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Pyruvate decarboxylase (PDC) is the key enzyme in all homo-ethanol fermentations. Although widely
distributed among plants, yeasts, and fungi, PDC is absent in animals and rare in bacteria (established for only
three organisms). Genes encoding the three known bacterial pdc genes have been previously described and
expressed as active recombinant proteins. The pdc gene from Zymomonas mobilis has been used to engineer
ethanol-producing biocatalysts for use in industry. In this paper, we describe a new bacterial pdc gene from
Zymobacter palmae. The pattern of codon usage for this gene appears quite similar to that for Escherichia coli
genes. In E. coli recombinants, the Z. palmae PDC represented approximately 1/3 of the soluble protein.
Biochemical and kinetic properties of the Z. palmae enzyme were compared to purified PDCs from three other
bacteria. Of the four bacterial PDCs, the Z. palmae enzyme exhibited the highest specific activity (130 U mg of
protein~') and the lowest K, for pyruvate (0.24 mM). Differences in biochemical properties, thermal stability,
and codon usage may offer unique advantages for the development of new biocatalysts for fuel ethanol

production.

Pyruvate decarboxylase (PDC) is the key enzyme for all
homo-fermentative ethanol pathways. This enzyme catalyzes
the nonoxidative decarboxylation of pyruvate to acetaldehyde
using Mg®" and thiamine pyrophosphate (TPP) as cofactors.
Acetaldehyde is reduced to ethanol by alcohol dehydrogenase
(ADH) during NADH oxidation. ADH enzymes are widely
distributed throughout nature (41). In contrast, PDC is com-
mon to only plants, yeasts, and fungi; it is absent in animals and
rare in prokaryotes (25). PDC has been established by cloning
and purification for only three bacteria, Zymomonas mobilis (6,
7, 11, 19, 33, 34), Sarcina ventriculi (28, 45), and Acetobacter
pasteurianus (40). Though cloned from plants and fungi (25,
38), only bacterial PDC enzymes are produced at high levels as
active recombinant products (6, 10, 11, 34, 40, 45). Recombi-
nant Z. mobilis PDC has been used for the metabolic engi-
neering of ethanol pathways in many organisms (4, 8, 14, 16,
22, 44).

An ethanologenic bacterium, Zymobacter palmae, has been
reported which appears to contain a PDC enzyme (37). Z.
palmae was originally isolated from palm sap (37) and pro-
duces ethanol as a primary fermentation product from a vari-
ety of hexose sugars and saccharides (20, 36). This bacterium is
distinct from other ethanol-fermenting bacteria including
those belonging to the genera Zymomonas. Zymomonas is well
known for production of ethanol from plant sap in tropical
areas; however, its fermentable carbohydrates are limited to
glucose, fructose, and saccharose (22). In addition to substrate
utilization, Zymobacter (55.8 = 0.4 mol% G+C) differs dra-
matically from Zymomonas (48.5 = 0.5 mol% G+C) in ge-
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nome composition. This is consistent with the other phenotypic
differences that have been observed, including the type of
ubiquinone synthesized and peritrichous versus polar flagella-
tion (37).

In this paper, we have established the presence of PDC in Z.
palmae by cloning the gene and by purification of the enzyme
(native and recombinant). Biochemical and kinetic properties
of this gene and the encoded enzyme were compared to those
of the three other bacterial homologues. Differences in codon
usage and kinetic properties among these may provide a useful
guide for the development of future biocatalysts for fuel eth-
anol production from renewable biomass.

MATERIALS AND METHODS

Strains and media. Z. palmae strain T109 (IAM 14233, ATCC 51623) was
cultivated in ATCC 1956 MY medium (10 g of yeast extract, 20 g of maltose, 2 g
of KH,PO,, and 5 g of NaCl per liter) at 26°C (200 rpm). A. pasteurianus strain
NCIB8618 (ATCC 12874) was grown with aeration at 25°C in minimal medium
(pH 5.0 to 5.5) supplemented with 2% (vol/vol) p-L-lactate as described previ-
ously (3, 13), with the addition of antifoam A (0.4 ml per 10 liters). Escherichia
coli strains ER1648 F~ fhuA2A(lacZ) rl supE44 trp31 mcrA1272:Tnl0(Tet")
his-1 rpsL104 (Str") xyl-7 mtl-2 metB1 A(mcrC-mrr)102::Tnl0(Tet") (New En-
gland Biolabs, Beverly, Mass.), DH5«a F~ recA1 endA1 hsdR17 (v, m ") supE44
thi-1 gyrA relA1 (Life Technologies, Rockville, Md.), BL21-CodonPlus-RIL F~
ompT hsdS (rg~ mg~) dem™ Tet" gal N (DE3) endA Hte [argU ileY leuW Cam']
(an E. coli B strain) (Stratagene, LaJolla, Calif.), and Rosetta (DE3) F~ ompT
hsdSg (g~ mg~) gal dem lacYl (pRARE) (Novagen, Madison, Wis.) were used
for recombinant DNA experiments. E. coli strains were grown at 37°C (200 rpm)
in Luria-Bertani medium. Medium was supplemented with 2% (wt/vol) glucose
and antibiotics, including ampicillin (100 mg per liter), kanamycin (100 mg per
liter), and chloramphenicol (30 mg per liter), as needed.

