Research Paper MRS

WEED SR Acta Microbiologica Sinica
49C11): 1483 — 1488; 4 November 2009
ISSN 0001 - 6209; CN 11 - 1995/Q

hitp: //journals . im. ac. cn/actamicrocn

FiRTIE NADH I F M EUBRES LB KNEGRRBERRK
A BB £ re5e E

=, Rk, B ST BRI

GLRRE, A HHEARE R Ef S %, o 214122)

FEELH 1) B0 48 mOGH BRIURE REC Torulopsis glabrasa )7 % B A 3 28 2 A IR A2 7= i B . L7390 MR
T3S T C Histoplasma capsulatum ) R i FE 1 AR AOX 1 FERIL 8BRIAT T glabrata ™, 3K14 T
—FREE KR N NADH A Abid 12k A: s BN 2L NADH 8 AL BEvE PR3 & 1.8 I AL ik AOX. (45 )5
H R FERR CON LB, 4 Mk B DA K R 9 JE A T 20.39% F1 107 % » 111 45 L 57 26 5 11 AFE 3 2 70 A I 1R &5
FOEZE TN PE R T 34.7% M 54.1% . LR INAE T NADH G F AL 4004, S 30U A NADH/NAD® Lt

N ATP & 570 Al FEAK T 74.7% A1 52.99% , T Bk 12 805 Y55 I AR DA I TR WA I8 3 1 2 nll i v 17 185.09% A1
28.1% . L4518 Wi 28 i Py 45 7= B8 1) NADH S840 I& 4%, I NADH 48 A6 1 [F] B A ATP 45 5, REA R 3
vy I IS TR 2 A A S S H B AR P 0 0 2 7 5

KGRI DG BRI BE; NADH GEFE IS A0 G NADH; i i i 2

REDES:Q935  HEFRIRED: A

& ey W I A T A P A OB o JsOst g SR A 1) T
M PR G [ DG 0o (14 ] A8, W P2 it 23 2 L O
BG4 N NADH 28463845 S B3 AT ATP R
FERE 2% A i 4 o, L v B O B % e R 5% A2
NADH FAfbi& e B JL0% . KO8 NADH A fbig 12 &
SR ANAN S W) W e i 3 420 S B I 1190 e oot 00 i1 40
ATP 7KF-, [ INF 52 D8 P A (1) SIS 420 NAD* 7K, X
IR B B ¢ S DR IR AR R OB TR o P AR
HIPY NADH = SR U5 1 9 8 78 . — R IR A B4 LA
KNG AW . T NADH/NAD* A fig % 1 26 Hi 4
R, S S0 R 15 R4 ELAT R [ IR AR
NADH %424 NAD* o 7E it ', NADH 3 2238 ik
NADH JBt U8 « £ 1 I S 3 — ol 1 H o e & g 25

X EHS:0001-6209 (2009) 11-1483-06

I S S NAD * 235 TR P9 (¥ NADH 32 %2
T HL A% 3 B AR B NAD T, AT Y M A K
ATP. i 3BT 5T 2 WY, O 1 BR AU BE b v ok 2 1)
AT -S10SHE %A8 DX S Tt 1R R Pl A A T 1 5
RS AE e N PRI Y ATP &5 S e Zub e
TP AL o 1T AR LN NADH S8 i 42 2 BRI
JEA ATP 7K P 1) ) I 38 kA2 4 NAD ™ (10— Bk A7 2%
TS o

AW G K 2 Wl 3% 1R C Histoplasma capsulatum )
P14 NADH L PEVESUILRR K A0X 1 JEH™ 5 T
T. glabrata T, ¥ — 258 NADH AL @ 1. 1%
SR NADH S 12 BE A Uk I 1 NADH 1 L
TG ¢ F iR A K2 B AL 23 i, SRS A

BEEWME: HEAHHFIL4(20625619); H K HAREHE 4 (2070602505 EZK“973 T H 7 (2007CB714303) ; 4 B LT 1+ 25418 S &

5 %% 45 (200962)

FIAFEAEE o Tel: +86-510-85918307; E-mail: mingll @ jiangnan. edu.cn; jchen@ jiangnan. edu. cn
TEBE N 28 1982 - ), 9, B M, FE 504, 2SN 437 SRS 7 TR SE . E-mail: s19820911 @sian. com

Y% B8R : 2009-06-05; 1& = B #A : 2009-08-07



1484

Yi Qin et al. /Acta Microbiologica Sinica(2009)49(11)

FVIV, B2 tH NADH JE B F AL B A F 2B K, 6 e
L0l 0 - AR s B AL FF -ATPase 11K 56 %

ATPS . SZBHLT 7840 484k NADH 42 (10 I it 3 15 A
& NAD* 1M B AR S Y ATP 7K T 10 H i CE 1), S &
A B S A A

B +
NATY NaDI

i FFK

A T

Ly -— bl
G3rnIL ¢

CAL =
N
1=

4k
NADH < | T

+
NAD

¥ NADH NADY

Pyruvale — »AcH —'4—1‘* F10H

ATIH

1 MRAT %

1.1 ##
1.1.1 BRIk : WAR 1.

