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Abstract Pyruvate decarboxylases (PDCs) are a class of
enzymes which carry out the non-oxidative decarboxylation
of pyruvate to acetaldehyde. These enzymes are also capa-
ble of carboligation reactions and can generate chiral in-
termediates of substantial pharmaceutical interest. Typically,
the decarboxylation and carboligation processes are carried
out using whole cell systems. However, fermentative organ-
isms such as Saccharomyces cerevisiae are known to con-
tain several PDC isozymes; the precise suitability and role
of each of these isozymes in these processes is not well
understood. S. cerevisiae has three catalytic isozymes of
pyruvate decarboxylase (ScPDCs). Of these, ScPDC1 has
been investigated in detail by various groups with the other
two catalytic isozymes, ScPDCS and ScPDC6 being less well
characterized. Pyruvate decarboxylase activity can also be
detected in the cell lysates of Komagataella pastoris, a
Crabtree-negative yeast, and consequently it is of interest to
investigate whether this enzyme has different kinetic proper-
ties. This is also the first report of the expression and func-
tional characterization of pyruvate decarboxylase from K.
pastoris (PpPDC). This investigation helps in understanding
the roles of the three isozymes at different phases of S.
cerevisiae fermentation as well as their relevance for ethanol

Praveen Kumar Agarwal and Vanita Uppada have equally contributed
to this article.

P. K. Agarwal - V. Uppada - S. B. Noronha
Department of Biosciences and Bioengineering,
IIT Bombay, Powai,

Mumbai 400076, India

S. B. Noronha (P<))

Department of Chemical engineering, IIT Bombay, Powai,
Mumbai 400076, India

e-mail: noronha@che.iitb.ac.in

Present Address:
P. K. Agarwal
Gennova Biopharmaceuticals, Pune 411026, India

and carboligation reactions. The kinetic and physical proper-
ties of the four isozymes were determined using similar con-
ditions of expression and characterization. ScPDCS5 has
comparable decarboxylation efficiency to that of ScPDCl;
however, the former has the highest rate of reaction, and thus
can be used for industrial production of ethanol. ScPDC6 has
the least decarboxylation efficiency of all three isozymes of S.
cerevisiae. PpPDC in comparison to all isozymes of S.
cerevisiae 1s less efficient at decarboxylation. All the enzymes
exhibit allostery, indicating that they are substrate activated.

Keywords Pyruvate decarboxylase - S. cerevisiae - K.
pastoris - Decarboxylation - Carboligation - Phenyl acetyl
carbinol

Introduction

Pyruvate decarboxylases (PDCs) are an important class of
enzymes which are at the branch point of the respiratory and
fermentative pathways in many organisms. PDC carries out
non-oxidative decarboxylation of pyruvate to form acetalde-
hyde in the presence of its cofactors, Mg*" (Schellenberger
1967) and thiamine pyrophosphate (TPP) (Lohmann and
Schuster 1937). Acetaldehyde is then converted to various
metabolites such as ethanol and acetate. Thus, the efficiency
of this enzyme is a key factor in diverting the flow of pyruvate
away from the tricarboxylic acid cycle (TCA) and towards
fermentation. PDCs are reported in various bacteria, yeast,
fungal species, and plants (Konig 1998). The crystal structures
of PDCs from a few organisms including Saccharomyces
cerevisiae (ScCPDC1) (Arjunan et al. 1996), Kluyveromyces
lactis (KIPDC) (Kutter et al. 2006), and Zymomonas mobilis
(ZmPDC) (Dobritzsch et al. 1998) have been reported. Based
on structural information, the catalytic and regulatory mecha-
nisms of the PDCs have been elucidated by various groups
(Baburina et al. 1996; Bruhn et al. 1995; Candy and Duggleby
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1998; Krieger et al. 2002; Kutter et al. 2006). The level of PDC
activity is one of the important differences in the carbon
metabolism of Crabtree-positive and Crabtree-negative
yeasts. There is on average, sixfold higher PDC activity
found in the cell-free extracts of Crabtree-positive yeasts
(van Urk et al. 1990).

