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In the production of pyruvate and optically active a-hydroxy ketones by Torulopsis
glabrata, pyruvate decarboxylase (PDC, EC 4.1.1.1) plays an important role in pyru-
vate metabolism and in catalyzing the biotransformation of aromatic amino acid pre-
cursors to a-hydroxy ketones. In this paper, we have purified and characterized PDC
from T. glabrata IFO005 and cloned the corresponding gene. A simple, rapid and effi-
cient purification protocol was developed that provided PDC with high specific activ-
ity. Unlike other yeast or higher plant enzymes, known as homotetramers (a4 or ,) or
heterotetramers (a,f,), two active isoforms of PDC purified from T. glabrata IFO005
were homodimeric proteins with subunits of 58.7 kDa. We isolated the T. glabrata
PDC gene encoding 563 amino acid residues and succeeded in overproducing the
recombinant PDC protein in Escherichia coli, in which the product amounted to
about 10-20% of the total protein of the cell extract. Recombinant PDC from E. coli
was purified as a homotetramer. Targeted gene disruption of PDC confirmed that 7.
glabrata has only one gene of PDC. This PDC gene showed about 80% homology with
the genes of other yeasts, and amino acid residues involved in the allosteric site for
pyruvate in other yeast PDCs were conserved in T. glabrata PDC. Both native PDC
and recombinant PDC were activated by pyruvate and exhibited sigmoidal kinetics
similar to those of Saccharomyces cerevisiae and higher plants. They also exhibited
the similar catalytic properties: low thermostability, similar pH stability and optimal
PH, and complete inhibition by glyoxylate.

Key words: active dimmer, active staining, allosteric regulation, pyruvate decarboxy-
lase, Torulopsis glabrata.

Abbreviations: PDC, pyruvate decarboxylase; ScePDC1, Saccharomyces cerevisiae pyruvate decarboxylase isoenzme
1; TglPDC, Torulopsis glabrata pyruvate decarboxylase; ZmoPDC, Zymomonas mobilis pyruvate decarboxylase;
ThDP, thiamine diphosphate; SD, defined synthetic medium; ADH, alcohol dehydrogenase; CAPS, 3-cyclohexy-
lamino-1-propanesulfonic acid; DAB, diaminobenzidine; Bis-tris, bis[2-hydroxyethylliminotris[hydroxymethyl]lmeth-
ane; IPTG, isopropylthio-B-D-galactoside; OPD, o-phenylenediamine; ELISA, enzyme-linked immunosorbent assay.

Wild-type and non-conventional yeasts are considered to
have a more versatile secondary metabolism than Sac-
chramyces cerevisiae strains (baker’s or brewer’s yeast),
which have been cultivated over decades to optimize
product yield (i.e., ethanol and carbon dioxide) at the
expense of product diversity. Torulopsis glabrata was a
superior species for pyruvate production and optically
active a-hydroxy ketones production (1, 2). For pyruvate
production, it is important to keep balance of pyruvate
metabolism in balance by regulating the activity of pyru-
vate decarboxylase (PDC, EC 4.1.1.1) (1, 3). PDC plays a
great role in T. glabrata during a-hydroxy ketones pro-
duction. Cells of T glabrata produced o-hydroxy ketones
from a-keto acid and aromatic amino acid precursors by
the action of PDC during fermentation (Fig. 1) (2). Thus,
a detailed characterization of T. glabrata PDC is helpful
for understanding its metabolic function and enzyme
reaction mechanism in this organism.

PDC has been found in yeasts (4, 5), fungi (6), bacteria
(7, 8) and plants (9—11). Dependent on the species from
which the enzyme was isolated, either one (bacteria, hap-
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loid yeast and non-conventional yeast) or two (diploid
brewer’s yeast, pea, maize and wheat) types of subunits
were detected by SDS-PAGE with molecular masses of
about 60 kDa. Generally, the enzyme is a tetramer, with
each monomer containing one molecule of the cofactor,
thiamine diphosphate (ThDP), anchored to the subunit
by coordination to a magnesium ion (Mg?*). All these
PDCs consist of subunits containing about 552-610
amino acid residues. Enzymes from plants (pea, maize,
rice) have somewhat longer chains than those from
yeasts, molds and bacteria. During the past decade, more
studies of PDCs including their structure and function
relationships have focused on S. cerevisiae and Zymo-
monas mobilis (12). PDC has two different catalytic prop-
erties: non-oxidative decarboxylation of a-keto acids and
carboligase side-reaction leading to the formation of a-
hydroxy ketones (12). PDC mainly catalyses the conver-
sion of pyruvate to acetaldehyde, a key step in ethanol
fermentation. In the glycolytic pathway, glucose is first
broken down to form two molecules of pyruvate, supply-
ing energy to cells in the form of ATP and NADH. The
pyruvate formed has several metabolic fates (13).

Genes for PDC were also isolated from yeasts and
fungi such as S. cerevisiae (14-16), Hanseniaspora
uvarum (17), Klyveromyces marxianus (18), K. lactis (19),
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Fig. 1. Formation of acromatic o-hydroxy ketones by pyru-
vate decarboxylase (PDC).

Zygosaccharomyces bisporus (20), Neurospora crassa (21),
Aspergillus parasiticus (22), A. nidulans (23), A. oryzae
(24), from plants, like maize (Zea maize) (25), rice (Oryza
sativa) (26), pea (Pisum sativum) (27) and from bacteria,
such as Z. mobilis (28), Zymobacter palmae (29), Aceto-
bacter pasteurianus (30) and Sarcina ventriculi (31). One
way to confirm the homomeric form of active PDC is to
clone and express the enzyme gene in a heterologous
host. The same system could then be used to study struc-
ture-function relationships of this protein. So far, only a
few PDC genes have been actively expressed (30-32).