HE

Fop ~———— Glusase

T TR < Mivchona
Jll" Lad lﬂ J Juiad i hu s ALl LA s A outer membrane
fh
A P T T f“.
A » HE
SiaEeon a0l ﬂlf.. i1 w\“\*“r T 17 < Mitochondria
)émm - “1 Poahng b imner membrane
1 '\
1
1

T i \| -
NADIL| NAD 1"*’\ -

El1 23R IE NADH i%

1 W
10y B0 | L(-);"':/lj
H* 2756

, = F,F-ATPase

«DP* AP
'

BME WS T. glabrata KI5 BTS00

Fig.1 Effect of heterologous expression NADH alternative oxidase on T. glabrata metabolic flux.
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Table 1  Strains and vectors used in this manuscript
Strain/ Vector Genotype/Description Source
Strain
T. glabrata Aura3 A Aura3 strain derived from T'. glabrata CCTCC M202019 6]
CON T. glabrata Aura3/pYX212 This study
AOX T. glabrata Aura3/pYX212 — AOX1 This study
Vector
pYX212 245 TPI promoter, AMP®
pYX212-A0X1 pYX212 with AOX1 from pTEF-AOX1 This study
pTEF-AOX1 p416-TEF with alternative oxidase gene AOX1 from H. capsulatum [4]
1.1.2  FZH 5 AU : Ex-Tag DNA G T4 Byl [l & S5m0 B Bl A T4 T

DNA ZEHME BRI N VI Neol 1 Sac 1 555> 14
BRI H TaKaRa 2 & s BRI HE G A &5, DNA A

FERR AR AF . PCR 1L (K EH Bio-Rad A #7™ fh,
#1%5 PTC-200 DNA Engine Cycler); UVP % 151X
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(Z£[H Bio-Rad 2 ) 7= i, Y5 Gel. Doc 2000 Hi ¥k
AL S —AER ) P2, S DYY-6C);5 240 r] L
TGO G REVE CH AR By 24 W], 845 UV2450); HPLC
1o 20 WA €8 3 A C Agilent 2> A 77 5, B 45 1100
Series): W& AH 4 HL A% (3 Hansatech A #&], T =5
Chlorol 2) -
1.1.3 K98k O 1B Bige 24 B s W2 2% STk
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B IR A 50 mL, i JE2A 30°C, R HEE 200 r/min.
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51 AF133236) /7400t PCR 5190 515001 F -
AOXI-S: 5'- AT CGCCCCAT GGTCAGCACTGCCATTACTA
AT ACACCTCACTTCC-3'
AOX1-A:  5'-TACTCGGAGCTCGTTTTGTTTAAGCTGA
TGCAATTTTTTGCCG-3'
NRI B 53 YN Neo T FH Sac T ARTIA A
pTEF-AOX (1] PCR 7F=#) F# AR pYX212 43 H Neo
11 Sac 1 XUEGYI, g D)7~ ) vk 2646 5 16°C, T4
DNA SEFEBEERE, R WAL E . coil IM109 /32
Y, SN R R I IE P SO 7, HH Neo T M1
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Fig.2  Construction and confirmation of the recombinant strain AOX. A: The results of Nco | and Sac I digestion of pYX212-AOX1 and PCR. Lanel:
Colony PCR result of AOX; Lane 2: pYX212-A0X1/ Nco I / Sac | : Lane 3: pYX212-A0X1; Lane 4: pYX212; M: DNA Marker 1 kb Ladder; B: SDS-
PAGE analysis of total cellular proteins. Lanel: CON; Lane2: AOX: M: Protein molecular weight marker(kDa); C: The activity of alternative oxidase.
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Table 2 Comparison of metabolic rates and Products formed by T'. glabrata in batch culture

Product concentration, g/L

Strain (™1 qg,lu(h_l) (h=b
Pyruvate Ethanol Glycerol
T. glabrata Aura3 0.274+0.01 0.162+0.02 0.061 +0.02 30.8+1.7 N 5.5+0.16
CON 0.256 +0.01 0.172+0.02 0.061 +0.01 31.7+1.7 N 5.1£0.10
AOX 0.183+0.03 0.233+0.01 0.094 +0.01 35.4+1.3 N N
Abbreviations: (N) no detected:
104 A - 100 -; I3 45 4 (_:
’ i 3 v, 4
g 20 | \5\“ /.!
o) % S, 0] F oo
%4 & 3 40 z P
2 e = . e
T £ * < £ 15 L
__f: - - e R
) i 24 4 o
P -
,r‘y r
[} + T T T 0 0 T T T T T .
010 20 30 40 300 60 o 10 6 10 20 30 40 30 G0
rh th
' 3 T =3FRiE NADH A # M 1L BE 7 ERES 4 B2 HY 52119