Another physiological role for ScCPDCs has been described:
in the absence of pyruvate decarboxylase activity, S. cerevisiae
is not able to grow on glucose as acetaldehyde, the substrate for
alcohol dehydrogenase (ADH), is not available. The conver-
sion of acetaldehyde to ethanol is a crucial redox step to
oxidize the NADH generated in glycolysis. Acetaldehyde is
also utilized to generate the cytoplasmic acetyl CoA necessary
for lipid biosynthesis. This reaction is the only source of
cytosolic acetyl CoA and hence the absence of PDC proves
lethal for S. cerevisiae, when grown on glucose (Flikweert et
al. 1996) as the only carbon source. In a similar study in K.
lactis (a Crabtree-negative yeast), PDC has been found, how-
ever, to not be essential for its survival (Breunig et al. 2000).

Six PDC genes have been reported in S. cerevisiae; of
these, ScPDC1, ScPDC5, and ScPDC6 have been reported
to code for catalytic proteins, where as ScPDC?2 and ScPDC3
code for regulatory proteins. ScPDC1 and ScPDCS5 are 88 %
identical at the protein level. ScPDC1 is responsible for most
of the PDC activity in the wild-type yeast, whereas ScPDC5
activity has been detected only in the absence of ScPDCI
(Schaaff et al. 1989). Expression of SCPDC6 was not detected
in yeasts cells under normal physiological conditions, not
even in a AScPdcl, 5 strain (Hohmann and Cederberg 1990).
However, recent reports suggest that it is expressed under
sulfur-limiting conditions (Fauchon et al. 2002) and during
high sugar stress situations (Erasmus et al. 2003). ScPDC2 has
been shown to have a regulatory role on the expression of the
catalytic isozymes ScPDCI1 and ScPDC5. AScPdc2 mutants
showed a reduced expression of ScPDCI1 and 5 (Hohmann
1993). ScPDC2 also regulates the genes involved in thiamine
uptake (Mojzita and Hohmann 2006).

Prior to this study, there has been no systematic comparative
analysis of all three purified isozymes of ScPDCs. ScPDC1
containing cell lysates have been characterized, but the other
two isozymes have not been kinetically characterized.

PDCs have not only been found in fermentative yeasts
but also in respiratory yeasts like K. lactis. Recently, PDCs
have been isolated from respiratory yeasts like Ogataea
polymorpha (Ishchuk et al. 2008), Scheffersomyces stipitis
(Lu et al. 1998), and Wickerhamomyces anomalus (Fredlund
et al. 2006). These species are all Crabtree negative.

Komagataella pastoris is methylotrophic yeast and an
industrially important organism for recombinant protein pro-
duction. It is well known for its highly respiratory mode of
growth which results in high cell densities. Unlike S.
cerevisiae, K. pastoris is respiratory yeast which under normal
aerobic conditions does not produce ethanol. Presence of a
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putative PDC gene has been reported in this yeast (De
Schutter et al. 2009; Mattanovich et al. 2009). There are two
aspects of the fermentation pathway of K. pastoris which are
interesting. Since the organism has a basic fermentative path-
way (both PDC and ADH ORFs and activities are present), the
first interesting aspect to know is whether this yeast could be
developed into a host for production of fermentation products
such as ethanol. Second, recombinant protein production has
been reported to decrease due to the ethanol production (Inan
and Meagher 2001) in the presence of excess glycerol along
with partial anaerobic conditions due to high cell densities in
batch fermentations. Knowledge of the fermentative activities
in K. pastoris, and in particular the role of PDC, would be
beneficial towards understanding this phenomenon.

Apart from the decarboxylation reaction, pyruvate
decarboxylases are also known for their carboligation capabil-
ities and have been exploited for the synthesis of commercially
relevant compounds (Iding et al. 1998). During this reaction,
the active aldehyde in the active site is condensed with a
second aldehyde as a co-substrate to form hydroxy ketones;
when the co-substrate is acetaldehyde, (R)-acetoin is formed
(Singer and Pensky 1951). Acetoin is commonly used as a
flavoring agent and hence has commercial value. When benz-
aldehyde is used as co-substrate; (R)-phenyl acetyl carbinol
(PAC) is formed (Hildebrandt and Klavehn 1932). (R)-PAC is
a chiral intermediate in the formation of (R)-ephedrine and (S)-
pseudoephedrine, which have « and 3 adrenergic activity and
are used as nasal decongestants and stimulants (Reynolds
1989). Wild-type S. cerevisiae strains are currently used in
whole cell (R)-PAC biotransformation process and the poten-
tial of each isozyme for carboligation has not been systemat-
ically investigated. In this work, we explore the capabilities of
the ScPDC isozymes and PpPDC, for (R)-PAC formation.

