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Fig. 2 

PM; 

Bll Pl Hll NI Bll Pl EV 

pJAM301Eu ! ! ! l ! l J 

str ard aIdI 
pdc 

pJAM302 
pJANl303 

pJAM304 
pJAM305 

1 pJAM306 

pJAM307 

pJAM308 

pJAM309 1 

PJAM310 '-—kb——‘ 



Patent Application Publication Jan. 10, 2008 Sheet 3 0f 13 US 2008/0009609 A1 

Fig. 3 
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Fig. 4-2 

aacaaccgcggttacgtcatcgaaatcgctatccatgacggcccttacaactacatcaaa 
N N R G Y V I E‘. I A I H D G P Y N Y I K 

aactggaactacgctggcctgatcgacgtcttcaatgacgaagatggtcatggcctgggt 
N W N Y A G L I D V F N D E D G H G L G 

ctgaaagcttctactggtgcagaactagaaggcgctatcaagaaagcactcgacaatcgt 
L K A S T G A E L E G A I K K A L D N R 

cgcggtccgacgctgatcgaatgtaacatcgctcaggacgactgcactgaaaccctgatt 
R G P T L I E C N I A Q D D C T E T L I 

gcttggggtaaacgtgtagcagctaccaactctcgcaaaccacaagcgtaa 
A w G K R V A A T N S R ' K P Q A — 
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Fig. 6-1 

—35 ~10 ? ?? 
AAATTTAAAAATAACATCAGATAAATCGTTTATATTAATTTTTACTAAAAGCTATTTAAA 

SD 
GGTGTATTATATATACATAGTTTATCTTATAAATAAAAAATGAATTGGAGGAAATACATA 

ATGAAAATAACAATTGCAGAATACTTATTAAAAAGATTAAAAGAAGTAAATGTAGAGCAT 
M K I T I A E Y L L K R L K E V N V E H 
M K I I I A E Y L L K R L K E V N V E H 

ATGTTTGGAGTTCCTGGAGATTATAACTTAGGATTTTTAGATTATGTTGAAGATTCTAAA 
M F G V P G D Y N L G F L D Y V E D S K 
M F G V P G D Y N L G F L D Y V 

GATATTGAATGGGTTGGAAGCTGTAATGGACTTAATGCAGGATATGCAGCAGATGGATAT 
D I E W V G S C N G L N A G Y A A D G Y 

, GCAAGACTTAGAGGATTTGGTG'TAATACTTACAACTTATGGAGTTGGTTCACTTAGTGCA 
A R L R G F G V I L T T Y G V G S L S A 

ATAAATGCTACAACAGGTTCATTTGCAGAAAATGTTCCAGTATTACATATATCAGGTGTA 
I N A T T G S F A E N V P V L H I S G V 

CCATCAGCTTTAGTTCAACAAAACAGAAAGCTAGTTCACCATTCAACTGCTAGAGGAGAA 
P S A L V Q Q N R K L V H H S T A R G E 

TTCGACACTTTTGAAAGAATGTTTAGAGAAATAACAGAATTTCAATCAATCATAAGCGAA 
F D T F E R M E‘ R E I T E F Q S I I S E 

TATAATGCAGCTGAAGAAATCGATAGAGTTATAGAATCAATATATAAATATCAATTACCA 
Y N A A E E I D R V I E S I Y K Y Q L P 

GGTTATATAGAATTACCAGTTGATATAGTTTCAAAAGAAATAGAAATCGACGAAATGAAA 
G Y I E L P V D I V S K E I E I D E M K 

CCGCTAAACTTAACTATGAGAAGCAACGAGAAAACTTTAGAGAAATTCGTAAATGATGTA 
P L N L T M R S N E K T L E. K F V N D V 

AAAGAAATGGTTGCAAGCTCAAAAGGACAACATATTTTAGCTGATTATGAAGTATTAAGA 
K E ' M V A S S K G Q H I L A D Y E V L R 

GCTAAAGCTGAAAAAGAATTAGAAGGATTTATAAATGAAGCAAAAATCCCAGTAAACACT 
A K A _ E K E L E G E‘ I N E A K I P V N T 

TTAAGTATAGGAAAGACAGCAGTATCAGAAAGCAATCCATACTTTGCTGGATTATTCTCA 
L S I G K T A V S E S N P Y F A G L F S 

GGAGAAACTAGTTCAGATTTAGTTAAAGAACTTTGCAAAGCTTCTGATATAGTTTTACTA 
G E T S S D L V K E L C K A S D I V L L 

TTTGGAGTTAAATTCATAGATACTACAACAGCTGGATTTAGATATATAAATAAAGATGTT 
F G V K F I D T T T A G F R Y I N K D V 

AAAATGATAGAAATTGGTTTAACTGATTGTAGAATTGGAGAAACTATTTATACTGGACTT 
K M I E I G L T D C R I G E T I Y T G L 
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Fig. 6-2 

