Z > TW=Fig. 4-5). KKGD Tl H A 44)
WTOINT BAENEHERIOK 50% CEBES HH) ICIEFLTWEAL b AR
WILABE D 2N B AR BT B ER & @ - THh > 7=, 4., KFUM TR T
EBEKICHEARDTNIERRAME FLAZBOD (8 10%) . hHILABETI NS B
FEAEERLIEM STz, K> TKKGD & KFUM @b A A TO N\ EPEN DI
MIRBEANZZALIZELDBDEEZENS, DEVEBHEELELET. T4 /)
RIEBHI <, MIRAEAITHML THWESREMOMICBWTIX, KGDI s T-omis
KEXDIAINTBERRME RN LT ELD, TCARIKORILAHOBETEIZIN
VBEMERL TOWRDTRABWNEEZASGND, PICBREBEOEENMLFL, T4/
VRS R <. MR ORMRMAIEE DRI 3 7= % FEREE I TIZ, FUMI #iz &
DIAINTBBBEAEER LN ELD, BITMRERICE D KBHDaNY
ReNVERR T D DTN d &% X 515 Fig. 4-6).

ACO1 B TIZ Y > TR O @408 & 2\ 7 B OIS JEE DB & 117=(Table 4-
6). Magarifuchi &I REM (p-) THEBRAEMEZRE L TS, 51T, I
WRAKTOY > TEBIRINTBAERIZ, MREMRICLD, FFF O
HLUTETWICEZ 5O TRZVWAEHENL TV, ACOI BEKIZBW TS, [k
RBRIEVEZAZONB LN, 7IAZY U2 BN, MEHEED TCA B3 T DN
BT SN2 B0, acetyl-CoA NERT B EE X 515, Acetyl-CoA IZEILE S
ANRF LT —EREHLTEOT, AFFOMEALILE DA SBRICEEX R
ADTRBWNEEZ OGNS, bLAFTOMEEZENETIRTHNINYBEEES
BEOTVWEETEE, BHIIAHTH B0, ACOI K TD 73 I —PiEDOE
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Table 4-6. Properties of sake made using disruptants.

Strain ~ Sake  Ethanol Total Amino Organic acid concentrations (mg/L)

meter (%) acidity acidity malate succinate lactate fumarate acetate
(ml)  (ml)
K901 +10.0  19.0 2.8 2.6 202 667 321 <10 <10

KACO +6.0 17.7 33 2.7 428 355 269 <10 <I0
KKGD +6.0 187 26 24 270 419 312 <10 <10
KICL +7.0 181 2.6 24 284 601 33 <10 <10
KSDH +7.0 181 26 24 286 578 332 <10 <10
KFUM +6.0 180 26 22 341 417 283 <10 <10
KOSM -130 156 3.1 33 15 96 357 <10 <10
Kura " +0.0 " TI3.67 78 IR 643 2324 360 <100 <10

Fermentation time: 18 days
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Fig. 4-4.  Time-courses of CO2 evolution and ethanol concentration during sake fermentation
using disruptants. (A): CO2 evolution, (B): ethanol concentration.  Strains KICL and KSDH

exhibited similar time courses to strain K901. Symbols: l, K901; [], KACO; A, KKGD:;
A, KFUM: @, KOSM, OKura.
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Fig. 4-5.  Time course of succinate production of sake fermented by disruptants. Symbols:
M, K901; A,KKGD; A, KFUM.
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Fig. 4-6.  Main pathway for succinate formation during sake fermentation.
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SRR & W DA A Bk TIZ 72 > TY /= (Table 4-5,6), FEREABR TIZ, B o
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SRR T FPICEEND T I /MO EY 2 2 Ia EDORA IRMTIRER O A7
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Fig. 4-7  Time course of succinate production of sake fermented by disruptants. Symbols:
M, K901; €,KOSM.
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Table 4-7. Properties of sake made using glycerol non-assimilating mutants.

