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Abstract
Pyruvate decarboxylase (Pdc) is a cytosolic enzyme located at the branch point between fermentative and respiratory sugar
catabolism. Here, we identified and functionally characterized KmPDC1 and KmPDC5 encoding two homologs of Pdc in the
thermotolerant yeast Kluyveromyces marxianusKCTC 17555. Despite the conservation of important Pdc domains, a few amino
acid sequences essential for enzymatic activity are not conserved in KmPdc5p. Deletion of KmPDC1 alone eliminated most of
Pdc activity, but the growth of the Kmpdc1Δ strain on glucose was comparable to that of the wild type (WT) strain under aerobic
conditions. In contrast to theWT,Kmpdc1Δ could not grow on glucose under oxygen-limited conditions. TheKmPDC5 deletion
did not generate any apparent change in Pdc activity or growth patterns under several tested conditions. Whereas the expression
of KmPDC1 was enhanced by glucose, the basic expression levels of KmPDC5 were very low, without a detectable difference
between glucose and nonfermentable carbon sources.Moreover,KmPDC5 overexpressionwas unable to complement the growth
defect of Kmpdc1Δ in the presence of antimycin A, and the purified recombinant KmPdc5p was inactive in Pdc activity assay,
supporting the notion that KmPdc5p may lack Pdc enzymatic activity. Notably, compared to the WT, Kmpdc1Δ single and
Kmpdc1Δpdc5Δ double mutants produced significantly less glycerol, acetate, and ethanol while accumulating pyruvate.
Altogether, our data indicate that a single deletion ofKmPDC1 is sufficient in Crabtree-negative K. marxianus strains to generate
a starting host strain for engineering of production of high-value biomaterials derived from pyruvate without byproduct
formation.
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Introduction

Pyruvate decarboxylase (Pdc) is a cytosolic enzyme that de-
carboxylates mainly pyruvate, producing acetaldehyde and

carbon dioxide (Pronk et al. 1996). Pdc forms a homotetramer
via interaction between two homodimers, and thus carries four
active sites requiring thiamine pyrophosphate (TPP) and a
magnesium ion as cofactors (Dyda et al. 1993). Pdc, located
at the branch point of the respiratory and fermentative path-
ways, is widely conserved in plants and fungi, rare in bacteria,
and is absent in most animals (Konig 1998). In yeasts of the
genus Saccharomyces, the efficiency of this enzyme is a key
factor in directing the flow of pyruvate toward alcoholic fer-
mentation. In the Crabtree-positive yeast Saccharomyces
cerevisiae, six PDC genes related to Pdc activity (PDC1,
PDC2, PDC3, PDC4, PDC5, and PDC6) have been reported.
While PDC1, PDC5, and PDC6 code for Pdc enzymes,PDC2
encodes a transcription factor regulating PDC5 expression
(Nosaka et al. 2012). Pdc enzymatic activity is still substan-
tially retained in the PDC1-null S. cerevisiae; nonetheless,
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Pdc1p, the enzyme encoded by PDC1, is responsible for most
Pdc activity in this yeast (Schaaff et al. 1989). It was later
shown that PDC5 expression is induced by Pdc2p when
PDC1 is disrupted, thus recovering Pdc enzyme activity to
~ 60–70% in S. cerevisiae (Nosaka et al. 2012; Seeboth et al.
1990). Expression of ScPDC6 is not observed in yeast cells
under normal physiological conditions, but is detected only
under sulfur-limiting conditions and during high-sugar stress
conditions (Erasmus et al. 2003). Saccharomyces kluyveri, a
distant relative of S. cerevisiae, was also reported to have three
PDC genes coding for functional Pdc enzymes (Moller et al.
2004).

PDC homologs have also been reported in Crabtree-
negative yeasts such as Kluyveromyces lactis (Bianchi et al.
1996), Ogataea polymorpha (Ishchuk et al. 2008),
Scheffersomyces stipitis (Lu et al. 1998), Wickerhamomyces
anomalus (Fredlund et al. 2006), Pichia pastoris (Agarwal
et al. 2013), and Candida utilis (Franzblau and Sinclair
1983). In the case of these respiratory yeasts, only one PDC
gene has been mostly reported except in S. stipitis. Although
Pdc-deficient S. cerevisiae cannot grow on glucose as a sole
carbon source due to C2-auxotrophy and a redox imbalance in
the cytosol (van Maris et al. 2004), disruption of the PDC1
gene blocks ethanol fermentation but does not decrease
growth in Crabtree-negative yeasts like K. lactis and C. utilis
(Ikushima et al. 2009; Porro et al. 1999).

K l u y v e rom y c e s m a r x i a n u s i s h omo t h a l l i c
hemiascomycetous yeast and is taxonomically related to
S. cerevisiae and is a sister species of K. lactis (Lane and
Morrissey 2010). K. marxianus is a GRAS (Generally
Recognized as Safe) organism based on its safe association
with food production for long periods. K. marxianus has
drawn attention as potential industrial host strains in the bio-
technology industry, particularly owing to its high thermotol-
erance, broad substrate utilization, and a high growth rate
(Fonseca et al. 2008; Lane and Morrissey 2010).
K. marxianus is classified as the so-called aerobic-respiring
or Crabtree-negative yeast, in which a high glucose concen-
tration does not affect the respiratory pathway (Lane and
Morrissey 2010), although some strains of K. marxianus have
Crabtree-positive yeast-like growth phenotypes, such as a rel-
atively high fermentation ability (Lane et al. 2011; Merico
et al. 2007). In the present study, we identified two
K. marxianus PDC homologs, KmPDC1 and KmPDC5, in
the recently sequenced genome of K. marxianus KCTC
17555 (Jeong et al. 2012). We were interested in investigating
whether deletion of both two KmPDC homologs might be
required to generate a pyruvate-accumulating precursor strain
in K. marxianus, whereas a single knockout of PDC1 is
shown to be sufficient in most other Crabtree-negative yeasts.
Thus, we carried out functional analysis of the two KmPDC
genes, focusing on their physiological functions in fermenta-
tive and respiratory carbon catabolism, and evaluated the

potential of Pdc-deficient K. marxianus as a starting host
strain for subsequent metabolic engineering aimed at produc-
tion of high-value biomaterials derived from pyruvate.