Fig.3 Effect of over-expression of alternative NADH oxidase on pyruvate fermentation by

T. glabrata. AT. glabrataAura3, Il CON, @ AOX: A: Cell concentration; B: Glucose consumption; C: Pyruvate production.
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Table 3 The variances of intracellular nucleotides concentration

. Strain Change( % )
Nucleotides
CON (A) AOX (B)  (B/A-1) x 100%

NADH (pmol/g DCW)  7.83+0.5 3.04+0.1 -61.2
NAD* (umol/g DCW) 9.91+0.9 15.18+0.4 53.2
NADH + NAD* 17.74+1.0 18.22+0.4 2.7
NADH/NAD* 0.79+0.03 0.20+0.02 -74.7
ATP(mg/g DCW) 31.20+1.5 14.70+1.1 -52.9

AOX A % 7=y v 3 LIS W0 281 )= 3k 7 2 e (3R
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Table 4 Effect of heterologous expression NADH alternative oxidase on the key enzyme activities in T'. glabrata

Specific activities (U/mg protein)

Strain

TDH GADPH G3PDH ADH HXK PFK PYK
CON 1.06+0.08 2.42+0.07 0.31+0.01 0.04+0.01 1.82+0.02 1.13+£0.30 0.32+0.03
AOX 1.91+0.15 2.71£0.03 0.12+0.05 0.03+£0.01 2.03£0.01 3.22+0.11 0.41£0.01

3 it

NADH 1A —Fh B2 1l K1 2 510 E D 4 i
/b 300 AR AGIE J5UR BT L AR A B R 1 iR
18 B FLARSFO0 NADH AH SR AR 2 A% () 22 7 AR o
BLIEM o AHIEFT CAGHE BRAUE R 40 W B % f 12 11
OWFFE AL, Gl I A Y5 2 YR T S R K R CH
capsulatum)ﬁ/‘] NADH &£ EHALBE R A0X1 #H T
T. glabrata "', NADH FI5A0I& 18 M\ HL 1% 1 i
BAREG ) T2 UK IR B VEE AL B I 12, BB BRAK T
NADH.NADH/NAD* LU ZF1 ATP 7K ¥, M1y A3 2% Hh
T2 v I A V1 T R O I R ) A R . X
—WFIIAR] 2 A AE T2 CO$E T —FhEL R AR
T AR LA 7 ) T AS 0 A A NADH R S
(2)SHGIE B 7 o478 o 30 1 7 ) R f2 35 PR AR ATP
A A s (33X — 4 NADH AR A2 48 bl
i S R SR T T A AR R AE T, R
AR TR (1 SR, 00 ok i s R s ol 2 A A i ) 2
HITh BE, BE 85 A3 2 2 A Tk AR W R B R

7

o
RLHE o

5% Xk

[ 1] Vemuri GN, Eiteman MA, McEwen JE, et al. Increasing
NADH metabolism  in
Saccharomyces  cerevisiae.  Proceedings of the National
Academy of Sciences> 2007, 104(7): 2402 - 2407.

[ 2] Luwik MA, Overkamp KM, Kotter P, et al. The
Saccharomyces cerevisiae NDE1 and NDE2 genes encode

oxidation  reduces  overflow

separate mitochondrial NADH dehydrogenases catalyzing the
oxidation of cytosolic NADH. Journal of Biological
Chemistry, 1998, 273(38): 24529 - 34.

[ 3] Larsson C> Pahlman IL, Ansell R, et al. The importance of
the glycerol 3-phosphate shuttle during aerobic growth of
Saccharomyces cerevisiae . Yeast> 1998, 14(4): 347 - 57.

[ 4] Johnson CH; Prigge JT, Warren AD; et al. Characterization
of an alternative oxidase activity of Histoplasma capsulatum .
Yeast> 2003, 20(5): 381 — 388.

[ 51 Guerrero-Castillo S, Gonzalez-
Halphen Ds et al. In Yarrowia lipolytica mitochondria, the

Vazquez-Acevedo M,

alternative NADH dehydrogenase interacts specifically with
the cytochrome complexes of the classic respiratory pathway.
Biochimica Et Biophysica Acta- Bioenergetics> 2009, 1787
(2): 75-85.

[ 6] ZhouJ, Dong Z, Liu L, et al. A reusable method for
construction of non-marker large fragment deletion yeast
auxotroph strains: A practice in Torulopsis glabrata .