Strain Sake  Ethanol Total Amino Organic acid concentrations (mg//)

meter (%) acidity acidity —malate succinate lactate fumarate acetate
(ml) (ml)

K901 +95 19.0 25 2.0 236 666 316 <10 <10
KAYGl +7.5 182 43 1.9 498 626 254 <10 257
KAYG4 -2.0 154 3.7 2.3 529 428 268 <10 <10
KAYG7 +1.0 179 3.0 2.4 463 330 273 <10 <10
KAYG8 +45 185 2.4 2.0 219 430 262 <10 <10
KAYGS +6.0 17.7 2.9 2.1 484 431 270 <10 <10
KAYG11 +75 183 23 2.4 279 369 278 <10 <10

Fermentation time:18 days
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Table 4-8. Transformation of non-glycerol

assimilation mutants by plasmids containing ACO/
or KGDI genes.

Strain used plasmids SG™
KAYGI pSE31™" -
KAYG4 pSE31 =
KAYG7 pSE31 _
KAYGS pGTO/T1" +
KAYG9 pSE31 _
KAYGl1 pG70/T1 _

*1 Plasmid pSE31 contains ACO/! gene.

*2 Plasmid pG70/T1 contains KGD/ gene.

*3 The growth on synthetic glycerol medium. +
denotes that the strain could assimilate glycerol by
introduction of plasmid.

Succinate (mg/l)

0 10 20
Fermentation time (d)

Fig. 4-8.  Time course of succinate production of sake fermented by disruptants. Symbols:
€, K901; B,KKGD; A, KAYGS.
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Fig. 4-9 Succinate and malate productivities of phenyl succinate resistan mutants in sake

fermentation.  Symbols: 4, phenyl succinate resistant mutants, (O, K901. Succinate and
malate productivities of strains were compared to that of K901.

Table 4-9. Properties of sake made using one of phenyl succinate resistant mutants.

Strain Sake  Ethanol Total Amino Organic acid concentrations (mg/L)

meter (%) acidity acidity malate succinate lactate fumarate acetate
(m)  (ml)
K901 -17.0  18.7 2.8 1.8 393 580 421 <10 <10

KNPR3 -27.0 176 2.6 2.1 197 650 428 <10 <10
Fermentation time:12 days
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Succinate and malate productivies of gene disruptants and mutants in sake

fermentation. Symbols: <, disruptants; @, uracil auxotrophic mutant; &, glycerol non-

assimilating mutants, 4, pheny! succinate resistant mutants.

Succinate and malate

productivities of strains were compared to that of K901 at each sake brewing. Since strains
KAYG9 and KAYG11 exhibited similar productivities to strains KAYG7 and KAYG8,

respectively, those points were eliminated from the figure.
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Study on the breeding of the Sake yeast having distinctive

productivities of flavor and taste substrates.

Yukihiko Arikawa

Summary

Capter 1. [Moleculer breeding of high productive yeast of 3 -phenetyl-alcohol]
3 -(2-Thienyl)-DL-alanine(THA)-resistant mutant K901-T12 which overproduced /3 -

phenetyl-alcohol were isolated from a fermentation strain of Saccharomyces cerevisiae K901.
PAF1 containing 5.5Kb insert fragment which showed THA resistance and high productivity of
/3 -phenetyl-alcohol in Saccharomyces cerevisiae was cloned from a gene library of K901-T12
by shotogan cloning. In sake brewing, transformed strains by pAF1 indicated high productivity
of [3-phenetyl-alcohol. Sequencing of 2.1Kb PmaCI fragment in 5.5Kb fragment revealed
ARO4 gene coding 3-deoxy-D-arabino-hepturosonate-7-phosphanate(DAHP) synthase
inhibition by tyrosine. The mutation was determined to be a missense mutation comparing
with wild type gene cloned by PCR. By homologus recombination between genomic ARO4
of K901 and the mutated ARO4 gene, high productive strains of /3 -phenetyl-alcohol were
isolated.

Chapter 2. [Appling pB-thienyl alanine resistant gene (THA") for construction of

vectors and gene disruption cassettes]

YCp and YEp type shattle vectors between Saccharomyces cerevisiae and E.coli which
could be selected positively were constructed by using the mutated ARO4 gene (THA resistant
gene) , and vector which could insert other genes into site of ARO4 gene via homologus
recombination was constructed.

Two plasmids, the pPURAKm containing the URA3 gene and the kanamycin resistant (Km")

gene, and the pHTHAKm containing f-thienyl alanine resistant (THA") gene and the Km" gene,

were constructed and used for an efficient construction of the disruption cassettes. The Km"
gene is useful for a selection of a clone harboring a gene disruption plasmid in E. coli, and
URA3 and THA’, for the selection of the gene-disruptants in S. cerevisiae.

