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Abstract Subcellular compartmentalization of the biosyn-
thetic enzymes is one of the limiting factors for isobutanol
production in Saccharomyces cerevisiae. Previously, it has
been shown that mitochondrial compartmentalization of the
biosynthetic pathway through re-locating cytosolic Ehrlich
pathway enzymes into the mitochondria can increase
isobutanol production. In this study, we improved mitochon-
drial isobutanol production by increasing mitochondrial pool
of pyruvate, a key substrate for isobutanol production.
Mitochondrial isobutanol biosynthetic pathway was intro-
duced into batl Aald6Alpdl A strain, where genes involved
in competing pathways were deleted, and MPCI, MPC2, and
MPC3 genes encoding the subunits of mitochondrial pyruvate
carrier (MPC) hetero-oligomeric complex were overexpressed
with different combinations. Overexpression of Mpcl and
Mpc3 forming high-affinity MPCpx was more effective in
improving isobutanol production than overexpression of
Mpcl and Mpc2 forming low-affinity MPCrgry. The final
engineered strain overexpressing MPCqox produced
330.9 mg/L isobutanol from 20 g/L glucose, exhibiting about
22-fold increase in production compared to wild type.
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Introduction

Microbial production of higher alcohols has attracted great
attention as renewable next-generation biofuels because of
fluctuating oil prices and increasing environmental concerns
(Connor and Liao 2009; Weber et al. 2010). Especially,
isobutanol, a kind of branched-chain higher alcohol, has de-
sirable properties as transport fuels, such as lower moisture
absorption and higher energy density than ethanol, and higher
octane value than its linear-chain counterpart (Atsumi et al.
2008; Blombach and Eikmanns 2011; Weber et al. 2010).
Isobutanol has been successfully produced with high titer in
several bacteria including Escherichia coli, Corynebacterium
glutamicum, and Bacillus subtilis by introducing the last two
enzymes of Ehrlich pathway, 2-ketoacid decarboxylase
(KDC) and alcohol dehydrogenase (ADH), which catalyze
the conversion of 2-ketoacid into corresponding alcohols
(Blombach and Eikmanns 2011). In these engineered bacterial
strains, 2-ketoisovalerate (2-KIV) is produced from two mol-
ecules of pyruvate by sequential actions of «-acetolactate syn-
thase (ALS), ketol acid reductoisomerase (KARI), and
dihydroxyacid dehydratase (DHAD), and then 2-KIV is fur-
ther converted into isobutanol by KDC and ADH (Atsumi
et al. 2008; Hazelwood et al. 2008). However, the low toler-
ance to butanol can be a limiting factor for industrial-scale
isobutanol production by using non-native producers
(Knoshaug and Zhang 2009; Weber et al. 2010).
Saccharomyces cerevisiae has been believed as a promis-
ing host for isobutanol production because it is recognized as
safe and has high tolerance to isobutanol and harsh industrial
conditions (Hohmann 2002; Nevoigt 2008; Porro et al. 2011).
S. cerevisiae can naturally produce small amounts of
isobutanol from glucose (Hazelwood et al. 2008). Although
several metabolic engineering efforts have been made to pro-
duce isobutanol in S. cerevisiae, the reported production levels
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are still low compared with those produced in bacteria (Avalos
etal. 2013; Bratetal. 2012; Buijs etal. 2013; Chen et al. 2011;
Idaetal. 2015; Kondo et al. 2012; Lee et al. 2012; Milne et al.
2015; Park et al. 2014). Because isobutanol production path-
way is subdivided by subcellular compartmentalization in
S. cerevisiae, it is essential to transport intermediates across
the membranes, which could be one of the bottlenecks in
isobutanol production (Avalos et al. 2013). In S. cerevisiae,
cytosolic pyruvate generated by glycolysis is imported into
the mitochondrial matrix by mitochondrial pyruvate carrier
(MPC) (Fig. 1) (Bricker et al. 2012; Herzig et al. 2012). Two
molecules of pyruvate are converted into a 2-KIV by consec-
utive actions of IIv2 (ALS), IIv5 (KARI), and Ilv3 (DHAD) in
the mitochondria, and 2-KIV is further converted into
isobutanol in the cytoplasm by endogenous KDCs and
ADHs in yeast (Fig. 1) (Hazelwood et al. 2008). 2-KIV is also
used for the production of branched-chain amino acids includ-
ing valine and leucine. Valine is generated from 2-KIV by
mitochondrial branched-chain amino acid transferase (Batl)
(Fig. 1) (Kispal et al. 1996; Lilly et al. 2006). On the other
hand, 2-KIV is first converted to 2-isopropylmalate (2-IPM)
by 2-isopropylmalate synthase (Leu4), followed by three en-
zymatic steps mediated by Leul, Leu2, and Bat2 to produce
leucine (Fig. 1) (Baichwal et al. 1983). To overcome the
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Fig. 1 Biosynthetic pathways for isobutanol production from glucose in
S. cerevisiae. Cytosolic pyruvate, produced by glycolysis, is imported
into the mitochondria through mitochondrial pyruvate carrier (MPC)
complex. Two molecules of mitochondrial pyruvate are converted to
one molecule of isobutanol via 2-ketoisovalerate (2-KIV) and
isobutyraldehyde by sequential actions of Ilv2 (acetolactate synthase),
IIv5 (ketol acid reductoisomerase), Ilv3 (dihydroxyacid dehydratase), 2-
ketoacid decarboxylases (KDCs), and alcohol dehydrogenases (ADHs).
Leu3 is a transcriptional activator of ILV2, ILV5, and BAT1 genes. Dashed
line indicates multiple enzymatic reactions
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limitations resulting from subcellular compartmentalization
of isobutanol pathway enzymes in yeast, the whole biosyn-
thetic pathway was relocated either to the cytoplasm by ex-
pressing mitochondrial enzymes (Ilv2, Ilv3, and IIv5) in the
cytoplasm (Brat et al. 2012; Lee et al. 2012) or to the mito-
chondria by expressing cytosolic enzymes (KDCs and ADHs)
in the mitochondria (Avalos et al. 2013). In a study comparing
the effects of the two approaches, the mitochondrial pathway
led to higher isobutanol production level than the cytosolic
pathway (Avalos et al. 2013).