In this study, we have established the presence of PDC
in T. glabrata by cloning the gene and purifying the
enzyme. Biochemical and kinetic properties of the
enzyme are reported here and compared with those of
homologues from yeasts, molds, bacteria and plants. Dif-
ferences in properties among them might provide a use-
ful guide for development of biocatalysis for optically
active a-hydroxy ketone production and improvement of
pyruvate production by regulating the activity of the
enzyme.

EXPERIMENTAL PROCEDURES

Materials—Phenyl-Sepharose 6 Fast Flow, Q-Sepha-
rose 6 Fast Flow, Superdex 200 and HMW native marker
kit were from Amersham Pharmacia Biotech. NADH,
CAPS, DAB and Bis-Tris were from Amresco Inc. (Solon,
OH). Alcohol dehydrogenase was from Worthington Bio-
chemical Corporation (Lakewood, NJ); 1,2-dianilioneh-
tane was from ICN Pharmaceuticals Inc. (Irvine, CA).
IPTG was from BBI International (Cotopaxi, CO).
Sodium pyruvate, thiamine diphosphate, OPD and ampi-
cillin were from Sigma. Bovine serum albumin was from
Roche Molecular Biochemicals. Anti-Rabbit IgG conju-
gated horseradish peroxidase was from Vector Laborato-
ries (Burlingame, CA). YNB (yeast nitrogen base) was
from Difco Laboratories (Detroit, MI). All other chemicals
were of the highest grade commercially available.

Strains, Plasmids, and Growth Media—T. glabrata
IFO005 was a gift from Dr. Liu Jiquan (Southern Yangtze
University, PR. China). S. cerevisice YSH 901(alpha
leu2-3/112 ura3-52 trp1-92 SUC GAL pdcA::LEU2) was a
gift from Prof. Stefan Hohmann (Goéteborg University,
Sweden). pRUL129 was obtained from Dr. H. Yde
Steensma (Leiden University, The Netherlands); pMD18-
T was from Takara; E. coli strain DH50 was from Strata-
gene; pET21a(+) and E. coli strain BL21(DE3) were from
Navogen. Yeasts were grown in YEPD (1% yeast extract,
2% tryptone, 2% glucose, pH5.5) or SD (0.67% YNB, 2%
glucose) and E. coli in LB (33) with 100 pg/ml ampicillin,
if necessary.

Assay of Enzyme Activity—In the purification steps,
PDC activity was measured by a coupled enzyme assay
(34) with minor modification. Pyruvate is decarboxylated
by PDC, producing acetaldehyde, which is reduced by an
excess of ADH. The oxidation of NADH was followed by
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the decrease in absorption at 340 nm using a spectropho-
tometer. Assays were performed at 30°C and pH 6.0 in
100 mM citrate buffer, 33 mM sodium pyruvate with 1.5
units of yeast ADH in 3 ml volumes, unless otherwise
noted. Enzyme activity was measured for the first 1-3
min. One unit of enzyme activity is defined as the activity
to decarboxylate 1 umol of pyruvate per min.

Purification of PDC—AII purification procedures were
performed at 4°C. T. glabrata IFO005 was grown over-
night (18 h) in YEPD at 30°C. Cells were harvested by
centrifugation at 5,000 x g for 10 min, washed twice in
20 mM phosphate buffer (pH 6.0), containing 5 mM Mg
SO, and 2 mM EDTA (buffer A) and resuspended (15 g
cell paste in 50 ml) in buffer A. The cells were disrupted
by sonication in ice-bath at 600 W for 20 min. The intact
cells and debris were removed by centrifugation (15,000 x
g, 30 min). The enzyme solution obtained was adjusted to
40% saturation with solid ammonium sulphate, stirred
for 30 min and centrifuged (15,000 x g, 30 min). The
supernatant solution was made up to 70% ammonium
sulphate saturation and stirred for 8-10 h. After centrif-
ugation (15,000 x g, 30 min), the pellet was resuspened in
10 ml of 20 mM phosphate buffer (pH 6.0) containing 5
mM MgSO, and 2 mM EDTA, 1 M ammonium sulphate
(buffer B) and applied to a 10 mm x 20 cm column of phe-
nyl-Sepharose 6 Fast Flow equilibrated with buffer B.
The column was washed with 250 ml of buffer B, and
then a decreased gradient 250 ml of buffer B and 250 ml
of buffer A was applied at 1 ml/min. Fractions containing
high activity were pooled and concentrated with
PEG20000. The concentrated enzyme solution was dia-
lyzed against 20 mM Bis-Tris containing 5 mM MgSO,
and 2 mM EDTA (buffer C) and applied to a 10 mm x 20
cm column of Q-Sepharose 6 Fast Flow equilibrated with
buffer C. The column was washed with 150 ml of buffer C,
then an increased gradient of 150 ml buffer C and 150 ml
of 20 mM Bis-Tris containing 5 mM MgSO,, 2 mM EDTA
and 0.4 M NaCl was applied at 1 ml/min. Fractions con-
taining high activity were pooled and dialyzed against
buffer A. The dialyzed enzyme solution was lyophilized
and stored at —20°C. The recombinant PDC from E. coli
was purified with the same procedure.

Gel Filtration—The purified enzyme was applied to a
Superdex 200 column (10 mm x 30 cm) and fractionated
at a flow rate of 0.5 ml/min with a fast protein liquid
chromatography system (Amersham Pharmacia Bio-
tech). Bovine pancreas chymotrypsinogen A (M, 25 kDa),
hen egg ovalbumin (M, 43 kDa), bovine serum albumin
(M, 66 kDa), rabbit muscle aldolase (M, 150 kDa), horse
spleen ferritin (M, 440 kDa) were used as molecular
weight standard proteins.

