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The Bacillus licheniformis ydaP gene encodes for a pyruvate oxidase that catalyses the oxidative decarboxylation of pyruvate to acetate and CO2. The YdaP form of
this enzyme was purified about 48.6-folds to homogeneity in three steps. The enzyme was recovered in a
soluble form and demonstrated significant activity on
pyruvate using 2, 6-dichlorophenolindophenol (DCPIP)
as an artificial electron acceptor. HPLC analysis of the
YdaP-enzyme catalysed conversion of pyruvate showed
acetate as the sole product, confirming the putative
identity of pyruvate oxidase. Analysis of the substrate
specificity showed that the YdaP enzyme demonstrated
preference for short chain oxo acids; however, it was
activated by 1% Triton X-100. The YdaP substrate-binding pocket from the YdaP protein differed substantially
from the equivalent site in all of the so far characterized pyruvate oxidases, suggesting that the B. licheniformis YdaP might accept different substrates. This
could allow more accessibility of large substrates into
the active site of this enzyme. The thermostability and
pH activity of the YdaP enzyme were determined, with
optimums at 50ºC and pH 5.8, respectively. The amino
acid residues forming the catalytic cavity were identified as Gln460 to Ala480.
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INTRODUCTION

Thermophilic bacteria are a group of microorganisms
that can grow and survive under broad environmental
conditions, ranging from thermal pools to desert soils
(Steele et al., 2008). This wide range of conditions indicates that the thermophilic bacteria produce enzymes
that are stable and active under these extreme conditions. As a result, thermophilic bacteria are of interest to
biotechnological and industrial applications because they
work best at elevated temperatures.
Bacillus licheniformis is a thermophilic rod-shaped
Gram-positive, facultative anaerobic bacterium, ubiquitous in nature and predominates soils (Claus &
Berkeley, 1986). It grows optimally at around 55°C. B.
licheniformis has been widely used in biotechnology and
industry to manufacture enzymes, including α-amylase,

cycloglucosyltransferase, β-mannanase, pectinolytic enzymes, penicillinase, pentosanase, proteases, antibiotics, biochemicals and other products (Eveleigh, 1981;
Erickson, 1976). It is also used for microbial fermentations. As such, it is known as the ‘industrial’ bacterium. B. licheniformis genome has been sequenced (Rey
et al., 2004), and it facilitates the production of other
products with potential industrial uses.
The pyruvate oxidases (POX) are peripheral membrane associated flavoproteins belonging to the family
of thiamine diphosphate dependent enzymes (Chang
& Cronan, 1995). They are studied due to their importance in biotechnological applications. This includes
the production of acetate for the food and beverage industries, and as biocatalysts for the production
of acetylphosphate and other chemical intermediates
(Yoneda et al., 2001; Tomar et al., 2003; Yilmaztekin
et al., 2008). POX enzymes are present in most bacteria, and those from Escherichia coli (Mather et al., 1982),
Corynebacterium glutamicum (Schreiner & Eikmanns,
2005), Staphylococcus aureus (Patton et al., 2005), Aerococcus viridans (Juan et al., 2007) and Lactobacillus plantarum (Sedewitz et al., 1984; Goffin et al., 2006; Lorquet et al., 2004) have been well characterized. These
enzymes are divided into two subfamilies (Bertaggnolli
& Hager, 1991). Subfamily I (EC 1.2.3.3), catalyzes
the oxidative decarboxylation of pyruvate in the presence of oxygen and inorganic phosphate, generating
hydrogen peroxide and acetylphosphate. Subfamily II
(EC 1.2.5.1) catalyzes the oxidative decarboxylation of
pyruvate, generating acetate and carbon dioxide in the
presence of ferricytochrome b1 as an electron acceptor (Blake et al., 1982). These previously characterized
pyruvate oxidases were shown to have activity at moderate temperatures (Sedewitz et al., 1984). Pyruvate
oxidases are strongly activated by low concentrations
of phospholipids and detergents (Chang & Cronan,
1986; Hamilton, 1986; Schreiner & Eikmanns, 2005).
The phospholipid activation occurs by an association
with the protein and is accompanied by conformational changes and alteration of various properties of the
enzyme (Wang et al., 1991).
The objective of this study was to biochemically
characterize the B. licheniformis YdaP, originally annotated in the genome database to be a pyruvate decarboxylase, and would have been the first representative
from a thermotolerant organism. Here, we report on
the thermostable activity of YdaP, as a pyruvate oxidase. We show that this enzyme has significant activity at 50°C to produce acetate from pyruvate.