Materials and methods

Strains and media

Strains, including Escherichia coli and yeast, and plasmids
used in this study are listed in Table 1. Yeast cells were rou-
tinely grown at 37 °C in YPD (1% yeast extract, 2% bacto-
peptone, and 2% glucose) or in selective synthetic complete
media without uracil (SC-URA, 0.67% yeast nitrogen base
without amino acids, 2% glucose, and the drop-out amino acid
mixture without uracil). To pop out the URA3 selection mark-
er, the yeast cells were cultivated in the 5-fluoroorotic acid (5-
FOA) medium, consisting of 0.67% yeast nitrogen base with-
out amino acids, an amino acid mixture containing 90 mg
uracil/l, 2% dextrose, and 0.5 μg 5-FOA/l. Escherichia coli
DH5α (Invitrogen) was used for the general recombinant
DNA techniques, and BL21(DE3) (New England Biolabs)
was used for recombinant protein expression. E. coli
transformants were cultured in the Luria-Bertani (LB) medi-
um (1% tryptone, 0.5% yeast extract, 1%NaCl) supplemented
with 100 μg/ml ampicillin.

Growth analysis under aerobic and oxygen-limited
conditions

Yeast cells were cultivated in YPD overnight, their concentra-
tion was adjusted to initial optical density at 600 nm (OD600)
of 0.1 in 50 ml of YPD in a 500-ml flask, and the cells were
incubated at 37 °C and 220 rpm for aerobic cultivation. In
oxygen-limited cultures, the concentration of yeast cells was
adjusted to initial OD600 of 0.5 in 50 ml of YPD, and then 2-
ml culture aliquots were placed into 2-ml microcentrifuge
tubes, which were tightly sealed by wrapping five times with
parafilm (Bemis Company, Inc.) and incubated at 37 °C and
50 rpm. OD600 of each sample was measured for growth anal-
ysis twice in two independent experiments.

In silico analysis

Multiple sequence alignments were performed using the
ClustalW software (http://align.genome.jp) and were shaded
using Boxshade 3.21 (http://www.ch.embnet.org/software/
BOX_form.html). Phylogenetic tree was constructed by the
ClustalW function in the DNASTAR MegAlign software
(Thompson et al. 1994). Amino acid sequences of S.
cerevisiae Pdc proteins were retrieved from GenBank (http://
www.ncbi.nlm.nih.gov/genbank/). Amino acid sequences of
K. marxianus and K. lactis Pdc proteins were derived from

3724 Appl Microbiol Biotechnol (2018) 102:3723–3737

http://align.genome.jp
http://www.ch.embnet.org/software/BOX_form.html
http://www.ch.embnet.org/software/BOX_form.html
http://www.ncbi.nlm.nih.gov/genbank
http://www.ncbi.nlm.nih.gov/genbank


ERGO (http://igenbio.com/ergo_bioinformatics_and_
analysis) provided by SAIT. Protein motif analysis was
conducted using CDD (http://www.ncbi.nlm.nih.gov/
Structure/cdd/cdd.shtml).

Construction of the K. marxianus PDC1 and PDC5
double-deletion strain

To construct the KmPDC1 and KmPDC5 double-deletion
strain (Kmpdc1Δpdc5Δ), the Km05ku80Δpdc5Δ::ScURA3
strain (Choo et al. 2014) served as a parent strain. After recov-
ering the Ura− auxotrophic phenotype by popping out the

ScURA3 gene from the KmPDC5::hisG-ScURA3-hisG locus
in the 5-FOA medium, the resultant Km05ku80Δpdc5Δ was
transformed by the modified lithium acetate-dimethyl sulfox-
ide (DMSO) method (Hil l e t a l . 1991) with the
KmPDC1::hisG-ScURA3-hisG disruption cassette, which
was generated by digestion of pKI-KmPDC1DU2 with
XhoI/SacI (Choo et al. 2014). Ura+ transformants were select-
ed on SC-URA plates, and correct deletion of the KmPDC1
gene via double homologous recombination was confirmed
by PCR using the primer sets listed in Table S1. The Ura−

auxotrophic phenotype was recovered from the of
Km05ku80Δpdc1::ScURA3pdc5Δ strain by popping out

Table 1 Strains and plasmids
used in this study Name Description References

K. marxianus

Km05ku80Δ-u A ura3Δ ku80Δ derivative of K. marxianus KCTC 17555
(CBS 6556 = ATCC 26548)

(Choo et al.
2014)

Km05ku80Δpdc1Δ ura3Δ ku80Δ pdc1Δ::ScURA3 (Choo et al.
2014)

Km05ku80Δpdc5Δ ura3Δ ku80Δ pdc5Δ::ScURA3 (Choo et al.
2014)

Km05ku80Δpdc1
Δpdc5Δ

ura3Δ ku80Δ pdc1Δ pdc5Δ This study

Km05ku80Δpdc1
Δpdc5Δ/PDC1

ura3Δ ku80Δ pdc1::pKI-KmPDC1 pdc5Δ This study

Km05ku80Δpdc1
Δpdc5Δ/PDC5

ura3Δ ku80Δ pdc1::pKI-PDC1p-KmPDC5 pdc5Δ This study

S. cerevisiae

BY4742 his3 leu2 lys2 ura3 Open biosystems

E. coli

DH5α F– Φ80lacZΔM15Δ(lacZYA-argF) U169 recA1 end
A1 hsdR17 (rK–, mK+) phoA supE44 λ– thi-1 gyrA96
relA1

Invitrogen

BL21(DE3) An E. coli B strain with DE3, a λ prophage carrying
the T7 RNA polymerase gene and lacIq

New England
Biolabs

Plasmid

pKI E. coli/S. cerevisiae shuttle vector containing Ampr and
hisG::ScURA3::hisG

(Heo et al. 2013)

pKI-KmPDC1DU53 pKI containing the KmPDC1 deletion cassette (Choo et al.
2014)

pKI-PDC1p-KmPDC1 pKIm containing the KmPDC1 expression cassette
under the control of the KmPDC1 promoter

This study

pKI-PDC1p-KmPDC5 pKI containing the KmPDC5 expression cassette
under the control of the KmPDC1 promoter

This study

pMAL-c5X E. coli vector containing Ampr and the MBP gene
under the control of the tac promoter

New England
Biolabs

pET28b (+) E. coli vector containing Kanr and the T7 promoter Novagen

pET-MBP-KmPDC1 pET28b (+) containing the MBP-KmPDC1 fusion gene
under the control of the T7 promoter

This study

pET-MBP-KmPDC5 pET28b (+) containing the MBP-KmPDC5 fusion gene
under the control of the T7 promoter

This study
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the ScURA3 gene to generate Km05ku80Δpdc1Δpdc5Δ
strain. The pop-out of ScURA3 was also confirmed by
PCR using the primer set listed in Table S1.