Amino Acid Sequencing—The purified enzyme was
subjected to SDS—polyacrylamide gel electrophoresis
(SDS-PAGE) with SDS-Tris system using 10% polyacry-
lamide gel according to the procedure described by Lae-
mmli (35) using a Mini-Protean III apparatus (Bio-Rad),
then electrotransferred onto PVDF membrane (Millipore
Corp.). The transferred protein was visualized with Com-
massie Brilliant Blue (0.25% Coomassie Blue R-250 in
45% methanol, 10% acetic acid). The band at about 60
kDa was excised and used for N-terminal amino acid
sequencing with a Procise® Protein Sequencing System
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(Applied Biosystems, Inc.) following the manufacture’s
procedures.

PAGE and Enzyme Activity Staining—The purified
enzyme was subjected to native gradient PAGE using 5—
12.5% linear gradient slab gel with a running buffer con-
sisting of 25 mM Tris and 192 mM glycine (pH 8.8) at
4°C. Gels were fixed and stained in 0.25% Coomassie
Blue R-250 in 45% methanol, 10% acetic acid. Activity
staining with 1,2-dianilinoethane (36) was utilized for
native gel.

Antibody Production and Western Blotting—Antibod-
ies against PDC II from T. glabrata were raised in rabbits
by four injections of emulsion containing 2 mg of enzyme
(purified enzyme powder) in 40 d. The antibody titer was
determined by diluting the antibody on an ELISA micro-
titer plate and by using the anti-rabbit IgG horseradish
peroxidase conjugate system with OPD as staining rea-
gent for detection. Western blotting was performed
according to Candy et al. (32) with some modifications,
and blots were stained with dissolved DAB (50 ml of
phosphate buffer containing 30 mg of DAB and 75 pl of
30% H202).

Isolation and Sequencing Genomic DNA Clone Encod-
ing PDC from T. glabrata—Based on the sequences of
various yeast PDC genes in Genbank, we designed and
synthesized oligonucleotides as primers to obtain partial
DNA fragments encoding the structural gene of PDC by
PCR against genomic DNA from T. glabrata. The oligonu-
cleotides were 5-GCGGATCCATGTCTGAAATTACTT-
TGG-3' and 5'-GTTCTCGAGCTTATTGCTTAGCGTTGG-
3’. The genomic DNA of T. glabrata was prepared by the
glass-beads method (37). PCR was performed using EX
Taq DNA polymerase (Takara) under following condi-
tions: 94°C for 2 min, 30 cycles of 94°C for 40 s, 57°C for
40 s, and 72°C for 2 min, then 72°C for 5 min. The PCR
product was directly cloned into a pMD18-T vector and
sequenced by ABI 373A DNA sequencer (Perkin Elmer
Life Sciences). Based on the obtained sequence of cloned
PDC, the upstream sequence (199 bp) of the starting
codon of T! glabrata PDC gene was cloned specifically fol-
lowing the instruction manual with TaKaRa LA PCR™ in
vitro cloning kit. The specific oligonucleotides (S1, S2)
were 5'-GTTCTCGAGCTTATTGCTTAGCGTTGG-3' and
5-CGTTGTTCAAGACGAACAAG-3', respectively. From
the sequence of the 5’ non-coding region, we designed and
synthesized oligonucleotides to obtain the DNA frag-
ments containing the 5 non-coding region and coding
region of the PDC gene by PCR against genomic DNA
from T. glabrata. The oligonucleotides were 5'-CAGAAA-
GAAAAATTTTCTTC-3' and 5'-GTTCTCGAGCTTATTG-
CTTAGCGTTGG-3'. PCR was performed using EX Taq
DNA polymerase under the following conditions: 94°C for
2 min, 35 cycles of 94°C for 30 s, 52°C for 30 s, and 72°C
for 2 min, then 72°C for 10 min. The PCR product was
directly cloned into a pMD18-T vector and sequenced by
the same procedure as above. The whole sequence was
submitted to GenBank.

Gene Disruption—To generate T. glabrata strains suit-
able for genetic transformation, strains bearing muta-
tions in the gene (URA3) encoding orotidine 5’-phosphate
decarboxylase were isolated by ethyl methansulfonate
(EMS, Sigma Chemical Co., St. Louis, MO.) mutagenesis
(37). The PDC-derived homologous DNA fragment I (Fig.
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8A) was constructed. Then this DNA fragment was trans-
fected into T. glabrata ura3 strain by modified lithium
acetate method (37), and PDC gene disruption was car-
ried out by homologous recombination in vivo with S. cer-
evisiae URA3 gene as selective marker (Fig. 8A). Tar-
geted PDC gene disruption in 7. glabrata was also
confirmed by PCR amplification and sequencing of the
PDC gene and its mutants (Fig. 8B). The primers for PCR
amplification were 5-CAGAAAGAAAAATTTTCTTC-3'
and 5'-GTTCTCGAGCTTATTGCTTAGCGTTGG-3'.

Expression of Recombinant PDC in E. coli and S. cere-
visiae—To analyze expression in E. coli, the PCR product
of the PDC gene was digested with BamHI and Xhol to
obtain a 1.7-kb fragment containing 7. glabrata PDC cod-
ing region. This fragment was then cloned directly into
the expression vector pET21a(+) downstream of the T7
promotor to produce pETP1, which was transfected into
BL21(DE3) host cells for protein production. Trans-
formed host cells were induced with IPTG (100 uM) and
expressed the recombinant protein. Recombinant PDC
was extracted from bacteria by votex-shaking (10 min)
after adding glass beads and buffer A to the bacterial pel-
let. The lysate was cleared by centrifugation (15,000 x g,
30 min).