Previously, we improved isobutanol production in
S. cerevisiae by deleting competing pathway enzymes in-
volved in isobutyrate production from isobutyraldehyde
(Ald6) and valine biosynthesis from 2-KIV (Batl), and over-
expressing enzymes in the isobutanol production pathway
(Mv2, TIv3, Tlv5, Arol0, and Adh2) in their natural compart-
ments (Park et al. 2014). In this study, we improved our
isobutanol-production strain by deleting LPDI, encoding a
subunit of pyruvate dehydrogenase (PDH) and by mitochon-
drial compartmentalization of the biosynthetic pathway based
on previous studies (Matsuda et al. 2013). The mitochondrial
isobutanol production was further improved by increasing the
transport of pyruvate from cytoplasm to the mitochondrial
matrix by overexpressing MPC.

Materials and methods
Strains and media

All strains used in this study are described in Table 1.
S. cerevisiae CEN.PK2-1C was used as a parental strain of
all engineered strains. Gene deletion strains were generated by
polymerase chain reaction (PCR)-based homologous recom-
bination using Cre/loxP recombination system (Gueldener
et al. 2002). Gene-specific deletion cassette, generated by
PCR amplification from pUG72 plasmid, was integrated into
S. cerevisiae chromosome, and then the selection marker gene
was removed by introducing Cre recombinase expression vec-
tor, pSH63 (Gueldener et al. 2002). Yeast cells were cultured
in YPD medium (10 g/L yeast extract, 20 g/L bacto-peptone,
and 20 g/L glucose) or in synthetic complete (SC) medium
(6.7 g/L yeast nitrogen base without amino acids, 20 g/L glu-
cose, and 1.67 g/LL amino acids dropout mixture lacking His,
Trp, Leu, and Ura (0.083 g/L of each amino acid) supplement-
ed with auxotrophic amino acids as needed.

