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Sake Yeast Mutants with Improved Fermentative Activity:
Isolation, Application, and a Novel Mechanism —Monograph—

MUTSUMI WATANABE (Research and Development Department, Hakutsuru Sake Brewing Co., Ltd.,
4-5-5 Sumiyoshiminami-machi, Higashinada-ku, Kobe 658-0041) Seibutsu-kogaku 80: 57-63, 2002.

High ethanol concentrations in sake mash, which characteristically reach over 20%, occasionally cause
stuck fermentation resulting in low-quality sake. Adequate fermentative activity is thus one of the most
important features required of a sake yeast. Mutants resistant to clotrimazole (CTZ) were isolated from
the sake yeasts Kyokai no. 701 and no. 1001. More than half of them fermented sake mash faster and
produced higher amounts of alcohol than their parental strains. In industrial-scale sake fermentation, a
CTZ-resistant mutant could reduce the fermentation period by 1-2 days. CTZ-resistant mutants from a
non-urea forming sake yeast and a high isoamyl acetate producing strain showed improved fermentative
activity while retaining their parental advantages for sake making. CTZ-resistant mutants also exhibit
pleiotropic drug resistance (PDR); they are resistant to a wide range of cytotoxic compounds unrelated to
CTZ. Series of gain-of-function missense mutations in PDRI and PDR3, which encode transcription
factors, are known to increase the expression of ABC transporters that extrude various kinds of drugs out
of the cell, leading to PDR. In this study, two PDRI and three PDR3 mutant alleles were cloned from
five independent CTZ-resistant mutants. These alleles coritain different missense mutations —PDR1-
H176 (L309S), PDRI-2 (M3081), PDR3-C21 (L950S), PDR3-C231 (G948D), and PDR3-11 (G957D)— that
are sufficient to improve fermentative activity, in addition to conferring PDR. In a CTZ-resistant
mutant, CTZ21, isolated from the haploid sake yeast HL69, the levels of mRNA for three major ABC
transporter genes, PDR5, SNQ2, and YORI, markedly increased, while the cellular ATP contents
drastically decreased. Disruption of PDR5 or SNQ2 but not YORI in CTZ21 lowered the fermentative
activity to that of HL69 and restored the cellular ATP contents to a medium level between those of CTZ21
and HL69. These results demonstrated that the ATP level reduced by overexpression of PDR5 and
SNQ2 in CTZ21 contributes to a certain extent to its improved fermentative activity.
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HROGHEERIT 7220 FIEFETIIFHEOMA KL 7 —
MEZFIHA LT, &5IXT 3 — TRV E RS
SEELZYD L L, ThbHDOERKOREENIL, BRI
PO HHIZBNTHEL D bORL - TR D, REE
HEOEHBZIIL T LHLENR > TW otz £/, 12
EAEDT N a— ViR TERBEOBENEGL 2o
7=.1-9)

& AT, BEROBIECHKEAIL, MaEF DR T o —
NRREBE MRS EET I EAMLNTND &) &
fe, 7a b=y = (CTZ) ILRRENB TV —IVHRH
HHEANL, —Ad2T7o—VOAAKRMRE, LUK
FEF O EAFIERGEE & DEHEN 2SI L D IEEE O
B TEBEBOABTR2HET I LOTH S.91D Kif
JETIE, CTZICTtEZ R~ ERKROSBER R, B
eEr@aL CERBEYEZRL, BEEEBEICT LR
 REEHIBOEMEL FIRERERK 2D TREG L. 12
ZOFER, ExOFRAERBROREASEIICAT
DT EMTE 6T, CTZ E#KkAS ATP binding
cassette (ABC) b 7 v AR —% —DEFRIRIZ L 5 L HIf
MERTHHZ EEZRWEL,D ZOERBA A S A
LT, @MBEE~OBEELZFER L7219 ZidiElEE

WEREEL 5 CEIERVERTE I/ n—=" 7
LB WIOBITHD. £, BREMEDOAHN=ZLDD
EHDELT, ABChI VAR —F—DERRIC L 21
WATP L~V DIRT A, fRFERT 7 v 7 ADWER%E b1
HBLTNAZEEEELI