TACATTAAAGATGTTATAAAAGCTTTAACAGATGCTAAAATAAAATTCCATAACGATGTA 
Y I K D V I K A L T D A K I K F H N D V 

AAAGTAGAAAGAGAAGCAGTAGAAAAATTTGTTCCAACAGATGCTAAATTAACTCAAGAT 
K V E R E A V E K F V P T D A K L T Q D 

AGATATTTCAAACAAATGGAAGCGTTCTTAAAACCTAATGATGTATTAGTTGGTGAAACA 
R Y F K Q M E A F L K P N D V L V G E T 

GGAACATCATATAGTGGAGCATGTAATATGAGATTCCCAGAAGGATCAAGCTTTGTAGGT 
G T S Y S G A C N M R F P E G S S F V G 

CAAGGATCTTGGATGTCAATTGGATATGCTACTCCTGCAGTTTTAGGAACTCATTTAGCT 
Q G S W M S I G Y A T P A V L G T H L A 

GATAAGAGCAGAAGAAACATTCTTTTAAGTGGTGATGGTTCATTCCAATTAACAGTTCAA 
D K S R R N I L L S G D G S F Q L T V Q 

GAAGTTTCAACAATGATAAGACAAAAATTAAATACAGTATTATTTGTAGTTAACAATGAT 
E V S T M I R Q K L N T V L F V V N N D 

GGATATACAATTGAAAGATTAATCCACGGACCTGAAAGAGAATATAACCATATTCAAATG 
G Y T I E R L I H G P E R E‘ vY N H I Q M 

TGGCAATATGCAGAACTTGTAAAAACATTAGCTACTGAAAGAGATATACAACCAACTTGT 
W Q Y A E L V K T L A T E R D I Q P T C 

TTCAAAGTTACAACTGAAAAAGAATTAGCAGCTGCAATGGAAGAAATAAACAAAGGAACA 
F K V T T E K E L A A M E‘. E I N K G T 

GAAGGTATTGCTTTTGTTGAAGTAGTAATGGATAAAATGGATGCTCCAAAATCATTAAGA 
E G I A F V E V V M D K M D A P K S L R 

CAAGAAGCAAGTCTATTTAGTTCTCAAAATAACTACTAATATATATTATATATAAATAAA 
Q E A S L F S S Q N N Y * 

AATTAAAAAGATTGTAAATTAAATTTAAAGGTGACTTCTATTAATAGAGGTCATCTTTTT 
—> ———>—->—> <——<—4—-— 

ATGCTTATAAGTTTAATTTTATAAAATACAATTAGTAATTAAACACTTTATAAGAAAAAA 
‘ 
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CLONING AND SEQUENCING OF PYRUVATE 
DECARBOXYLASE (PDC) GENES FROM 

BACTERIA AND USES THEREFOR 

RELATED INFORMATION 

[0001] This application claims priority to US. provisional 
application No. 60/288,638, entitled “High-Level Produc 
tion of Active Sarcina venlriculi Pyruvate Decarboxylase in 
Recombinant Bacillus megalerium”; US. provisional appli 
cation No. 60/288,671, entitled “Cloning, Expression, and 
Characterization of Pyruvate Decarboxylase from the Acid 
Tolerant, Anaerobic Gram-Positive Bacterium Sarcina ven 
Zriculi Goodsir”; US. provisional application No. 60/288, 
698, entitled “Acelobacler pasleurianus Pyruvate 
Decarboxylase: Biochemical, Genetic, and Physiological 
Properties”; US. provisional application No. 60/288,622, 
entitled “Biochemical and Biophysical Characterization of 
Pyruvate Decarboxylase from the Acetic Acid Bacterium 
Acelobaclerpasleurianus”; and US. provisional application 
No. 60/288,699, entitled “Pyruvate Decarboxylase: A Key 
Enzyme for the Oxidative Metabolism of Lactic Acid by 
Acelobacler pasleurianus”; all of Which Were ?led on May 
4, 2001 and are incorporated herein in their entireties by this 
reference. The contents of all patents, patent applications, 
and references cited throughout this speci?cation are hereby 
incorporated by reference in their entireties. 
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[0002] This Work Was supported, in part, by grants from 
the US. Department of Energy’s National ReneWable 
Energy Laboratory (ZDH-9-29009-04), Energy Biosciences 
Program (FG02-96ER20222), and the Florida Agricultural 
Experiment Station. 

BACKGROUND OF THE INVENTION 

[0003] Many environmental and societal bene?ts Would 
result from the replacement of petroleum-based automotive 
fuels With reneWable fuels obtained from plant materials 
(Lynd et al., (1991) Science 25111318-1323; Olson et al., 
(1996) Enzyme Microb. Technol. 1811-17; Wyman et al., 
(1995) Amen Chem. Soc. Symp. 6181272-290). Each year, 
the United States burns over 120 billion gallons of automo 
tive fuel, roughly equivalent to the total amount of imported 
petroleum. The development of ethanol as a reneWable 
alternative fuel has the potential to eliminate United States 
dependence on imported oil, improve the environment, and 
provide neW employment (Sheehan, (1994) ACS Sympo 
sium Series No. 566, ACS Press, pp 1-53). 

[0004] In theory, the solution to the problem of imported 
oil for automotive fuel appears quite simple. Rather than 
using petroleum, a ?nite resource, ethanol, a reneWable 
resource, can be produced ef?ciently by the fermentation of 
plant material. Indeed, Brazil has demonstrated the feasibil 
ity of producing ethanol and the use of ethanol as a primary 
automotive fuel for more than 20 years. Similarly, the United 
States produces over 1.2 billion gallons of fuel ethanol each 
year. Currently, fuel ethanol is produced from corn starch or 
cane syrup utilizing either Saccharomyces cerevisiae or 
Zymomonas mobilis (Z. mobilis). HoWever, neither of these 
sugar sources can supply the volumes needed to realize a 
replacement of petroleum-based automotive fuels. In addi 
tion, both cane sugar and corn starch are relatively expensive 
starting materials, Which have competing uses as food 
products. 
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[0005] Moreover, these sugar substrates represent only a 
fraction of the total carbohydrates in plants. Indeed, the 
majority of the carbohydrates in plants are in the form of 
lignocellulose, a complex structural polymer containing 
cellulose, hemicellulose, pectin, and lignin. Lignocellulose 
is found in, for example, the stems, leaves, hulls, husks, and 
cobs of plants. Hydrolysis of these polymers releases a 
mixture of neutral sugars including glucose, xylose, man 
nose, galactose, and arabinose. No knoWn natural organism 
can rapidly and ef?ciently metabolize all of these sugars into 
ethanol. 

