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(57) ABSTRACT 

The present invention provides an improved method for the 
biological production of 1,3-propanediol from a fermentable 
carbon source in a single microorganism. In one aspect of the 
present invention, an improved process for the conversion of 
glucose to 1,3-propanediol is achieved by the use of an E. coli 
transformed With the Klebsiella pneumoniae dha regulon 
genes dhaR, orfY, dhaT, orfX, orfW, dhaBl, dhaB2, dhaB3, 
and orfZ, all these genes arranged in the same genetic orga 
niZation as found in Wild type Klebsiella pneumoniae. In 
another aspect of the present invention, an improved process 
for the production of 1,3-propanediol from glucose using a 
recombinant E. coli containing genes encoding a G3PDH, a 
G3P phosphatase, a dehydratase, and a dehydratase reactiva 
tion factor compared to an identical process using a recom 
binant E. coli containing genes encoding a G3PDH, a G3P 
phosphatase, a dehydratase, a dehydratase reactivation factor 
and a 1,3-propanediol oxidoreductase (dhaT). The dramati 
cally improved process relies on the presence in E. coli of a 
gene encoding a non-speci?c catalytic activity su?icient to 
convert 3-hydroxypropionaldehyde to 1,3-propanediol. 
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FIGURE 2 
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FIGURE 3 
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PROCESS FOR THE BIOLOGICAL 
PRODUCTION OF 1,3-PROPANEDIOL WITH 

HIGH TITER 

CROSS-REFERENCE TO RELATED 
APPLICATION 

[0001] This is a divisional of allowed U.S. patent applica 
tion Ser. No. 11/282,497, ?led Jan. 16, 2006, Which is a 
divisional ofU.S. Pat. No. 7,067,300, Which is a divisional of 
Us. Pat. No. 6,514,733, the disclosures ofWhich are hereby 
incorporated by reference. 

FIELD OF INVENTION 

[0002] This invention comprises process for the bioconver 
sion of a fermentable carbon source to 1,3-propanediol by a 
single microorganism. 

BACKGROUND 

[0003] 1,3-Propanediol is a monomer having potential util 
ity in the production of polyester ?bers and the manufacture 
of polyurethanes and cyclic compounds. 
[0004] A variety of chemical routes to 1,3-propanediol are 
knoWn. For example ethylene oxide may be converted to 
1,3-propanediol over a catalyst in the presence of phosphine, 
Water, carbon monoxide, hydrogen and an acid, by the cata 
lytic solution phase hydration of acrolein folloWed by reduc 
tion, or from compounds such as glycerol, reacted in the 
presence of carbon monoxide and hydrogen over catalysts 
having atoms from group VIII of the periodic table. Although 
it is possible to generate 1,3-propanediol by these methods, 
they are expensive and generate Waste streams containing 
environmental pollutants. 
[0005] It has been knoWn for over a century that 1,3-pro 
panediol can be produced from the fermentation of glycerol. 
Bacterial strains able to produce 1,3-propanediol have been 
found, for example, in the groups Cilrobacler, Closlridium, 
Enlerobacler, Ilyobacler, Klebsiella, Laclobacillus, and Pelo 
bacler. In each case studied, glycerol is converted to 1,3 
propanediol in a tWo step, enzyme catalyZed reaction 
sequence. In the ?rst step, a dehydratase catalyZes the con 
version of glycerol to 3-hydroxypropionaldehyde (3-HPA) 
and Water, Equation 1. In the second step, 3-HPA is reduced to 
1,3-propanediol by a NAD+-linked oxidoreductase, Equation 
2. The 1,3-propanediol is not metaboliZed further and, as a 
result, 

Glycerol—>3 —HPA+H2O (Equation 1) 