60											
J. D. Wani Lako and coworkers

MATERIALS AND METHODS

Materials. All biochemical reagents used in this study
were purchased from Sigma Aldrich or Fluka, Germany.
Isolation of B. licheniformis 9A. B. licheniformis 9A
was isolated from soil collected from the Karoo region
(Northern Cape Province, South Africa). Unless otherwise stated, B. licheniformis 9A was grown aerobically at
50ºC for 18 hours in 50 ml Tryptone Soya Broth (TSB)
supplemented with glucose (0.25%) as a carbon source,
with shaking at 150 rpm. The isolate was identified by
analyzing the 16S rRNA gene sequence generated with
species specific primers from genomic DNA isolated as
described previously (Miller et al., 1999). The 16S rRNA
PCR product was cloned into the pTZ57R/T vector
(Fermentas Life Science) and transformed into E. coli
Genehogs (Novagen) according to the manufacturer’s instructions.
Cloning and Overexpression of the B. licheniformis 9A YdaP. Primers specific to the annotated ydaP
gene (Accession number CBE70488) were designed:
YdaP-F (5’-ATGGATGGCAAACAAAACCGCAG-3’)
and YdaP-R (5’-TAGGCGATCTCCCTTGGCATCATAC-3’) incorporating the NcoI and BamHI restriction
sites (underlined). The PCR thermocycling conditions
were set as 95°C for 5 min, followed by 30 cycles of
95°C for 1 min, 57°C for 4 min and 72°C for 2 min,
and the extension step of 72°C for 1 min. The PCR
product was cloned into pET-28a (Novagen), and transformed into E. coli Genehogs. The 1719 bp ydaP gene
was amplified from genomic DNA cloned into the vector. The inserts from a selection of transformants were
sequenced to identify a clone without PCR errors, which
was subsequently transformed into E. coli Rosetta2 pLysS
(Novagen) for overexpression of YdaP. Overexpression
was conducted in an auto-induction medium (Grabski et
al., 2005), containing Kanamycin (25 mg/ml) and chloramphenicol (25 mg/ml), and incubated aerobically for
16–24 hours at 37ºC. Cells were harvested by centrifugation at 10 000 × g and lysed with the Bugbuster extraction
reagent (Novagen), supplemented with a Benzonnase
nuclease (Novagen). The cellular debris was removed by
centrifugation at 10 000 × g for 15 min at 4°C, and the
crude extract was used for YdaP purification.
Purification of recombinant YdaP protein. Proteins
in the crude extract were precipitated with 30% saturated ammonium sulphate, and incubated on ice for one
hour. Following 0.22 µM filtration, the supernatant was
used for hydrophobic interaction chromatography on
a HiLoadTM Phenyl Sepharose XK16 column. The unbound proteins were eluted in buffer A (50 mM potassium phosphate, 1 M ammonium sulfate pH 5.8). The
bound protein was eluted with a linear gradient of decreasing salt concentration (1 M ammonium sulfate in
25 mM potassium phosphate buffer (pH 5.8) at a flow
rate of 2 ml min–1. Fractions showing activity where
loaded onto a HiLoadTM 26/10 Q-Sepharose XK26 ion
exchange column that was pre-equilibrated with 25 mM
potassium phosphate buffer pH 5.8 (Buffer B). The
unbound proteins were eluted in 5 column volumes of
Buffer B. The bound protein was eluted using a linear
gradient of increasing salt concentration from 0 to 1 M
sodium chloride in 25 mM potassium phosphate buffer
(pH 5.8) at a flow rate of 2 ml min–1. Fractions were
collected, pooled, concentrated and tested for activity,
and stored at –20°C.
Zymogram assay. YdaP activity was detected by
staining the non-denaturing PAGE gel electrophoresis
using a staining solution consisting of pyruvate as a sub-
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strate with TPP and MgCl2 dissolved in 0.1 M potassium