Construction of the KmPDC1-
and KmPDC5-complemented strains

To express KmPDC1 and KmPDC5 under the control of the
KmPDC1 promoter in K. miarxianus, the DNA fragments
containing the full-length KmPDC1 and KmPDC5ORFs with
their 500-bp native terminators were amplified by PCR with
the following primer sets: KmPDC1 5D 1F Xho/KmPDC1
3D2B Not for KmPDC1, and KmPDC5 1F Xho/KmPDC5
3D 2B Not for KmPDC5 (Table S1), respectively, from the
genomic DNA of K. marxianus KCTC 17555. The 2-kb
KmPDC1 promoter was amplified by PCR with primers
KmPDC1 5D 1F Xba/KmPDC1 5D 2B Xho (Table S1).
The obtained amplicons of KmPDC1 and KmPDC5 were
digested with XhoI/NotI and ligated with the XbaI/NotI-
digested pKI vector (Table 1) and the XbaI/XhoI digested
KmPDC1 promoter, resulting in plasmids pKI-PDC1p-
KmPDC1 and pKI-PDC1p-KmPDC5, respectively. To inte-
grate the resultant KmPDC expression vectors at the
KmPDC1 promoter locus by a single homologous recombina-
tion, the vectors pKI-PDC1p-KmPDC1 and pKI-PDC1p-
KmPDC5 were linearized by digestion at the SphI site within
KmPDC1 promoter and introduced into the Kmpdc1Δpdc5Δ
mutant strain. The correct integration of KmPDC vectors at
the KmPDC1 promoter locus was confirmed by PCR analysis
using the primer sets, Iden KmPDC1 5D 0F/KmPDC1 3D 2B
Not and Iden KmPDC1 5D 0F/KmPDC5 3D 2B Not,
respectively.

Construction of E. coli expression vectors
for MBP-fused KmPdc proteins

The E. coli vectors pET-MBP-KmPDC1 and pET-MBP-
KmPDC5, expressing KmPdc1 and KmPdc5 proteins as a
recombinant protein fused with maltose binding protein
(MBP), were constructed as follows. The DNA fragments of
the full-length KmPDC1 and KmPDC5 ORFs containing the
5’ TEV (Tobacco Etch Virus) protease cleavage sequence
were amplified by PCR using the two primer sets, KmPDC1
tev 1F Bam/KmPDC1 2B xho and KmPDC5 tev 1F Bam/
KmPDC5 2B Xho (Table S1), respectively, from the genomic
DNA of K. marxianus KCTC 17555. The DNA fragment
encoding MBP was amplified by PCR using the primers
MBP Nde 1F/MBP BamH 2B (Table S1) from the pMAL-
c5X (New England Biolabs). The NdeI/BamHI digestedMBP
DNA fragment and the BamHI/XhoI digested DNA fragments
of TEV-KmPDC1 and TEV-KmPDC5 were ligated with the
XhoI/NdeI-digested pET28b (+) (Novagen), resulting in pET-
MBP-KmPDC1 and pET-MBP-KmPDC5, respectively.

Purification of recombinant MBP-KmPdc fusion
proteins

The E. coli BL21(DE3) (New England Biolabs) cells harbor-
ing pET-MBP-KmPDC1 and pET-MBP-KmPDC5 were
grown in the auto-induction medium (1% peptone, 0.5% yeast
extract, 171 mM NaCl, 25 mM Na2HPO4, 25 mM KH2PO4,
50 mMNH4Cl, 5 mMNa2SO4,2 mMMgSO4, 20 mM FeCl3,
0.5% glycerol, 0.05% D-glucose, 0.2% lactose, pH 7.0). The
cell pellets were obtained by centrifugation and lysed by son-
ication in the phosphate-buffered saline (PBS, pH 6.0). The
MBP-tagged KmPdc1 and KmPdc5 proteins were purified
using MBPTrap™ HP Prepacked Columns (GE Healthcare
Life Sciences).

Pdc enzymatic activity analysis

Pdc activity of the yeast cell extracts and the purified recom-
binant KmPdc proteins was assayed by the method coupled
with the reaction mediated by alcohol dehydrogenase, as pre-
viously described (Gounaris et al. 1971). Yeast cells were
lysed in a buffer consisting of 180 mM sodium citrate and
10 mM magnesium chloride, pH 6.8, by vortexing with glass
beads. Total protein concentrations were analyzed by the
Bradford Assay Kit (Bio-Rad). Briefly, the cell extracts or
the purified Pdc proteins were mixed with the reaction buffer
(pH 6.8) consisting of 180 mM citric acid, 10 mMmagnesium
chloride, 33 mM pyruvate, 1 mM thiamine pyrophosphate,
110 nM β-NADH, and 10 U of alcohol dehydrogenase
(Sigma). The reactions were initiated by adding pyruvate,
and a decrease in absorbance at 340 nm was measured. One
unit of activity was defined as the amount of enzyme oxidiz-
ing 1 μmol of NADH per minute under given reaction condi-
tions. The specific Pdc activity was calculated by dividing the
units of activity by the concentration of proteins used in the
reactions.

RNA preparation and quantitative real-time PCR
analysis (qRT-PCR)

Yeast cells were inoculated at initial OD600 of 0.1 and grown
to the early logarithmic phase (OD600 = 0.3) in the YP medi-
um containing different carbon sources. The cells were har-
vested and immediately frozen in liquid nitrogen. Total RNA
was isolated by the hot phenol extraction method (Chen et al.
2003) and treated with DNase I according to the protocol of
the manufacturer (TAKARA). cDNA was generated from
1 μg of total RNA using the SuperScript™ III First Strand
Synthesis system (Invitrogen) and oligo(dT) primers. qRT-
PCR was conducted on a CFX96 Real-Time PCR detection
system (Bio-Rad) using 1 ng of the synthesized cDNA and
KmPDC-specific primers (Table S1) with the Maxima SYBR
Green qPCR Master Mix (Fermentas). Specificity of the
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amplification was confirmed by melting curve analysis with a
single peak. Each sample was analyzed in triplicate, and data
were normalized to the endogenous control, KmACT1, using
the primers KmACT1 RT 1F/KmACT1 RT 2B.