DNA isolation and cloning of the Z. palmae pdc gene. Plasmid DNA was
isolated using a Quantum Prep Plasmid Miniprep kit from Bio-Rad (Hercules,
Calif.). DNA fragments were eluted from 0.8% SeaKem GTG agarose (FMC
Bioproducts, Rockland, Maine) gels with 1X TAE buffer (40 mM Tris acetate, 2
mM EDTA, pH 8.5) using the QIAquick gel extraction kit from Qiagen (Va-
lencia, Calif.). Z. palmae genomic DNA was isolated using the method described
by Harwood and Cutting (17).

A degenerate oligonucleotide, 5'-ATGTAYACNGTNGGNATGTAYYTNG
CNGAR-3', was synthesized (Sigma Genosys, The Woodlands, Tex.) based on
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FIG. 1. Cloning of the Z. palmae pdc gene. Plasmid pJAM3400 carries a 6-kb BamHI fragment of Z. palmae genomic DNA, blunt ended and
ligated into plasmid vector pLITMUS28. The remaining plasmids were derived from pJAM3400 and were used for DNA sequence analysis of a
2.9-kb region that included the pdc gene. Plasmid pJAM3440 was used to produce the Z. palmae PDC protein in recombinant E. coli. The

arrowhead indicates the direction of pdc gene transcription.

the N-terminal amino acid sequence of PDC purified from Z. palmae (R is A or
G;Nis A, C, G, or T; Y is Cor T). The oligonucleotide was labeled at the 3’ end
using terminal transferase with digoxigenin-11-dUTP as recommended by the
supplier (Roche Molecular Biochemicals, Indianapolis, Ind.) and used to probe
Z. palmae genomic DNA. Based on Southern hybridization, a partial library of
5.5- to 6.5-kb BamHI genomic fragments was generated using plasmid vector
pLITMUS28 (New England BioLabs). Colonies were screened with the labeled
oligonucleotide. This allowed the isolation of plasmid pJAM3400 containing the
complete pdc gene on a 6.0-kb BamHI fragment (Fig. 1).

Analysis of DNA and protein sequences. Plasmid pJAM3400 was subcloned as
depicted in Fig. 1. This enabled the sequencing of both DNA strands of a 2.9-kb
region, including the pdc gene, by the Sanger dideoxy method (42) using a
LICOR sequencer (DNA Sequencing Facility, Department of Microbiology and
Cell Science, University of Florida).

Genpro 5.0 (Hoefer Scientific, San Francisco, Calif.), ClustalW, version 1.81
(46), Treeview, version 1.5 (39), and MultiAln (12) were used for DNA and
protein sequence alignments and comparisons. Deduced amino acid sequences
were compared to protein sequences in the GenBank, EMBL, and SwissProt
databases at the National Center for Biotechnology Information (Bethesda,
Md.) using the BLAST network server.

Purification of PDC proteins. An overview of the PDC purifications is pre-
sented in Table 1. All procedures were performed at room temperature and all
purification buffers contained 1 mM TPP and 1 mM MgCl, unless otherwise
indicated. S. ventriculi PDC was purified from recombinant E. coli BL21-Codon-
Plus-RIL(pJAM419) and Rosetta (DE3)(pRARE, pJAM419) as previously de-
scribed (45). Zymomonas mobilis PDC was purified from recombinant E. coli
DHS5a(pLOI276) (11) using thermal treatment, Q-Sepharose, and Superdex 200
procedures as described below for the Z. palmae PDC, with the exception that
the Zymomonas mobilis PDC was eluted from Q-Sepharose at 0.22 to 0.32 M
NaCl.

(i) Purification of Z. palmae PDC. Z. palmae and E. coli DH5a(pJAM3440)
cells were grown to stationary phase and harvested by centrifugation at 10,000 X
g (10 min, 4°C). Cells (12 to 15 g [wet weight]) were resuspended in 6 volumes
of 50 mM sodium phosphate buffer at pH 6.5 containing 1 mM TPP and 1 mM
MgCl, (buffer A) and passed through a chilled French pressure cell at 20,000
1b/in%. Cell debris was removed by centrifugation at 16,000 X g (20 min, 4°C). Cell
lysate was heated to 60°C for 30 min, chilled on ice for 15 min, and centrifuged
at 16,000 X g (30 min at 4°C) to remove denatured proteins. The supernatant was
applied to a HiLoad Q-Sepharose 26/10 column (Amersham Pharmacia Biotech,
Piscataway, N.J.) equilibrated in buffer A. The column was washed with 200 ml
of buffer A and a 400-ml linear 0 to 1 M NaCl gradient was applied at 4.0 ml per
min. The peak of PDC activity eluted between 0.4 and 0.5 M NaCl and was
pooled. The recombinant Z. palmae PDC from E. coli was purified to apparent
homogeneity by injecting aliquots (0.5 ml) onto a Superdex 200 10/30 column
(Amersham Pharmacia Biotech) equilibrated with buffer A containing 150 mM
NaCl and 10% glycerol at 0.2 ml per min.