Construction of plasmids

Plasmids used in this study are described in Table 2. To con-
struct p426-MLS plasmid, mitochondrial localization signal
(MLS) fragment was generated by annealing complementary
oligomers corresponding to the N-terminal 25 residues of
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Table 1  Strains used in this study

Strain Description Relevant genotype Source
CEN.PK2-1C WT MATa ura3—52 trpI-289 leu2-3112 his3A 1 MAL2-8 SUC2 EUROSCARF
WT-1 WT [EV] CEN.PK2-1C harboring p413TEF Park et al. 2014
JHY43 ald6 Abatl A CEN.PK2-1C ald6 A::loxP batl A::loxP Park et al. 2014
JHY46 ald6 Abatl Alpd1 A CEN.PK2-1C ald6 A::loxP batl A::loxP Ipd1 A::loxP This study
JHY47 ald6 Abatl Aleud A CEN.PK2-1C ald6 A::loxP batl A::loxP leu4 A::loxP This study
JHY48 ald6 Abatl Alpd1 Aleud A CEN.PK2-1C 1C ald6 A::loxP batl A::loxP Ipd1 A::loxP leud A::loxP This study
JHY46-1 ald6 Abatl Alpd1 A [EV] JHY46 harboring p413TEF This study
JHY461 ald6 Abatl Alpd1 A [J1B1] JHY46 harboring pJIB1 This study
JHY462 ald6 Abatl Alpd1 A [J1B2] JHY46 harboring pJIB2 This study
JHY463 ald6 Abatl Alpd1 A [J1B3] JHY46 harboring pJIB3 This study
JHY464 ald6 Abatl Alpd1 A [J1B4] JHY46 harboring pJIB4 This study
JHY465 ald6 Abatl Alpd1 A [JIBS] JHY46 harboring pJIBS This study

COX4 gene and was inserted between Spel and BamHI sites of
p426GPD plasmid (Mumberg et al. 1995). All genes were
amplified from S. cerevisiae CEN.PK2-1C genomic DNA
using target-specific primer pairs. Construction of single-
gene-expression plasmid p413TEF-LEU3A601, containing
LEU3A601 under the control of TEFI promoter and CYC/
terminator, was described previously (Park et al. 2014). To
generate single-gene-expression plasmids for other genes,
PCR-amplified ORFs were cloned into p413GPD,
p414GPD, p416GPD, p423GPD, p425GPD, or p426GPD
plasmid under the control of TDH3 promoter and CYC/ ter-
minator (Mumberg et al. 1995), resulting in p413GPD-ILV2,
p414GPD-ILVS, p416GPD-ILV3, p425GPD-4R0O10,
p426GPD-4DH?2, p426-MLS-4R0O10, p426-MLS-ADH?2,
p423GPD-MPC1, p423GPD-MPC2, and p423GPD-MPC3.

Table 2 Plasmids used in this study

To construct multigene-expression plasmids for isobutanol
biosynthetic pathway, multiple cloning system was used as pre-
viously described with minor modifications (Kim and Hahn
2015). To generate p413-L, LEU3AG0! expression cassette
(Prgp-LEU3AG601-T cyc;) flanked by Sacl and Kpnl was am-
plified by PCR from p413TEF-LEU3A601 and cloned be-
tween Sacl and Kpnl sites of p413-D plasmid, replacing alsD
expression cassette (Kim and Hahn 2015). ILV2 expression
cassette (Prpz3-ILV2-T cyc;) flanked by MauBI and Nod sites
was amplified by PCR using a universal primer pair, Univ F2
(5'-GACTCGCGCGCGGGAACAAAAGCTGGAGCTC-3',
MauBI site is underlined) and Univ R (5'-
GACTACGCGTGCGGCCGCTAATGGCGCGCCATAGG-
GCGAATTGGGTACC-3’, Notl and Ascl sites are
underlined) and sequentially cloned into Ascl and Nof sites