1. CTZMHIZk3EHBEKOH#

1.1. BEBLLEBEEINLOEERBEMHOIE B2
17 LEEREKT701 & K1001 55, 20 mg/l D CTZ % & dekk
DIEIREER EICHBR Lo =—2 58, AT —)L
TOMARBREITo72L 25, SBELT-RROYELL
BHIVLEREOTLa—ALEERLE. 92X 0,
CTZMMH % EIEIZT A2 & T, BREBEOLRRNIES
WIZHBLNDZ ERGholz12)

HIARBREZBVIRLC, BEMEARE<MEL, BE
PEN TV CTZ239 A RERME L TRIKLE. 2
DHRDOEM 2GRN EHR T DI, BK2310E
AERBE TOMARBRZ1T 72,12 CTZ239 iXBHH H>
LT Na—LOERK, R—ADF L (BEOWME LT /L a—
NOERRIZE BHEDOEKT) BébicE, BELT
AW BE D K1001 £ 0 b, 2 AREHRVFEERE &
72 57-. Table 11Z7R9 & 912, CTZ239 TiZK1001 & ¥
b TN TA—VREN0.8%, BAEE ((1/HLE-1) x 1443)

Table 1. Analysis of fresh sake brewed with CTZ239 and
K1001 in an industrial-scale fermentation.

CTZ239 K1001
Sake meter +3.9 +0.8
Alcohol (%, v/v) 19.6 18.8
Acidity (ml) 2.0 2.0
Amino acidity (ml) 2.0 2.1
Sensory evaluation* 2.2 2.1

* 1, Good-5, poor (n = 17).

B3IEL o Tz, T, CTZ239DEN - 5B
HERLTWD., £0—F, BELT I/ BEIZIEEN
72, BEEMICHKI001 & LR T HBEDRWEE T
Hotr.

1.2. CTZMMEDFEIZ&2FRERKROEBHNE

HEEEICBWT, BROFEITBEEOM E0EHOE
ez 5 ETEETH Y, HRLPFE TOoNTE .
REOEREZ B E LETAXF—F BRI 2R F
T R UTHERRD T BT FAREEEEA VT I,
BLOB-7 =R FAT Na— i & OFZRS B LEENE

BR,18-20) 7 & DN BEBAMERR 2D 0V O IS AR BE MR 2229)
REPDEEINTEY, IFIERENTEEENFE
EREESZEARENTNS.

DX RERKZBERTHREICE, BEOEM LR
DEABREECMAT, +45 @%%ﬁ&ﬁo EBNE
Thd. LIrL, ERCHBESNTZARALZREKIL 20
BRI D ORENINLE D Z N2 22829 Z o &
IREEKEERIHMT D120, TORORESN2E
DEEIREREMMT A ENELLN, THETIC
HiaR LEDOMEIZ L2 HESHE I TV 5,252
Fx X, CTZTMEDRT 52 & 5 BB O BRE L E
%, WRFEHEEMEKR LB V7 INEEEERO B
NSEEZIGA L1

K1001 #*% Kitamoto & D F £ 16) & FV Tl L7 R
REEERET VX T —EXBEHKHLIES, BLUKTHH
DOBHARTFER HL155 L 0 77 Uik v ittt %2 618
ELTCHE LEEREEA V7 I VEAFEMR Ffel32) 28
BRE LTHEM L7, CTZ 20 mg/l % &Tef/b ikt b
ICHB L7z ae =—2/50K 328 L, #XK100gD
HEERBR A 1T - 72,19 HL163 H3¥kERD 62%, Ffel3 Bk
BED85% MHEME LV bIKEENT AMBEDORBNEL, 4Rk
BOBARBEREN->T-.

BROEBESORLEPBEETH > nBEEIZ OV T
%ﬁ%%ﬁ%&bt%*l@Dﬁﬁﬁﬁ%ﬁoﬂm
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Table 2. Analysis of fresh sake brewed with HL176 and
HL163.
HL176 HL163
Sake meter +3.9 -0.5
Alcohol (%, v/v) 19.9 19.4
Acidity (ml) 2.1 2.0
Amino acidity (ml) 2.1 2.4
Urea (mg/l) ND* ND*

* ND, not detected.