We have analyzed and compared the efficiencies of the
three ScPDC isozymes and the single isozyme present in K.
pastoris towards better understanding the evolutionary signif-
icance of each enzyme in terms of its kinetic properties. We
have used similar conditions of expression, purification, and
characterization for all the isozymes towards maintaining an
identical environment for this kinetic comparison.

Materials and methods
Strains

Escherichia coli strain DHS« (Invitrogen Corporation,
Carlsbad, CA, USA) was used for routine plasmid manipu-
lation and maintenance. BL21(DE3)plysS (EMD Millipore-
Merck, Darmstadt, Germany) was used for recombinant
protein expression in E. coli. S. cerevisiae strains BY4741
was obtained from Euroscarf, University of Frankfurt,
Germany. YSH pdc null strain 512.17C of S. cerevisiae was
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kindly provided by S. Hohmann (Department of Cell and
Molecular Biology/Microbiology University of Gothenburg,
Goeteborg, Sweden). K. pastoris GS115 strain was obtained
from Invitrogen Corporation, Carlsbad, CA, USA.

The plasmids used in this study are pET43.1b by
Novagen (EMD Millipore-Merck, Darmstadt, Germany),
an episomal vector used for expression in E. coli under T7
promoter. It has ampicillin resistance gene which is used as
selection marker. pRS426GPD yeast shuttle vector
(Mumberg et al. 1995) was used for expression in yeast.
Expression is driven by constitutive glyceraldehyde-3-
phosphate (GPD) promoter. Selection in E. coli is by ampi-
cillin resistance and in S. cerevisiae by complementation of
ura auxotrophy. The vector was kindly provided by P. J.
Bhat (Department of Biosciences and Bioengineering, IIT
Bombay, Mumbai, India)

Media and other components

Luria—Bertani broth was used for growing E. coli strains and
YPD (yeast extract—10 g/l, peptone—20 g/l, and dextrose
—20 g/l) was used for growth of S. cerevisiae and K.
pastoris. Ethanol and methanol were used at 3.9 g/l when
used as carbon source. A defined minimal medium for
selection of yeast transformants was composed of 20 g/l
dextrose, 6.7 g/l yeast nitrogen base, and 0.5 g/l amino acid
mixture without uracil.

Experiments which involved the measurements of PDC
activity on different carbon sources had basal media YP
(yeast extract—10 g/l, peptone—20 g/1). The concentration
of carbon sources used were dextrose—20 g/l (2 %w/v),
ethanol—3.9 g/l (0.5 %v/v), methanol—3.9 g/1 (0.5 %v/v),
glycerol—25.2 g/l (2 %v/v).

Yeast alcohol dehydrogenase (Catalog no G8772) was
acquired from Sigma Aldrich (St. Louis, USA). NADH
(Catalog no 044018) and sodium pyruvate (Catalog no
194796) was obtained from SRL Ltd (Mumbai, India).
Chelating sepharose resins (Catalog no-17-0575-01) from
GE Healthcare (Chalfont St Giles, U.K) were used for His-
tagged protein purification.

The primers used in the study are listed in Table 1.

Growth conditions

E. coli strains were grown at 37 °C, 250 rpm and S.
cerevisiae and K. pastoris strains were grown at 30 °C,
250 rpm in 250 ml or 500 ml flasks for 50 ml and 100 ml
culture volumes, respectively.

Cloning of S. cerevisiae PDC genes

ORFs for ScPDCI (NC 001144.5 coordinates (234081—
232390)), ScPDC5 (NC 001144.5 coordinates (410723—

Table 1 Primers used in this study

Primer Sequence

PDCIF CGATACACATATGTCTGAAATTACTTTGGG
PDCIR GCATCTCGAGTTGCTTAGCGTTGGTAGC
PDCSF CGATACACATATGTCTGAAATAACCTTAGGTAA
PDC5R GCATCTCGAGTTGTTTAGCGTTAGTAGCGGC
PDC6F CGATACACATATGTCTGAAATTACTCTTGGAAA
PDC6R GCATCTCGAGTTGTTTGGCATTTGTAGCGG
T-7R GCTAGTTATTGCTCAGCGG