phosphate buffer (pH 5.8), and 2,6-dichlorophenolindophenol (DCPIP) as an electron acceptor. The molecular
weight of the active YdaP protein was estimated by using 10% Native-PAGE electrophoregram.
Pyruvate oxidase enzyme assays. The purified
YdaP enzyme was assayed for pyruvate oxidase activity (EC 1.2.5.1) based on the reduction of 2,6-dichlorophenolindophenol (DCPIP) [20]. The reaction mixtures
contained 250 mM potassium phosphate buffer (pH 5.8),
1mM TPP, 2 M sodium pyruvic acid, 100 mM MgCl2
and 1% Triton X-100 (v/v). The control contained purified enzyme and pyruvate was substituted with dH2O.
After the reaction mixtures were prepared, 100 μl of
the purified enzyme was added and incubated at 25ºC
for 20 min, followed by addition of 100 μl of 300 µM
2,6-dichlorophenolindophenol (DCPIP). Changes in absorbance were monitored spectrophotometrically at 450
nm. The enzymatic activity was calculated using ε=0.218
mM–1 cm–1 (Cunningham & Hager, 1971; Blake & Hager,
1978). One unit (1U) of the YdaP activity was defined as
the amount of YdaP catalyzing the production of 1 µM
of acetate per min from pyruvate at 25°C. The activity
of the YdaP enzyme was determined in 100 mM sodium
phosphate/citrate buffers with pH values ranging from
4.6 to 6.0 and 100 mM potassium phosphate buffers in
the pH range of 5.8 to 7.4, at 22°C. The rates of reaction were monitored and the absorbance was measured
at OD450nm in 1 cm path length cuvettes. Thermostability
assay was conducted by incubating YdaP preparations at
a range of 30 to 80°C in 50 mM potassium phosphate
buffer (pH 5.8) and 1% Triton X-100 was added for enzyme activation for 20 min, and the percentage residual activity was recorded. Various α-keto acid substrates
were tested, including sodium pyruvate, α-ketobutyric
acid, 3-methyl-2-oxopentanoic acid, indole-3-pyruvic
acid, 4-hydroxyphenylpyruvic acid and phenylglyoxylic
acid. The kinetic constants were determined using the direct linear plot of Eisenthal and Cornish-Bowden (1974),
assayed at 50°C in 100 mM potassium phosphate buffer
at the pH of 5.8.
HPLC Analysis of acetate production. The assay
mixture (1 ml) contained 40 mM potassium phosphate
buffer (pH 5.8), 10 mM MgCl2, 10 µM TPP, 10 mM sodium pyruvate and purified YdaP enzyme, and was incubated at 25°C for 20 min. The reaction mixture was
centrifuged for 5 min at 16 200 × g before HPLC analysis. Reaction products were separated on a Rezex RHM
monosaccharide H+ (8%) column (Phenomenex, USA)
using 5 mM sulfuric acid as the mobile phase (Okuyama
et al., 1989). The flow rate was set at 0.5 ml/min; the
column oven temperature was 40ºC and pressure was set
at 32 bars with an injection volume of 20 µl. The compounds were detected using RI and UV detectors, set to
215 nm, and compared to standards.
Nucleotide sequence analysis. DNA sequences
were analysed using DNAMAN (Lynnon BioSoft) and
Bio-Edit version 5.0.9 software (Hall, 1999). Comparison searches were performed using the gapped-BLAST
program at the National Centre for Biotechnology Information (Altschul et al., 1997). Multiple sequence alignments were performed using ClustalW. The YdaP molecular weight was determined using DNAMAN and pI
was predicted using the EXPASY website (www.expasy.
org/). The B. licheniformis 9A ydaP gene sequence was deposited in the GenBank database under accession number CBE70488.
Homology modeling. The threading programs
FUGUE (Shi et al., 2001) and MODELLER 9v4 (Sali,
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Table 1. Blast (nucleotides) search results for the Bacillus 9A isolate 16S rRNA gene.
Strains