To analyze expression in S. cerevisiae, pPRTP1 was con-
structed. Briefly, the PCR product of the PDC gene was
digested with BamHI and Xhol and cloned directly into
pRUL129 to produce recombinant plasmid pRTP1. S. cer-
evisiae strain YSH 901 was transformed with pRTP1 by
electroporation, followed by uracil selection on SD agar
plates containing tryptophan and leucine. Transformed
host cells were grown overnight at 30°C in SD medium
containing tryptophan and leucine, and expressed the
recombinant protein. PDC (containing ScePDC and
recombinant TglPDC) was extracted from yeast by votex-
shaking (10 min) after adding glass beads and buffer A to
the yeast pellet. The lysate was cleared by centrifugation
(15,000 x g, 30 min).

Other Methods—Protein concentration during the
purification procedure was determined by the Bradford
method (38) using bovine serum albumin as a standard.
The basic molecular biology techniques were performed
according to manufacture’s instructions or standard pro-
cedures (33). Preparation of plasmid DNA from S. cerevi-
siae was performed by Zhao’s method (39).

RESULTS

Purification of PDC—Cells of T. glabrata were har-
vested after 18 h of incubation in YEPD medium, when
the maximum catalytic activity of PDC in T. glabrata was
detected. Two pools of fractions with PDC activity were
isolated by ammonium sulphate precipitation of 7. gla-
brata IFO005 crude extract after hydrophobic interaction
chromatography (Fig. 2). The two pools were purified to
homogeneity by ion-exchange chromatography on a col-
umn of Q-Sepharose. As shown in Fig. 3, two purified iso-
forms of PDC (PDC I and II) both showed a single band
with an apparent M, of about 58.7 kDa on SDS-PAGE.
Table 1 summarizes the purification of PDC from 7. gla-
brata extract. Yields of 1.8 mg of PDC I protein and 3.5
mg of PDC II protein were obtained from 1 liter culture of
T. glabrata with 18.1-fold and 33.3-fold purification and
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Fig. 2. Phenyl-Sepharose 6 Fast Flow hydrophobic interac-
tion. Ay, was the absorption of enzyme fraction at 280 nm; A, is
the decrease in absorption at 340 nm per min during enzyme reac-
tion. PDC I: Fraction 118-135; PDC II: Fraction 143-160. open
squares, protein concentration; solid squares, PDC enzyme activity;
solid triangles, ammonium sulfate.

5% and 17% enzyme activity recovery, respectively (aver-
aged values of 5 preparations). With lyophilization, the
enzyme powder could be stored at —20°C for 3 months
without loss of activity.

Physical Characterization, Activity Staining and Cross
Reactivity—The M, of both purified enzymes was esti-
mated to be about 150 kDa by gel filtration and 120 kDa
by native gradient PAGE (Fig. 4A) respectively. These
results show that the two isoforms of native PDC from 7.
glabrata have a dimeric structure composed of two iden-
tical subunits. After activity staining, two white activity
bands appeared in gradient native gel (Fig. 4B), indicat-
ing that both PDC I and II from T. glabrata have PDC
activity. This is thought to be the first report of active
dimeric proteins of PDC purified from yeast. Polyclonal
antibodies against T. glabrata PDC II could be obtained
from rabbits. The non-purified antibodies reacted with
58.7-kDa proteins (PDC I and II) (data not shown).

Kinetic Parameters of Native PDC—Steady-state anal-
ysis of the purified PDC was carried out. T. glabrata PDC
I and II both showed the same sigmoid dependence of
reaction rate on pyruvate concentration as the enzyme
from S. cerevisiae (40), but differed from the Michaelis-
Menten kinetics found with PDC from Z. mobilis (7). The
kinetic parameters for PDC I and II were determined
with respect to pyruvate. As shown in Fig. 5, the experi-
mental data were analyzed with a modified Lineweaver-
Burk plot (1/v versus 1/52) (20, 41). The values of K, and
k. from pyruvate were 0.8 mM and 43.6 s7! for PDC I,
and 0.9 mM and 77.0 s! for PDC II, respectively (Table

Table 1. Purification of PDC from Torulopsis glabrata IFO005.
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Fig. 3. SDS-PAGE at various steps of PDC purification from
T. glabrata. Lane 7: Crude extract of T glabrata; lane 6:
(NH,),SO, precipitation; lanes 1, 5: Phenyl-Sepharose 6 FF column
(PDC I and PDC II, respectively); lanes 2, 4: after Q-Sepharose 6 FF
column (PDC I and PDC II, respectively); lane 3: protein marker
(97.4 kDa, 66.2 kDa, 43.0 kDa, 30.0 kDa, from top). The samples
were analyzed by SDS-PAGE on 10% gel and stained with the
Coomassie Brilliant Blue R-250.

kDa
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Fig. 4. Native PAGE of PDC from T. glabrata after purifica-
tion and activity stained native PAGE of PDC. The samples
were analyzed by gradient (5—12.5%) native PAGE and stained with
the Coomassie Brilliant Blue R-250 (A) or activity staining (B) (41).
Lane 1: protein marker; lanes 2, 4: PDC II; lanes 3, 5: PDC I

2). These K, values were similar to those of many yeast
and plant PDCs, including those purified from S. cerevi-
siae (1-3 mM) (4, 40), Z. bisporus (1.73 mM) (20), H.

Steps Total protein (mg)  Activity (U)  Specific activity (U/mg)  Yield (%) Purification factor
Crude extract 687.1 825 1.2 100 —
Ammonium sulphate precipitation 361.2 593 1.6 72 1.3
Phenyl-Sepharose 6 FF

Pool I 28.6 127 4.4 15 3.7

Pool II 22.1 369 16.7 45 13.9
Q-Sepharose 6 FF

Pool I 1.8 39 21.7 5 18.1

Pool II 3.5 140 40.0 17 33.3

The data shown here are the mean results of five purifications.
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Table 2. Kinetic parameters of purified PDC.