PpPDCF GCAGGATCCATGGCTGAAATAACACTAG
PpPDCR CGGCCTCGAGTCAATGATGATGATGATGATG

AGCTGCGTTGGTCTTGGC

Restriction site—CATATG —Ndel, CTCGAG —Xhol, GGATCC —BamHI
ATGATGATGATGATGATG—sequence for the His-tag

412414)) and ScPDC6 (NC 001139.9 coordinates
(652981-651290)) were amplified from the genome of S.
cerevisae strain BY4741 and cloned in pET43.1.b vector in
frame with the sequence for a C-terminal His-tag (encoding
6-histidine residues). They were subsequently subcloned
into pRS426GPD by amplification with a gene-specific
forward primer and a T7 reverse primer (to include the
His-tag at the C-terminus of the resulting gene product).
The amplified, tagged, products were cloned into the
pRS426GPD vector and were confirmed by sequencing
and by restriction digestion.

Cloning of K. pastoris PDC (PpPDC)

PpPDC (NC _012965.1 coordinates (383969-382287)) was
amplified from the cDNA of GS115 using gene-specific
primers (PpPDCF and PpPDCR), the reverse primer
containing the His-tag sequence. The RNA isolation was
carried out according to the method described by Schmitt et
al. (1990). cDNA was synthesized in accordance with the
protocol of 3'RACE by Invitrogen (Catalog no. 18373-019,
Carlsbad, USA). The amplified PpPDC gene was confirmed
by sequencing. It was then subcloned into pRS426GPD
vector and confirmed by restriction analysis

Yeast transformation

Yeast strains were transformed by the LiAc method (Ito et
al. 1983). Transformed cells were selected on a defined
minimal medium without uracil.

Expression of PDCs

Protein expression in the recombinant S. cerevisiae strain

was driven by the constitutive GPD promoter, which ex-
presses PDCs when glucose was used as carbon source.
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Yeast strains were grown in a defined minimal medium and
harvested at an OD¢ggnm 0f 1.0—-1.2. Cells were washed with
citrate buffer (pH 6.0) with 1 mM TPP, and 2 mM MgCl,,
and were stored at —80 °C until further analysis.

Cell free extract preparation

A yeast cell-free extract was prepared by the glass beads
method. Cells were thawed and re-suspended in a buffer
containing 20 mM sodium phosphate, 0.5 M NaCl,
10 mM imidazole, 1 mM TPP and 2 mM MgCl,, 1/3
volume of glass beads, and 1 ul of protease inhibitor
(Sigma catalogue no P8215). Cell lysates were
centrifuged for 30 min at 16,000xg at 4 °C, and super-
natants were collected and used immediately or were
stored at 4 °C till further use.

Purification of His-tagged PDCs

Chelating sepharose resin was used for purification of
His-tagged proteins according to the manufacturer's
protocol. Bound PDC proteins were eluted with a se-
ries of elution buffers with 0.1, 0.2, and 0.3 M imid-
azole. The elution fractions were run on denaturing
12 % SDS PAGE and stained with Coomassie brilliant
blue stain to observe the purity of eluted PDCs. PDC
proteins were eluted in 0.2 M imidazole containing
elution buffers. The fractions with >95 % of purity of
the expected size (~60 kDa) were pooled and concen-
trated using centrifugal filter devices of 10 kDa cut off
membranes (EMD Millipore-Merck, Darmstadt,
Germany). Glycerol was added to a final concentration
of 40 % and the protein was then stored at —20 °C till
further use.

Pyruvate decarboxylase activity

PDC activity was determined by a coupled assay using
alcohol dehydrogenase (Ullrich et al. 1966). The assay
mix contained 33 mM sodium pyruvate, 180 mM cit-
rate buffer pH 6.8, 1 mM TPP and 2 mM MgCl,,
0.11 mM NADH, and 30-40 U of alcohol dehydroge-
nase. The reaction was started by adding NADH and
the decrease in absorbance was measured at 340 nm for
1 min. One unit of PDC activity is defined as the
activity required for converting 1 pmol of pyruvate to
1 umol of acetaldehyde in 1 min.

Determination of kinetic parameters (Ky 5 and Vp,ay)
Purified PDC were analyzed for their kinetics properties

using ADH coupled assay as described above. A range
of substrate pyruvate concentrations from 0.1 to 40 mM
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was used for determination of steady-state parameters.
The specific activity (V) was plotted against substrate
concentration ([S]), and data were plotted to the Hill
equation using the Sigma Plot Software (Systat Software
Inc, San Jose, CA), to obtain the values for V.., Kos,
and n (the Hill coefficient).