Accession number

Identity (%)

Evalue

B. licheniformis ATCC 14580

CP000002

1537/1569 (97%)

0.0
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RESULTS

The 16S rRNA sequence analysis
showed 97% identity to B. licheniformis,
designated isolate 9A in this study
B. licheniformis DSM 13
AE017333
1537/1569 (97%)
0.0
(Table 1). Sequence analysis revealed
B. licheniformis strain N8
DQ350834
1518/1551 (97%)
0.0
1537/1569 bp differences compared
B. licheniformis
X684116
1520/1554 (97%)
0.0
to the ydaP gene sequence for B. licheniformis ATCC 14580 and contained
B. licheniformis strain MML2501
EU344793
1517/1551 (97%)
0.0
a low mol% G+C content (49%).
The gene sequence encoded a putative protein of 573 amino acids with
1995) were used to generate structural YdaP models, using the L. plantarum POX (PDB 2EZ9) as a template. an estimated molecular weight of approximately 63 kDa,
Stereochemical analysis of the YdaP structure was car- with a pI value of 5.83. The YdaP protein had shown
identity to thiamine-dependent family proteins, containried out using RAMPAGE (Lovell et al., 2001).

Figure 1. Multiple sequence alignments of B. licheniformis YdaP with pyruvate oxidase from S. aureus, pyruvate oxidase from C. glutamicum, PDH from E. coli, L. plantarum and A. viridans.
Catalytic residues are indicated with the black boxes, the ThDP binding site is indicated with the red box and the substrate binding sites
are indicated with the yellow boxes. Residues indicated with the green boxes are highly conserved, and thought to be involved in catalysis.
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Figure 4. (A) Q-Sepharose ion exchange chromatography of
B. licheniformis YdaP (B) 10% SDS-PAGE electrophoregram;
Lane M: Molecular weight marker; Lane 1: Flow-through fraction
of YdaP protein; Lane 2: First fraction of YdaP soluble protein;
Lane 4–9: Second fraction of the soluble of putative YdaP protein.

Figure 2. Phylogenetic alignment of B. licheniformis 9A YdaP in
relation to uncharacterized YdaP sequences identified in other
Bacillus sequences from the GenBank database, and representatives of the EC 1.2.3.3 and EC 1.2.2.2 type POX enzymes.

ing the signature motif at amino acid positions G431N459 (Fig. 1). A high level of identity was also seen with
the uncharacterized ydaP genes from many other Bacillus organisms (B. subtilis NP 388315, 75%; B. pumilus YP
0014855662, 73%; B. amyloliquefaciens YP 00420086, 72%;
and B. cereus ZP 03232334, 54%). Although only 75% sequence identity was observed with the EC 1.2.3.3 pyruvate oxidases, all of the Bacillus ydaP sequences clustered
with this group of enzymes (Fig. 2).
The expression of B. licheniformis YdaP using the pET
system enables rigorous control of gene expression. A
high level of YdaP expression was achieved under optimized conditions (San et al., 1994). Crude cell extracts
were analysed by SDS-PAGE (Fig. 3). A protein band
was evident at approximately 63 kDa, corresponding to
the predicted molecular weight of B. licheniformis YdaP.
The purified YdaP enzyme showed a distinct band
on SDS-PAGE. The subunit molecular weight was calculated to be approximately 63 kDa (Fig. 3). The YdaP
protein showed identity to thiamine-dependent family
proteins containing the signature motif at amino acid po-