Purification of native PDC from Z. palmae required additional steps. Heat-
treated lysate was applied to a hydroxyapatite CHT5-1 column (Bio-Rad) equil-
ibrated with 10 mM sodium phosphate buffer at pH 6.5 containing 1 mM TPP
and 1 mM MgCl, (buffer B). The column was washed with 30 ml of buffer B and

a 30-ml linear 10 mM to 1 M sodium phosphate gradient was applied at 0.5 ml
per min. The peak of PDC activity eluted at 0.45 to 0.5 M sodium phosphate and
was pooled. Aliquots were further purified using a Superdex 200 10/30 column as
described above. Solid ammonium sulfate was added to the combined active
fractions to 1 M and then loaded onto a phenyl Sepharose 6 Fast Flow (low sub)
column (Amersham Pharmacia Biotech) equilibrated with buffer A containing 1
M ammonium sulfate. After a 15-ml wash, the column was developed with a
15-ml decreasing linear gradient of 1 to 0 M ammonium sulfate at 0.5 ml per min.
The peak of native PDC activity was eluted between 0.55 and 0.3 M salt.

TABLE 1. Purification of bacterial PDC proteins

. o " Sp act Purification
PDC protein or purification step’ (Umg 1) (fold)

ZpaPDC

Lysate 0.13 1

Q-Sepharose 1.3 10

(Phenyl Sepharose) 66 510
ZpaPDC-R

Lysate 32 1

Q-Sepharose 92 3

(Superdex 200) 100 4
ApaPDC

Lysate 0.62 1

Q-Sepharose 12 18

(Hydroxyapatite) 71 110
ApaPDC-R

Lysate 6.7 1

Q-Sepharose 58 9

(Superdex 200) 92 14
ZmoPDC-R

Lysate 6.2 1

Q-Sepharose 57 9

(Superdex 200) 72 12
SvePDC-R

Lysate 8.7 1

Q-Sepharose 33 2

(Superdex 200) 37 6

“PDC-R, PDC purified from recombinant E. coli. SvePDC-R represents pro-
tein purified from E. coli Rosetta (DE3)(pRARE, pJAM419). SvePDC-R activ-
ity was not detected in the cell lysate of E. coli BL21-CodonPlus-RIL(pJAM419).
Parentheses indicate the final purification step. Q-Sepharose and Superdex 200
were common purification steps for all of the bacterial PDCs.
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(ii) Purification of A. pasteurianus PDC. PDC was purified from A. pasteuria-
nus and E. coli ER1648(pJAM304) using heat treatment, Q-Sepharose, Superdex
200, and hydroxyapatite as described for the Z. palmae PDC, with the following
modifications. Cells were passed through a French pressure cell at 30,000 Ib/in>.
The PDC activity, which was eluted at 0.17 to 0.26 M NaCl from the Q-Sepharose
column, was pooled and concentrated by dialysis against PEG8000 prior to
loading onto the Superdex 200 column.

The Z. palmae and A. pasteurianus PDCs were stored for up to 1 month in 10%
glycerol under liquid nitrogen without loss of activity. The S. ventriculi and Z.
mobilis PDCs were stored at 4°C.

PDC assay. Protein concentration was determined using Bradford reagent
with bovine serum albumin as the standard (Bio-Rad). PDC activity was mea-
sured by the coupled assay with baker’s yeast ADH (Sigma-Aldrich, St. Louis,
Mo.) as previously described (11). The reaction mixture contained 0.15 mM
NADH, 5 mM MgCl,, 0.1 mM TPP, 5 mM pyruvate, and 10 U of ADH in 50 mM
sodium citrate buffer at pH 5.0 and was measured at 25°C unless otherwise
indicated. One unit of enzyme activity is defined as the amount of enzyme that
generates 1 wmol of acetaldehyde per min.

Molecular mass and amino acid sequence determination of the PDC protein.
Subunit molecular masses and enzyme purity were determined by sodium dode-
cyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) using 12% poly-
acrylamide gels stained with Coomassie blue R-250 (26). Molecular size stan-
dards for SDS-PAGE were as follows: phosphorylase b (97.4 kDa), serum
albumin (66.2 kDa), ovalbumin (45 kDa), carbonic anhydrase (31 kDa), trypsin
inhibitor (21.5 kDa), and lysozyme (14.4 kDa). For the determination of native
molecular mass, samples were applied to a Superdex 200 10/30 column equili-
brated in 50 mM sodium phosphate buffer at pH 6.5 with 150 mM NaCl.
Molecular mass standards included serum albumin (66 kDa), ADH (150 kDa),
a-amylase (200 kDa), apoferritin (443 kDa), and thyroglobulin (669 kDa).

The N-terminal sequences of the purified PDC proteins were determined after
SDS-PAGE and electroblotting of the proteins onto a polyvinylidene difluoride
membrane (PVDF-PLUS) (Micron Separations Inc., Westborough, Mass.). Se-
quences were determined by automated Edman degradation at the Protein
Chemistry Core Facility of the University of Florida Interdisciplinary Center for
Biotechnology Research.

Apoenzyme preparation. Purified PDC (0.75 mg per 0.5 ml) was diluted with
1.5 ml of 50 mM sodium phosphate buffer at pH 9.0 and immediately concen-
trated eightfold using a Centricon YM30 concentrator (Millipore, Bedford,
Mass.). After adjusting the volume to 0.5 ml, the protein was incubated at 25°C
for 45 min. PDC was purified from unbound cofactors by application to a
Superdex 200 10/30 column equilibrated with 50 mM sodium phosphate buffer at
pH 9.0 with 10% glycerol and 150 mM NaCl. Immediately after elution, the
apoenzyme was diluted fivefold into 50 mM sodium citrate buffer at pH 5.0,
stored at 4°C, and used within 16 h for reconstitution assays. TPP was measured
by fluorescence after oxidation to thiochrome diphosphate using K;Fe(CN), in
15% NaOH (15). Excitation and emission wavelengths were 375 and 430 nm,
respectively. For reconstitution, apoenzyme (755 ng) was diluted into 1 ml of 50
mM sodium citrate buffer at pH 5.0 with 1 mM TPP and/or 1 mM MgCl,. The
mixture was assayed for PDC activity in the same buffer.