Vo = VinaxS" /(Kos + S")

pH analysis of the PDCs

pH analysis was done by measuring the PDC activity in a
triple buffer (50 mM MES, 100 mM Tris, 50 mM acetic
acid) of different pH ranging from pH 4.0 to pH 9.0. This
buffer system keeps the ionic strength constant over a wide
range of pH. The activity was then plotted against the log
pH (Chang et al. 2001).

¥ = Vinaxiim/ (1 + 10Pka=PH) 10(PH—Pkb)>

(R)-PAC measurement for carboligation activity

Equal amount of enzyme solution and carboligase buffer
(3 M ethanol, 100 mM pyruvate, and 50 mM benzaldehyde
in 250 mM citrate buffer) were incubated for 30 min
at 25 °C. The reaction was stopped by adding 10 %
trichloro-acetic acid and incubated on ice for 5 min followed
by centrifugation at 16,000xg for 5 min. Dilutions were
made and added to 900 pl of mobile phase (acetonitrile:
water:acetic acid 30:70:0.5) and injected into a HiQ sil C-18
column (supplied by KYA Technologies Corporation,
Tokyo, Japan) maintained at 30 °C with a flow rate of
1.5 ml/min for 15 min. Quantities were calculated using
standard curve prepared from pure standard ((R)-PAC stan-
dards were obtained as a gift from Embio Research Center,
Mumbai, India). One unit of carboligation activity is defined
as the amount of PDC activity which produces 1.0 pmol
of (R)-PAC from benzaldehyde and pyruvate per minute
at pH 7.0 and 25 °C.

Results
Cloning, expression, purification of ScPDC isozymes

Initially, the genes for all the ScPDC isozymes were
cloned in E. coli expression vector pET43.1b. However,
only ScPDC1 was recovered in soluble fraction from
transformed E. coli BL21(DE3) cell-free extracts, while
ScPDC5 and ScPDC6 were found in inclusion bodies.
To express all the isozymes in an active form, these
isozymes were subcloned in yeast expression vector
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pRS426 GPD. PpPDC was also cloned into the same
vector. These were then expressed in a pdc null strain
of S. cerevisiae. This strain is unable to grow on fer-
mentable carbon sources due to the absence of function-
al PDCs. The absence of PDCs creates a redox
imbalance and a possible shortage of acetyl CoA for
lipid synthesis (Flikweert et al. 1996); as in the absence
of PDC, there is no alternative pathway to generate
acetyl CoA in cytoplasm. The cytoplasmic acetyl CoA
is essential for lipid biosynthesis as there is no known
mechanism of transport of mitochondrial acetyl CoA to
cytoplasm. When a PDC is expressed in this pdc null
background, growth on glucose is revived, facilitating a
selection strategy for recombinants with the PDC activ-
ity. All three isozymes, ScPDCI1, ScPDC5, and ScPDC6
as well as PpPDC were able to complement the PDC
function and resulted in revival of growth of the pdc
null strain on glucose.

PDC isozymes were expressed individually and pu-
rified (Fig. 1) to homogeneity from pdc null strain of S.
cerevisiae.

Kinetic characterization

Purified PDC isozymes were analyzed for pyruvate-
dependent steady-state kinetics (Table 2). All the isozymes

of S. cerevisiae and PpPDC demonstrated sigmoidal
kinetic behavior consistent with substrate activation
(Fig. 2), as has been earlier reported for cell lysates
containing ScPDC1 (Hiibner et al. 1978). Hill coeftfi-
cients of more than 1 were observed for ScPDC1 (1.9),
ScPDCS5 (1.6), ScPDC6 (1.7), and PpPDC (2.1).
Similarly, differences in K, s were observed for all the
PDCs (Table 2). It was observed that ScPDCS5 has the
highest Vy.x compared to even ScPDCI, and that
ScPDC6 is the slowest among the isozymes of the S.
cerevisiae. PpPDC has a lower V., than all the iso-
zymes of the S. cerevisiae. It also has the highest K 5
and therefore lowest affinity for pyruvate.

pH kinetics

A pH rate profile was generated for all three S. cerevisiae
enzymes with varying pH. All PDCs studied here have a pH
optimum in the range 6-7 (Table 3), and their pH profiles
pH rates) are similar.