Figure 3. 12% SDS-PAGE gel electrophoresis showing the expression of YdaP with pET-28a (+) expression vector.
Lane M: Molecular weight marker; Lane 1: pET28a in E. coli; Lane 2:
soluble fraction; Lane 3: soluble fraction; Lane 4: soluble fraction;
Lane 5: soluble fraction treated at 65ºC; Lane 6: Ammonium sulfate treatment.

sitions G431- N459 (Hawkins et al., 1989) (Fig. 1). This
finding is in complete agreement with previous studies
of other POX proteins (Patton et al., 2005, Schreiner &
Eikmanns, 2005). Crude extracts of B. licheniformis YdaP
(with a specific activity of 0.1 U/mg–1) were subjected
to ammonium sulfate precipitation. This method does
not result in detrimental effects on the enzyme activity
and was employed to facilitate the binding of the crude
enzyme to the hydrophobic interaction chromatography
matrix. A 30% (w/v) ammonium sulfate concentration
was used and resulted in an increase in YdaP specific activity to 2.62 U/mg–1 (Table 2). Following hydrophobic
interaction chromatography, ion exchange chromatography was used to further purify the active B. licheniformis
YdaP protein. This strategy achieved the highest purification level (Zhang & Hager, 1987) of the YdaP enzyme,
as determined by SDS-PAGE (Fig. 3). Fractions exhibiting the YdaP protein activity were collected, pooled and
concentrated for further characterization.
The molecular weight of the active YdaP protein was
estimated to be approximately 250 kDa, which represent
the active form of the YdaP enzyme (Fig. 5). This observation implies that the YdaP protein is a homotratermer.
YdaP activity was detected by staining the non-denaturing PAGE gel electrophoresis using a staining solution consisting of pyruvate as a substrate, with TPP and
MgCl2 dissolved in 0.1 M potassium phosphate buffer
(pH 5.8), and 2,6-dichlorophenolindophenol (DCPIP) as
an electron acceptor. The reaction resulted in the formation of a white precipitate in the gel (Fig. 4), and this

Figure 5. 10% Native-PAGE electrophoregram showing the YdaP
activity;
Lane M: Molecular marker; Lane 1: E. coli/pET28a vector; Lane 2:
Crude cell extracts of YdaP enzyme; Lane 3: Semi-purified YdaP
enzyme (HIC fraction).
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Table 2. Summary of the YdaP purification steps.
Sample

Volume
(ml)

Total Protein (mg)

Total Activity
(U)

Specific Activity (U/mg)

Yield
(%)

Purification
(fold)

Crude extract

15

795

303

0.1

100

1

(NH4)2SO4 precipitation

15

138

67.1

2.62

17

26.2

Phenyl-Sepharose

15

116

54

4.86

15

48.6

Table 3. Effect of temperature on YdaP stability
Temperature (°C)
30

Relative activity (%) ± S.D.
86±4.0

40

87±4.3

50

100±4.4

60

82±4.9

70

13±1.1

80

11±1.1

observation confirmed that the stained band corresponded to the B. licheniformis YdaP.
The pH activity-profile of B. licheniformis YdaP was
performed over the pH range of 4.6 to 7.4 (Fig. 4.10).
YdaP showed maximum activity at pH 5.8. This pH
optimum is slightly lower than values reported for the
E. coli, L. plantarum (Lorquet et al., 2004) and A. viridans POX (Juan et al., 2007), all of which show optimal