3 —HPA+NADH+H+—>1 ,3 —Propanediol+NAD+ (Equation 2) 

accumulates in the media. The overall reaction consumes a 
reducing equivalent in the form of a cofactor, reduced [3-nico 
tinamide adenine dinucleotide (NADH), Which is oxidiZed to 
nicotinamide adenine dinucleotide (NAD’'). 
[0006] In Klebsiella pneumonia, CiZrobacZer?’eundii, and 
Closlridium pasleurianum, the genes encoding the three 
structural subunits of glycerol dehydratase (dhaB 1 -3 or dhaB, 
C and E) are located adjacent to a gene encoding a speci?c 
1,3-propanediol oxidoreductase (dhaT) (see FIG. 1). 
Although the genetic organization differs someWhat among 
these microorganisms, these genes are clustered in a group 
Which also comprises orfX and orfZ (genes encoding a dehy 
dratase reactivation factor for glycerol dehydratase), as Well 
as orfY and orfW (genes of unknown function). The speci?c 
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1,3-propanediol oxidoreductases (dhaTs) of these microor 
ganisms are knoWn to belong to the family of type III alcohol 
dehydrogenases; each exhibits a conserved iron-binding 
motif and has a preference for the NADVNADH linked inter 
conversion of 1,3-propandiol and 3-HPA. HoWever, the 
NADVNADH linked interconversion of 1,3-propandiol and 
3-HPA is also catalyZed by alcohol dehydrogenases Which are 
not speci?cally linked to dehydratase enZymes (for example, 
horse liver and baker’s yeast alcohol dehydrogenases (EC. 
1.1.1.1)), albeit With less ef?cient kinetic parameters. Glyc 
erol dehydratase (EC. 4.2.1.30) and diol[1,2-propanediol] 
dehydratase (EC. 4.2.1.28) are related but distinct enZymes 
that are encoded by distinct genes. Diol dehydratase genes 
from Klebsiella oxyloca and Salmonella Zyphimurium are 
similar to glycerol dehydratase genes and are clustered in a 
group Which comprises genes analogous to orfX and orfZ 
(Daniel et al., FEMS Microbiol. Rev. 22, 553 (1999); Toraya 
and Mori, J. Biol. Chem. 274, 3372 (1999); GenBank 
AF026270). 
[0007] The production of 1,3-propanediol from glycerol is 
generally performed under anaerobic conditions using glyc 
erol as the sole carbon source and in the absence of other 
exogenous reducing equivalent acceptors. Under these con 
ditions, in e. g., strains of Cilrobacler, Closlridium, and Kleb 
siella, a parallel pathWay for glycerol operates Which ?rst 
involves oxidation of glycerol to dihydroxyacetone (DHA) 
by a NAD+- (or NADP+-) linked glycerol dehydrogenase, 
Equation 3. The DHA, folloWing phosphorylation to dihy 
droxyacetone phosphate (DHAP) by a DHA kinase (Equation 
4), 

Glycerol+NAD*—>DHA+NADH+H+ (Equation 3) 

DHA+ATP—>DHAP+ADP (Equation 4) 