[0006] Nonetheless, in an effort to exploit this substrate 
source, the Gulf Oil Company developed a method for the 
production of ethanol from cellulose using a yeast-based 
process termed simultaneous sacchari?cation and fermenta 
tion (SSF) (Gauss et al. (1976) US. Pat. No. 3,990,944). 
Fungal cellulase preparations and yeasts Were added to a 
slurry of the cellulosic substrate in a single vessel. Ethanol 
Was produced concurrently during cellulose hydrolysis. 
HoWever, Gulf s SSF process has some shortcomings. For 
example, the cell cycle time for yeast is relatively long 
(24-36 hours) and they are unable to ferment complex 
sugars. Further, fungal cellulases have to be added Which 
have been considered, thus far, to be too expensive for use 
in large scale bioethanol processes (Himmel et al., (1997) 
Amer. Chem. Soc. pp. 2-45; Ingram et al., (1987) Appl. 
Environ. Microbiol. 5312420-2425; Okamoto et al., (1994) 
Appl. Microbiol. Biotechnol. 421563-568; Philippidis, G., 
(1994) Amer. Chem. Soc. pp. 188-217; Saito et al., (1990) J. 
Ferment. Bioeng. 691282-286; Sheehan, 1., (1994) Amer. 
Chem. Soc. pp 1-52; Su et al., (1993) Biolechnol. Len. 
151979-984). 
[0007] Moreover, producing ethanol using other organ 
isms is dif?cult because pyruvate decarboxylase (PDC), a 
key enzyme for fermenting ethanol, is common only to 
plants, yeast, and fungi; and is rarely found in bacteria and 
is absent in animals (9, 25). 

SUMMARY OF THE INVENTION 

[0008] The development of inexpensive enzymatic meth 
ods for ethanol fermentation has great potential for improv 
ing the ef?ciency of substrate utilization and the economics 
of the fermentation process. Accordingly, developing 
enzymes and, advantageously, biocatalysts that produce 
such enzymes Which can be used for the ef?cient depoly 
merization of complex sugars and subsequent rapid fermen 
tation of the sugar into alcohol, Would be of great bene?t. 

[0009] Certain microbes, such as Gram-negative and 
Gram-positive bacteria produce a number of fermentation 
enzymes, Which are capable of catalyzing, for example, the 
depolymerization of cellulose and hemicellulose to produce 
ferrnentable sugars, conversion of a sugar into pyruvate, the 
substrate pyruvate into acetaldehyde, and ?nally, the sub 
strate acetaldehyde into ethanol. HoWever, such organisms 
rarely produce all of the necessarily enzymes at the most 
desirable levels. 

[0010] Accordingly, the invention provides genes encod 
ing pyruvate decarboxylases Which can be expressed at high 
levels in a range of organisms. Thus, When expressed in an 
organism, or cultured With an organism, that produces the 
remaining key enzymes needed for ethanol fermentation, 
superior levels of ethanol production can be achieved. These 
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enzymes, for example pyruvate decarboxylase (PDC), alone 
or in combination With alcohol dehydrogenase (ADH), can 
be used as a crude extract having a desired mixture of 
activity or, can be used as a puri?ed composition. 

[0011] Moreover, a biocatalyst, advantageously a recom 
binant bacterium, more advantageously a ethanologenic 
bacterium, can be engineered to express one or more of these 
enZymatic activities in particular amounts suf?cient for 
fermenting a sugar(s). Such a biocatalyst is suitable for the 
ef?cient degradation of complex sugars and subsequent 
fermentation into alcohol by a process knoWn as simulta 
neous sacchari?cation and fermentation (SSF). 

[0012] The present invention is based, at least in part, on 
the discovery of key enzyme-encoding genes of ethanol 
fermentation in bacteria. In particular, the identi?cation of 
the pdc gene of Zymobacler palmae, Acelobacler pasteur 
ianus, and Sarcina venlriculi has been achieved. These 
genes have been determined to encode pyruvate decarboxy 
lase enZymes having superior pyruvate decarboxylase activ 
ity, substrate af?nity, for, e.g., pyruvate, as Well as thermo 
stability, and superior activity at different pH. Still further, 
the pdc genes of the invention have a codon usage that 
affords for their high expression in a range of organisms. 

[0013] Accordingly, in one aspect, the invention provides 
isolated nucleic acid molecules encoding pyruvate decar 
boxylase polypeptides (PDC) or biologically active portions 
thereof, as Well as nucleic acid fragments suitable as primers 
or hybridization probes for the detection of PDC-encoding 
nucleic acids. 

[0014] In one embodiment, an pyruvate decarboxylase 
(pdc) nucleic acid molecule of the invention is at least about 
50%, 60%, 70%, 75%, 80%, 81%, 82%, 83%, 84%, 85%, 
86%, 87%, 88%, 89%, 90%, 91%, 92%, 93%, 94%, 95%, 
96%, 97%, 98%, or more identical to the nucleotide 
sequence (e.g., When compared to the overall length of the 
nucleotide sequence) shoWn in SEQ ID N011, 3, 5, or a 
complement thereof. 

[0015] In a particular embodiment, the isolated nucleic 
acid molecule includes the nucleotide sequence shoWn in 
SEQ ID N011, 3, 5, or a complement thereof. 

[0016] In another embodiment, a pdc nucleic acid mol 
ecule includes a nucleic acid sequence encoding a polypep 
tide having an amino acid sequence suf?ciently homologous 
to the amino acid sequence of SEQ ID N012, 4, or 6. In a 
particular embodiment, a pdc nucleic acid molecule includes 
a nucleotide sequence encoding a (PDC) polypeptide having 
at least about 50%, 60%, 70%, 75%, 80%, 81%, 82%, 83%, 
84%, 85%, 86%, 87%, 88%, 89%, 90%, 91%, 92%, 93%, 
94%, 95%, 96%, 97%, 98%, or more identity (e.g., When 
compared to the overall length of the amino acid sequence) 
to the amino acid sequence shoWn in SEQ ID N012, 4, or 6. 

[0017] In one particular embodiment, an isolated nucleic 
acid molecule encodes the amino acid sequence of the 
pyruvate decarboxylase enZyme of Zymobaclerpalmae hav 
ing the amino acid sequence of SEQ ID N01 2. 

[0018] In another particular embodiment, an isolated 
nucleic acid molecule encodes the amino acid sequence of 
the pyruvate decarboxylase enZyme of Acelobacler pasteur 
ianus having the amino acid sequence of SEQ ID N01 4. 
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[0019] In yet another particular embodiment, an isolated 
nucleic acid molecule encodes the amino acid sequence of 
the pyruvate decarboxylase enZyme of Sarcina venlriculi 
having the amino acid sequence of SEQ ID N01 6. 