values at pH 6.0. The B. licheniformis YdaP retained approximately 50% activity at pH values of 5.4 and 6.5,
and had detectable activity in the range from pH 4.6
to 7.4.
The enzyme was found to perform optimally at 50ºC
(Table 3) and pH 5.8 (Fig. 6). The activity was stable at
50°C, but was rapidly inactivated at higher temperatures,
retaining only 11% of initial activity at 80°C (Fig. 6).
YdaP activity was tested on a range of different substrates (Table 4). The highest activity was achieved with
pyruvate (C3), and activity decreased as the substrate
chain length increased (Table 4). Low activity was detected with aromatic and larger branched chain substrates.
Kinetic constants were estimated as averages of values calculated from a direct linear plot. The purified recombinant YdaP displayed similar substrate affinities and
rates of reaction to both, the crude extract and partially
purified enzyme. The recombinant enzyme had a KM of
4.4 mM for pyruvate and a Vmax of 4.86 U/mg protein,
and Kcat of 25.3s–1 (Table 5) when assayed at a temperature of 50ºC and a pH of 5.8. The recombinant enzyme

Table 4. Comparison of the substrate specificities of the YdaP enzyme of B. licheniformis 9A strain
Substrate

Carbon number

Structure

Relative activity (%)

Pyruvic acid

C3

100±0.0

α-Ketobutyric acid

C4

23±3.1

3-Methyl-2-oxopentanoic acid

C6

18±2.3

Phenylglyoxylic acid

C8

12±0.6

4-Hydroxyphenylpyruvic acid

C9

12±0.9

Indole-3-pyruvic acid

C11

11±2.4
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mately 1 mM; that is, the product yield
did not correlate with the substrate concentration.
The YdaP model was generated using the L. plantarum POX (PDB 2EZ9)
as a template, which shares 35% sequence identity to YdaP. The model of
the YdaP monomer (Fig. 7) is compatible with the α/β topology observed in
all of the crystallized TPP-dependant
decarboxylases (Wille et al., 2006, Juan
et al., 2007), comprising the N-terminal
Pyruvate domain, FAD domain and the
C-terminal ThDP domain.
DISCUSSION