becomes available for biosynthesis and for supporting ATP 
generation via e.g., glycolysis. In contrast to the 1,3-pro 
panediol pathWay, this pathWay may provide carbon and 
energy to the cell and produces rather than consumes NADH. 
[0008] In Klebsiella pneumoniae and CiZrobacZer?’eundii, 
the genes encoding the functionally linked activities of glyc 
erol dehydratase (dhaB), 1,3-propanediol oxidoreductase 
(dhaT), glycerol dehydrogenase (dhaD), and dihydroxyac 
etone kinase (dhaK) are encompassed by the dha regulon. The 
dha regulon, in Klebsiella pneumoniae and Cilrobaclerfre 
undii, also encompasses a gene encoding a transcriptional 
activator protein (dhaR). The dha regulons from Cilrobacler 
and Klebsiella have been expressed in Escherichia coli and 
have been shoWn to convert glycerol to 1,3-propanediol. 
[0009] Neither the chemical nor biological methods 
described above for the production of 1,3-propanediol are 
Well suited for industrial scale production since the chemical 
processes are energy intensive and the biological processes 
are limited to relatively loW titer from the expensive starting 
material, glycerol. These draWbacks could be overcome With 
a method requiring loW energy input and an inexpensive 
starting material such as carbohydrates or sugars, or by 
increasing the metabolic ef?ciency of a glycerol process. 
Development of either method Will require the ability to 
manipulate the genetic machinery responsible for the conver 
sion of sugars to glycerol and glycerol to 1,3-propanediol. 
[0010] Biological processes for the preparation of glycerol 
are knoWn. The overWhelming majority of glycerol producers 
are yeasts but some bacteria, other fungi and algae are also 
knoWn. Both bacteria and yeasts produce glycerol by convert 
ing glucose or other carbohydrates through the fructose-1,6 
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bisphosphate pathway in glycolysis or the Embden Meyerhof 
Pamas pathway, Whereas, certain algae convert dissolved car 
bon dioxide or bicarbonate in the chloroplasts into the 3-car 
bon intermediates of the Calvin cycle. In a series of steps, the 
3-carbon intermediate, phosphoglyceric acid, is converted to 
glyceraldehyde 3-phosphate Which can be readily intercon 
verted to its keto isomer dihydroxyacetone phosphate and 
ultimately to glycerol. 
[0011] Speci?cally, the bacteria Bacillus licheniformis and 
Lactobacillus lycopersica synthesiZe glycerol, and glycerol 
production is found in the halotolerant algae Dunaliella sp. 
andAsteromonas gracilis for protection against high external 
salt concentrations. Similarly, various osmotolerant yeasts 
synthesiZe glycerol as a protective measure. Most strains of 
Saccharomyces produce some glycerol during alcoholic fer 
mentation, and this can be increased physiologically by the 
application of osmotic stress. Earlier this century commercial 
glycerol production Was achieved by the use of Saccharomy 
ces cultures to Which “steering reagents” Were added such as 
sul?tes or alkalis. Through the formation of an inactive com 
plex, the steering agents block or inhibit the conversion of 
acetaldehyde to ethanol; thus, excess reducing equivalents 
(NADH) are available to or “steered” toWards DHAP for 
reduction to produce glycerol. This method is limited by the 
partial inhibition of yeast groWth that is due to the sul?tes. 
This limitation can be partially overcome by the use of alkalis 
that create excess NADH equivalents by a different mecha 
nism. In this practice, the alkalis initiated a CanniZarro dis 
proportionation to yield ethanol and acetic acid from tWo 
equivalents of acetaldehyde. 
[0012] The gene encoding glycerol-3-phosphate dehydro 
genase (DARl, GPDl) has been cloned and sequenced from 
S. diastaticus (Wang et al., .1. Bact. 176, 7091-7095 (1994)). 
The DARl gene Was cloned into a shuttle vector and used to 
transform E. coli Where expression produced active enZyme. 
Wang et al. (supra) recogniZe that DARl is regulated by the 
cellular osmotic environment but do not suggest hoW the gene 
might be used to enhance 1,3-propanediol production in a 
recombinant microorganism. 
[0013] Other glycerol-3 -phosphate dehydrogenase 
enZymes have been isolated: for example, sn-glycerol-3 
phosphate dehydrogenase has been cloned and sequenced 
from Saccharomyces cerevisiae (Larason et al., Mol. Micro 
biol. 10, 1101 (1993)) andAlbertyn et al. (Mol. Cell. Biol. 14, 
4135 (1994)) teach the cloning of GPDl encoding a glycerol 
3-phosphate dehydrogenase from Saccharomyces cerevisiae. 
Like Wang et al. (supra), both Albertyn et al. and Larason et 
al. recogniZe the osmo-sensitivity of the regulation of this 
gene but do not suggest hoW the gene might be used in the 
production of 1,3-propanediol in a recombinant microorgan 
ism. 