Table 8. Analysis of fresh sake brewed with Ffel3-9, Ffel3 and

HL155.
Ffel3-9 Ffel3 HLI155
Sake meter +4.5 +1.0 +4.5
Alcohol (%, v/v) 19.3 18.9 19.2
Acidity (ml) 2.3 2.2 2.2
Amino acidity (ml) 2.5 2.6 - 22
ODy4sp 0.138 0.148 0.078
Isoamyl acetate (mg/l) 18.1 20.6 10.4

HL1631% B ABEE 8-0.21272 o 2B 5 THREENELL L
7208, CTZTHMERR D HL176 1B # A A & REE NS IERE T
5V, BRI > THHEABENIERICF LT
7-. Table 2 2774 & 512, HL176 DA REIX HL163
I0bT7La—LRELEARBEBENEL, BEXIZE
BUTT I/ BENMEo7-. Fiz, HL163 & R
REOERITBD b2 hol.

Ffel3 (X% OREENRIE T, ERBEIXT I/ BE
NELEHR/ LTV, CTZIMERRD Ffel3-9 IXBB%H
WHIEFIICHEEL, BABEENR IS FLTT /Vva—LR
EREM» -7 (Table 3). E7, Ffel3-9 X ERBEFIZ
18.1 mg/l DEEEEA V7 INEERL, Flel3 OFEEEA Y
T IVEAEENED) 2R o TV .

UED & iz, CTZEDfTEIZ L - T, HLI63 DR
FHAEMIL LV Flel3 OFEREA V7 INEEEMEZHE
BLi-EE, BBEOVPALLEZEKEZSBTZZ LN
T&7:.

2. CTZMMH#%OEHEM A H X LOR

2.1. CTZtE#%D 7 a—)LiittE  CTZi: s &3
BEME & OBIEIZ OV T, MfRE R 0 X 7 o — Ve RGBE
REOHBEICE AT La—AfETHB ETFHREN
DT, Bl o ThHBtSNERESY /) —VFET
THIB LIZ WT v a— itz LB AA6 82D &

DB EITolz. 175% ¥ ) —NFEFTOEERY
BIELIEZ A, AA6 3K 60% DEWABEETH T
M, CTZMERRITE & FRRED 3~ 12% DR VAR
ThHY, THa—)tEE RIS RAo72.12

2.2. CTZHM#H#DZHITE CTZ28L7 Y/ —Fk
FEEAIERTHLESAVON TSR, ThixE#
MRS Ehi-oAf XBENDH ABC b7 AKR—F—&
BRI B EARIHEH AR TR EFEBL L 72 Candida albicans D
ML RN DI N B ABC F TV ABE—F—DF
BB, BEINEERORRGT, & ITHEERHE
FARIED R 5% < ORI L TR IS 2R
ZAEIMMEEZFERITZENPMONTEH D, FBEKRD
BRI Saccharomyces cerevisiae THEH < OB I TV
72.30-30) IBEBB O L RIMELRK L LT, dhil o5
vroa~FoIRERA LV OBEmAHICHT At E
BEL LTHBEEZITY, AREBER7 Yo —LRED
BERBAPELZEBERBRECE LI LE2HEL T
3k, BEOIINY oY UMMEEER A SBEL, &£
BRBOT/Vva— VRENEN-T-Z L, BLUHMI =
T UANDOERNC LA R LI L EREL T
7= .34,35)

FIT, BxBNEIE L CTZ itttk & EERF)Ixt
TAHMMEER~T. TO/RE, KRBRICE LT TO
CTZ ittERkix, 27 ue~x IR, 4-=bhux/ )
1-4% F (4-NQO), AV d=A i ¥DCTZ &
BESCERABEORZI2BEHOERICHETH Y
(Fig. 1), ZAIMMEE RS Z & H353H2 o 72131536

Strain 1 2 3 4 5
HL163
HL176
Ffel3
Ffel3-9
HL69
CTZ21
K1001
CTZ231
CTZ239

Fig. 1. Comparison of drug resistance among various CTZ-
resistant mutants and their parental strains. Lanes: 1, blank
with no drug; 2, 0.4 mg/l cycloheximide; 3, 0.5 mg/l 4-NQO;
4, 0.5 mg/l oligomycin; 5, 10 mg/l CTZ.
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Fig. 2. Northern blot analysis of PDR5 in various CTZ-resistant
mutants and their parental strains. Resistance index: +,
resistant; —, sensitive.