Materials. Biochemicals were purchased from Sigma-Aldrich. Other organic
and inorganic analytical grade chemicals were from Fisher Scientific (Atlanta,
Ga.). Restriction endonucleases and DNA-modifying enzymes were from New
England BioLabs. Digoxigenin-11-dUTP (2'-deoxyuridine-5’-triphosphate cou-
pled by an 11-atom spacer to digoxigenin), alkaline phosphatase-conjugated
antibody raised against digoxigenin, and nylon membranes for colony and plaque
hybridizations were from Roche Molecular Biochemicals. Positively charged
nylon membranes for Southern hybridization were from Ambion (Austin, Tex.).

Nucleotide sequence accession number. The sequence for the pdc gene from
pJAM3400 was deposited under GenBank accession number AF474145.

RESULTS AND DISCUSSION

Pyruvate decarboxylase (pdc) operon of Z. palmae. A 6.0-kb
BamHI genomic DNA fragment that hybridized to a pdc-spe-
cific probe was isolated from Z. palmae (Fig. 1). A 1.7-kb
Pstl-to-BamHI subclone of this fragment (pJAM3440) was
found to be required for PDC activity in recombinant E. coli.
Based on DNA sequence, a 1,668-bp open reading frame
(ORF) (55 mol% G+C content) was identified in this region
that encoded a putative PDC protein. A canonical Shine-Dal-
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garno sequence (GGAGG) was 10 bp upstream of the trans-
lation start codon (ATG). In addition, a putative —35 and —10
promoter (TTcACt-N,,-atTAAT, where N is any nucleotide
and uppercase letters match the bacterial promoter consensus)
was located 16 to 44 bp upstream of the start codon (18).
Downstream (21 bp) of the translation stop codon was a 62-bp
sequence predicted to form two stem-loop structures followed
by a 16-bp AT-rich region, consistent with p-independent tran-
scription termination (18). Thus, all four bacterial pdc genes,
including those from Z. mobilis, S. ventriculi, and A. pasteuria-
nus, are predicted to be independently transcribed from a
monocistronic operon (11, 40, 45).

The deduced PDC protein of Z. palmae (ZpaPDC) con-
tained 556 amino acids (including the N-terminal methionine)
with an anhydrous molecular mass of 60,113 Da. This is similar
to the three other bacterial PDCs, which range from 552 to 568
amino acids and 59,830 to 61,809 Da. The ZpaPDC had a
calculated pI of 4.93 analogous to the pl determined experi-
mentally (4.87 to 5.3) for the Z. mobilis PDC (7, 33). The
relatively high alanine content of ZpaPDC (13.1%) was com-
parable to that of the gram-negative Z. mobilis and A. pasteur-
ianus PDCs (ZmoPDC and ApaPDC) but almost twofold
higher than that of the gram-positive S. ventriculi PDC (SvePDC)
(6.9%). Multiple amino acid sequence alignment (Fig. 2) and
dendrogram cluster analysis (data not shown) revealed that
ZpaPDC was most closely related to ApaPDC (72% identity)
and highly related to ZmoPDC (62% identity). All three of the
gram-negative PDCs clustered in sequence similarity with the
plant PDCs (e.g., Zea mays PDC, 39 to 40% identity). In
contrast, the gram-positive SvePDC was only 30 to 31% iden-
tical to the gram-negative PDCs and instead grouped with the
majority of filamentous fungi and yeast PDCs (e.g., Saccharo-
myces cerevisiae PDC1, 38% identity). The N-terminal exten-
sion common to PDCs of the plant kingdom was absent from
all four of the bacterial PDCs. Residues involved in TPP and
Mg?" binding, based on the crystal structures of the Z. mobilis
and yeast PDCs, were conserved in all four bacterial PDCs. In
contrast, residues of the yeast PDC1 (Tyr157 and Arg224) that
are likely to be involved in substrate activation, based on bind-
ing to the pyruvate analog pyruvamide (29), were only noted in
the bacterial SvePDC and not in the remaining three bacterial
PDCs.