Plasmid  Relevant characteristics Reference

pUG72  Plasmid containing loxP-URA3-loxP deletion cassette EUROSCARF

pSH63 Plasmid containing the Cre-recombinase under the control of GALI promoter; TRP1 marker EUROSCARF

p413TEF CEN/ARS plasmid, HIS3 marker, Przr;, Teyer Mumberg et al.
1995

p426GPD 2 p plasmid, URA3 marker, Prgr;, Teyes Mumberg et al.
1995

p426- p426GPD containing N-terminal mitochondrial localization signal (MLS) from COX4 This study

MLS

p.HBl CEN/ARS plasmid, HIS3 marker, PTEFI-LEU3A60]-Tcy(‘1, PTDH\?'ILVZ'TCYCI’ PTDH3'[LV5'TCY(713 PTDHS'[L V3-Tcyc1, This Stlldy

PTDHj"ARO] O'TCYCh PTDH3'ADH2'TCYC1

pHBZ CEN/ARS plasmid, HIS3 marker, PTEFI'LEU3A601'TCYC19 PTDHj-ILV2-TCy(;1, PTDH}'IL V5'TCYC13 PTDH3'1L V3'TCYC13 This Stlldy

p.HB3 CEN/ARS plasmid, HIS3 marker, PTEFI-LEU3A60]-Tcy(71, PTDH3'ILV2'TCYC15 PTDH3'[LV5'TCYC13 PTDH3']LV3'TCYC15 This Stlldy
Prpus-MLS-ARO10-T cycy, Prpus-MLS-ADH2-T cyc s, Prpus-MPCI-Tcye;

pJIB4 CEN/ARS plasmid, HIS3 marker, PTEFI_LEU3A601_TCYC19 PTDH\?_IL V2_TCYC1s PTDH3_IL V5-Tcy(71, PTDH\g-IL V3-Tcyc1, This Stlldy
Prpr3-MLS-ARO10-T ey, Prous-MLS-ADH2-Teycr, Prous-MPCI-Tcyer, Prpus-MPC2-Teye;

pHBS CEN/ARS plasmid, HIS3 marker, PTEFI'LEU3A60]'TCYC19 PTDH.?'ILVZ'TCYCY: PTDH}'IL V5-Tcyc1, PTDH3'1L V3-Tcyc‘1, This Stlldy
Prpus-MLS-ARO10-Tcycy, Prpus-MLS-ADH2-Teycy, Prpus-MPCI-Teyer, Prous-MPC3-Teyeq
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of the p413-L plasmid. Other gene expression cassettes flanked
by MauBI and Notl sites were also obtained from the single-
gene-expression vectors using the same universal primers and
sequentially cloned into 4scl and Nodl sites, resulting in pJIB1,
pJIB2, pJIB3, pJIB4, and pJIBS.

Culture conditions and analytical methods

Yeast cells harboring proper plasmid were pre-cultured in se-
lective SC-His medium containing 20 g/L glucose and then
inoculated to Agg of 0.2 in the same medium with 6.5 mL
culture volume in a 50-mL conical tube. Cells were grown at
30 °C with constant shaking at 170 rpm. To determine
isobutanol concentration, 1.5 mL of culture supernatants was
filtered through a 0.22-pum syringe filter and then analyzed by
gas chromatography (GC) equipped with a DB-WAX capil-
lary column (30 m % 0.32 mm, 0.25 um, Agilent, Waldbronn,
Germany), an auto-sampler (CP-8410, Varian, Netherlands),
and a flame ionization detector (FID) following a previously
described procedure (Park et al. 2014). The concentrations of
glucose, ethanol, and glycerol were detected by high-
performance liquid chromatography (HPLC) as described pre-
viously (Park et al. 2014).