Enzymes Py (57D K,(mM) k., /K, M1s?)
Native PDC I 43.6 0.8 5.4 x 104
Native PDC II 77.0 0.9 8.5 x 104
Recombinant PDC 60.8 2.0 3.0 x 104

Kinetic constants were determined under standard assay condi-
tions described in “EXPERIMENTAL PROCEDURES,” k,, was calculated
from V., assuming that one subunit contains one active site. The

max’

molecular mass of PDC I and IT was 120 kDa, and that of the recom-
binant PDC was 240 kDa.

uvarum (0.75 mM) (17), wheat germ (3.0 mM) (9), and
pea (1.0 mM) (11). However, they are several-fold higher
than those reported for the PDCs of Z. mobilis (0.3-0.4
mM) (7) and rice (0.25 mM) (10).

Stability of Temperature and Effect of pH—The stabil-
ity of the native enzymes was examined at various tem-
peratures. After samples of the enzymes had been prein-
cubted for 60min in buffer A, their PDC activities were
assayed as described in EXPERIMENTAL PROCEDURES. The
activities relative to that at 30°C were as follows: (1) PDC
I: 60°C, 3%; 50°C, 23.9%; 45°C, 43.7%; 40°C, 73.2 %; 30°C,
100%. (2) PDC II: 60°C, 2.7%; 55°C, 8.4%; 50°C, 43.1%;
45°C, 75.8%; 40°C, 93.2%; 30°C, 100%. The T}, value of
these two isoforms of PDC was 44.3°C and 49.1°C, respec-
tively. If the cofactors (ThDP and Mg?*) were added into
the enzyme solution during preincubation, the tempera-
ture stability of these enzymes increased. The T, values
increased by 4.6°C and 5.3°C, respectively. Storage at —
20°C in a buffered solution containing their cofactors
(ThDP and Mg?*) also increased stability. The activity of
PDC stored at —20°C for 24 h in the buffered solution not
containing the cofactors decreased about by 34% and
28%, respectively. The stability of the two isoforms of
PDC was also examined at various pH values. The
enzyme was incubated at 30°C for 30 min in the following
buffers (300 mM): sodium citrate (pH 4.0-6.0) and
sodium phosphate (pH 6.0-8.0). Then a sample of the
enzyme solution was taken, and the PDC activity was
assayed under the standard conditions. The activities of
two isoforms of PDC were stable in the range of pH 6.5—
7.5 and decreased gradually at lower pH. At pH 4.0,
almost no activity could be detected. The optimal pH for
the activity of the two isoforms was determined in the
buffers described above. The two enzymes showed their
maximum activity at pH 6.0-6.5 (Fig. 6). According the
product manual (Worthington Biochemical), yeast ADH
has an optimum pH nearer to 7.0 for the reduction of
acetaldehyde. However, in our PDC assay, the optimal pH
of the two isoforms was still pH 6.0-6.5 when the amount
of ADH was varied at the different pHs. Therefore, the
pH-dependence of ADH activity did not affect the optimal
pH of PDC.

Inhibition Studies—Various compounds were investi-
gated for their inhibitory effect on enzyme activity. We
measured the enzyme activity under standard conditions
after incubation at 30°C for 30 min with various com-
pounds added at different concentrations. The fact that
the enzymes were completely inhibited by glyoxylate
indicated that they were ThDP-containing enzymes (42).
High concentration of ThDP also completely inhibited the
enzyme activity (75 mM for PDC I, 100 mM for PDC II).
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Fig. 5. Dependence of the PDC I (A) and PDC II (B) reaction
rate on the substrate concentration. Measurements were done
at a protein concentration of 0.8 mg/ml at 30°C in 0.1 M sodium cit-
rate, pH 6.0.
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Fig. 6. pH dependence of PDC activity. Measurements were
made at a protein concentration of about 0.8 mg/ml at 30°C in the
following buffers: sodium citrate (0.1 M, pH 4.0-6.0) and sodium
phosphate (0.1 M, pH 6.0-8.0). PDC I (filled square), PDC II (filled
circle).

The enzymes were also completely inhibited by Ag* and
Cu?* (20 mM AgNO, and 20 mM CuSO,). Other inorganic
compounds (20 mM) such as NiSO,, FeSO,, ZnCl,, ZnSO,,
Li,SO,, CoCl,, BaCl,, KCI, CaCl,, FeCl;, Al,(SO,);, CrCl,,
and MnSO, did not influence the activity. High concen-
tration (1 M) of dithiothreitol could completely inhibited
the enzyme activity. 2-Mercaptoethanol, urea and etha-
nol had no significant effect on the enzymes.