Journal of Microbiological Methods, 2009, 76(1): 70 - 74.



1488 Yi Qin et al. /Acta Microbiologica Sinica(2009)49(11)

[7] LiuIM, Li Y, Li HZ, et al. Manipulating the pyruvate isoforms  of  NAD" -dependent  glycerol-3-phosphate
dehydrogenase bypass of a multi-vitamin auxotrophic yeast dehydrogenase;  explains their different contributions to
Torulopsis glabrata enhanced pyruvate production. Letters in redox-driven glycerol production. Journal of Biological
Applied Microbiology, 2004, 39(2): 199 - 206. Chemistry, 2004, 279(38): 39677 - 85.

[ 8 1 Juarez O» Guerra G» Velazquez I, et al. The physiologic [14] Postma Es; Verduyn C, Scheffers WA, et al. Enzymic
role of alternative oxidase in Ustilago maydis. FEBS analysis of the crabtree effect in glucose-limited chemostat
Journal, 2006, 273(20): 4603 - 4615. cultures  of  Saccharomyces  cerevisiae.  Applied and

L 91 Zhang Y, Huang Z, Du C; et al. Introduction of an NADH Environmental Microbiology, 1989, 55(2): 468 - 77.
regeneration system into Klebsiella oxytoca leads to an [15] Liu L, Li Y, Shi Z, et al. Enhancement of pyruvate
enhanced oxidative and reductive metabolism of glycerol. productivity in Torulopsis glabrata: Increase of NAD®
Metabolic Engineering> 2009, 11(2): 101 -6. availability. Journal of Bacteriology s 2006, 126(2): 173 —

[10] Stanley PE. Extraction of adenosine triphosphate from 185.
microbial and somatic cells. Methods in enzymology, 1986, [16] Singh R, Mailloux RJ, Puiseux-Dao S, et al. Oxidative
133: 14-22. stress evokes a metabolic adaptation that favors increased

[11] Sato K, Yoshida Y, Hirahara T, et al. On-line NADPH synthesis and decreased NADH production in
measurement  of intracellular ATP of Saccharomyces Pseudomonas fluorescens . Journal of Bacteriology, 2007,
cerevisiae and pyruvate during sake mashing. Journal of 189(18): 6665 — 6675.

Bioscience and Bioengineering > 2000, 90(3): 294 - 301. [17] Bakker BM, Overkamp KM, van Maris AJA, et al.

[12] de Felipe FL, Kleerehezem M, de Vos WM. et al. Cofactor Stoichiometry and compartmentation of NADH metabolism in
engineering: a novel approach to metabolic engineering in Saccharomyces ~ cerevisiae .  FEMS  Microbiology ~Reviews s
Lactococcus lactis by controlled expression of NADH 2001, 25(1): 15-37.
oxidase. Journal of Bacteriology, 1998, 180(15): 3804 — [18] San KY, Bennett GN, Berrios-Rivera SJ, et al. Metabolic
3808. engineering through cofactor manipulation and its effects on

[13] Valadi A Granath K, Gustafsson L, et al. Distinct metabolic flux redistribution in Escherichia coli. Metabolic
intracellular localization of Gpdlp and Gpd2p, the two yeast Engineering> 2002, 4(2): 182-192.

Significantly increase of glycolytic flux and pyruvate productivity in Torulopsis
glabrata by heterologous expression of NADH alternative oxidase

Yi Qin, Zhiyao Dong; Jingwen Zhou, Liming Liu™ , Jian Chen”
(State Key Laboratory of Food Science and Technology, Jiangnan University, Wuxi 214122, China)

Abstract: [ Objective ] This study aimed at increasing the glycolytic flux and pyruvate productivity in Torulopsis glabrata with
glucose as carbon source. [ Methods] For this target, we introduced a mitochondrial located alternative oxidase encoded by
Histoplasma capsulatum AOX1 gene into T'. glabratas and a mutant strain named as AOX with total NADH oxidase activity was
1.8-fold higher than that of the parent stain, was achieved. [ Results] The heterologous expression of NADH alternative oxidase
resulted in decrease of the dry cell weight and fermentation time by 20.3% and 10.7% > but the specific rate of glucose
consumption and pyruvate production increased 34.7% and 54.1% higher> respectively. The reasons for high glycolytic flux
were the intracellular NADH/NAD* ratio and ATP concentration decreased 74.7% and 52.9% respectively, the specific activity
of phosphofructokinase, pyruvate kinase increased 185.0% and 28.1% . [ Conclusion] Introduction of a novel NADH oxidation
pathway by alternative oxidase can efficiently increase the rate of glucose consumption and the target metabolite productivity .

Keywords: Torulopsis glabrata; alternative oxidase; NADH; glycolytic flux
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