Results

Disruption of competing pathways to increase isobutanol
production

In our previous study, we improved isobutanol production by
deleting ALD6 encoding aldehyde dehydrogenase and BAT!
encoding branched-chain amino acid aminotransferase, which
are involved in oxidation of isobutyraldehyde and valine syn-
thesis, respectively, competing with isobutanol production
(Park et al. 2014). To further improve isobutanol production
in batl Aald6 A (JHY43) strain, we additionally deleted genes
involved in other competing pathways. Pyruvate imported
into the mitochondria is converted to acetyl-CoA by PDH
complex and then used for production of ATP via TCA cycle
(Fig. 1) (Pronk et al. 1996). In S. cerevisiae, PDH complex is
encoded by five genes, PDBI, PDAI, LATI, LPDI, and
PDXI (Pronk et al. 1996), among which deletion of LPD1
was shown to be most effective in increasing isobutanol pro-
duction (Matsuda et al. 2013). Therefore, we additionally de-
leted LPDI in JHY43, generating batl Aald6Alpdl A
(JHY46) strain. In agreement with previous studies (Park
etal. 2014), JHY43 showed an increase in isobutanol produc-
tion compared with wild type, and isobutanol production in-
creased further in JHY46 even with reduced growth rate
(Fig. 2). JHY46 produced 112.6 mg/L isobutanol after 48 h,
indicating a 7.1- and 3.0- fold increase compared with WT
(15.9 mg/L) and JHY43 (37.3 mg/L), respectively (Fig. 2).
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Fig. 2 Improvement of isobutanol production by deleting genes in
competing pathways. WT (CEN.PK2-1C), JHY43 (ald6Abatl A),
JHY46 (ald6 Abatl Alpd1 A), JHYAT (ald6Abatl Aleud A), and JHY48
(ald6 Abat] Alpd1 Aleu4 A) cells were grown in SC medium containing
2 % glucose for 48 h. Each value indicates the average = SD of triplicate
experiments

In addition, we tested the effect of deleting LEU4 encoding
2-isopropylmalate (2-IPM) synthase, which is the first enzyme
in the leucine biosynthetic branch from 2-KIV (Baichwal et al.
1983). The resulting bat! Aald6 Aleud A (JHY47T) strain
showed increased isobutanol production up to 53.5 mg/L
compared with JHY43, indicating a positive effect of LEU4
deletion in batl Aald6 A strain background (Fig. 2).
Therefore, we next combined LEU4 and LPD1 deletion, gen-
erating batl Aald6 Alpd1 Aleud A (JHY48) strain. Although
JHY48 produced 1.8-fold higher level of isobutanol than did
JHY47, the final production level (95.3 mg/L) was lower than
that of JHY46. Consequently, JHY46 showing the highest
level of isobutanol production was chosen as a platform strain
for the following metabolic engineering.