Cloning and Disruption of the PDC Gene—Three clones
were isolated and sequenced. The nucleotide sequence of
T. glabrata PDC (GenBank accession number AF545432)
is shown in Fig. 7. The gene contains a 1692-base pair
open reading frame (47.9% GC content) encoding a pro-
tein of 563 amino acid residues. The deduced amino acid
sequence of PDC is also shown in Fig. 7. The molecular
mass of 58.7 kDa obtained by SDS-PAGE was lower than
the value of 62 kDa (average molecular weight) calcu-
lated from the deduced amino acid sequences of PDC.
The sequence of the 5’ non-encoding region of the 7. gla-
brata PDC gene contained a number of features: a TATA
box at —115 and two CAAG boxes at —93 and —147. Tar-
geted gene disruption of PDC confirmed that T. glabrata
only has one PDC gene (Fig. 8)
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-199 CAGAAAGAAAAATTTTCTTCTTGATACCTGAACAAAGAAATCAAACTCATCAAGAATAAA
-139 TCAATTCATGAAAAAAAAACATATATAAAGGACAACATGGAATCAAGTTTCAATAATTTT
-19 TAGATTGTACATAAATAAAGAGACCAGACTAATACAACTGTATAAGCTCTAAACATTCAA
-19 TTGCCAAAAAACATTAACAATGTCTGAAATTACTTTGGGTAGATACTTGTTCGAGAGATT
MSEITLGRYLFERTL
42 GAACCAAGTCGACGTTAAGACCATCTTCGGTTTGCCAGGTGACTTCAACTTGTCCCTATT
NQVDVKTIFGLPGDTFNLSTLL
102 GGACAAGATCTACGAAGTTGAAGGTATGAGATGGGCTGGTAACGCTAACGAATTGAACGC
DKI1YEVEGMRWAGNANETLNA
162 TGCTTACGCTGCTGACGGTTACGCTAGAATCAAGGGTATGTCCTGTATCATCACCACCTT
AYAADGYARIKGMSCI I TTTF
222 CGGTGTCGGTGAATTGTCTGCCTTGAACGGTATTGCCGGTTCTTACGCTGAACACGTCGG
GVGELSALNGIAGSYAEHVGEG
282 TGTCTTGCACGTCGTCGGTGTCCCATCCATCTCCTCTCAAGCTAAGCAATTGTTGTTGCA
VLHVVGVPSI SSQAKOQLLLH
342 CCACACCTTGGGTAACGGTGACTTCACTGTCTTCCACAGAATGTCCGCTAACATCTCTGA
HTLGNGDTFTVFHRMSANISE
402 GACCACCGCTATGGTCACTGACATCGCTACCGCTCCAGCTGAGATCGACAGATGTATCAG
TTAMVYVTDIATAPAETILIDRTCIR
462 AACCACCTACATCACCCAAAGACCAGTCTACTTGGGTCTACCAGCTAACTTGGTCGACCT
TTY !l TQRPVYLGLPANLVDL
522 AAAGGTCCCAGCCAAGCTTTTGGAAACCCCAATTGACTTGTCCTTGAAGCCAAACGACCC
KVPAKLLETPIDLSLIKPNDTP
582 AGAAGCCGAAACTGAAGTCGTTGACACCGTCTTGGAATTGATCAAGGCTGCTAAGAACCC
EAETEVVDTVLELIKAAKNINEP
642 AGTTATCTTGGCTGATGCTTGTGCTTCCAGACACGACGTCAAGGCTGAAACCAAGAAGTT
VIiLADACASRHDYVKAETI KT KIL
702 GATTGACGCCACTCAATTCCCATCCTTCGTTACCCCAATGGGTAAGGGTTCCATCGACGA
I'DATQFPSFVTPMGKTGSI DE
762 ACAACACCCAAGATTCGGTGGTGTCTACGTCGGTACCTTGTCCAGACCAGAAGTTAAGGA
QHPRFGGVYVG6GTLSRPEVKE
822 AGCTGTTGAATCCGCTGACTTGATCTTGTCTGTCGGTGCTTTGTTGTCCGATTTCAACAC
AVESADLILSVGALLSDFNT
882 TGGTTCTTTCTCTTACTCTTACAAGACCAAGAACATCGTCGAATTCCACTCTGACTACAT
GSFSYSYKTEKNIVEFHSDY.
942 CAAGATCAGAAACGCTACCTTCCCAGGTGTCCAAATGAAGTTCGCTTTGCAAAAGTTGTT
K1 RNATFPGVQMEKTFALO GQKTLIL
1002 GAACGCCGTCCCAGAAGCTATCAAGGGTTACAAGCCAGTCCCTGTCCCAGCTAGAGTCCC
NAVPEAIKGYKPVPVPARVP
1062 AGAAAACAAGTCCTGTGACCCAGCTACCCCATTGAAGCAAGAATGGATGTGGAACCAAGT
ENKSCDPATPLEKOQEWMWNRO QYV
1122 TTCCAAGTTCTTGCAAGAAGGTGATGTTGTTATCACTGAAACCGGTACCTCCGCTTTTGG
S KFLQEGDUVYV I TETTGTSATFTEG
1182 TATCAACCAAACCCCATTCCCAAACAACGCTTACGGTATCTCCCAAGTTCTATGGGGTTC
Il N QT PFPNNAYGISQVLWGS
1242 CATCGGTTTCACCACCGGTGCTTGTTTGGGTGCCGCTTTCGCTGCTGAAGAAATCGACCC
I 6 FTTGACLGAAFAAETETIDTP
1302 AAAGAAGAGAGTTATCTTGTTCATTGGTGACGGTTCTTTGCAATTGACTGTCCAAGAAAT
K KRV ILFI1IG6DGSLOQLTVAOQE.
1362 CTCCACCATGATCAGATGGGGCTTGAAGCCATACTTGTTCGTCTTGAACAACGACGGTTA
STMIRWGLKPYLFVLNNDGY
1422 CACCATCGAAAGATTGATTCACGGTGAAAAGGCTGGTTACAACGACATCCAAAACTGGGA
TIERLI HGEIKAGYNDIOQNWD
1482 CCACTTGGCTCTATTGCCAACCTTCGGTGCTAAGGACTACGAAAACCACAGAGTCGCCAC
HLALLPTTFGAKDYENHRVAT
1542 CACCGGTGAATGGGACAAGTTGACCCAAGACAAGGAATTCAACAAGAACTCCAAGATCAG
TGEWDIKTLTO QDI KETFNEKNSKIR
1602 AATGATCGAAGTTATGTTGCCAGTTATGGACGCTCCAACTTCCTTGATTGAACAAGCTAA
M1 EVMLPVMDAPTSLIERQAEK
1662 GTTGACCGCTTCCACCAACGCTAAGCAATAAGCTCGAGAAC

LTASTNAKAE Q™

Fig. 7. Nucleotide and deduced amino acid sequences of T.
glabrata PDC gene. The deduced amino acid is given below the
nucleotide sequence. “‘Marks the termination codon. The underlined
sequence is a conserved motif identified in TPP-dependent enzymes
(45)