CTZ MittERR D LA, ABC F TV RABR—F—D

BEENLIELONE I DERRB72DIZ, ABC hT
AR—F —% a— KT 5K &L T PDR5/YDRI/
STSI33) @ ) Y M 24T o 7= (Fig. 2).19 £ BT
X PDR5 ® mRNA IR TH -7, CTZ kR T
IEPDR5 DN 7 F NV ERH L. 202 b, CTZ
MR O ZHIMWE S, ABC b T v 2R — & —DEFRBRIC
XD ENBRIRBEI NI,
2.3. CTZitE#%H 5DPDRI$H & UPDRIZERE R IE
EFOH /O—=14 S.cerevisiae DEYT ) bIREIT &
H, 298D ABC b5 v AR—F —DHEENPHEINT
9,49 £ 61X PDR5°YORI/YRSI 414 SNQ2#) 72 ¥
ICa— FENTN5D. £ABC h 7V AR—F—{Zixdh b
REOEERAMNTET IS, BEFGRFLa—F
$BHPDRIRPDR3ID—7T X / BEEHRA R0 2 L 5T
ERENEMEL S HRE L CRBICERHRT H 72012,
HREER RN ~EHTE 2 X D122y, SRIMMEE
BEITHZEPALMIEINTND.

% 2T, CTZttE#E5 B#kD>5 PDRI & PDR3 % PCR
IRl Cr/un—=v7 Lz & 25,1430 & CTZ eI
LRI %5 LS5 PDRI, & L< X PDR3 DEME
BEBLTWD I R Ghotz. SN EBEFIL, &4
RIgD—7T I/ BREWAR (PDRI-H176,1.309S; PDRI-
2, M308I; PDR3-C21, L950S; PDR3-C231, G948D;
PDR3-11, G957D) & AT\ - ZTh b DZERIL, PDRS
DEEFEETEM(LTHZ LN T&-. £/, PDRI-H176,
PDR3-C21, 3 X W"PDR3-C2311%, FROLER TH-1-.

Pdrlp & Pdr3pid EVCARER U—03E <, GAL4 7 7
RV —IZBRTL2EERGRTTHY, ZoT77IY—I
HBEITD3OD FAAL EEEZH LTS (Fig. 3).4749)
RBRERTHE SN TWDEREALIL, Pdrlp & Pdr3p
DIFFLRICDTZ > THEEL TV 5 28,4446 CTZ Mtk
DEFEIRALIZ, Pdrlp Lk TikInhibitory K A A »DEF—

9 202 2 2

Fig. 3. Locations of various PDR missense mutations on Pdrlp
and Pdr3p. Mutation sites are indicated by figures: 1,
PDRI-7 (P298A); 2, PDRI1-6 (K302Q); 3, PDRI-2 (M3081);
4, PDRI-H176 (L309S); 5, PDR1-3 (F815S); 6, PDRI-101
(T879M); 7, PDRI-8 (L1036W); 8, PDRI-12 (L1039Q);
9, PDR3-4 (T1191); 10, PDR3-5 (K205N); 11, PDR3-6
(I252M); 12, PDR3-7 (G253M); 13, PDR3-8 (K257E); 14,
PDR3-9/PDR3-33 (Y276H); 15, PDR3-10 (R280K); 16,
PDR3-15 (E725K); 17, PDR3-16 (R794K); 18, PDR3-17
(G834D); 19, PDR3-18 (G834S); 20, PDR3-19 (L837S);
21, PDR3-C231 (G948D); 22, PDR3-C21 (L950S); 23, PDR3-
11 (G957D); 24, PDR3-20 (G957N). Figures underlined
indicate mutations found in CTZ-resistant mutants. The
structural domains and motifs common among the GAL4
transcription family are shown above each of the proteins.