[0014] As With G3PDH, glycerol-3-phosphatase has been 
isolated from Saccharomyces cerevisiae and the protein iden 
ti?ed as being encoded by the GPPl and GPP2 genes (Nor 
beck et al., .1. Biol. Chem. 271, 13875 (1996)). Like the genes 
encoding G3PDH, it appears that GPP2 is osmosensitive. 
[0015] Although a single microorganism conversion of fer 
mentable carbon source other than glycerol or dihydroxyac 
etone to 1,3-propanediol is desirable, it has been documented 
that there are signi?cant dif?culties to overcome in such an 
endeavor. For example, Gottschalk et al. (EP 373 230) teach 
that the groWth of most strains useful for the production of 
1,3-propanediol, including Citrobacterfreundii, Clostridium 
autobutylicum, Clostridium butylicum, and Klebsiella pneu 
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moniae, is disturbed by the presence of a hydrogen donor 
such as fructose or glucose. Strains of Lactobacillus brevis 
and Lactobacillus buchner, Which produce 1,3-propanediol 
in co-fermentations of glycerol and fructose or glucose, do 
not groW When glycerol is provided as the sole carbon source, 
and, although it has been shoWn that resting cells can metabo 
liZe glucose or fructose, they do not produce 1,3-propanediol 
(Veiga DA Cunha et al., J. Bacteriol., 174, 1013 (1992)). 
Similarly, it has been shoWn that a strain of Ilyobacter poly 
tropus, Which produces 1,3-propanediol When glycerol and 
acetate are provided, Will not produce 1,3-propanediol from 
carbon substrates other than glycerol, including fructose and 
glucose (Steib et al., Arch. Microbiol. 140, 139 (1984)). 
Finally, Tong et al. (Appl. Biochem. Biotech. 34, 149 (1992)) 
taught that recombinant Escherichia coli transformed With 
the dha regulon encoding glycerol dehydratase does not pro 
duce 1,3-propanediol from either glucose or xylose in the 
absence of exogenous glycerol. 
[0016] Attempts to improve the yield of 1,3-propanediol 
from glycerol have been reported Where co-substrates 
capable of providing reducing equivalents, typically ferment 
able sugars, are included in the process. Improvements in 
yield have been claimed for resting cells of Citrobacterfre 
undii and Klebsiella pneumoniae. DSM 4270 co-fermenting 
glycerol and glucose (Gottschalk et al., supra.; and Tran-Dinh 
et al., DE 3734 764); but not for groWing cells of Klebsiella 
pneumoniae. ATCC 25955 co-fermenting glycerol and glu 
cose, Which produced no 1,3-propanediol (1-T. Tong, PhD. 
Thesis, University of Wisconsin-Madison (1992)). Increased 
yields have been reported for the coferrnentation of glycerol 
and glucose or fructose by a recombinant Escherichia coli; 
hoWever, no 1,3-propanediol is produced in the absence of 
glycerol (Tong et al., supra.). In these systems, single micro 
organisms use the carbohydrate as a source of generating 
NADH While providing energy and carbon for cell mainte 
nance or groWth. These disclosures suggest that sugars do not 
enter the carbon stream that produces 1,3-propanediol. 
[0017] Recently, hoWever, the conversion of carbon sub 
strates, other than glycerol or dihydroxyacetone, to 1,3-pro 
panediol by a single microorganism that expresses a dehy 
dratase enZyme has been described (US. Pat. No. 5,686,276; 
WO 9821339; WO 9928480; and WO 9821341 (US. Pat. No. 
6,013,494)). A speci?c de?ciency in the biological processes 
leading to the production of 1,3-propanediol from either glyc 
erol or glucose has been the loW titer of the product achieved 
via fermentation; thus, an energy-intensive separation pro 
cess to obtain 1,3-propanediol from the aqueous fermentation 
broth is required. Fed batch or batch fermentations of glycerol 
to 1,3-propanediol have led to ?nal titers of 65 g/L by 
Clostridium butyricum (Saint-Amans et al., Biotechnology 
Letters 16, 831 (1994)), 71 g/L by Clostridium butyricum 
mutants (Abbad-Andaloussi et al., Appl. Environ. Microbiol. 
61, 4413 (1995)), 61 g/L by Klebsiellapneumoniae (Homann 
et al., Appl.Bicrobiol.Biotechnol.33, 121 (1990)), and 35 g/L 
by Citrobacter freundi i (Homann et al., supra). Fermentations 
of glucose to 1,3-propanediol that exceed the titer obtained 
from glycerol fermentations have not yet been disclosed. 
[0018] The problem that remains to be solved is hoW to 
biologically produce 1,3 -propanediol, With high titer and by a 
single microorganism, from an inexpensive carbon substrate 
such as glucose or other sugars. The biological production of 
1,3-propanediol requires glycerol as a substrate for a tWo-step 
sequential reaction in Which a dehydratase enZyme (typically 
a coenZyme B 1 2-dependent dehydratase) converts glycerol to 
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an intermediate, 3-hydroxypropionaldehyde, Which is then 
reduced to 1,3-propanediol by a NADH- (or NADPH) depen 
dent oxidoreductase. The complexity of the cofactor require 
ments necessitates the use of a Whole cell catalyst for an 
industrial process that utiliZes this reaction sequence for the 
production of 1,3-propanediol. 