High-pressure liquid chromatography (HPLC) analysis
of metabolites

Yeast cells, grown overnight, were inoculated at initial OD600

of 1.0 into 50 ml of YPD in a 500-ml flask and cultivated at
37 °C and 220 rpm. The culture supernatants were collected
by centrifugation and used for HPLC analysis. Concentrations
of glucose, ethanol, acetate, and glycerol were measured by
HPLC (Agilent Technologies, Inc.). Separation was imple-
mented on an Aminex HPX-87H 300-by-7.8-mm column
(Bio-Rad) using 0.9% acetonitrile as a solvent at 60 °C and
a 0.6 ml⋅min−1 flow rate. Peaks were detected with a
Refractive Index detector (Agilent Technologies, Inc.) and a
Photodiode Array detector.

Results

Domain and sequence analysis of KmPDC1
and KmPDC5

Based on their significant homology with S. cerevisiae Pdc
enzymes, two K. marxianus ORFs, named KmPDC1 and
KmPDC5 (Table S1), were identified in the K. marxianus
KCTC 17555 genome (Jeong et al. 2012). Although
K. lactis has been reported to possess only one PDC gene
(Bianchi et al. 1996), we identified another K. lactis PDC
homolog, named KlPDC5, by means of a BLAST search
using the amino acid sequence of S. cerevisiae Pdc1p as a
query. Crabtree-negative yeasts have been mostly reported to
possess only one PDC gene, PDC1, except S. stipitis (Lu et al.
1998), in contrast to the multiple PDC genes encoding func-
tional isoforms of Pdc1 in Crabtree-positive yeasts. Thus, it
was interesting to investigate whether the putative KmPDC5
gene, found in a Crabtree-negative yeast K. marxianus, en-
codes a functional homolog of Pdc1p, as reported in
S. cerevisiae. KmPDC1 codes for a protein of 564 amino acid
residues, whereas KmPDC5 encodes a protein of 578 amino
acid residues (Fig. 1a). KmPdc1p showed 86 and 91.7% iden-
tity to S. cerevisiae Pdc1 and K. lactis Pdc1 proteins, respec-
tively, while KmPdc5p was found to share 33.2 and 76.2%
identity with S. cerevisiae Pdc5 and K. lactis Pdc5 proteins,
respectively (Fig. S2). The domain analysis indicated the pres-
ence of the conserved thiamine pyrophosphate (TPP)-depen-
dent pyrimidine-binding domain (N: TPP enzyme N), TPP
enzyme central domain (TPP enzyme M), and TPP enzyme
PDC domain (C: TPP enzyme C) in both KmPdc1 and
KmPdc5 proteins (Fig. 1a, Fig. S3). Noticeably, the alignment

of amino acid sequences in the active sites of S. cerevisiae,
K. lactis, and K. marxianus Pdc enzymes revealed that several
amino acid residues in the active site, which were reported to
have critical roles in the TPP-binding and pyruvate-binding

Fig. 1 Structural characterization of K. marxianus Pdc1 and Pdc5
proteins. a Comparison of domain organization among yeast Pdc
homologs: S. cerevisiae Pdc1p and K. marxianus Pdc1p and Pdc5p.
Conserved thiamin pyrophosphate (TPP)-dependent pyrimidine-binding
domain (N: TPP enzyme N), TPP enzyme central domain (TPP enzyme
central), TPP enzyme PDC domain (C: TPP enzyme C). b Alignment of
partial amino acid sequences of yeast Pdc homologs from S. cerevisiae
(ScPdc1, ScPdc5, and ScPdc6), K. lactis (KlPdc1 and KlPdc5), and
K. marxianus (KmPdc1 and KmPdc5). Amino acid residues known to
be important for Pdc activity are indicated (▼). c The phylogenetic tree of
yeast Pdc structural proteins. Protein ID numbers fromGenBank orNCBI
Reference Sequence are shown in parenthesis. *The sequences of
KmPDC1 and KmPDC5 were from the genome sequence of
K. marxianus KCTC 17555 (Fig. S1)
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activity of ScPdc1, were changed in KmPdc5 and KlPdc5,
whereas they are well conserved in other yeast Pdc proteins
(Fig. 1b). The phylogenetic analysis further indicated that
K. lactis and K. marxianus Pdc5 proteins have diverged sub-
stantially not only from the S. cerevisiae Pdc proteins but also
from their own Pdc1 proteins (Fig. 1c), implying the possibil-
ity that KmPdc5p may be distinctive from KmPdc1p for Pdc
enzymatic activity and expression pattern.

Growth features of K.marxianus PDC deletionmutant
strains

To investigate the physiological functions of KmPDC1 and
KmPDC5 in K. marxianus, we analyzed the growth pheno-
types of the single-deletion strains of KmPDC1 and KmPDC5

(Kmpdc1Δ and Kmpdc5Δ) of K. marxianus KCTC 17555
(Choo et al. 2014), along with the KmPDC1 and KmPDC5
double-deletion strain (Kmpdc1Δpdc5Δ), which was con-
structed in the present study (Fig. 2a). The correct deletion
of the KmPDC1 and KmPDC5 genes was confirmed by
PCR analysis (Fig. 2b). Spotting analysis under aerobic con-
ditions indicated that the growth of all the tested K. marxianus
pdc mutan t s t r a in s , Kmpdc1Δ , Kmpdc5Δ , and
Kmpdc1Δpdc5Δ, was comparable to that of the wild-type
strain (WT) except for subtle growth retardation in
Kmpdc1Δ and Kmpdc1Δpdc5Δ compared to the WT. All
the K. marxianus pdc-null strains grew well not only on fer-
mentable carbon sources, such as glucose (YPD) and galac-
tose (YPGal), but also on nonfermentable carbon sources,
such as glycerol (YPGly) and ethanol (YPE). In contrast, the