[0020] In another particular embodiment, the nucleic acid 
molecule is at least about 1600 nucleotides in length and 
encodes a polypeptide having pyruvate decarboxylase activ 
ity (as described herein). 
[0021] In a more particular embodiment, the invention 
provides a plasmid, pJAM3440, encoding a pdc gene 
derived from Zymobacler palmae represented by a deposit 
With the American Type Culture Collection designated as 
deposit number ATCC . In a related embodiment, the 
invention provides a plasmid, pJAM304, encoding apdc 
gene derived from Acelobacler pasleurianus represented by 
a deposit With the American Type Culture Collection des 
ignated as deposit number ATCC . In another related 
embodiment, the invention provides a plasmid, pJAM419, 
encoding apdc gene derived from Sarcina venlriculi repre 
sented by a deposit With the American Type Culture Col 
lection designated as deposit number ATCC 

[0022] Another embodiment of the invention features 
nucleic acid molecules, advantageously pyruvate decar 
boxylase nucleic acid molecules, Which speci?cally detect 
pyruvate decarboxylase nucleic acid molecules (i.e., pdc 
gene(s)) relative to nucleic acid molecules encoding non 
pyruvate decarboxylase (PDC) polypeptides. For example, 
in one embodiment, such a nucleic acid molecule is at least 
50, 60, 70, 80, 90, 100, 150, 200, 300, 400, 500, 500-1000, 
1000-1500, 1500-1500 or more nucleotides in length and/or 
hybridiZes under stringent conditions to a nucleic acid 
molecule comprising the nucleotide sequence shoWn in SEQ 
ID N011, 3, or 5, or a complement thereof. It should be 
understood that the nucleic acid molecule can be of a length 
Within a range having one of the numbers listed above as a 
loWer limit and another number as the upper limit for the 
number of nucleotides in length, e.g., molecules that are 
60-80, 300-1000, or 150-400 nucleotides in length. 

[0023] In particular embodiments, the nucleic acid mol 
ecules are at least 15 (e.g., contiguous) nucleotides in length 
and hybridiZe under stringent conditions to the nucleotide 
sequence of SEQ ID N011, 3, or 5. Accordingly, the inven 
tion provides a method for detecting the presence of a pdc 
nucleic acid of the invention using the foregoing nucleic 
acid. 

[0024] In other particular embodiments, the nucleic acid 
molecule encodes a naturally occurring allelic variant of a 
polypeptide comprising the amino acid sequence of SEQ ID 
N012, 4, or 6, Wherein the nucleic acid molecule hybridiZes 
to a nucleic acid molecule comprising SEQ ID N011, 3, or 
5, respectively, under stringent conditions. 

[0025] In another embodiment, the nucleic acid molecule 
of the invention is in a vector and may be optionally linked 
to a surrogate promoter and/or additional nucleic acid 
sequences encoding a heterologous polypeptide. 

[0026] In a particular embodiment, the invention provides 
a host cell containing a nucleic acid molecule of the inven 
tion, for example, contained in a vector or stably integrated 
into the host cell genome. 

[0027] In one particular embodiment, the host cell com 
prises a heterologous nucleic acid sequence encoding pyru 
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vate decarboxylase derived from a bacterial cell such as 
Zymobacler palmae, Acelobacler pasleurianus, or Sarcina 
venlriculi, for example, as provided, in SEQ ID N011, SEQ 
ID N013, or SEQ ID N015. 

[0028] In another embodiment, the host cell containing a 
pdc gene can be ethanologenic, for example, naturally 
ethanologenic and/or further comprise an ethanologenic 
gene(s) encoding alcohol dehydrogenase, glucanase, secre 
tase, or a combination thereof. In a related embodiment, the 
host cell is suitable for fermenting ethanol from a sugar. In 
a particular embodiment, the host cell is a recombinant 
ethanologenic host cell comprising a heterologous nucleic 
acid encoding a PDC shoWn in SEQ ID N012, SEQ ID 
N014, or SEQ ID N016. The heterologous nucleic acid can 
be under the control of exogenous surrogate promoter. 

[0029] The aforementioned host cell can be a Gram 
negative bacterial cell or a Gram-positive bacterial cell. 

[0030] A Gram-negative host cell of the invention can be, 
e.g., Gluconobacler, Rhizobium, Bradyrhizobium, Alcali 
genes, Rhodobacler, Rhodococcus, Azospirillum, Rho 
dospirillum, Sphingomonas, Burkholderia, Desulfomonas, 
Geospirillum, Succinomonas, Aeromonas, Shewanella, 
Halochromalium, Citrobacler, Escherichia, Klebsiella, 
Zymomonas Zymobacler, or Acelobaclek 

[0031] A Gram-positive host cell of the invention can be, 
e.g., Fibrobacler, Acidobacler, Bacleroides, Sphingobacle 
rium, Aclinomyces, Corynebaclerium, Nocardia, Rhodococ 
cus, Propionibaclerium, Bi?dobaclerium, Bacillus, Geoba 
cillus, Paenibacillus, Sulfobacillus, Closlridium, 
Anaerobacler, Eubaclerium, Streptococcus, Laclobacillus, 
Leuconosloc, Enlerococcus, Laclococcus, T hermobi?da, 
Cellulomonas, or Sarcina. 

[0032] In another aspect, the invention provides an iso 
lated polypeptide having at least about 50%, 60%, 70%, 
75%, 80%, 81%, 82%, 83%, 84%, 85%, 86%, 87%, 88%, 
89%, 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, or 
more identity (e.g., When compared to the overall length of 
the amino acid sequence) to the amino acid sequence shoWn 
in SEQ ID N012, 4, or 6. 

[0033] In one embodiment, the isolated polypeptide of the 
invention has the amino acid sequence of SEQ ID N012, 4, 
or 6. 

[0034] In a related embodiment, the isolated polypeptide 
has pyruvate decarboxylase activity. The pyruvate decar 
boxylase of the invention can be selected for improved 
activity, e.g., pyruvate decarboxylase activity, but also, for 
example, improved codon usage, substrate (e.g., pyruvate) 
af?nity, thermal stability, and/or activity at a certain pH. 
Such a pyruvate decarboxylase of the invention can be an 
altered or chimeric polypeptide to achieve any of the afore 
mentioned properties. In addition, the polypeptide can fur 
ther comprises heterologous amino acids, for example, an 
immunotag for puri?cation or detection. 