SUMMARY OF THE INVENTION 

[0019] Applicants have solved the stated problem and the 
present invention provides for bioconverting a ferrnentable 
carbon source directly to 1,3-propanediol at signi?cantly 
higher titer than previously obtained and With the use of a 
single microorganism. Glucose is used as a model substrate 
and E. coli is used as the model host. In one aspect of this 
invention, recombinant E. coli expressing a group of genes 
(comprising genes that encode a dehydratase activity, a dehy 
dratase reactivation factor, a 1,3-propanediol oxidoreductase 
(dhaT), a glycerol-3-phosphate dehydrogenase, and a glyc 
erol-3-phosphatase) convert glucose to 1,3-propanediol at 
titer that approaches that of glycerol to 1,3-propanediol fer 
mentations. 
[0020] In another aspect of this invention, the elimination 
of the functional dhaT gene in this recombinant E. coli results 
in a signi?cantly higher titer of 1,3-propanediol from glucose. 
This unexpected increase in titer results in improved econom 
ics, and thus, an improved process for the production of 
1,3-propanediol from glucose. 
[0021] Furthermore, the present invention may be gener 
ally applied to include any carbon substrate that is readily 
converted to 1) glycerol, 2) dihydroxyacetone, 3) C3 com 
pounds at the oxidation state of glycerol (e.g., glycerol 
3-phosphate), or 4) C3 compounds at the oxidation state of 
dihydroxyacetone (e.g., dihydroxyacetone phosphate or 
glyceraldehyde 3-phosphate). The production of 1,3-pro 
panediol in the dhaT minus strain requires a non-speci?c 
catalytic activity that converts 3-HPA to 1,3-propanediol. 
Identi?cation of the enZyme(s) and/or gene(s) responsible for 
the non-speci?c catalytic activity that converts 3-HPA to 1,3 
propanediol Will lead to production of 1,3-propanediol in a 
Wide range of host microorganisms With substrates from a 
Wide range of carbon-containing substrates. It is also antici 
pated that the use of this non-speci?c catalytic activity that 
converts 3-HPA to 1,3-propanediol Will lead to an improved 
process for the production of 1,3-propanediol from glycerol 
or dihydroxyacetone, by virtue of an improved titer and the 
resulting improved economics. 
[0022] This activity has been isolated from E. coli as a 
nucleic acid fragment encoding a non-speci?c catalytic activ 
ity for the conversion of 3-hydroxypropionaldehyde to 1,3 
propanediol, as set out in SEQ ID NO:58 or as selected from 
the group consisting of: 

[0023] (a) an isolated nucleic acid fragment encoding all 
or a substantial portion of the amino acid sequence of 
SEQ ID NO:57; 

[0024] (b) an isolated nucleic acid fragment that is sub 
stantially similar to an isolated nucleic acid fragment 
encoding all or a substantial portion of the amino acid 
sequence of SEQ ID NO:57; 

[0025] (c) an isolated nucleic acid fragment encoding a 
polypeptide of at least 387 amino acids having at least 
80% With the amino acid sequence of SEQ ID NO:57; 

[0026] (d) an isolated nucleic acid fragment that hybrid 
iZes With (a) under hybridization conditions of 0. 1 ><SSC, 
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0.1% SDS, 65° C. and Washed With 2><SSC, 0.1% SDS 
folloWed by 0.1><SSC, 0.1% SDS; and 

[0027] (d) an isolated nucleic acid fragment that is 
complementary to (a), (b), (c), or (d). Alternatively, the 
nonspeci?c catalytic activity is embodied in the 
polypeptide as set out in SEQ ID NO:57. 