Codon usage. There is considerable interest in using bacte-
rial PDCs to engineer ethanol pathways in a wide variety of
organisms (4, 14, 16, 22). Compatible patterns of codon usage
are particularly important for functional expression in heter-
ologous systems. A simple tabulation of G+C content can
serve as an initial guide. G+C contents for these four pdc
genes range from 60% for A. pasteurianus to 31% for S. ven-
triculi. The average G+C content for E. coli ORFs is 52%,
identical to that for Z. mobilis pdc (52%) and similar to that for
Z. palmae pdc (55%). For most amino acids, patterns of codon
usage for these two organisms were quite similar to each other
and to E. coli. The Z. palmae pdc was functionally expressed at
high levels (approximately 1/3 of the protein based on activity)
in recombinant E. coli. The Z. mobilis pdc and A. pasteurianus
pdc were expressed at lower levels (7 to 9% of the protein
based on activity) and S. ventriculi pdc was poorly expressed in
recombinant E. coli (less than 0.3% of the protein based on
activity) (45). To produce larger amounts of functional recom-
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FIG. 2. Multiple amino acid sequence alignment of the deduced PDC protein of Z. palmae aligned with selected PDC proteins. Functionally
conserved (black highlight) and semiconserved (gray highlight) amino acid residues are indicated. Dashes indicate gaps introduced in alignment. V,
residues within 0.4 nm of the Mg?* and TPP binding sites of the yeast and Z. mobilis PDC proteins; m, yeast PDCI residues forming hydrogen bonds
with pyruvamide. Double underlined residues are conserved among TPP-dependent enzymes. Abbreviations and GenBank or SwissProt accession
numbers: Zpa, Z. palmae, this study; Apa, A. pasteurianus, AR368435; Sce, S. cerevisiae, P06169; Sve, S. ventriculi, AF354297; Zma, Z. mays, P28516; Zmo,
Z. mobilis, P06672.
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binant S. ventriculi PDC, the use of a modified E. coli host
containing additional tRNA genes for rare codons such as
AGA (arginine), GGA (glycine), AUA (isoleucine), and CUA
(leucine) proved essential for high-level protein production
(almost 1/4 of the protein based on activity) (Table 2) (45). The
pattern of codon usage in S. ventriculi pdc may prove particu-
larly useful for the genetic engineering of an ethanol pathway
in low-G+C gram-positive bacteria as illustrated by the com-
parison to Bacillus subtilis ORFs (Table 2). In contrast, A4.
pasteurianus pdc may be the best choice for engineering a
homo-ethanol pathway into high-G+C cellulolytic bacteria
such as Thermobifida sp. (23) or Cellulomonas sp. (35).

Biochemical properties. An overview of the purification of
the four bacterial PDC proteins is presented in Table 1.
ZpaPDC was purified to homogeneity from Z. palmae and
recombinant E. coli. For comparison, the three other bacterial
PDCs were purified from recombinant E. coli. PDC was also
purified from A. pasteurianus. In general, purification of the
native PDCs required additional steps (i.e., phenyl Sepharose
and hydroxyapatite chromatography). This was due to the 10-
to 250-fold lower levels of PDC activity of native lysate than of
that of recombinant cell lysate. All of the PDC proteins had
subunit molecular masses of 55 to 60 kDa, as estimated by
reducing SDS-PAGE, which were consistent with the masses
calculated from the deduced protein sequences.

The N-terminal amino acid sequence of PDC purified from
Z. palmae (MYTVGMYLAE) was identical to the sequence
deduced from the gene and included the N-terminal methio-
nine. Previous studies have demonstrated that the PDC puri-
fied from S. ventriculi also retains the N-terminal methionine
which is amino to a lysine residue (28, 45). In contrast, the
N-terminal sequence of PDC purified from A. pasteurianus
(TYTVGMYLAERL) lacked an N-terminal methionine, sug-
gesting cleavage by a native methionine aminopeptidase. The
PDC purified from Z. mobilis also appears to be cleaved to
expose an N-terminal serine (34). These results are consistent
with the highly conserved substrate specificity of methionine
aminopeptidases which is dictated by the P,’ residue (5). The
N-terminal methionine is only removed if the second residue is
small and uncharged. This substrate preference is opposite to
the “N-end rule” for protein degradation (47).

Thermostability and temperature optima. Previous studies
have revealed that the ZmoPDC is thermostable after heating
cell lysate to 60°C in the presence of cofactors (TPP and Mg>")
(11). To further address this phenomenon, activity of the pu-
rified bacterial PDCs was analyzed at 25°C after exposure to
various temperatures in the presence of saturating cofactors
(Fig. 3). All three gram-negative PDCs were relatively thermo-
stable and retained 60 to 100% activity after heating to 60°C
for 30 min. In contrast, the SvePDC was completely inactivated
after exposure to temperatures of 50°C or higher. Although
amino acid composition cannot be used as a universal guide to
thermostability (30, 31, 48), it is interesting that the three
thermostable PDCs contained higher levels of alanine and
cysteine and lower levels of phenylalanine. These changes are
consistent with an increase in thermostability based on com-
positional comparisons of homologous enzymes (2, 31). In-
creased levels of alanine may stabilize gram-negative PDC
proteins at high temperature by facilitating the formation of
helices and a more compact protein core.
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Further analysis of the thermostable PDCs from the gram-
negative bacteria revealed an over 2.5-fold increase in activity
when assayed at their temperature optimum of 60°C compared
to room temperature. Based on Arrhenius plots, these en-
zymes were estimated to have activation enthalpy in the range
of 12.6 to 14.2 kJ - mol~! and entropy values of —92.8 to —98.2
J-mol 'K,

Quaternary structure. The ZmoPDC associates as a tet-
ramer of 240 kDa even after removal of the cofactors TPP and
Mg?* (15). Likewise, the SvePDC and ZpaPDC associated as
tetramers of 240 kDa even after cofactor dissociation (data not
shown). Interestingly, the ApaPDC formed both tetramers and
octamers (224 and 447 kDa) of similar specific activity and
dissociated into dimers (120 kDa) after cofactor extraction.
Activity and tetrameric configuration of the ApaPDC apoen-
zyme was fully restored after addition of Mg>* and TPP, with
half-saturation constants of 3.1 and 5.8 wuM and Hill constants
of 1.17 and 1.22, respectively. The tetrameric configuration
observed for all four bacterial PDCs is consistent with the
quaternary structure of the majority of eukaryotic PDCs. How-
ever, similar to ApaPDC, higher-order structures have been
observed for the PDC from the filamentous fungus Neurospora
crassa, which associates as a homopolymeric filament of 8 to 10
nm (1). Likewise, in plants (maize, pea, and wheat germ) PDC
forms complexes up to 1 MDa (24, 27, 32). The dissociation of
ApaPDC into dimers after removal of the cofactors is also
consistent with eukaryotic PDCs (25).