Decarboxylation capacities of pdc null strain overexpressing
the individual isozymes

Decarboxylation was measured in the cell-free extracts
of the pdc null strain overexpressing the various PDCs

Fig. 1 Elution profile of His-tagged ScPDC1 (a), ScPDCS5 (b), ScPDC6 (c¢), and PpPDC (d). Lane I—Mol wt. marker, Lane 2—cell-free extract of
S. cerevisiae, Lane 3—unbound fraction, Lane 4—non-specific fraction, Lane 5—purified fraction of the His-tagged protein
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Table 2 Kinetic parameters of the PDCs

Enzyme Vo (mmol/min/mg) Kos (MM) ke (51)  kea/Kos

ScPDC1 353 2.0 145 725 19
ScPDC5 50.1 29 207 714 1.6
ScPDC6 15.8 2.4 65 27 1.7
PpPDC 2.1 4.2 8.6 2 2.1

(Fig. 3). It was found that the decarboxylation activity
was highest in the cell-free extracts of the strain ex-
pressing ScPDCS5, followed by ScPDCI1, ScPDC6, and
PpPDC. The PDC activities in the cell-free extracts
show a similar trend as that of the V,,x of these
enzymes. In the unregulated background (under a dif-
ferent promoter) where there is a saturated level of
substrate and enzyme, the only factor which influences
the PDC activity in the cell-free extracts is the V.
(reaction rate) of the enzymes.

Carboligation capacities of the PDC proteins

A comparison of the (R)-PAC formation rates of the three
isozymes of S. cerevisiae was done by measuring in vitro
carboligation of the recombinant strains harboring single
PDC isozymes (Fig. 4). It was found that the rate of (R)-
PAC was higher for ScPDCS5 though unlike their decarboxyl-
ation activity patterns, the carboligation rate of ScPDCS5 is
only marginally higher than that of SCPDC1. ScPDC6 has the
lowest carboligation capacity of the S. cerevisiae isozymes but
PpPDC was the least efficient of all the PDCs evaluated.

Growth and ethanol production profiles of pdc null strain
expressing ScPDCl, 5, 6, and PpPDC

pdc null strains expressing PDCs were analyzed for growth
and ethanol production (Fig. 5). Strains containing isozymes
of S. cerevisiae showed identical growth patterns,
whereas the strain containing PpPDC showed a lower
specific growth rate. Stationary phase cell densities were
similar however.

The ethanol production profile was similar for
ScPDC1- and ScPDCS5-expressing strains. There was
lower ethanol production with ScPDC6, than with other
two isozymes. The PpPDC-expressing strain showed the
lowest amount of ethanol production. This corresponds
to the relative efficiencies of the enzymes, though the
initial lag in the growth of strain expressing PpPDC
could be a contributing factor in the lower ethanol
production. It was observed that the ethanol levels pro-
duced at the onset of stationary phase was the same for
strains expressing any of the four isozymes.
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PDC activity of K. pastoris in various carbon sources

K. pastoris can use various carbon sources. Hence, PDC
activity was assayed for in the crude extracts of cultures
grown on methanol, ethanol, glycerol, and glucose. It was
observed that the highest PDC activity was in glucose,
followed by glycerol. There was negligible activity on ethanol
and methanol (Fig. 6).

Discussion

S. cerevisiae contains six genes for PDC. Three of these,
ScPDC1, 5, and 6, code for proteins with catalytic activities.
All three isozymes have a very high sequence similarity at
DNA (90 %) as well as protein (80 %) level. Enzyme kinetic
parameters were determined by in vitro experiments with
purified enzymes. The proteins were then expressed indi-
vidually in a pdc null background to study the in vivo
behavior of the enzymes.