[0035] In another aspect, the invention provides an anti 
body Which selectively binds to a polypeptide of invention 
(or fragment thereof), for example, a pyruvate decarboxy 
lase enZyme as shoWn, for example, in SEQ ID N012, 4, or 
6. Accordingly, the invention provides a method for detect 
ing a pyruvate decarboxylase of the invention using such an 
antibody. 
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[0036] In another aspect, the invention provides a method 
for producing a pyruvate decarboxylase of the invention by 
expressing in a host cell one of the foregoing nucleic acids 
of the invention under suitable culture conditions. The 
nucleic acid may be altered or mutated to improve the codon 
usage of the nucleic acid or decarboxylase activity of the 
encoded product (e.g., thermal stability, substrate af?nity, or 
activity at various pH). 

[0037] In another aspect, the invention provides a method 
for producing acetaldehyde by culturing one of the afore 
mentioned hosts under conditions Whereby pyruvate decar 
boxylase is expressed at su?icient levels such that acetal 
dehyde is produced from pyruvate. In a related embodiment, 
the method for producing acetaldehyde is performed by 
contacting a cell lysate obtained from the above host cell 
under conditions Whereby acetaldehyde is produced from 
pyruvate. Accordingly, the invention provides enZyme 
extracts having improved decarboxylase activity, and hav 
ing, for example, thermal stability, activity at various pH, 
and/or superior substrate af?nity. 

[0038] In another aspect, the invention provides a method 
for producing ethanol by culturing the above host cell under 
conditions Whereby pyruvate decarboxylase and alcohol 
dehydrogenase are expressed at suf?cient levels such that 
ethanol is produced as a primary fermentation product. 

[0039] In another as aspect, the invention provides a 
method for selecting a pyruvate decarboxylase enZyme With 
improved decarboxylase activity (e.g., improved a?‘inity for 
pyruvate, thermal stability, activity at different pH) by 
comparing the amino acid sequence of a pyruvate decar 
boxylase With the amino acid sequence of SEQ ID N012, 
SEQ ID N014, or SEQ ID N016; and altering at least one 
amino acid residue of the pyruvate decarboxylase to have 
identity With the corresponding amino acid residue of SEQ 
ID N012, SEQ ID N014, or SEQ ID N016, such that a 
polypeptide With improved pyruvate decarboxylase activity 
is achieved. 

[0040] In a related embodiment, the invention provides a 
method for selecting a pyruvate decarboxylase enZyme for 
expression in a recipient host cell by comparing the nucleic 
acid sequence encoding a pyruvate decarboxylase With the 
nucleic acid sequence of SEQ ID N011, SEQ ID N013, or 
SEQ ID N015; and altering at least one codon of the nucleic 
acid encoding the pyruvate decarboxylase enZyme to have 
identity With the corresponding codon of SEQ ID N011, 
SEQ ID N013, or SEQ ID N015, such that improved 
expression of the altered nucleic acid encoding pyruvate 
decarboxylase enZyme is achieved in the host cell. 

[0041] In another related embodiment, the invention pro 
vides a method for selecting a pyruvate decarboxylase 
enZyme With improved expression in a recipient host cell by 
comparing the nucleic acid sequence encoding a pyruvate 
decarboxylase With the codon usage of the recipient host cell 
and altering at least one codon of the nucleic acid encoding 
the pyruvate decarboxylase enZyme to correspond With the 
codon usage of the recipient host cell such that improved 
expression of the altered nucleic acid encoding pyruvate 
decarboxylase enZyme is achieved in the host cell. 

[0042] In yet another related embodiment, the invention 
provides a method for selecting a pyruvate decarboxylase 
enZyme With improved expression in a recipient host cell by 
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comparing the nucleic acid sequence encoding a pyruvate 
decarboxylase With the codon usage of the recipient host cell 
and altering the recipient host cell to recombinantly produce 
at least one tRNA corresponding to a codon of the nucleic 
acid encoding the pyruvate decarboxylase enzyme such that 
improved expression of the nucleic acid encoding pyruvate 
decarboxylase enzyme is achieved in the altered host cell. 

[0043] Other features and advantages of the invention Will 
be apparent from the following detailed description and 
claims. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0044] FIG. 1 shoWs a schematic representation of the 
Zymobacler 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 polypeptide in recombinant E. 
coli. The arroWhead indicates the direction of pdc gene 
transcription. 
[0045] FIG. 2 shoWs a schematic representation of the 
Acelobacler pasleurianus pdc gene. The plasmid pJAM30l 
carries a 6,337-bp AatII fragment of A. pasleurianus 
genomic DNA ligated into the XhoI site of plasmid vector 
pLITMUS28. The 3'- and 5'-overhangs generated by AatII 
and XhoI Were blunt-ended With Vent DNA polymerase 
prior to ligation. The remaining plasmids Were derived from 
pJAM30l and Were used for DNA sequence analysis. Plas 
mid pJAM304 Was used to produce the A. pasleurianus PDC 
protein in recombinant E. coli. ArroWheads indicate the 
directions of transcription and translation of the deduced 
ORFs. 

[0046] FIG. 3 shoWs a schematic representation of the S. 
venlriculi pdc gene, various plasmids produced for sequenc 
ing and characterizing the pdc locus and the plasmids 
pJAM4l3, pJAM4l9, and pJAM4l8 Which comprise the 
pdc open reading frame and are suitable for the high 
expression of the pdc gene in bacteria. 

[0047] FIG. 4 shoWs the nucleic acid sequence (SEQ ID 
NO: 1) and amino acid sequence (SEQ ID NO: 2) for the pdc 
gene and gene product of Zymobacler palmae. 