[0028] A chimeric gene may be constructed comprising the 
isolated nucleic acid fragment described above operably 
linked to suitable regulatory sequences. This chimeric gene 
can be used to transform microorganisms selected from the 
group consisting of Cilrobacler, Enlerobacler, Closlridium, 
Klebsiella, Aerobacler, Laclobacillus, Aspergillus, Saccharo 
myces, Schizosaccharomyces, Zygosaccharomyces, Pichia, 
Kluyveromyces, Candida, Hansenula, Debaryomyces, 
Mucor, Torulopsis, Melhylobacler, Salmonella, Bacillus, 
Aerobacler, Slreplomyces, Escherichia, andPseudomonas. E. 
coli is the preferred host. 
[0029] Accordingly, the present invention provides a 
recombinant microorganism, useful for the production of 1 ,3 - 
propanediol comprising: (a) at least one gene encoding a 
polypeptide having glycerol-3-phosphate dehydrogenase 
activity; (b) at least one gene encoding a polypeptide having 
glycerol-3-phosphatase activity; (c) at least one gene encod 
ing a polypeptide having a dehydratase activity; (d) at least 
one gene encoding a dehydratase reactivation factor; (e) at 
least one endogenous gene encoding an non-speci?c catalytic 
activity suf?cient to convert 3-hydroxypropionaldehyde to 
1,3-propanediol, Wherein no functional dhaT gene encoding a 
1,3-propanediol oxidoreductase is present. The preferred 
embodiment is a recombinant microorganism (preferably E. 
coli) Where no dhaT gene is present. Optionally, the recom 
binant microorganism may comprise mutations (e.g., dele 
tion mutations or point mutations) in endogenous genes 
selected from the group consisting of: (a) a gene encoding a 
polypeptide having glycerol kinase activity; (b) a gene encod 
ing a polypeptide having glycerol dehydrogenase activity; 
and (c) gene encoding a polypeptide having triosephosphate 
isomerase activity. 
[0030] In another embodiment the invention includes a pro 
cess for the production of 1,3-propanediol comprising: (a) 
contacting, under suitable conditions, a recombinant E. coli 
comprising a dha regulon and lacking a functional dhaT gene 
encoding a 1,3-propanediol oxidoreductase activity With at 
least one carbon source, Wherein the carbon source is selected 
from the group consisting of monosaccharides, oligosaccha 
rides, polysaccharides, and single-carbon substrates; and (b) 
optionally recovering the 1,3-propanediol produced in (a). 
[0031] The invention also provides a process for the pro 
duction of 1,3-propanediol from a recombinant microorgan 
ism comprising: (a) contacting the recombinant microorgan 
ism of the present invention With at least one carbon source 
selected from the group consisting of monosaccharides, oli 
gosaccharides, polysaccharides, and single-carbon substrates 
Whereby 1,3-propanediol is produced; and (b) optionally 
recovering the 1,3-propanediol produced in (a). 
[0032] Similarly the invention intends to provide a process 
for the production of 1,3-propanediol from a recombinant 
microorganism comprising: 
[0033] (a) contacting a recombinant microorganism With at 
least one carbon source, said recombinant microorganism 
comprising: 

[0034] (i) at least one gene encoding a polypeptide hav 
ing a dehydratase activity; 
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[0035] (ii) at least one gene encoding a dehydratase reac 
tivation factor; 

[0036] (iii) at least one endogenous gene encoding a 
non-speci?c catalytic activity suf?cient to convert 3-hy 
droxypropionaldehyde to 1,3-propanediol; Wherein no 
functional dhaT gene encoding a 1,3-propanediol oxi 
doreductase is present; 

[0037] said carbon source selected from the group con 
sisting of glycerol and dihydroxyacetone, Wherein 1,3 
propanediol is produced and; 