Overexpression of mitochondrially re-localized isobutanol
biosynthetic pathways

To further increase isobutanol production, we overexpressed
genes involved in isobutanol production in JHY46 strain.
Isobutanol biosynthesis from pyruvate requires six enzymes,
Ilv2, IIvs, IIv3, KDC, and ADH (Fig. 1) (Dickinson et al.
1998; Hazelwood et al. 2008). Previously, we overexpressed
these enzymes in their natural compartments: Ilv2, Ilv5, and
I1v3 in the mitochondria and Aro10 (KDC) and Adh2 (ADH)
in the cytoplasm (Park et al. 2014). In addition, LEU3A601,
encoding a constitutively active form of Leu3 transcription
factor for /LV2 and ILV5 (Friden et al. 1989), was also
expressed to increase endogenous expression levels of Leu3
target genes (Park et al. 2014). By overexpressing these 6
genes in batl Aald6 A by co-transformation of three plasmids
including two high copy number plasmids, 146.9 mg/L
isobutanol was produced form 2 % glucose (Park et al.
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2014). In this study, to ensure more stable gene expression, we
constructed a single multigene-expression plasmid containing
all the required genes by using multiple cloning system (Kim
and Hahn 2015). The CEN/ARS-based low copy number
plasmid pJIB1 consists of ILV2, ILV3, ILV5, ARO10, ADH2,
and LEU3A601 controlled by the strong constitutive promot-
er, Prpys or Prgr; and terminator, Teye; (Table 2). The
JHY46 strain harboring empty p413TEF vector (JHY46-1)
produced 127.4 mg/L isobutanol, while JHY46 harboring
pJIB1 plasmid (JHY461) produced up to 155.0 mg/L
isobutanol in SC-His medium containing 2 % glucose after
48 h (Fig. 3), showing mild effect of gene overexpression.
Although overexpressing isobutanol pathway enzymes in
their natural compartments improved isobutanol titer, this na-
tive pathway requires the transport of an intermediate, 2-KIV,
from the mitochondria to the cytoplasm. It has been shown
previously that construction of mitochondrial pathway by re-
localization of cytosolic enzymes KDC and ADH into the
mitochondria could improve isobutanol production by over-
coming such a limitation (Avalos et al. 2013). Therefore, we
also developed mitochondrial pathway by expressing Arol10
and Adh2 in the mitochondria by tagging the proteins with N-
terminal mitochondrial localization signal (MLS) of COX4
(Maarse et al. 1984), as described previously (Avalos et al.
2013). In pJIB2 plasmid, ARO10 and ADH?2 of pJIB1 were
replaced with MLS-4RO10 and MLS-ADH?2. JHY46 harbor-
ing pJIB2 (JHY462) produced up to 185.7 mg/L isobutanol
after 48 h, showing a 1.2-fold higher isobutanol titer than that
produced in JHY461. These results suggest that confining
Ehrlich pathway in the mitochondria might lead to spatial
concentration of intermediates and enzymes involved in
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Fig. 3 Improvement of isobutanol production by overexpressing genes
involved in isobutanol biosynthetic pathway. JHY46-1
(ald6 Abat1 Alpd1 A [EV]), THY461 (ald6Abatl Alpd1 A [JIB1]), and
JHY462 (ald6Abatl Alpdl A [JIB2]) cells were grown in SC-His
medium containing 2 % glucose for 48 h. Each value indicates the
average + SD of triplicate experiments

isobutanol production, resulting in more efficient isobutanol
production as demonstrated previously (Avalos et al. 2013).

Enhancing mitochondrial pyruvate uptake
by overexpressing mitochondrial pyruvate carrier (MPC)

Pyruvate is a critical intermediate for the isobutanol produc-
tion. Especially, the size of mitochondrial pyruvate pool might
be directly related to isobutanol titer produced via mitochon-
drial isobutanol biosynthetic pathway. In yeast, cytosolic py-
ruvate is considered to cross the mitochondrial outer mem-
brane through a kind of porins, the voltage-dependent anion
channel (VDAC) (Lee et al. 1998). The mitochondrial pyru-
vate carrier (MPC) in the mitochondrial inner membrane is
responsible for the transport of pyruvate into the mitochondri-
al matrix (Fig. 4a) (Bricker et al. 2012; Herzig et al. 2012).
S. cerevisiae has three homologous MPC subunit proteins,
Mpcl, Mpc2, and Mpc3, which generate two types of
hetero-oligomeric complex (Bricker et al. 2012; Herzig et al.
2012). The low-affinity MPCggry is composed of Mpcl and
Mpc2, whereas the high-affinity MPCox is composed Mpcl
and Mpc3 (Fig. 4a) (Bender et al. 2015). The common subunit
Mpcl is expressed regardless of the carbon source, but Mpc2
and Mpc3 are expressed under fermentative and respiratory
conditions, respectively, leading to differential expression
levels of MPCgrryv and MPCqy, and subsequent differential
pyruvate flux to the mitochondria, depending on the carbon
metabolic conditions (Bender et al. 2015).