[0048] FIG. 5 shoWs the nucleic acid sequence (SEQ ID 
N013) and amino acid sequence (SEQ ID NO:4) for the pdc 
gene and gene product of Acelobacler pasleurianus. A 
putative promoter is double underlined With the —35 and —l0 
promoter consensus sequence indicated directly beloW the 
sequence predicted for PDC and highlighted by capital 
letters in the nucleic acid sequence of pdc. ArroWheads 
above the DNA sequence indicate transcription start sites. 
Underlined bases indicate a “Shine-Dalgamo” ribosome 
binding-site. An asterisk indicates translation stop codon. 
ArroWs beloW the DNA sequence indicate a stem-loop 
structure, Which can facilitate p-independent transcription 
termination. 

[0049] FIG. 6 shoWs the nucleic acid sequence (SEQ ID 
N015) and amino acid sequence (SEQ ID NO:6) for the pdc 
gene and gene product of Sarcina venlriculi. 

[0050] FIG. 7 shoWs a graph depicting the thermostability 
of different bacterial PDC enzymes. ‘Recombinant’ Zmo 
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(O), Zpa (I), Apa (0) and Sve (III) PDC polypeptides Were 
pre-incubated at the temperatures indicated in 50 mM 
sodium citrate buffer at pH 5.0 With 1 mM TPP and 1 mM 
MgCl2 for 30 min, cooled to 0° C., and assayed for residual 
activity at 250 C. in the same buffer. 100% is activity after 
pre-incubated at 00 C. SvePDC Was puri?ed from recombi 
nant E. coli BL2l-CodonPlus-RIL (pJAM4l9). 

[0051] FIG. 8 shoWs a graph depicting the effect of pH on 
the activity of bacterial PDC enzymes. ‘Recombinant’ Zpa 
PDC (O) and ApaPDC (I). ‘Native’ ZpaPDC (0) and 
ApaPDC (III). Activity Was measured at 250 C. in 50 mM 
sodium citrate buffer from pH 4.0 to 5.0 and 50 mM sodium 
phosphate buffer from pH 5.5 to pH 8.0. 100% is activity at 
optimal pH. 

[0052] FIG. 9 shoWs a multiple amino acid sequence 
alignment of the deduced PDC polypeptide of Z. palmae 
(SEQ ID NO:2) aligned With selected PDC polypeptides, 
i.e., Z. mobilis (SEQ ID NO:8), A. pasleurianus (SEQ ID 
NO:4), S. venlriculi (SEQ ID NO:6), Z. mays (SEQ ID 
NO:9), and S. cerevisiae (SEQ ID NO:l0). Functionally 
conserved (black highlight) and semi-conserved (gray high 
light) amino acid residues. Gaps introduced in alignment 
(i). Residues Within 0.4 um of the Mg2+ and TPP binding 
sites of the yeast and Z mobilis PDC polypeptides (*). Yeast 
PDCl residues forming hydrogen bonds With pyruvamide 
(I). Double underlined residues are conserved among TPP 
dependent enzymes. Abbreviation and GenBank or SWis 
sProt accession number: Zpa, Z. palmae, AF474145; Apa, A. 
pasleurianus, AR368435; Sce, Saccharomyces cerevisiae, 
P06l69; Sve, Sarcina venlriculi, AF354297; Zma, Zea 
mays, P285l6; Zmo, Zymomonas mobilis, P06672. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0053] In order for the full scope of the invention to be 
clearly understood, the folloWing de?nitions are provided. 

De?nitions 

[0054] As used herein the term “alcohol dehydrogenase” 
is intended to include the enzyme capable of converting 
acetaldehyde into an alcohol, advantageously, ethanol. 

[0055] The term “chimeric” includes a mutant or altered 
PDC Where an entire domain derived from another PDC is 
engineered (fused, exchanged) With a corresponding domain 
in a PDC, using, e.g., genetic engineering. 

[0056] The term “codon usage” is intended to include 
analyzing a given nucleic acid being considered for expres 
sion in a recipient host organism (or acellular extract 
thereof) for the occurrence or “usage” of certain codons that 
the host organism Will require (advantageously at suf?cient 
levels) in order to translate the nucleic acid into a corre 
sponding polypeptide. Based on such observations the 
recipient host may be recombinantly supplemented With any 
necessary codon. Alternatively, another host can be selected 
With superior codon usage or the nucleic acid can be altered 
to no longer comprise a limiting codon (e.g., by introducing 
a silent mutation(s)). 

[0057] The term “decarboxylase activity” is intended to 
include the ability of a polypeptide to enzymatically convert 
pyruvate into acetaldehyde. Typically, the activity of a 
selected polypeptide encompasses the total enzymatic activ 
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ity associated With the produced polypeptide, comprising, 
e.g., the superior substrate affinity of the enzyme, thermo 
stability, stability at different pHs, or a combination of these 
attributes. 

[0058] The term “derived from” is intended to include the 
isolation (in Whole or in part) of a polynucleotide segment 
from an indicated source. The term is intended to include, 
for example, direct cloning, PCR ampli?cation, or arti?cial 
synthesis from, or based on, a sequence associated With the 
indicated polynucleotide source. 

[0059] The term “ethanologenic” is intended to include the 
ability of a microorganism to produce ethanol from a car 
bohydrate as a primary fermentation product. The term is 
intended to include naturally occurring ethanologenic organ 
isms, ethanologenic organisms With naturally occurring or 
induced mutations, and ethanologenic organisms Which 
have been genetically modi?ed. 

[0060] The terms “fermenting” and “fermentation” are 
intended to include the enZymatic process (e.g., cellular or 
acellular, e.g., a lysate or puri?ed polypeptide mixture) by 
Which ethanol is produced from a carbohydrate, in particu 
lar, as a primary product of fermentation. 

[0061] The term “gene involved in ethanologenesis” is 
intended to include any gene capable of conferring on a cell 
ethanologenic properties or capable of improving any aspect 
of cellular ethanologenesis, such as, e.g., substrate uptake, 
substrate processing, ethanol tolerance, etc. Genes involved 
in ethanologenesis are, e.g., alcohol dehydrogenase, pyru 
vate decarboxylase, secretory polypeptide/s, and polysac 
charases, and these genes, or their homologs, can be derived 
from any appropriate organism. 