pH dependence and kinetic constants. Significant differ-
ences in pH optima were observed for the bacterial PDC pro-
teins. The ZpaPDC was most active at pH 5.5 to 6.0 (Fig. 4),
similar to ZmoPDC, which has a pH optimum of 6.0 (34). The
pH optimum of ApaPDC, however, was significantly lower
than that observed for the other two gram-negative PDCs and
ranged from 5.0 to 5.5 (Fig. 4). The pH optimum for the
gram-positive SvePDC (pH 6.3 to 7.6) has been shown to be
much broader and more neutral than the gram-negative PDCs
(28). This suggests that there are differences in the conforma-
tion and/or composition of charged residues at or near the
active site.

The eukaryotic PDCs and bacterial SvePDC exhibit positive
cooperative kinetics in the presence of the substrate pyruvate
(25, 28). The ZpaPDC and ApaPDC, however, exhibited nor-
mal Michaelis-Menten kinetics, with K,,, values of 0.2 to 0.4
mM for pyruvate and k_,, values of 20,500 to 30,500 min~' (pH
optimum, 25°C) (Table 3). The lack of allosteric control with
respect to pyruvate which was observed for these gram-nega-
tive PDC enzymes is similar to that established for the highly
related PDC from Z. mobilis (7, 9, 34). As a further compar-
ison, the kinetic constants of all four bacterial PDC proteins
were determined at their pH optimum as well as at pH 7.0
(Table 3). This approach was chosen to analyze the bacterial
PDC enzymes to more closely reflect the neutral cytosol of
recombinant hosts used previously for high-level ethanol pro-
duction (e.g., E. coli, Erwinia spp.). These modest pH changes
had only a slight effect on the maximum rate of the reaction for
all four bacterial PDC proteins. In contrast, pH significantly
influenced the affinity of the gram-negative PDCs for pyruvate.
Most notably, an over 13-fold increase in K,, was observed
when ApaPDC was shifted from its pH optimum to neutral
conditions.
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TABLE 2. Codon usage of bacterial pdc genes compared to the E. coli K-12 and B. subtilis genomes”

Frequency of codon per thousand bases (% codon usage per amino acid)