The kinetic constants of the isozymes ScPDCI,
ScPDC5, ScPDC6, and PpPDC differ considerably.
ScPDCS5 has a higher reaction rate (Vi.x) than
ScPDCI1, whereas it has a lower affinity for pyruvate
as indicated by the higher K, s The efficiency of the
enzyme calculated by k../Kos indicates that ScPDCI
and ScPDC5 have similar decarboxylation rates. In S.
cerevisiae, under fermentative conditions involving very
high sugar levels, large amounts of pyruvate are gener-
ated. Under such conditions, a high PDC activity is
desirable to divert pyruvate to ethanol. The other major
enzyme competing for pyruvate, pyruvate dehydroge-
nase (PDH), has a lower V. for pyruvate (Kresze
and Ronft 1981) and is therefore rapidly saturated,
limiting the pyruvate flux into the TCA cycle. The
ScPDC5 characterized in this study was identified to
have a high reaction rate and is thus expected to be
expressed in such conditions potentially increasing the
total PDC activity of yeast. The high K5 (2.9) of
ScPDC5 compared to ScPDC1 (2.0) also seems to be
relevant for these conditions, as only excess pyruvate
needs to be metabolized via ethanol. The expression of
ScPDC6 has been found in only certain conditions such
as high glucose stress (Erasmus et al. 2003) and when
sulfur is limited (Fauchon et al. 2002; Pereira et al.
2008). ScPDC6 has fewer sulfur-containing amino acids
than other isoforms. Thus, even though ScPDC6 is less
efficient than the other two enzymes, it has a survival
advantage when sulfur is limited.

It was observed that the enzyme kinetics for the
ScPDCI, 5, 6, and PpPDC deviated from the typical
hyperbolic Michaelis—Menten pattern as could be de-
duced from the sigmoidal behavior. This was further
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Fig. 2 Plots of reaction rates
for PDCs versus substrate S0
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confirmed by the fact that Hill coefficient for all the
PDC isozymes was near 2 which indicates positive
cooperativity. PDCs from various yeasts (Baburina et
al. 1994; Krieger et al. 2002) and a few Gram-positive
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bacteria (Lowe and Zeikus 1992) have been found to
display sigmoidal kinetics with cooperativity, unlike the
Michaelis—Menten kinetics demonstrated by most bacte-
rial PDCs (Dobritzsch et al. 1998). In this respect, all

@ Springer



9446

Appl Microbiol Biotechnol (2013) 97:9439-9449

Table 3 Acid and basic

dissociation constants of Enzyme pKa pKy
the PDC enzymes
ScPDCl1 5.8 7.6
ScPDC5 6.2 7.2
ScPDC6 59 7.6
PpPDC 6.1 74

the PDCs characterized here show a similar kinetics to
that of other yeast PDCs. The Cys221 amino acid has
been indicated in ScPDCI1 as responsible for the sub-
strate activation (Baburina et al. 1994). A sequence
comparison of the proteins shows that the Cys221 res-
idue is conserved in all the ScPDC catalytic isozymes
and PpPDC. Hence, it can be hypothesized that the
substrate activation in ScPDCS5, 6, and PpPDC has a
similar mechanism to the one in ScPDCI.

The catalytic and regulatory mechanisms of ScPDClI
have been extensively studied and various important
residues such as His 92, Glu 91 (Baburina et al.
1998), Asp28, Hisl14, Glu 477 (Lu et al. 2000), Glu
51, Gly 413, Ile 415 (Arjunan et al. 1996), Asp 444,
Asn471, and Gly473 (Muller et al. 1993) have been
identified for catalytic activity and regulatory activity.
Sequence comparison shows that all those residues im-
portant for substrate activation and catalytic activity are
conserved not only in the ScPDCs but also in PpPDC.
The similar pH profiles (Table 3) and the conserved
amino acids at catalytic and regulatory sites suggest that
the basic catalytic mechanism is conserved in the
ScPDC isozymes as well as PpPDC.

There are yeast-based industrial processes where the
glucose levels are high such as batch fermentation
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Fig. 3 Estimation of decarboxylation activities in the cell-free extracts
of pdc null strains expressing ScPDC1, ScPDCS5, ScPDC6, and
PpPDC. The experiments were done in triplicates and the error bars
represent the standard deviations
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Fig. 4 Estimation of carboligation activities in the cell-free extracts of
pdc null strains expressing SCPDC1, ScPDCS, ScPDC6, and PpPDC.
The experiments were done in triplicates and the error bars represent
the standard deviations

processes in which high concentration of molasses are
used. ScPDCI is easily replaceable by ScPDCS5 for any
such processes using decarboxylation activity; in such
saturated substrate conditions, the lower affinity for
pyruvate is inconsequential and the high reaction rate
is advantageous. The in vivo experiments with single
PDC enzymes expressed in the pdc null background
strengthens the point that when there is no native reg-
ulation, and when saturated levels of pyruvate are pres-
ent, there is no difference in the ethanol production
capacities of all the PDCs.