Sequence Comparisons—The non-redundant databases
at the National Center for Biotechnology Information
were searched for amino acid sequences similar to the T.
glabrata PDC using BLAST algorithm. PDC genes from
many other yeasts such as S. cerevisiae, H. uvarum, K.
marxianus, K. lactis, Z. bisporus and S. kluyveri have
high homology with that from T. glabrata. About 80% or
more identity at the amino acid level was found for PDC
from S. cerevisiae isoenzyme 1 (ScePDC1; 88%), K. lactis
(KlaPDC; 85%), K. marxianus (KmaPDC, 87%), H.
uvarum (HuvPDC, 77%), S. kluyveri (SKIPDC, 86%) and

Q. Wang et al.

Z. bisporus (ZbiPDC, 83%). In comparison with the S. cer-
evisiae PDC1 gene, the T. glabrata PDC gene possessed a
greatly different 5'-noncoding region. The homology
between S. cerevisiae and T. glabrata was very low (below
30%). However, sequences similar to the S. cerevisiae
TATA concensus and initiator CAAG sequences were
seen between —93 and —147 with an AT-rich area (18).

Expression of Recombinant PDC in E. coli and S. cere-
visiae—The recombinant PDC produced was functional
in E. coli and S. cerevisiae (Table 3), and the products
amounted to about 10-20% of the total protein in the
crude extract of E. coli (Fig. 9A). The recombinant
enzyme in E. coli was purified to homogeneity using the
same procedures as in T. glabrata. The recombinant PDC
showed a 59 kDa band on SDS-PAGE (Fig. 9C). Polyclo-
nal antibodies raised against purified 7. glabrata PDC II
recognized the bacterially produced recombinant protein
(Fig. 9B). The N-terminal sequence of the purified recom-
binant enzyme was ASMTGGQQMGRGSMSEITLGR-
YLFE. The lack of N-terminal methionine suggested the
cleavage by a native methionine aminopeptidase. The
sequence of T7 fusion tag was ASMTGGQQMGRGS (pET
System Manual, 9th ed., Novagen). Thus the recom-
binant PDC was a fusion protein containing a T7 tag,
which should be useful upon purification with an affinity
column. The sequence after T7 tag agreed with the
deduced protein sequence. Hence, the molecular weight
of recombinant PDC in SDS-PAGE was a little larger
than the native enzyme. Attempts to determine the N-
terminal amino acid sequence of the two isoforms of the
native PDC failed because they were blocked. The cata-
lytic properties of the recombinant PDC were similar to
that of the native PDC, and no significant difference
between the two enzymes was found in their steady-state
kinetic parameters (Table 2).

DISCUSSION

Pyruvate decarboxylase in T. glabrata plays a key role in
the production of pyruvate and optically active a-hydrox-
yketones (1-3). To study the properties of PDC, we iso-
lated the enzyme and sequenced its gene from 7. gla-
brata. This study established the presence of a functional
PDC gene in T. glabrata. Together with alcohol dehydro-
genase (ADH), PDC directs pyruvate to CO, and ethanol
as the end-products in T. glabrata fermentation. After
disruption of the PDC gene in T. glabrata, no PDC activ-
ity could be detected by activity staining (Fig. 8C). The
accumulation of pyruvate increased markedly, and the
level of ethanol decreased during fermentation (Wang,
Q., and Jiang, N., unpublished data). The results of gene
disruption showed that only one PDC gene existed in T.
glabrata, unlike S. cerevisiae, which has several PDC
genes (13)

PDC purified from T. glabrata had high specific activ-
ity (about 40 U/mg). PAGE and re-chromatography dem-
onstrated homogeneity. The most interesting finding was
that we purified active dimers of PDC from T. glabrata.
Tetramers of ScePDC are known to reversibly dissociate
into dimers under alkaline conditions, and those dimers
could indeed be active (43). Moreover, the X-ray structure
of ScePDC (44) indicated that the tetramer could poten-
tially dissociate into two different dimers, depending on

J. Biochem.
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the interface between subunits along which it was
cleaved. However, to our knowledge, no work has been
reported on directly purifying active dimers of PDC from
microorganisms or plants. The two active dimers from 7.
glabrata were different in specific activity and kinetic
parameters. Therefore, they could have formed through
dissociation of a tetramer with two different cleavage
patterns: to separate subunits interacting via o and y
domains, or to separate subunits interacting via f
domains (44). Thus, we postulated that these two dimers
were composed of the same subunit but different in
three-dimensional structure, which could result in the
minor difference in enzymatic kinetics. As shown in Fig.
10, most PDC in the crude extract from 7. glabrata was
dimeric, but a small percentage was present as the
tetramer. Although some tetramer PDC existed in T'. gla-
brata, purified homotetramer was not obtained, probably
because the tetramer readily dissociates or is unstable.
However, recombinant PDC was homotetramer in engi-
neered E. coli. The molecular mass of the purified recom-

— - kDa
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Fig. 8. Schematic representation of
the disruption of PDC by homolo-
gous recombination (A), PCR anal-
ysis (B) and activity staining (C) of
T. glabrata mutants T. galbrata
PDC gene or fragments (black), S.
cerevisiae URA3 gene (ScURA3,
hatched). (I) PDC-derived homolo-
gous DNA fragment; (II) T. galbrata
PDC locus before disruption; (III) T
galbrata PDC locus after disruption. 1,

1 2 3 T. glabrata IFO005; 2, T. glabrata
C ura3; 3, T. glabrata pdec; M, DNA maker
© (. DNA/EcoRI + HindIII: 21,227, 5,148,

4,973, 4, 268, 3,530, 2,027, 1,904, 1,584,
1,375, 947, 831, 564, 125 bp).