Fig. 2 Construction of the
K. marxianus pdc double-mutant
strain based on homologous
recombination. a The
construction scheme of the
K. marxianus pdc1Δpdc5Δ
double deletion strain using the
ura3 pop-out cassette to recover a
uracil auxotroph. b PCR analysis
of the K. marxianus
pdc1Δpdc5Δ strain. Lane W, the
wild-type strain (ku80Δ); Lanes
1–4, candidates of the
pdc1Δpdc5Δ strain; PCR1
(primers Iden KmPDC1 1F/Iden
KmPDC1 2B), PCR2 (primers
Iden KmPDC5 1F/Iden KmPDC5
2B), PCR3 (primers ScURA3 1F
47/ScURA3 2B 48) and PCR4
(primers Iden His-G 1F 48/Iden
His-G 2B 48) were carried out to
confirm the absence of KmPDC1,
KmPDC5, and ScURA3, and the
presence of hisG, respectively,
with the primers listed in Table S1
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g r ow t h o f t h e Kmpdc1Δ s i n g l e - d e l e t i o n a nd
Kmpdc1Δpdc5Δ double-deletion strains was severely
inhibited on the YPD plate containing antimycin A (Fig. 3a,
YPD +Anti A), which is a chemical compound binding to the
Qi site of Complex III in the mitochondrial inner membrane,
thus blocking proton transport of the electron transport system
(Xu et al. 2011). The absence of growth on glucose in the
presence of respiratory inhibitors was also observed in the
pdc1Δ mutant strain of the sister species K. lactis, a model
Crabtree-negative yeast (Bianchi et al. 1996). In contrast, no
growth defect was detected in the Kmpdc5Δ single-deletion
strain not only on the tested carbon sources but also even in
the presence of antimycin A.

For more detailed growth analysis under aerobic and
oxygen-limited conditions, time course measurement of cell
growth during shake flask cultivation was performed on the
K. marxianus pdc mutant strains. Under aerobic conditions,
all the tested strains grew well, with similar growth patterns in
YPD and YPE cultures (Fig. 3b, left panel). In contrast, it is
notable that under oxygen-limited conditions, the Kmpdc1Δ
and Kmpdc1Δpdc5Δ mutant strains hardly grew, as opposed

to the growth of the WTand Kmpdc5Δ single-deletion strains
during YPD cultivation. On the contrary, even the WT strain
of K. marxianus was unable to grow when a nonfermentable
carbon source, such as ethanol, was provided as a sole carbon
source under oxygen-limited conditions (Fig. 3b, right panel).
Along with the data from growth analysis on YPD plate in the
presence of antimycin A (Fig. 3a), the results strongly indicat-
ed that K. marxianusKCTC 17555 has a typical phenotype of
respiratory yeasts that cannot grow on nonfermentable carbon
sources without respiration activity. Thus, like other Crabtree-
negative yeasts, the Pdc-deficient mutants of K. marxianus
KCTC 17555 can grow without severe growth retardation
on glucose under aerobic conditions but cannot grow under
respiration-limited conditions.

Transcriptional analysis of KmPDC1 and KmPDC5
in the presence of different carbon sources

To determine how the various carbon sources affect the ex-
pression of KmPDC at the transcriptional level, qRT-PCR
analysis was performed on total RNA samples obtained from

Fig. 3 Growth analysis of
K. marxianus pdc-null strains. a
Spotting analysis of K. marxianus
pdc mutants on YP plates
containing different carbon
sources, such as 2% glucose
(YPD), 2% galactose (YPGal),
3% glycerol (YPGly), and 3%
ethanol (YPE), and YPD plate
supplemented with 5 μM
antimycin A (YPD +Anti A).
Yeast cells were precultured
overnight in YPD, and 3 μl of the
serially diluted cells
corresponding to an OD600 of 1,
0.1, 0.01, and 0.001 were spotted.
b Growth curves of K. marxianus
strains (○: WT, □: pdc1Δ, △:
pdc5Δ, and ◇: pdc1Δpdc5Δ)
cultivated in YPD and YPE broth
under aerobic (top) and oxygen-
limited (bottom) conditions,
respectively
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the K. marxianus WT and pdc mutant strains cultivated on
various carbon sources including glucose, galactose, ethanol,
and glycerol. The transcript levels of KmPDC1 were much
higher in the presence of the fermentable carbon sources (glu-
cose and galactose) than in the presence of nonfermentable
carbon sources (ethanol and glycerol). It is noteworthy that
the expression level of KmPDC1 in the presence of glucose
as a carbon source was the highest as compared to the other
carbon sources (Fig. 4a). The different PDC mRNA levels on
different carbon sources have also been observed in the same
fashion in S. cerevisiae (Kellermann et al. 1986), S. kluyveri
(Moller et al. 2004), and K. lactis (Bianchi et al. 1996), indi-
cating that the enhanced PDC1 expression under the influence
of glucose is also well conserved among yeasts. In contrast,
the transcript levels of KmPDC5 were extremely low com-
pared to those of KmPDC1, and there was no detectable
change in KmPDC5 expression on different carbon sources.
It is also notable that the KmPDC5 expression level did not
increase in the Kmpdc1Δ deletion strain (Fig. 4b); this finding

is different from the induced expression of PDC5 upon the
deletion of PDC1 in S. cerevisiae (Seeboth et al. 1990).

Functional analysis of KmPDC1 and KmPDC5
in the Kmpdc1Δpdc5Δ double-deletion strain

No apparent defects of the Kmpdc5Δ mutant strain might be
attributed to the negligible expression level of KmPDC5
transcript. On the other hand, as reflected by the divergence
of the amino acid sequences critical for Pdc enzymatic activity
in the K. marxianus Pdc5 protein (Fig. 1a), it can be speculat-
ed that KmPdc5p may lack Pdc enzymatic activity. To test
these possibilities, we constructed the complementation vec-
tors pKI-PDC1p-KmPDC1 and pKI-PDC1p-KmPDC5 con-
taining the KmPDC1 and KmPDC5 expression cassettes un-
der the control of theKmPDC1 promoter, KmPDC1(p)-PDC1
and KmPDC1(p)-PDC5. After linearization by digestion at
SphI site, each of the PDC complementation vectors was in-
tegrated via single homologous recombination into the

Fig. 4 Quantitative real-time
PCR (qRT-PCR) analysis of
KmPDC1 and KmPDC5 expres-
sion in the presence of different
carbon sources. Cells were grown
in the YP medium containing
different carbon sources, such as
2% glucose, 2% galactose, 3%
ethanol, and 3% glycerol. The
expression levels of KmPDC
transcripts were normalized to the
KmACT1 gene as a reference
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KmPDC1 promoter locus in the chromosome of the
pdc1Δpdc5Δ double-deletion strain (Fig. 5a). The correct
integration of the KmPDC1 and KmPDC5 expression cas-
settes was confirmed by PCR using suitable primer sets
(Table S1, data not shown). Only the pdc1Δpdc5Δ strain
complemented with KmPDC1 (pdc1Δpdc5Δ/PDC1) recov-
ered its growth on YPD plate containing antimycin A, where-
as the complementation strain with KmPDC5 (pdc1Δpdc5Δ/
PDC5) could not recover from the growth defect in the pres-
ence of antimycin A (Fig. 5b). Moreover, we observed a no-
ticeable change in colony morphology and size in the
K. marxianus pdc1Δ and pdc1Δpdc5Δ strains on solid
YPD media; these parameters returned to normal by reintro-
duction of the functional KmPDC1 gene, but not by the ex-
pression of KmPDC5 gene (Fig. 5c).