Phylogenetic analysis using closely related 16S rRNA gene sequences from
other bacterial species had shown that
phylogenetically, the 9A isolate was very
Figure 6. pH profile of the recombinant YdaP based on relative activity at 50°C
closely related to other Bacillus species.
and at different pH values. YdaP showed maximum activity at pH 5.8.
The species of licheniformis, amyloliquefaciens (Priest et al., 1987), subtilis (Priest
et al., 1988) and cereus (Radnedge et al.,
Table 5. The kinetic data of the partially purified YdaP on pyruvate substrate
2003) were closest to the 9A isolate
Sample
Km (mM) Vmax(U/mg)
kcat (s–1)
kcat/Km (s–1 mM–1)
(Fig. 2). GenBank analysis and alignPhenyl-Sepharos (HIC)
4.4
4.86
25.3
11.5
ment studies revealed that the B. licheniformis 9A strain ydaP gene was encoding
a pyruvate oxidase (POX; EC 1.2.5.1).
displayed a higher affinity for pyruvate than C. glutamicum
The significantly high sequence identity between homolPOX (30 mM) (Schreiner & Eikmanns, 2005).
For the HPLC analysis of B. licheniformis YdaP en- ogous genes of these species suggested that they were
zyme, pyruvate and acetate were selected as standards closely related; they encoded an uncharacterized pyruvate
for quantification using the Rexez RHM H+ column. oxidase. Sequence alignment analysis revealed that this
Various HPLC conditions were tested to achieve the group of enzymes belongs to the family of ThDP debest resolution of acetate as a standard. The retention pendent enzymes responsible for the decarboxylation of
time of acetate was 15.44 min. A single product peak pyruvate. B. licheniformis YdaP shared many biochemical
was detected using pyruvate as substrate with B. licheni- properties with other pyruvate oxidases, including C. gluformis YdaP preparations, corresponded exactly to the tamicum POX (Patton et al., 2005; Schreiner & Eikmanns,
acetate peak generated with the standard. Acetate was 2005), other than its thermostability. The B. licheniformis
detected in all YdaP reactions at pyruvate substrate con- YdaP enzyme represents a new subfamily of pyruvate
centrations ranging from 10 mM to 200 mM. However, oxidases. This result was based on the phylogenetic tree
in all reactions, the estimated acetate yield was approxi- as the pyruvate oxidases group together under the same
cluster, however, the YdaP enzyme is forming a new
clade with the Bacillus genera (Fig. 2).
The homology analysis of amino acids deduced from
the ydaP gene sequence demonstrates much less identity
with the acetyl-phosphate and H2O2 forming pyruvate
oxidases (POX; EC 1.2.3.3) of L. plantarum (35%). In
contrast, the fact that the B. licheniformis YdaP enzyme
reaction is phosphate independent and that the product
of the B. licheniformis YdaP enzyme reaction is acetate instead of acetyl-phosphate argue against a close relationship between the B. licheniformis YdaP enzyme and the
lactobacterial and E. coli pyruvate oxidases.
Comparative analysis of the complete amino acid sequence of B. licheniformis YdaP using PCR specific primers based on the ydaP gene sequence, aligned with S. aureus, C. glutamicum, E. coli, L. plantarum and A. viridans
(EC 1.2.3.3), provided some information based on their
ThDP domains and is high enough to directly infer into
their evolutionary relationships. Overall phylogeny analysis of these pyruvate oxidase (EC 1.2.5.1) sequences had
shown them to group together, forming a single cluster. Based on their sequence divergence, the apparently
observed phylogenetic cluster of this group was subseFigure 7. Cartoon representation of the Bacillus licheniformis
quently divided into two distinct clades and was support9A YdaP monomer, showing the three-domain structure of the
YdaP subunit.
ed by a bootstrap value of 84%.
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The B. licheniformis YdaP enzyme was purified from
cell extracts and most of the activity was found in the
soluble cytoplasmic fraction. The enzyme was shown to
be activated by the Triton X-100 detergent. A variety
of the membrane associated enzymes have been shown
to require detergents for their catalytic activity, with
the pyruvate oxidase from E. coli among them (Blake,
1982). The YdaP has unique characteristics differentiating it from previously characterized EC 1.2.5.1 pyruvate
oxidases (Neale et al., 1987), in that it displays thermostability and catalyzes reactions with a broad range of
substrates including linear, branched and aromatic oxo
acids. As for the other pyruvate oxidases (Schreiner &
Eikmanns, 2005), YdaP displays Michaelis-Menten kinetics with pyruvate as substrate, however, YdaP showed
higher affinity for pyruvate (Km=4.4 mM) when compared to that of C. glutamicum (Km=30 mM) (Schreiner
& Eikmanns, 2005). This enzyme is a homotetrameric
flavoproteins consisting of 63 kDa subunits with tightly
bound FAD, and it requires TPP and a divalent metal
cation such as Mg2+, Mn2+ and Co2+ for enzymatic activity.
Biochemical characterization of the B. licheniformis
9A YdaP indicated that it was a pyruvate oxidase (EC
1.2.5.1), catalyzing the oxidative decarboxylation of pyruvate to generate acetate and carbon dioxide. Due to the
high sequence identity to the annotated B. licheniformis