Fig. 9. Expression of the cloned yeast PDC
gene in E. coli (A), Western blot (B), SDS-
97.4 PAGE of purified recombinant PDC from
66.2 E. coli (C). Lanes 1, 5: crude extract of E. coli

—— BL21(DE3); lanes 2, 6: crude extract of E. coli
| 43 BL21(DE3) /pET21a; lanes 3, 7: crude extract
of E coli BL21(DE3)/pETP1; lane 8: purified
31 recombinant PDC; lanes 4, 9: protein marker
B (97.4, 66.2, 43, 31, 20, 14 kDa).
20
R 14

8 9
©

binant PDC by gel filtration was 240 kDa. It is possible
that the T7 tag in recombinant PDC stabilized the
tetramer in E coli. Consequently, it is necessary to ana-
lyze the structures of these three PDCs (two dimers and
one recombinant tetramer) to further explore their struc-
ture and function.

In our purification processes, the most important and
efficient step was phenyl-Sepharose hydrophobic interac-
tion chromatography. This step was chosen after many
failed attempts with various other column chromatogra-
phy strategies. Only with this column chromatography
could two different active dimers be obtained. The kinetic
behavior of the two isoforms of 7. glabrata PDC was very
similar to that of PDC from other yeast and plants. These
in vitro data supported the suggestion that PDC activity
is controlled by pH and the pyruvate concentration in
vivo. The optimal pH for PDC (including native dimers
and recombinant tetramer) enzymatic activity was about
6.0—6.5. Thus, almost all PDCs from different sources
had similar optimal pH. Although we did not detect that

Table 3. PDC activity in engineered E. coli and S. cerevisiae.

Strains Protein concentration (mg/ml) Enzyme activity (U) Specific activity (U/mg)
E. coli BL21(DE3) 2.31 0.96 0.42
E. coli BL21(DE3) /pET21a(+) 1.93 1.04 0.54
E. coli BL21(DE3) /pETP1 1.36 10.14 7.46
S. cerevisiae YSH901 5.78 7.97 1.38
S. cerevisiae YSH 901-1/pRUL129 4.44 6.67 1.50
S. cerevisiae YSH 901-3/pRTP1 3.89 11.87 3.05
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Fig. 10. Activity Staining with crude extract of T. glabrata
and engineered E. coli (E coli BL21(DE3)/pETP1). Protein con-
centration: lane 1: yeast crude extract (10 mg/ml); lane 2: engi-
neered E. coli crude extract (10 mg/ml).

the coenzyme (ThDP) could promote PDC activity, and a
high concentration of ThDP actually inhibited the PDC
activity, no white precipitation band was produced if
ThDP was omitted from buffer during enzyme activity
staining. This experiment showed that ThDP was the
coenzyme of PDC. Glyoxylate, which was an inhibitor of
ThDP-containing enzymes, formed a non-cleavable bond
with the catalytic center of PDC and could completely
inhibit the enzyme activity of PDC (42).

Sequence comparison between the T. glabrata PDC
and other yeast PDCs showed that conserved amino acids
were distributed throughout the entire sequence. The
conserved motif of ThDP-dependent enzymes identified
by Hawkins et al. (1989) (45) and known to be involved in
Mg2+-ThDP cofactor binding was highly conserved in
these yeast PDC proteins. Amino acid residues located
within 0.4 nm of the binding site for Mg?* and ThDP in
the PDC proteins crystallized from S. cerevisiae and Z.
mobilis (6, 46) were conserved in primary sequences with
the T. glabrata PDC protein. These included residues
similar to the aspartate (SceD444, ZmoD440) and aspar-
agines (SceN471, ZmoN467) residues involved in binding
Mg?*. The T. glabrata PDC appeared to be similar to S.
cerevisiae PDC in binding the diphosphates of ThDP,
where serine and threonine side-chains (SceS446 and
T390) as well as the main chain nitrogen of iosleucine
(Scel476) are conserved. T. glabrata PDC also possessed
aspartate, glutamate, threonine and histidine residues
(SceD28, E477, T388, H114, H115; ZmoD27, E473, T388,
H113, H114), which might potentially interact with
intermediates during the decarboxylation reaction medi-
ated by Z. mobilis and S. cerevisiae PDC. Furthermore,
the iosleucine (Sce and Zmo I415) side-chain that
appeared to stabilize the V conformation of ThDP
through Van der Waals interactions, as well as the gluta-
mate (SceE51, ZmoE50) that might donate a proton to
the N1’ atom of TPP, were conserved in the T. glabrata
PDC protein sequence. These results suggested that resi-
dues of the T! glabrata PDC protein might allosterically
bind the substrate activator with a mechanism common

Q. Wang et al.

to the majority of yeast PDC proteins. Cluster analysis of
PDC proteins from microorganisms (data not shown) also
suggested that the T. glabrata PDC was most closely
relately to the S. cerevisiae PDC1.This was consistent
with the evolutionary relationships among Candida
(Torulopsis) species and relatives (47).

We have succeeded in constructing a PDC overproduc-
tion system in E. coli. The growth rate of E. coli was not
inhibited even after the expression was induced, and the
overproduced PDC was catalytically active even though
the recombinant enzyme was in the form of fusion pro-
tein containing a T7 tag. Thus, this system could then be
used to study structure-function relationships of the pro-
tein. In addition, due to the low expression level of recom-
binant PDC in yeast, no further studies could be carried
out.

This work also expands the database of PDC se-
quences. In the future, we hope to use this information to
guide experiments to determine the mec hanism of
enzyme reaction and to determine what controls the
substrate specificity of the enzyme. Further studies will
also be needed to clarify the reasons for the production of
active dimers in T. glabrata.

This work was supported by the National Knowledge Innova-
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