7z, %72, Pdr3p £ T Activation KA A > DRk
FEIICEF LW, F2TC, ERBHRORENHLER
BRI SLBIEF CTHROWERITE R 535 L @ESh T
% PDRI-3,*Y 3 X (" PDR3-7%9) L OB 21T - 7=,
D2 OO ILBIET & ZEEKO—X OREEII~T
2B LT GAITI, CTZ SRR B sk D 2L BAI%S &
BRI TEAMMENFF <, PDRS DEHEEL VAR
Mofo. E£T-, YPDIRIKE R ERIZH T 5 B MInH -
WOy ) —NVEREEDHEML LT N TH o749

24. PDRIS L UPDRIZERENIBEFICL HERE
HoFE ik 7 CTZ TR D PDRI 3 L O
PDR3 ED—7 X /) BEEHBE RN EBER T TOSREM
WWHEBERE L TW AN EI DERIET A0, FER
BRI B T2 REEICEAN L RERMB I E2TE
BRI Ko THEL, /MEARBRZ 1T - 72,1430 BHER
BUZITER ML 2 T ORFO—ER4y DDNAKTH & AV,
FEEMHIR R I L o> TYRAE LIRS NS T2 ERR
XLEARF D LA & EHEFEAE I U Tl 2 (% &k
L7z, 2B, BEICITTHEEKRD K1001 AL, Mk
AEOWRIIY Y VT E PCREA VY b —HF R %
AWTITo=. 2L T, O CTZ itk & FRRICER M
AT RIZEAINTZ L DOERAT/MEARRZ EME LT,
PDRI-H176 %\ T, K1001 IZ&ZE RIS SE G F
BEA LA ARIIEERESLHTHY, LRED R
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Table 4. Analysis of sake brewed with recombinants of K1001 into which various PDRI and

PDR3 mutations were introduced.

PDR mutation Sake meter Alcohol (%, v/v) Acidity (ml) Amino acidity (ml)
wild (K1001) 84100 20.9£0.0 2.010.0 34100
PDRI-H176 8.1 0.1 21.1£0.1 2.0+0.0 3.410.0
PDR1-2 124 £0.5 21.4+0.1 2.110.1 3.210.0
PDR3-C21 12.0£0.1 21.6+0.0 24100 3.11£0.1
PDR3-C231 13.3+0.2 21.6£0.0 2.2+0.0 3.0+£0.0
PDR3-11 11.6+04 21.5+£0.1 2.2+0.0 3.0%+0.0

Values are means with ranges of duplicate experiments.

Table 5. Analysis of sake brewed with transformants generated by substituting PDRI-H176 for a PDRI

wild allele of HL163.

Strain? PDR]I alleles Sake meter  Alcohol (%, v/v)  Acidity (ml)  Amino acidity (ml)
TF-2 PDRI1, PDRI-H176 +5.5 19.9 2.3 3.1
TE-7 PDRI1, PDRI-H176 +5.2 19.6 2.3 3.2
TF-17 PDRI1,PDRI-HI76 +5.2 19.7 2.2 3.2
TF-23 PDRI1,PDRI-HI176 +4.6 19.7 2.4 3.4
HL163 PDRI, PDRI ' -2.4 18.9 2.4 3.7
HL176 PDRI1, PDRI-H176 +5.5 19.7 2.4 3.2

aTF-2, TF-7, TF-17, and TF-23 are the transformants, while HL163 (carl/carl) is the transformation host.
HL176 is the CTZ-resistant mutant derived from HL163.

ABEELTNLI—LBEMNKIOO LV bE ol
(Table 4). 2%V, FERMNGIBIEFO—7 I /ERE
BERIY, ZHIMHEE RFICEREELA5TEL L
NEHGMNERST.

PDRI-H1761%, RFFEAFEMBHL163 H 3%k D CTZIi
MERHLI7T6 6 RWZaNbDTH Y, 131 T a2
HEHUZ X > THL163 (CHA L7 HAITIE, FBEEEAN
HL176 ¢ FfEE E THhE SN (Table 5).19 L72p o>
T, PDRI-H176 A DHEHE~DHRIEIBEEICL - T
BigoTHY, TAXFr—EBEF CARI RBIZX DK
FIEEFEMIS ITKELTWDEHETE AN, 5% &L
RS OLENHS.