The plasmid pURAKm was constructed by an insertion of a 1.8-kb BamHI fragment bearing
the kanamycin resistant (Km") gene from the pNH-Kan/oriT plasmid, and a 1.3-kb HindIIl
fragment containing the URA 3 gene into the BamHI and Hind 111 site of pUC13, respectively.
Plasmid pHTHAKm was constructed by an insertion of a 5.1-kb HindlIII fragment containing



theTHA'gene (-1837 to +1427) that confers resistance to f-thienyl alanine, and the Km" gene

(inserted the blunt-ended 1.8-kb BamHI fragment into the EcoRV site located 255-bp
downstream from stop codon of the THA” ORF) into pHSG398.

Chapter 3. [Effect of gene disruptions of TCA cycle and fumarate reductase on
production of succinic acid in Saccharomyces cerevisiae. ]

Succinate is the main taste component produced by yeasts during sake (Japanese rice wine)
fermentation. The pathway leading to accumulation of succinate was examined in liquid
culture in the presence of a high concentration (15%) of glucose under aerobic and anaerobic
conditions in a series of strains of Saccharomyces cerevisiae in which various genes of the TCA
cycle were disrupted. When cultured in YPD containing 15% glucose under aerobic

conditions, the KGD/ (a-ketoglutarate dehydrogenase) gene disruptant produced a lower level

of succinate compared to the wild-type strain, while the SDH (succinate dehydrogenase) gene
disruptant showed an increased level of succinate. On the other hand, the FUM/ (fumarase)
gene disruptant produced significantly higher levels of fumarate but did not form malate at all.
These results indicate that succinate, fumarate and malate are mainly synthesized through the
TCA cycle (oxidative direction) even in the presence of glucose at concentration of as high as
15%. When the growth condition was shifted from aerobic to anaerobic, the increased level of
succinate in SDH disruptants was not noted any longer, whereas the decreased level in KGD/
diruptant was still observed. Simultaneous disruption of fumarate reductase genes (OSM/ and
FRDS ) resulted in the inability of the yeasts to grow anaerobically on glucose as a carbon
source, and disruption of the OSM/ gene caused poor growth under anaerobic conditions.
These results suggest that the fumarate reductase isoenzymes in Saccharomyces cerevisiae are
essential for anaerobic growth. Double disruptant for the two fumarate reductase isozyme
genes (OSM1 and FRDS) showed a succinate productivity of 50% as compared to the parent
when cells were incubated in glucose-buffered solution. These results indicate that succinate
could be synthesized through two pathways, namely, TCA cycle oxidation and fumarate
reduction under anaerobic conditions.

Chapter 4. [Isolation of sake yeast strains having various levels of succinate
and/or malate producing abilities by gene disruption or mutation]

Succinate and malate are the main taste components produced by yeast during sake (Japanese
alcohol beverage) fermentation.  Sake yeast strains having various organic acid productivities
were isolated by gene disruption.  Sake fermented using the aconitase gene (ACO!) disruptant
contained a twofold higher concentration of malate and a twofold lower concentration of
succinate than that made using the wild-type strain K901.  The fumarate reductase gene
(OSM1) disruptant produced sake containing a 1.5-fold higher concentration of succinate as

comparerd to the wild-type, and a-ketoglutarate dehydrogenase gene (KGD/) and fumarase



gene (FUM1) disruptants produced sake containing a lower concentration of succinate. The

Akgd] disruptant showed a lower succinate productivity in the early phases of sake

fermentation, while the Afum/ disruptant showed a lower succinate productivity in the later

phases. These results indicate that succinate was mainly produced by an oxidative pathway of
the TCA cycle in the early phases of sake fermentation, and by a reductive pathway in the later
phases. On the other hand, breeding of sake yeasts with low succinate productivity and/or
high malate productivity was performed by isolating mutants unable to assimilate glycerol as a
carbon source. Low malate producing yeasts were also obtained from phenyl succinate
resistant mutants. The mutation of one of these mutant strains with low succinate productivity
was found to occur in the KGDI gene. These strains having various succinate and/or malate
producing abilities are promising for the production of sake with distinctive tastes.
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