Amino acid Codon Z. palmae pdc A. pasteurianus pdc 2 r;;lezs S. ventriculi pdc E'g?nl;rlsélz Bg'e“:lobrﬁgs
Ala GCA 41.3 (32) 17.9 (14) 31.6 (21) 32.5 (47) 20.1 (21) 21.7 (28)
GCC 39.5 (30) 73.5 (56) 31.6 (21) 0(0) 25.5(27) 15.8 (21)
GCG 3.6 (03) 30.5 (23) 10.5 (07) 1.8 (03) 33.6 (36) 20.2 (26)
GCU 46.7 (36) 9.0 (07) 75.6 (51) 34.4 (50) 15.3 (16) 19.0 (25)
Arg AGA 0(0) 0(0) 0(0) 39.8 (100) 2.1(04) 10.6 (26)
AGG 0 (0) 1.8 (04) 0(0) 0(0) 1.2 (02) 3.9 (09)
CGC 23.3 (50) 28.7 (64) 14.1 (47) 0(0) 22.0 (40) 8.6 (21)
CGG 0 (0) 5.4(12) 1.8 (06) 0(0) 5.4 (10) 6.5 (16)
CGU 23.3(50) 9.0 (20) 14.1 (47) 0(0) 20.9 (38) 7.6 (18)
CGA 0 (0) 0(0) 0(0) 0(0) 3.6 (07) 4.1 (10)
Asn AAC 41.3(77) 32.3(67) 49.2 (82) 19.9 (42) 21.7 (55) 17.3 (44)
AAU 12.6 (23) 16.1 (33) 10.5 (18) 27.1(58) 17.7 (45) 22.1(56)
Asp GAC 37.7(78) 32.3(67) 22.8 (54) 3.6 (07) 19.1 (37) 18.8 (36)
GAU 10.8 (22) 16.1 (33) 19.3 (46) 47.0 (93) 32.1(63) 33.0 (64)
Cys UGC 10.8 (60) 32.3(67) 10.5 (85) 1.8 (20) 6.5 (56) 4.3 (55)
UGU 7.2 (40) 16.1 (33) 1.8 (15) 7.2 (80) 5.2 (44) 3.6 (45)
Gln CAA 9.0 (25) 3.6 (11) 0(0) 28.9 (100) 15.3 (35) 19.8 (51)
CAG 26.9 (75) 28.7 (89) 17.6 (100) 0(0) 28.8 (65) 18.7 (49)
Glu GAA 61.0 (87) 43.0 (80) 63.3(92) 85.0 (94) 39.4 (69) 48.9 (68)
GAG 9.0 (13) 10.8 (20) 5.3 (08) 5.4 (06) 17.8 (31) 23.1(32)
Gly GGA 1.8 (02) 3.6 (05) 1.8 (02) 50.6 (72) 8.0 (11) 21.7 (31)
GGC 35.9 (44) 64.5 (82) 19.3 (24) 0(0) 29.6 (40) 23.4 (34)
GGG 0(0) 3.6 (05) 0(0) 0(0) 11.1 (15) 11.2 (16)
GGU 449 (54) 7.2 (09) 59.8 (74) 19.9 (28) 24.7 (34) 12.8 (19)
His CAC 14.4 (67) 10.8 (43) 12.3 (58) 3.6 (22) 9.7 (43) 7.5 (33)
CAU 7.2 (33) 14.3 (57) 8.8 (42) 12.7 (78) 12.9 (57) 15.2 (67)
Ile AUA 0(0) 0(0) 0(0) 39.8 (56) 4.4(07) 9.3 (13)
AUC 55.7 (89) 34.1 (66) 36.9 (78) 9.0 (13) 25.1(42) 27.0 (37)
AUU 7.2 (11) 17.9 (34) 10.5 (22) 21.7 (31) 30.3 (51) 36.8 (50)
Leu CUA 7.2 (09) 0(0) 0(0) 7.2 (09) 3.9 (04) 4.9 (05)
CcucC 5.4(07) 9.0 (08) 19.3 (22) 0(0) 11.1 (10) 10.8 (11)
CUG 59.2 (73) 69.9 (64) 33.4 (38) 0(0) 52.6 (50) 23.1(24)
CUU 3.6 (04) 10.8 (10) 15.8 (18) 14.5 (18) 11.0 (10) 23.0 (24)
UUA 0 (0) 0(0) 1.8 (02) 59.7 (73) 13.9 (13) 19.1 (20)
uucC 5.4(07) 19.3 (18) 17.6 (20) 0(0) 13.7 (13) 15.3 (16)
Lys AAA 26.9 (94) 12.5 (35) 35.1 (56) 63.3 (92) 33.6 (76) 49.1 (70)
AAG 1.8 (06) 23.3 (65) 28.1 (44) 5.4 (08) 10.3 (24) 20.8 (30)
Met AUG 26.9 (100) 26.9 (100) 21.1 (100) 27.1 (100) 27.9 (100) 26.9 (100)
Phe uucC 23.3(87) 19.7 (78) 28.1 (89) 18.1 (38) 16.6 (43) 14.2 (32)
Uuu 3.6 (13) 5.4(22) 351 28.9 (62) 22.3(57) 30.2 (68)
Pro CCA 1.8 (04) 1.8 (04) 53 (11) 18.1 (67) 8.4 (19) 7.0 (19)
CCC 1.8 (04) 21.5 (50) 3.5(07) 0(0) 55(12) 3.3(09)
CCG 30.5 (74) 14.3 (33) 28.1 (59) 1.8 (07) 23.2(53) 16.1 (44)
CCU 7.2(17) 5.4 (13) 10.5 (22) 7.2 (27) 7.0 (16) 10.6 (29)
Ser AGC 12.6 (26) 19.7 (35) 15.8 (37) 12.7 (20) 16.1 (28) 14.2 (23)
AGU 1.8 (04) 0(0) 53(13) 12.7 (20) 8.8 (15) 6.6 (10)
UCA 3.6 (07) 7.2 (13) 1.8 (04) 32.5 (50) 7.2 (12) 14.8 (23)
ucCcC 9.0 (19) 19.7 (35) 14.1 (33) 0(0) 8.6 (15) 8.1 (13)
UCG 1.8 (04) 7.2 (13) 0(0) 0(0) 8.9 (15) 6.4 (10)
UCU 19.7 (41) 1.8 (03) 53(13) 7.2 (11) 8.5 (15) 12.9 (21)
Thr ACA 5.4 (09) 10.8 (16) 0(0) 34.4 (53) 7.1 (13) 22.3 (41)
ACC 19.7 (34) 30.5 (45) 28.1 (62) 0(0) 23.4 (43) 8.6 (16)
ACG 10.8 (19) 23.3(34) 10.5 (23) 0(0) 14.4 (27) 14.6 (27)
ACU 21.5 (38) 3.6 (05) 7.0 (15) 30.7 (47) 9.0 (17) 8.7 (16)
Trp UGG 16.2 (100) 12.5 (100) 12.3 (100) 5.4 (100) 15.2 (100) 10.3 (100)
Tyr UAC 18.0 (59) 14.3 (47) 12.3 (32) 7.2 (18) 12.2 (43) 12.0 (35)
UAU 12.6 (41) 16.1 (53) 26.4 (68) 32.5(82) 16.2 (57) 22.6 (65)
Val GUA 14.4 (20) 7.2 (10) 0(0) 36.2 (46) 10.9 (15) 13.4 (20)
GUC 34.1 (49) 23.3(32) 31.6 (40) 0(0) 15.3 (22) 17.3 (26)
GUG 3.6 (05) 26.9 (38) 5.3(07) 0(0) 26.4 (37) 17.7 (26)
GUU 18.0 (26) 14.3 (20) 422 (53) 43.4 (54) 18.3 (26) 19.2 (28)
Coding DNA 55 60 52 31 52 44
mol%
G+C

“ GenBank accession numbers are as follows: A. pasteurianus pdc, AF368435; Z. palmae pdc, AF474145; Z. mobilis, M15393; S. ventriculi, AF354297.
® Stop codons are not included.
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FIG. 3. Thermostability of bacterial PDC enzymes. Recombinant
ZmoPDC (@), ZpaPDC (m), ApaPDC (O), and SvePDC ([J) proteins
were preincubated at the temperatures indicated in 50 mM sodium
citrate buffer at pH 5.0 with 1 mM TPP and 1 mM MgCl, for 30 min,
cooled to 0°C, and assayed for residual activity at 25°C in the same

buffer. 100% is the activity after preincubation at 0°C. SvePDC was
purified from recombinant E. coli BL21-CodonPlus-RIL(pJAM419).