To examine the Pdc enzymatic activity in the K. marxianus
pdc deletion mutant and complemented strains, total cell ly-
sates were prepared from the WT S. cerevisiae and
K. marxianus strains cultivated in YPD and subjected to the
assay of Pdc enzymatic activity (Fig. 6a). Whereas the
K. marxianus pdc1Δ mutant showed a dramatic decrease in

Pdc activity, the pdc5Δ mutant did not manifest any detect-
able loss of enzymatic activity. The enzymatic activity of
pdc1Δpdc5Δ double-mutant strain was almost identical to
that of the single pdc1Δ mutant strain, suggesting that
Pdc1p is responsible for most Pdc activity in K. marxianus
under normal culture conditions. Indeed, the pdc1Δpdc5Δ
mutant strain fully recovered the Pdc enzymatic activity after
KmPDC1 complementation but not after KmPDC5 comple-
mentation. The level of Pdc activity has been regarded as one
of the key differences in the carbon metabolism between
Crabtree-positive and Crabtree-negative yeasts. It was report-
ed that there is on average sixfold higher Pdc activity in cell-
free extracts of Crabtree-positive yeasts (Van Urk et al. 1990).
Nonetheless, we found that the Pdc activity in cell-free ex-
tracts of K. marxianus was comparable to that of
S. cerevisiae (Fig. 6a). We next checked the transcription
levels of the PDC genes expressed from the complementation
constructs and found that the expression level of the KmPDC5
transcript, directed by the KmPDC1 promoter, was 40% of
that of KmPDC1 (Fig. 6b). The observation that the Pdc ac-
tivity was not detectable in the PDC5 complementation strain

Fig. 5 Complementation analysis of the KmPDC genes in the mutant
strain Kmpdc1Δpdc5Δ. a Construction of the KmPDC1 and KmPDC5
complementation strains. The KmPDC1p-KmPDC1 and KmPDC1p-
KmPDC5 expression cassettes were integrated, respectively, into the
PDC1 promoter locus of the Kmpdc1Δ strain, generating the
Kmpdc1Δpdc5Δ/PDC1 and Kmpdc1Δpdc5Δ/PDC5 complementation
strains. b Growth analysis of the complementation strains on the YPD
plate containing 5 μM antimycin A (YPD+Anti A). Yeast cells were

precultured overnight in YPD, and 3 μl of the serially diluted cells cor-
responding to an OD600 of 1, 0.1, 0.01, and 0.001 were spotted. c Colony
morphology of K. marxianus pdc mutant strains grown on YPD plate.
(Left) Yeast cells were precultured overnight inYPD and diluted toOD600

0.001. 200 μl of the diluted yeast cells were spread on YPD plate and
incubated at 37 °C for 5 days. (Right) The yeast cultures, containing
3.75 × 106 cells, were spotted on YPD plate and incubated 37 °C for
5 days
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expressing a significant amount of the PDC5 transcript strong-
ly indicates that K. marxianus Pdc5p does not retain the en-
zymatic activity that decarboxylates pyruvate.

Pdc activity analysis of the purified recombinant
KmPdc1 and KmPdc5 proteins

To validate our hypothesis that KmPdc5p does not possess
Pdc activity, we purified KmPdc isozymes for in vitro activity
analysis. Initially, the KmPdc1p and KmPdc5p were
expressed with N-terminal His-tagged proteins in E. coli.
However, only His-taggedKmPdc1p was recovered in soluble
fraction from the transformed E. coli cell-free extracts, while
His-tagged KmPdc5p was found mainly in inclusion bodies
with much reduced protein level (data not shown). Such in-
clusion body formation of recombinant His-tagged
S. cerevisiae Pdc5p in E. coli was also previously reported
(Agarwal et al. 2013). Therefore, we expressed KmPdc1 and
KmPdc5 proteins in E. coli as the maltose binding protein
(MBP)-fused proteins containing TEV protease cleavage site.
The MBP-fused KmPdc1 and KmPdc5 proteins were
expressed in soluble form with the expected size of 103.4

and 104.9 kDa, respectively (Fig. 6c). The purified MBP-
fusion proteins were subjected to Pdc activity analysis, reveal-
ing that KmPdc5p lacks the enzymatic activity in contrast to
KmPdc1p with high activity (Fig. 6d). This is consistent with
the result of complementation experiments (Fig. 5), in which
the expression of KmPDC5 could not recover the intracellular
Pdc enzymatic activity and growth defects of the
pdc1Δpdc5Δ double-mutant strain.

Analysis of extracellular metabolites of K. marxianus
pdc deletion strains

To examine the consumption and production of glucose and
some metabolites, such as acetate, glycerol, and ethanol, me-
tabolite profiling by HPLC analysis was performed on the
culture supernatants of the K. marxianus pdc deletion strains
cultivated in the YPD medium containing 2% glucose under
aerobic conditions. During the shake flask cultivation, the
ethanol production level was detected as less than 1 g/l even
for the WT stain of K. marxianus KCTC 17555, which is a
typical phenotype of Crabtree-negative yeast (Choo et al.
2016). Compared to the WT and Kmpdc5Δ single-deletion