The recently published genomes of the GS115 and
DSMZ 70382 strains of K. pastoris (De Schutter et al.
2009; Mattanovich et al. 2009) confirmed the existence of
a single PDC gene in K. pastoris. The pyruvate decarbox-
ylase activity when determined in the crude extract of K.
pastoris was approximately five times less in comparison to
the S. cerevisiae PDC activity. When grown on different
carbon sources, maximum PDC activity was found during
growth on glucose and glycerol, with a relatively higher
activity on glucose; no PDC activity was detectable during
growth on ethanol and methanol (Fig. 6). Thus, PDC activ-
ity in K. pastoris is induced by the presence of glycolytic
substrates.

Kinetic parameters of the K. pastoris PDC were deter-
mined to establish whether there is a significant difference in
the kinetic efficiencies of the PDCs of this Crabtree-negative
yeast which might contribute to its lower level of PDC
activity. The Ky s of PpPDC was determined as 4.2 mM
which is significantly higher than that for ScPDC1 (2.0 mM).
Thus, PpPDC has lesser affinity for pyruvate in compari-
son to all three ScPDCs. This ensures that pyruvate in K.
pastoris is diverted towards acetaldehyde formation only at
a higher pyruvate concentration due to shut down of respi-
ratory metabolism as a result of anaerobic conditions. In
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Fig. 5 Growth pattern and ethanol production of pdc null strains expressing ScPDC1, ScPDCS5, ScPDC6, and PpPDC. a Growth profile. b Ethanol
production. The experiments were done in triplicates and the error bars represent the standard deviations

anaerobic condition, NADH generated during glycolysis
cannot be oxidized through the usual respiratory chain.
Hence, an alternate fermentation strategy is required for
maintaining the redox balance and survival of the or-
ganism. Presence of a PDC in K. pastoris ensures that
in such condition it has the alternative route. At the
same time, a lower affinity for pyruvate reduces the
chances of aerobic fermentation by rapid switching of
metabolism to respiration when oxygen becomes avail-
able after oxygen limitation. The turnover number of
PpPDC (kea=8.6 s ') is also lesser than those for all
three catalytic ScPDC isozymes. The efficiency of the
enzyme, as determined by k../Kos is 2 which is ap-
proximately 30 times less than for ScPDCI1. The lower
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Fig. 6 PDC activity of K. pastoris on various carbon sources. YPD—
yeast extract, peptone and dextrose, YPG—yeast extract, peptone, and
glycerol, YPE—yeast extract, peptone, and ethanol, YPM—yeast ex-
tract, peptone, and methanol, and YP—only yeast extract and peptone.
The experiments were done in triplicates and the error bars represent
the standard deviations

decarboxylation efficiency of the PpPDC may be par-
tially responsible for the Crabtree-negative phenotype.
There are other factors which could be responsible for
this phenotype such as presence of acetaldehyde dehy-
drogenase (with a possibility of higher affinity for acet-
aldehyde) and acetyl coA synthetase (the annotated
genes are present in the GS115 genomic database),
which diverts pyruvate towards acetyl CoA formation,
thus channelling pyruvate into the TCA cycle or lipid
biosynthesis to increase biomass formation instead of
ethanol formation.

As PDCs are commercially used to carry out the biosynthe-
sis of (R)-PAC, the carboligation rates of the PDC isozymes
were investigated. Among the isozymes of S. cerevisiae,
ScPDC1 and 5 show similar in vitro (R)-PAC yields by the
cell-free extracts in the recombinant strain overexpressing
single isozymes (Fig. 4). ScPDC6 and PpPDC which have
lower carboligation capacities are less suitable for (R)-PAC
synthesis. ScPDC1 was also able to convert 4-methoxy-
benzaldehyde and 3-chloro-benzaldehyde to corresponding
carbinols, but PpPDC was not able to carry out these
biotransformations.

ScPDC5 would be the choice of PDC for the industrial
fermentation process where overexpression of PDCs with-
out the native regulation is desired. This could be used for
decarboxylation processes for ethanol formation and the
biotransformations with aldehyde for synthesis of addition
products such as acetoin and (R)-PAC.
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