[0062] The term “glucanase” is intended to include a 
polypeptide capable of catalyZing the degradation or depo 
lymeriZation of any linked sugar moiety, e. g., disaccharides, 
trisaccharides, oligosaccharides, including, complex carbo 
hydrates, also referred to herein as complex sugars, e.g., 
cellooligosaccharide and lignocellulose, Which comprises 
cellulose, hemicellulose, and pectin. The terms are intended 
to include cellulases such as glucanases, including advan 
tageously, endoglucanases but also including, e.g., exoglu 
canase, [3-glucosidase, cellobiohydrolase, endo-l,4-[3-xyla 
nase, [3-xylosidase, ot-glucuronidase, ot-L 
arabinofuranosidase, acetylesterase, acetylxylanesterase, 
ot-amylase, [3-amylase, glucoamylase, pullulanase, [3-gluca 
nase, hemicellulase, arabinosidase, mannanase, pectin 
hydrolase, pectate lyase, or a combination of any of these 
cellulases. 

[0063] The term “Gram-negative bacterial cell” is 
intended to include the art recogniZed de?nition of this term. 
Typically, Gram-negative bacteria include Gluconobacter, 
Rhizobium, Bradyrhizobium, Alcaligenes, Rhodobacter, 
Rhodococcus, Azospirillum, Rhodospirillum, Sphingomo 
nas, Burkholderia, Desulfomonas, Geospirillum, Succino 
monas, Aeromonas, Shewanella, Halochromatium, Citro 
bacter, Escherichia, Klebsiella, Zymomonas (e.g., 
Zymomonas mobilis), Zymobacter (e.g., Zymobacter pal 
mae), and Acetobacter (e.g., Acetobacter pasteurianus). 

[0064] The term “Gram-positive bacteria” is intended to 
include the art recogniZed de?nition of this term. Typically, 
Gram-positive bacteria include F ibrobacter, Acidobacter, 
Bacteroides, Sphingobacterium, Actinomyces, Corynebacte 
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rium, Nocardia, Rhodococcus, Propionibacterium, Bi?do 
bacterium, Bacillus, Geobacillus, Paenibacillus, Sulfobacil 
lus, Clostridium, Anaerobacter, Eubacterium, 
Streptococcus, Lactobacillus, Leuc0n0st0c, Enterococcus, 
Lact0c0ccus, T hermobi?da, Cellulomonas, and Sarcina (e.g. 
Sarcina ventriculi). 

[0065] The term “heterologous polypeptide” is intended to 
include a polypeptide or portion thereof that can be encoded 
by a heterologous nucleic acid derived from any source, e. g., 
eukaryotes, prokaryotes, virii, or synthetic nucleic acid 
fragments. 

[0066] The term “homologous” is intended to include a 
?rst amino acid or nucleotide sequence Which contains a 
suf?cient or minimum number of identical or equivalent 
amino acid residues or nucleotides, e.g., an amino acid 
residue Which has a similar side chain, to a second amino 
acid or nucleotide sequence such that the ?rst and second 
amino acid or nucleotide sequences share common structural 
domains and/or a common functional activity. 

[0067] The terms “host cell” and “recombinant host cell” 
are intended to include a cell suitable for genetic manipu 
lation, e.g., Which can incorporate heterologous polynucle 
otide sequences, e.g., Which can be transfected. The cell can 
be a microorganism or a higher eukaryotic cell, such as an 
animal cell or a plant cell. The term is intended to include 
progeny of the cell originally transfected. In particular 
embodiments, the cell is a bacterial cell, e.g., a Gram 
negative bacterial cell or a Gram-positive cell. Particularly, 
the term recombinant host cell is intended to include a cell 
that has already been selected or engineered to have certain 
desirable properties and suitable for further modi?cation 
using the compositions and methods of the invention. 

[0068] The term an “isolated polypeptide” (e.g., an iso 
lated or puri?ed biosynthetic enzyme) is substantially free of 
cellular material or other contaminating polypeptides from 
the microorganism from Which the polypeptide is derived, or 
substantially free from chemical precursors or other chemi 
cals When chemically synthesiZed. 

[0069] The term “nucleic acid” is intended to include 
nucleic acid molecules, e.g., polynucleotides Which include 
an open reading frame encoding a polypeptide, and can 
further include non-coding regulatory sequences, and 
introns. In addition, the terms are intended to include one or 
more genes that map to a functional locus. In addition, the 
terms are intended to include a speci?c gene for a selected 
purpose. The gene can be endogenous to the host cell or can 
be recombinantly introduced into the host cell, e.g., as a 
plasmid maintained episomally or a plasmid (or fragment 
thereof) that is stably integrated into the genome. In one 
embodiment, the gene of polynucleotide segment is 
involved in at least one step in the bioconversion of a 
carbohydrate to ethanol. Accordingly, the term is intended to 
include any gene encoding a polypeptide such as a pyruvate 
decarboxylase, an alcohol dehydrogenase, a secretory 
polypeptide/s, or a polysaccharase, e.g., a glucanase, or a 
combination thereof. 

[0070] The phrase “mutant nucleic acid molecule” or 
“mutant gene” is intended to include a nucleic acid molecule 
or gene having a nucleotide sequence Which includes at least 
one alteration (e.g., substitution, insertion, deletion) such 
that the polypeptide or polypeptide that can be encoded by 
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said mutant exhibits an activity that differs from the 
polypeptide or polypeptide encoded by the Wild-type nucleic 
acid molecule or gene. 

[0071] The phrase “operably linked” means that the nucle 
otide sequence of the nucleic acid molecule or gene of 
interest is linked to the regulatory sequence(s) in a manner 
Which alloWs for expression (e.g., enhanced, increased, 
constitutive, basal, attenuated, decreased or repressed 
expression) of the nucleotide sequence, advantageously 
expression of a gene product encoded by the nucleotide 
sequence (e. g., When the recombinant nucleic acid molecule 
is included in a recombinant vector, as de?ned herein, and is 
introduced into a microorganism). 

[0072] The term “pH” is intended to include its art rec 
ogniZed meaning. Typically, the pyruvate decarboxylase 
enZymes of the invention exhibit decarboxylase activity at a 
pH of about 4 to about 8, more particularly at a pH of about 
5 to about 7, even more particularly at a pH of about 5.5 to 
about 6.0. 