Fig. 6 Pdc activity analysis of the
yeast cell lysates and the purified
recombinant KmPdc proteins. a
Pdc enzymatic activity of
S. cerevisiae and K. marxianus
strains. Total cell lysates were
used for activity measurements. b
Transcript level analysis of
KmPDC1 and KmPDC5 in the
complementation strains grown in
the YPDmedium. The expression
levels of KmPDC genes were
normalized to KmACT1 as a
reference gene. c SDS-PAGE
analysis of the purified KmPdc1
(Top) and KmPdc5 (Bottom)
proteins expressed as maltose
binding protein (MBP)-fused
forms in E. coli. Lane 1, total cell
lyaste; Lane 2, insoluble pellet
from cell lysate; Lanes 3 and 4,
soluble supernatant from total cell
lysates; Lanes 5–7, PBS-washed
flow through from MBP-trap;
Lane 8, eluted KmPdc proteins by
20 mM maltose in PBS from
MBP-trap. The arrow indicates
MBP-KmPdc1 and MBP-
KmPdc5 proteins, respectively. d
Pdc activity of the purified MBP-
KmPdc proteins
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strains, the Kmpdc1Δ single- and Kmpdc1Δpdc5Δ double-
deletion strains showed clearly retarded glucose consumption
(Fig. 7, left panel). The profiles of acetate, glycerol, and eth-
anol in the culture supernatant of the single-deletion
Kmpdc5Δ strain were found to be almost identical to those
of the WT strain. In contrast, these metabolites were barely
detectable in the culture supernatants of the Kmpdc1Δ single-
and Kmpdc1Δpdc5Δ double-deletion strains (Fig. 7, right
panel), while accumulation of pyruvate was observed (Fig.
S4). These results further supported the notion that the lack

of Pdc activity in the Kmpdc1Δ and Kmpdc1Δpdc5Δ strains
blocks pyruvate conversion to aldehyde, thus leading to the
shutdown of ethanol and acetate production.

Discussion

Pyruvate, produced by glycolysis, is an important metabolite
at the branch point of several metabolic pathways (Hua et al.
1999). Pyruvate can be converted to other carbohydrates such

Fig. 7 Analysis of metabolite
production and consumption in
the K. marxianus Pdc-deficient
strains. aWT, b pdc1Δ, c pdc5Δ,
d pdc1Δpdc5Δ strains of
K. marxianusKCTC 17555. Left-
hand panels depict time course
analysis of cell growth (OD600, □)
and glucose concentration (g/l,■).
Right-hand panels show time
course analysis of production and
consumption of metabolites (eth-
anol, ●; acetate, ○; glycerol, ▲).
Yeast cells were cultivated in
25 ml of the YP medium con-
taining 2% of glucose in a 500-ml
flask at 37 °C and 220 rpm

Appl Microbiol Biotechnol (2018) 102:3723–3737 3733



as ethanol, lactate, succinate, alanine, and some others that can
be synthesized as polymer materials or drugs. Lately, pyruvate
has been used as the key metabolic precursor of lactate,
isobutanol, and 3-methyl-1-butanol, which have attracted at-
tention as the second-generation biofuels that can serve as
economical and renewable resources via metabolic engineer-
ing (Johnson and Beckham 2015). For such diverse applica-
tions, pyruvate is a valuable starting material in the biotech-
nology industry. The expression and activity of Pdc—as a key
enzyme starting ethanol fermentation by converting pyruvate
to acetaldehyde—has been studied in several yeast species
with an industrial potential. Particularly, deletion of the PDC
genes in yeast can lead to accumulation of the pyruvate pool,
which can be converted to useful precursor biomaterials such
as lactic acid or 2,3-butanediol via metabolic engineering
(Kim and Hahn 2015; Porro et al. 1999). On the other hand,
overexpression of PDCs has been a strategy useful for indus-
trial fermentation processes such as a decarboxylation reaction
for ethanol formation (Ishchuk et al. 2008) and biotransforma-
tion reactions involving aldehyde for the synthesis of addition
products (Iding et al. 1998).

In the present study, we identified two K. marxianus genes
encoding putative pyruvate decarboxylases, KmPDC1 and
KmPDC5, in the genome of K. marxianus KCTC 17555 and
carried out functional analysis to identify physiological roles
of the two KmPDC genes. The presence of one K. marxianus
gene encoding Pdc (YskPDC1a) was reported previously
without any functional characterization (Holloway and
Subden 1993). We showed here that the Kmpdc1Δ deletion
mutant strain was able to grow quite well on glucose under
aerobic conditions, although it has a slightly decreased growth
rate as compared to the WT under aerobic conditions and
cannot grow under oxygen-limited conditions (Fig. 3).
Moreover, theK. marxianus pdc1Δ strains displayed a notice-
able change in colony morphology and size on solid YPD
media (Fig. 5c). The result suggests that the overall physio-
logical changes due to the lack of Pdc enzymatic activity, e.g.,
possibly alteration of the cytosolic NAD+/NADH pool, de-
creased ATP production, and acidic pH conditions because
of pyruvate accumulation, may cause the subtle growth retar-
dation and aberrant colony morphology observed in the
Kmpdc1Δ deletion strains. It can be also speculated that the
growth of cells in the inner part of colonies might be sup-
pressed by oxygen-limitation in the K. marxianus pdc1Δ
strains, thus resulting in small and flat colonies.

In contrast to the KmPDC1 deletion, the deletion of
KmPDC5 did not affect growth patterns and morphology of
K. marxianus under any tested culture conditions, and
KmPDC5 expression was not induced upon the loss of
Pdc1p (Figs. 3 and 4), in contrast to the properties of
S. cerevisiae PDC5 (Hohmann and Cederberg 1990).
Moreover, the purified KmPdc5 protein did not show Pdc
enzymatic activity, indicating that KmPdc5p is not a

functional Pdc (Fig. 6). Even though KmPdc1 and KmPdc5
proteins have several domains that are well conserved among
yeast Pdc proteins, we found that KmPdc5p shows notable
divergence in the amino acid residues that are reported to be
critical for the Pdc enzymatic activity in S. cerevisiae (Fig. 1).
The amino acid residues including Pro-26, Asp-28, Glu-51,
His-92, Cys-221, Ile-476, Glu-477, and Ile-480 are highly
conserved in the Pdc1 homologs of various yeast species,
but not conserved in KmPdc5p (Baburina et al. 1998; Lobell
and Crout 1996; Mann et al. 2004). Such differences in the
critical amino acid residues may explain the lack of Pdc enzy-
matic activity in KmPdc5p. Our data indeed strongly support
the notion that KmPdc1p governs most of the Pdc activity in
K. marxianus, while KmPdc5p does not contribute to the re-
action of decarboxylation of pyruvate. This is quite contrast to
S. cerevisiae Pdc proteins, in that ScPdc5p shows decarbox-
ylation efficiency comparable to ScPdc1p (Agarwal et al.
2013). The possibility that KmPdc5p might have different
functions in other metabolic pathways cannot be ruled out,
considering that apart from the decarboxylation reaction,
Pdc is known for its carboligation capabilities and has been
exploited for the synthesis of commercially relevant com-
pounds (Iding et al. 1998). S. cerevisiae WT strains are cur-
rently used in the whole-cell (R)-PAC biotransformation pro-
cess (Rosche et al. 2002). Further study may be needed to
characterize the carboligation activity of KmPdc1 and
KmPdc5 proteins.