To further improve isobutanol production in the mitochon-
dria, we investigated the effects of overexpressing MPCgrryv
or MPCoyx in JHY462 strain. MPC1, MPCggry (MPC1 and
MPC2), or MPCox (MPC1 and MPC3) genes were addition-
ally cloned into pJIB2, generating plasmids pJIB3, pJIB4, and
pJIBS, respectively (Table 2). JHY46 strain harboring pJIB3
(JHY463) showed improved isobutanol production up to
265.5 mg/L compared with JHY462, indicating that overex-
pression of MPC/ alone can contribute to isobutanol produc-
tion in the mitochondria (Fig. 4b). Overexpression of
MPCrgrm (JHY464) also improved isobutanol production,
but to a lesser extent than the overexpression of MPCI.
Cells overexpressing MPCox (JHY465) showed the highest
level of isobutanol production, reaching 330.9 mg/L, which is
a 1.9-fold higher level than that produced in JHY462. Taken
together, mitochondrial isobutanol production could be suc-
cessfully improved by increasing mitochondrial pyruvate pool
via overexpressing MPC, especially in the form of MPCqx.

Compared to wild-type control strain harboring empty vec-
tor (WT-1), the engineered strain JHY462 showed reduced
glucose uptake rate and lower final cell density, whereas pro-
ducing about 22-fold higher level of isobutanol (Fig. 5).
Glycerol production also increased up to 1.63 g/L in
JHY462 compared to WT-1 (0.38 g/L). Inhibition of TCA
cycle pathway by LPD1 deletion might be mainly responsible
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Fig. 4 Effects of overexpressing different forms of MPC complex on
isobutanol production. a Roles of MPC in mitochondrial pyruvate
transport. Under fermentative conditions, the low-activity MPCggrp,
composed of Mpcl and Mpc2, is expressed and competing for cytosolic
pyruvate with pyruvate decarboxylase (PDC). Most of the pyruvate is left
in the cytosol and is finally converted to ethanol by PDC. On the other
hand, under respiratory conditions, the high-activity MPCoyx, composed
of Mpcl and Mpc3, is expressed, whereas PDC is downregulated.
Consequently, pyruvate is efficiently transported to the mitochondrial
matrix and then enters the TCA cycle via pyruvate dehydrogenase
(PDH). EtOH ethanol, PYR pyruvate, BCAA branched chain amino acid.
b JHY462 (ald6Abatl Alpdl A [J1B2]), JHY463 (ald6Abat] Alpd1 A
[JIB3]), JHY464 (ald6Abatl Alpdl A [JIB4]), and JHY465
(ald6Abat1 Alpd1 A [JIB5]) were grown in SC-His medium containing
2 % glucose for 48 h. Each value indicates the average + SD of triplicate
experiments

for the growth phenotype of JHY465. The consumed glucose
was mostly used to produce ethanol in both WT-1 and
JHY465, producing similar levels of ethanol, suggesting that
the overexpressed MPCpy might redirect only minor part of
cytosolic pyruvate to the mitochondria (Fig. 4a).
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Fig. 5 Metabolite profiles of WT-1 and JHY465 strains. WT-1 (WT
[EV]) (a) and JTHY465 (ald6 Abat1 Alpd1 A [JIB5]) (b) cells were grown
in SC-His medium containing 2 % glucose. Each value indicates the
average + SD of triplicate experiments

Discussion

S. cerevisiae is a promising host for isobutanol production, but
subcellular compartmentalization of biosynthetic pathway is
one of the bottlenecks preventing efficient production. The
natural isobutanol biosynthetic pathway in S. cerevisiae re-
quires import of pyruvate into the mitochondria and export
of 2-KIV into the cytoplasm. Previously, it has been shown
that construction of mitochondrial pathway by re-localizing
the last two cytosolic enzymes, PDC and ADH, into the mi-
tochondria could improve isobutanol production (Avalos et al.
2013). Mitochondrial pathway might not only solve the prob-
lem of 2-K1V transport across the membrane but also provide
additional advantages such as increasing reaction rates
through concentration of substrates. In addition, iron-sulfur
cluster is synthesized exclusively in the mitochondria, making
it more available for Ilv3, an iron-sulfur protein (Muhlenhoff
and Lill 2000). However, since S. cerevisiae has reduced mi-
tochondrial function and pyruvate transport into the mitochon-
dria at high glucose concentrations or during anaerobic
conditions (Bender et al. 2015; Brat et al. 2012), it is essential
to increase mitochondrial pyruvate pool to improve mitochon-
drial isobutanol synthesis.