These results suggest that all three gram-negative PDCs
have an amino acid residue(s) that enables the enzyme to more
efficiently bind pyruvate when protonated (at the pH optimum)
than when deprotonated (neutral pH). However, the proton-
ated state of this residue does not influence the overall rate of
decarboxylation. Since the changes in K,,, for the gram-nega-
tive PDCs were observed for pH values of 5 to 7, it is possible
that the residue involved in modulating substrate binding for
all three enzymes is a histidine. The pK, for free histidine is
6.04, whereas the pK, for pyruvate as well as the other ioniz-
able amino acid residues (i.e., Asp, Glu, Lys, and Arg) does not
fall within this pH range. Protonation of one or more histidines
may be necessary to facilitate substrate binding by forming an
ion pair with the carboxyl group of pyruvate or by making the
active site more substrate accessible. It is also possible that a
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FIG. 4. Effect of pH on activity of recombinant bacterial PDC
enzymes ZpaPDC (@) and ApaPDC (m) and native enzymes ZpaPDC
(©) and ApaPDC (0J). Activity was measured at 25°C in 50 mM
sodium citrate buffer from pH 4.0 to 5.0 and in 50 mM sodium phos-
phate buffer from pH 5.5 to 8.0. 100% is the activity at optimal pH.
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TABLE 3. Kinetic parameters of recombinant bacterial

PDC enzymes

Vinax (U
Enzyme l};ﬁ‘:&;ﬁ pH optimum K, (mM [pH]) p;(:?fin()f

[pH])
ZpaPDC N 5.5-6.0 0.24 (6.0) 130 (6.0)
0.71 (7.0) 140 (7.0)
ApaPDC N 5.0-5.5 0.39 (5.0) 97 (5.0)
5.1(7.0) 79 (7.0)
ZmoPDC N 6.0 0.43 (6.0) 100 (6.0)
0.94 (7.0) 78 (7.0)
SvePDC? S 6.3-6.7 5.7 (6.5) 45 (6.5)
4.0 (7.0) 35(7.0)

“ N, normal Michaelis-Menten kinetics; S, sigmoidal kinetics.
® SvePDC was purified from E. coli Rosetta (DE3) (pPRARE, pJAM419).

different residue(s) is involved in modulating substrate bind-
ing; however, its pK, is modified by the protein environment.

The PDC enzyme of Z. mobilis has been under intense
biochemical and structural investigation. The effect of pH on
k../K,, compared to k., has been well documented for this
enzyme by titration curves, with pK, values estimated at 6.23 to
6.45 for the residue involved in modulating substrate binding
(21, 43). The deprotonation of His113 has been suggested to
lead to conformational changes that result in a flexible loop
(residues 105 to 112) to close over the active site during catal-
ysis (43). Both His113 and His114 are conserved in all PDC
proteins that have been characterized. Thus, His113 is a logical
candidate for the observed pH-dependent changes in K, ob-
served for all three gram-negative PDCs. However, five crucial
residues with ionizable side chains protruding into the active
site of Z. mobilis PDC (Asp27, Glu50, His113, His114, and
Glu473) were modified to residues that were nonionizable or
had altered pK, values (21). The pH dependence of k,/K,,
was relatively unaffected by these modifications, suggesting
that these residues, including His113, may not be involved.
Interestingly, in this same study modification of His113 to a
residue with significantly higher pK, value (i.e., Arg and Lys)
increased the affinity of ZmoPDC for pyruvate over 20-fold.
This result reinforces the existing notion that the positively
charged form of His113 keeps the active site open for substrate
binding.

Conclusions. This study establishes the presence of a func-
tional PDC gene in Z. palmae. Together with ADH, this PDC
is presumed to function as the primary ethanol pathway in Z.
palmae. Based on primary amino acid sequence, PDC from Z.
palmae was highly related to the two other PDCs from the
gram-negative bacteria and to plants. The four known bacterial
PDC enzymes were purified and compared. All respective
genes were expressed as active recombinant enzymes in E. coli.
Efficient functional expression of S. ventriculi pdc required
additional tRNA genes. Purified Z. palmae PDC exhibited the
highest specific activity and lowest K,,, for pyruvate. Only the
PDCs from gram-negative bacteria (Z. palmae, Z. mobilis, and
A. pasteurianus) were thermostable, which is useful during pu-
rification. Thermostability was correlated with higher levels of
alanine and cysteine and lower levels of phenylalanine. The
three gram-negative PDCs displayed Michaelis-Menten kinet-
ics and a relatively high affinity for pyruvate (0.2 to 0.4 mM) at
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optimal pH. In contrast, S. ventriculi PDC exhibited allosteric
activation by pyruvate (K, of 4 to 6 mM) similar to most
eukaryotic PDCs. Patterns of codon usage differed widely
among the four pdc genes, with G+C contents ranging from
60% for A. pasteurianus pdc to 31% for S. ventriculi pdc. Dif-
ferences in kinetic properties, thermal stability, and codon
usage among these pdc genes may provide particular advan-
tages for the metabolic engineering of ethanol pathways in
diverse recombinant hosts.
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