2.,5. ABC b5 Y RAR—4 —BEEFOIEIZ & HCTZ21
BOSREE~ADE CTZ fitte#kix, PDRI H L <
(X PDR3 D—7 I / BEEBERIZ L > THAIMME L %
BEMEZERICEE L TWB I ERDN-TZDT, Inb
DERIZE > TEENEMILEN D ABC F 7V AR—
S —DEER3ODBIEF, PDR5, SNQ2, L UYORI
DIEEHREFER LT, BREM~DORBLRID 25,
B FRE IS B — (S HL69 (MAT a)>® H3kD
CTZMM#RCTZ21 (MATa PDR3-C21)'® % AV TiTo 7=,

BEFHEKO/MEARBRORER % Fig. 4 ITR LT
CTZ21 ® PDR5 WM, £ L USNQ2 kML, BYIH
25 CTZ21 £ 0 HREENEN, E#% 14 B B £ TITHL69
LIFEALRILBARBEOREAL o7, LML, Th
UMD HABEDX LiX, HL69 LV L RIFTH-T-.
—7, CTZ21 D YORI FEEskIX, B1#% 14 B B £ TCTZ21
& ERRD B ATBEE DB & i o120, LRI FEBED
BNz, ThbnZ Lnnd, CTZ21 DBHI#N 6 FHO
BB ITIZPDRS L SNQ2OBBERHALMNE 2ol 72
B, YORI \Z2OWTh, HEEHOEREE~DEEN
ZZ2oN5DM, xBE L THEE LKL HL69 ® YORI iR
BROFEREEN HL69 LV bBAEITENTZDOT, MimiZiIE
Hlphot:.
2.6. ABC k5 Y RAR—42 —BIGZFOWIEICK HCTZ21
DERAATP LRJLOEL & & REE & DRE
ABC kT v AR —F — 3 ATP A fET XL F—%
WTEA 2P HT 20T, FBEETREKROMAAATP
FRIE LD 28, BEO—(EEKITMRE GFH ©
FRRNE L < MBEOHRARAETH 0T, BE
BH7-9 DATPEE L L TFig. 5IT7R LT,

CTZ211%, BHM2E%E L THL69 LV bHEFITIE
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Fig. 4. Fermentation profiles of the gene disruptants: (A) con-
trol strains, (B) PDR5 disruptants, (C) YORI disruptants,
and (D) SNQ2 disruptants. Symbols: O, CTZ21-U/YIp5;
®, HL69-U/YIp5; x, CTZ21; +, HL69; O, CTZ214pdr5;
B, HL694pdr5; ©, CTZ2l4yorl; &, HL694yorl; A,
CTZ21A4snq2; &, HL694sng2.
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Fig. 5. ATP levels in sake mash brewed with the gene disrup-
tants. Symbols: O, CTZ21-U/YIp5; @, HL69-U/YIp5; O,
CTZ214pdr5; ©, CTZ214yorl; A, CTZ21A4sng2.

WATP L~ v &R L7z, £ LT, PDR5 X SNQ2 DEHE
IZE 5T, ATP L~V 28CTZ21 & HL69 DD L~
TEIE L. —F, YORI BEEHKTIX, ATP LUK
ERRBD b h ol HRRNDATP L~)ViX, fifbE#R
DREEBRBLEZ DN TVNARAKRINSG X —ER
AR -EERHET A ERMmLbR TS, F
7c, RIGE D F1-ATPase KK, BEROAKT v
AT 7 Z—BRIEFRBKTIL 2 ATP ORBIZ L -

THRERT 7 v 7 ABREKL, ELEUVBERSTY /) —)L
DEEMREELIZEHEINTWE. ZhbnZ &n
b, CTZ21 DBYUIH» b h DO @ BB X, PDR5 X
SNQ2 DEFEHIZ L MR ATP LNV DETIZE - T
HOIBREFHATEILOEEI LN,

B b Y I

ARFFTIE, CTZMED PDRI B X PDR3 D—T
IUBBBMERD, BRICEAITHE & BREEN & R
FE5ETEHILEHLNIC L. 72, CTZ21 TIIEY)
o FHOERENES2 ABC M7 VU AR—F —EEF
DB L >THHITHZ & TER. LirL, CTZM
HHROR BN ERNRE THIBERY O EHEN
(T ARIFRAKRBEEDORL)DAH =X ALIZHONT
I, RIZIEEALED TR,

b FOH AAROZHIMERSIE, H L D{bFEE L
DERLIFEREELZ>TWS. FOETNE LTER
ZHIMHEICBE T 2% S, HREEOMERTEDLH T
BARIATON TV D, AR TIERE L < 7205 - 7228,
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