genome YdaP (97%), we propose that the Bacillus ydaP
genes encode a pyruvate oxidase, and not in fact a pyruvate decarboxylase. Refinement of the annotation has
subsequently re-classified the ydaP gene as a pyruvate
oxidase as we have shown. This illustrates the danger in
assigning function based on the sequence data alone, but
also how the bioinformatics tools have improved in recent years to generate more reliable annotations.
This study demonstrated that the B. licheniformis YdaP
is more stable compared to pyruvate oxidases from other microorganisms (Neumann et al., 2008; Patton et al.,
2005). The enzyme was stable at higher temperatures
than other pyruvate oxidases, such as the E. coli POX
(temperature-stability of 25oC and pH 6.0) (Mather &
Gennis, 1985).
Investigations of the substrate specificity of the B. licheniformis YdaP enzyme showed a higher specific activity
for pyruvate than for α-ketobutyric acid (23%), 3-methy2-oxopentanoic (18%) and other substrates used in the
study, suggesting a strong preference for shorter chain
length substrates. The catalytic cavity of the B. licheniformis
YdaP contains some bulky residues, such as histidine and
tyrosine. The presence of bulky residues within the catalytic cavity may limit the entry of larger substrates into the
substrate channel. A strong preference for pyruvate and
other smaller α-keto acids substrates suggests that these
may be the in vivo substrate, and the principal role of this
enzyme could be the production of acetate.
The YdaP enzyme was purified to near homogeneity
by ammonium sulfate precipitation, hydrophobic interaction and ion exchange chromatography. YdaP activity was initially detected by a zymogram, where a band
of approximately 250 kDa formed a precipitate in the
presence of pyruvate and DCPIP as a cofactor (Fig. 4).
This suggested that the active form of the YdaP enzyme
functions as a homotetramer, a feature common for
the TPP family proteins. The production of acetate was
confirmed by HPLC. HPLC analysis was used to validate the conversion of pyruvate by B. licheniformis YdaP
to acetate. However, acetate was produced at a constant
concentration of approximately 1mM, irrespective of the
substrate concentration. Similar results were obtained in
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previous studies of acetate production, like the 0.96 mM
reported for C. glutamicum POX (Schreiner & Eikmanns,
2005). It is likely that these results reflect a reaction limitation imposed by the concentration of the DCPIP electron acceptor (300 µM) added to the reaction. The stoichiometric reaction of DCPIP in the enzyme assay leads
to speculate that the DCPIP could be limiting the completion of conversion of the substrate to acetate. Therefore, the obtained result suggests that the increasing of
the DCPIP concentration might increase the acetate
product. The presented study describes and validates a
HPLC method for determination of acetate as a method
of choice. It is likely that HPLC has the potential to rapidly identify and quantify acetate, and could be a significant contributor in development and screening of acetate
products within a family of pyruvate oxidases.
The 3 Dimension structural model of YdaP of B. licheniformis was constructed based on the closest similarity to the experimentally determined structure of LpPOX (Wille et al., 2006). Despite the overall identities
between the primary structures of the YdaP enzyme
from B. licheniformis and the L. plantarum pyruvate oxidase, the alignment studies revealed some common features in the L. plantarum pyruvate oxidase. The overall
topology of the B. licheniformis YdaP was similar to the
known pyruvate oxidase crystal structures (Neumann et
al., 2008). The structural model generated was assessed
and revealed to be in a good agreement with template
structure suggesting the accuracy spectrum of the B. licheniformis YdaP model.
The structure of the ThDP motif was identical to that
found in the other pyruvate oxidases and the residues
(Asp313 and Ala314) (Muller & Schulz, 1993; Muller et
al., 1994), suggested to be involved in metal ion cofactor
binding (MgCl2) and also showed positional conservation
(Neumann et al., 2008).
YdaP showed a preference for short chain length substrates, suggesting that the dimensions of the active site
might be relatively small. A comparison of the YdaP active site binding pocket with that of other pyruvate oxidases (Muller et al., 1994) showed that bulky hydrophobic
amino acid residues Tyr469, His476 and Tyr479 formed
part of the active site cavity in YdaP. In L. plantarum
POX, these correspond to amino acid residues Trp479,
Ile480 and Glu483. These residues are presumably critical for the catalytic activity of pyruvate oxidases, and
have been proposed to be involved in substrate binding.
This observation suggested that these residues would
negatively influence the accessibility of large substrates
(e.g., aromatic) into the catalytic centre, thereby restricting the activity of YdaP for short chain substrates. This
information may assist in studies aimed at engineering
the catalytic active site of the enzyme to improve accessibility of larger substrates into the active site.
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