[0073] The term “pyruvate decarboxylase” is intended to 
include the enZyme described herein capable of decarboxy 
lating pyruvate into acetaldehyde. By convention, the term 
“pdc” refers to a pyruvate decarboxylase gene Whereas the 
term “PDC” refers to a pdc gene product, i.e., a pyruvate 
decarboxylase polypeptide or enzyme. 

[0074] The term “recombinant nucleic acid molecule” 
includes a nucleic acid molecule (e. g., a DNA molecule) that 
has been altered, modi?ed or engineered such that it differs 
in nucleotide sequence from the native or natural nucleic 
acid molecule from Which the recombinant nucleic acid 
molecule Was derived (e.g., by addition, deletion or substi 
tution of one or more nucleotides). Advantageously, a 
recombinant nucleic acid molecule (e.g., a recombinant 
DNA molecule) includes an isolated nucleic acid molecule 
or gene of the present invention (e.g., an isolated pdc gene) 
operably linked to regulatory sequences. 

[0075] The term “secretase” is intended to include any 
polypeptide/s, alone or in combination With other polypep 
tides, that facilitate the transport of another polypeptide 
from the intracellular space of a cell to the extracellular 
milieu. In one embodiment, the secretory polypeptide/s 
encompass all the necessary secretory polypeptides su?i 
cient to impart secretory activity to a Gram-negative or 
Gram-positive host cell. 

[0076] The term “simultaneous sacchari?cation and fer 
mentation” or “SSF” is intended to include the use of one or 

more recombinant hosts (or extracts thereof, including puri 
?ed or unpuri?ed extracts, and if desired, other enZyme 
additions, e.g., from one or more different sources) for the 
contemporaneous degradation or depolymeriZation of a 
complex sugar and bioconversion of that sugar residue into 
acetaldehyde and subsequently, if desired, into ethanol by 
fermentation. 

[0077] The term “substrate a?inity” is intended to include 
the binding kinetics of an enZyme for a substrate, for 
example, the KM of the enZyme pyruvate decarboxylase for 
its substrate pyruvate (or analog thereof). Typically, the 
pyruvate decarboxylase enZymes of the invention exhibit a 
substrate a?inity (e.g., for pyruvate) having a KM of about 
0.1 to about 1, more particularly a KM of about 0.1 to about 
0.5, even more particularly a KM of about 0.2 to about of 
about 0.4. 
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[0078] The term “sugar” is intended to include any car 
bohydrate source comprising a sugar molecule(s). Such 
sugars are potential sources of sugars for depolymeriZation 
(if required) and subsequent bioconversion to acetaldehyde 
and subsequently to ethanol by fermentation according to 
the products and methods of the present invention. 

[0079] The term “surrogate promoter” is intended to 
include a polynucleotide segment that can transcriptionally 
control a gene-of-interest, e.g., a pyruvate decarboxylase 
gene, that it does not transcriptionally control in nature. In 
one embodiment, the transcriptional control of a surrogate 
promoter results in an increase in expression of the gene 
of-interest. In another embodiment, a surrogate promoter is 
placed 5' to the gene-of-interest. A surrogate promoter can be 
used to replace the natural promoter, or can be used in 
addition to the natural promoter. A surrogate promoter can 
be endogenous With regard to the host cell in Which it is used 
or it can be a heterologous polynucleotide sequence intro 
duced into the host cell, e.g., exogenous With regard to the 
host cell in Which it is used. Other promoters suitable for use 
in bacteria include, e.g., lacZ, T7, and SP6 (see, e.g., 
Ausubel et al. infra). 

[0080] The terms “thermal stability” and “thermostability” 
are used interchangeably and are intended to include the 
ability of a enZyme (e.g., Whether expressed in a cell, present 
in an cellular extract, cell lysate, or in puri?ed or partially 
puri?ed form) to exhibit the ability to catalyZe a reaction 
(e.g., the conversion of pyruvate to acetaldehyde) at least at 
about 20° C., advantageously at about 25° C. to 35° C., more 
advantageously at about 37° C. or higher, in particular, at 
about 50° C. or higher, for example, at least about 60° C. or 
higher. 
II. Isolated Nucleic Acid Molecules and Genes 

[0081] The present invention features nucleic acid mol 
ecules comprising pyruvate decarboxylase genes (pdc) that 
encode pyruvate decarboxylase polypeptide enZymes (PDC) 
Wherein the nucleic acids have been isolated from Gram 
negative and Gram-positive bacteria, for example, the 
Gram-negative bacteria Zymobacler palmae, Acelobacler 
pasleurianus and from the Gram-positive bacterium Sarcina 
venlriculi. Also featured are isolated genomic nucleic acids 
comprising any one of the above mentioned pyruvate decar 
boxylase genes (i.e., pdc) but also other ?anking regions 
Which comprise regulatory regions (e.g., promoter(s) and 
ribosome binding sites(s)) as Well as other associated genes 
involved in ethanologenesis, e.g., alcohol dehydrogenase 
(adh)). 
[0082] The nucleic acid molecule includes DNA mol 
ecules (e.g., linear, circular, cDNA or chromosomal DNA) 
and RNA molecules (e.g., tRNA, rRNA, mRNA) and ana 
logs of the DNA or RNA generated using nucleotide ana 
logs. The nucleic acid molecule can be single-stranded or 
double-stranded, but advantageously is double-stranded 
DNA. The isolated nucleic acid molecule of the invention 
includes a nucleic acid molecule Which is free of sequences 
Which naturally ?ank the nucleic acid molecule (i.e., 
sequences located at the 5' and 3' ends of the nucleic acid 
molecule) in the chromosomal DNA of the organism from 
Which the nucleic acid is derived. In various embodiments, 
an isolated nucleic acid molecule can contain less than about 
10 kb, 5 kb, 4 kb, 3 kb, 2 kb, 1 kb, 0.5 kb, 0.1 kb, 50 bp, 25 
bp or 10 bp of nucleotide sequences Which naturally ?ank 






























