S. cerevisiae possesses five genes that are all showing
strong sequence similarity to genes encoding TPP-
dependent decarboxylases, including the three genes for Pdc
isozymes (PDC1, PDC5, and PDC6), ARO10, and THI3
(Romagnoli et al. 2012). ScAro10p is shown as a 2-oxo-acid
decarboxylase involved in production of higher alcohols,
whereas ScThi3p is proposed to have a dual role in the me-
tabolism of nutrients in yeast; utilization of thiamin and catab-
olism of leucine (Dickinson et al. 1997; Nosaka 2006). It is
noteworthy that S. cerevisiae Thi3p, a protein of 609 amino
acids, shows about 50% identity to all three ScPdc isozymes
(Fig. S2, a). The BLAST search carried out with ScThi3p as
a query against the K. marxianus KCTC 17555 genome also
identified KmPdc1p (51.6% identity) and KmPdc5p (36.1%
identity), respectively, as homologs of ScThi3p. Thus, it
will be interesting to investigate whether KmPdc5p might
be a functional homolog of ScThi3p. However, the phylo-
genetic tree analysis reveals the early divergence of
KmPdc5p from the common ancestor of Pdc isozymes and
ScThi3p, before the divergence from ScAro10p (Fig. S2, b).
Despite of quite similar level of sequence identity to
ScThi3p, the more conserved amino acid patterns are detect-
ed between KmPdc5p and ScPdc isozyames compared to
those between KmPdc5p and ScThi3p (Fig. S3). Such pe-
culiar sequence features of KmPdc5p strongly indicate that
it might have evolved to possess unique enzyme activity,
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distinctive from the other TPP-dependent decarboxylases
previously characterized in yeast.

It has long been regarded that Crabtree-negative yeasts,
producing only marginal amounts of ethanol during aerobic
growth, have much lower activities of the fermentative en-
zymes, such as Pdc and alcohol dehydrogenase (Adh), com-
pared to Crabtree-positive yeasts. Indeed, a Crabtree-negative
yeast Pichia stipitis was reported to have very low Adh and
Pdc activities under aerobic conditions (Passoth et al. 1996).
However, other Crabtree-negative yeasts, such as
W. anomalus (Fredlund et al. 2004) and K. lactis (Kiers et al.
1998), were shown to have remarkably high activities of Pdc
and Adh in spite of low ethanol production under aerobic
conditions. It was recently proposed that the onset of
Crabtree effect is mostly due to limited respiratory capacity
in Crabtree-positive yeasts rather than due to overflow metab-
olism toward ethanol at the pyruvate branch point (Vemuri
et al. 2007). In the present study, we observed that the intra-
cellular Pdc activity of K. marxianus was comparable to that
of S. cerevisiae (Fig. 6a), supporting the notion that the major
part of pyruvate can enter the mitochondria to be metabolized
via TCA cycle, regardless of Pdc activity, in Crabtree-negative
yeasts with strong respiratory activity under aerobic
conditions.

Another noticeable unique characteristic of Kmpdc1Δ
single- and Kmpdc1Δpdc5Δ double-mutant strains was that
they produced significantly smaller amounts of glycerol, ace-
tate, and ethanol, as compared to the WT (Fig. 7). In the
Crabtree-positive yeast S. cerevisiae, the purpose of NADH-
consuming glycerol formation is to maintain the cytosolic
redox balance. Inhibition of ethanol production reduces
Adh-dependent NAD+ regeneration, resulting in increased
glycerol production via the action of glycerol-3-phosphate
dehydrogenase (GPD) as a compensationmechanism tomain-
tain the redox balance in S. cerevisiae (Skory 2003).
Therefore, deletion of genes GPD1 and GPD2 encoding
GPD was found to be necessary to reduce byproduct forma-
tion in S. cerevisiae Pdc-deficient mutants (Ida et al. 2013;
Kim and Hahn 2015). In this respect, significantly decreased
glycerol production in the Kmpdc1Δ single- and
Kmpdc1Δpdc5Δ double-deletion strains is quite different
from the increased glycerol production in the pdc1Δpdc5Δ
mutant of S. cerevisiae. Although we do not yet understand
the molecular mechanism underlying the decreased glycerol
production after KmPDC1 deletion, such a characteristic can
be regarded as an advantageous property of Kmpdc1Δ to be
used as a production host, along with its growth comparable to
the growth of the WT on several carbon sources during aero-
bic cultivation.

The robust growth on glucose with reduced glycerol pro-
duction of the Kmpdc1Δ strain constructed in the
K. marxianus KCTC 17555 background is somewhat incon-
sistent with a recent report that the deletion of PDC1 in the

K. marxianus YZJ051 strain decreases the growth rate, far
below that of the parental YZJ051 strain (Zhang et al. 2017).
The differences in features between these K. marxianus pdc1-
null mutants may be partially attributed to the physiological
andmetabolic diversity within theK. marxianus species (Lane
et al. 2011). K. marxianus YZJ051 is an engineered strain of
K. marxianusNBRC1777 designed to carry a modified xylose
assimilation pathway (Zhang et al. 2015). Although
K. marxianus KCTC 17555, employed in this study, was
shown to have low fermentation capacity (Fig. 7)—a typical
phenotype of Crabtree-negative yeasts—K. marxianus
NBRC1777 was reported as a strain selected for its high eth-
anol productivity (Hong et al. 2007). Moreover, the difference
in culture medium used in the two studies might generate the
different growth phenotypes. Altogether, our data strongly
indicate that the single deletion of KmPDC1, which governs
most of Pdc activity inK. marxianus, is sufficient to generate a
starting host strain in the KCTC 17555 background for sub-
sequent metabolic engineering aimed at production of high-
value biomaterials from pyruvate without byproduct
formation.
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