In this study, we improved isobutanol production via mito-
chondrial pathway by increasing mitochondrial uptake of py-
ruvate through MPC. We first generated S. cerevisiae strain
having mitochondrial isobutanol biosynthetic pathway based
on previous studies including ours (Avalos et al. 2013;
Matsuda et al. 2013; Park et al. 2014). Isobutanol production
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was improved by deleting competing pathway enzymes (Batl,
Ald6, and Lpdl), overexpressing all biosynthetic enzymes
(Ilv2, 1lvs, 1Iv3, Arol0, and Adh2) in the mitochondria by
re-locating Aro10 and Adh2 into the mitochondria, and over-
expressing a constitutively active transcription factor,
Leu3A601. Although LEU4 deletion was also effective in
increasing isobutanol production in the bat! Aald6A back-
ground, it exerted a negative effect in combination with
Ipd1 A. The reasons for these results are not clear yet, but since
2-IPM synthesized by Leu4 activates endogenous transcrip-
tion factor Leu3, deleting LEU4 gene might cause reduced
expression levels of Leu3 target genes including /LV2 and
ILV5 (Baichwal et al. 1983; Boer et al. 2005; Friden and
Schimmel 1988), affecting isobutanol synthesis.

MPC in the mitochondrial inner membrane is necessary for
pyruvate uptake into the mitochondrial matrix (Bricker et al.
2012; Herzig et al. 2012). S. cerevisiae has three homologous
proteins, Mpcl, Mpc2, and Mpc3, forming two types of
hetero-oligomeric complex, MPCgrry and MPCox (Bender
et al. 2015). Mpc1, a common subunit of MPC, is constitu-
tively expressed, but Mpc2 and Mpc3 are expressed under
fermentative and respiratory conditions, respectively, forming
MPCrerym and MPCox (Bender et al. 2015). Previously, over-
expression of MPC1 and MPC2 from S. cerevisiae was shown
to improve acetoin production via reconstructed mitochondri-
al pathway in Candida glabrata (Li et al. 2015). In this study,
we compared the effects of overexpressing Mpcl, MPCrgrm
(Mpcl and Mpc2), or MPCox (Mpcl and Mpc3) on mito-
chondrial isobutanol production. Overexpression of MPCox
was most effective in increasing isobutanol production,
followed by overexpression of Mpcl alone. Overexpression
of MPCrrry Was least effective. These results agree with a
recent finding showing that MPCqx has about twofold higher
rate of pyruvate import than MPCggry (Bender et al. 2015).
Since fermentation pathway is dominant during the growth of
S. cerevisiae on glucose, pyruvate flux to the mitochondria
through the low-affinity MPCggry might not be sufficient
for isobutanol production. Overexpression of the high-
affinity MPCox using a strong constitutive promoter might
increase pyruvate pool in the mitochondria even under fer-
mentative conditions, leading to an improved isobutanol pro-
duction. Overexpression of MPCox might also be a useful
strategy for the production of other pyruvate-derived
chemicals in the mitochondria.

Taken together, our final engineered strain JHY465 with
improved mitochondrial pyruvate transport showed a signifi-
cant increase in isobutanol titer (330.9 mg/L) compared to the
wild-type strain and previous reports (Avalos et al. 2013;
Matsuda et al. 2013; Park et al. 2014). However, even in cells
overexpressing MPCqy, pyruvate is mainly used for ethanol
production. Therefore, further studies might be necessary for
more efficient redirection of pyruvate flux into the
mitochondria.
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