[0038] (b) optionally recovering the 1,3-propanediol pro 
duced in (a). 
[0039] Yet another aspect of the invention provides for the 
co-feeding of the carbon substrate. In this embodiment for the 
production of 1,3-propanediol, the steps are: (a) contacting a 
recombinant E. coli With a ?rst source of carbon and With a 
second source of carbon, said recombinant E. coli compris 
ing: (i) at least one exogenous gene encoding a polypeptide 
having a dehydratase activity; (ii) at least one exogenous gene 
encoding a dehydratase reactivation factor; (iii) at least one 
exogenous gene encoding a non-speci?c catalytic activity 
suf?cient to convert 3-hydroxypropionaldehyde to 1,3-pro 
panediol, Wherein no functional dhaT gene encoding a 1,3 
propanediol oxidoreductase activity is present in the recom 
binant E. coli and Wherein said ?rst carbon source is selected 
from the group consisting of glycerol and dihydroxyacetone, 
and said second carbon source is selected from the group 
consisting of monosaccharides, oligosaccharides, polysac 
charides, and single-carbon substrates, and (b) the 1,3-pro 
panediol produced in (a) is optionally recovered. The co-feed 
may be sequential or simultaneous. The recombinant E. coli 
used in a co-feeding embodiment may further comprise: (a) a 
set of exogenous genes consisting of (i) at least one gene 
encoding a polypeptide having glycerol-3-phosphate dehy 
drogenase activity; (ii) at least one gene encoding a polypep 
tide having glycerol-3-phosphatase activity; and (iii) at least 
one subset of genes encoding the gene products of dhaR, orfY, 
orfX, orfW, dhaBl, dhaB2, dhaB3 and orfZ, and (b) a set of 
endogenous genes, each gene having a mutation inactivating 
the gene, the set consisting of: (i) a gene encoding a polypep 
tide having glycerol kinase activity; (ii) a gene encoding a 
polypeptide having glycerol dehydrogenase activity; and (iii) 
a gene encoding a polypeptide having triosephosphate 
isomerase activity. 
[0040] Useful recombinant E. coli strains include recombi 
nant E. coli strain KLP23 comprising: (a) a set of tWo endog 
enous genes, each gene having a mutation inactivating the 
gene, the set consisting of: (i) a gene encoding a polypeptide 
having a glycerol kinase activity; and (ii) a gene encoding a 
polypeptide having a glycerol dehydrogenase activity; (b) at 
least one exogenous gene encoding a polypeptide having 
glycerol-3 -phosphate dehydrogenase activity; (c) at least one 
exogenous gene encoding a polypeptide having glycerol-3 
phosphatase activity; and (d) a plasmid pKP32 and a recom 
binant E. coli strain R18 comprising: (a) set of three endog 
enous genes, each gene having a mutation inactivating the 
gene, the set consisting of: (i) a gene encoding a polypeptide 
having a glycerol kinase activity; (ii) a gene encoding a 
polypeptide having a glycerol dehydrogenase activity; and 
(iii) a gene encoding a polypeptide having a triosephosphate 
isomerase activity. 
[0041] Other useful embodiments include recombinant E. 
coli comprising: (a) a set of exogenous genes consisting of: (i) 
at least one gene encoding a polypeptide having a dehydratase 
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activity; (ii) at least one gene encoding a polypeptide having 
glycerol-3-phosphate dehydrogenase activity; (iii) at least 
one gene encoding a polypeptide having glycerol-3-phos 
phatase activity; and (iv) at least one gene encoding a dehy 
dratase reactivation factor; and (b) at least one endogenous 
gene encoding a non-speci?c catalytic activity to convert 
3-hydroxypropionaldehyde to 1,3-propanediol; Wherein no 
functional dhaT gene encoding a 1,3-propanediol oxi 
doreductase activity is present in the recombinant E. coli. 
[0042] Another embodiment is a recombinant E. coli com 
prising: (a) a set of exogenous genes consisting of (i) at least 
one gene encoding a polypeptide having glycerol-3-phos 
phate dehydrogenase activity; (ii) at least one gene encoding 
a polypeptide having glycerol-3-phosphatase activity; and 
(iii) at least one subset of genes encoding the gene products of 
dhaR, orfY, orfX, orfW, dhaBl, dhaB2, dhaB3 and orfZ, and 
(b) at least one endogenous gene encoding a non-speci?c 
catalytic activity to convert 3-hydroxypropionaldehyde to 
1,3-propanediol, Wherein no functional dhaT gene encoding a 
1,3-propanediol oxidoreductase activity is present in the 
recombinant E. coli. This embodiment also includes a process 
using a recombinant E. coli further comprising a set of endog 
enous genes, each gene having a mutation inactivating the 
gene, the set consisting of: (a) a gene encoding a polypeptide 
having glycerol kinase activity; (b) a gene encoding a 
polypeptide having glycerol dehydrogenase activity; and (c) a 
gene encoding a polypeptide having triosephosphate 
isomerase activity. 
[0043] This embodiment still further includes a process for 
the bioproduction of 1,3-propanediol comprising: (a) con 
tacting under suitable conditions the immediately disclosed 
recombinant E. coli With at least one carbon source selected 
from the group consisting of monosaccharides, oligosaccha 
rides, polysaccharides, and single-carbon substrates Whereby 
1,3-propanediol is produced; and (b) optionally recovering 
the 1,3-propanediol produced in (a). 
[0044] And also includes a further process for the biopro 
duction of 1,3-propanediol comprising: (a) contacting the 
recombinant E. coli of the immediately disclosed embodi 
ments that further comprise: (i) at least one exogenous gene 
encoding a polypeptide having a dehydratase activity; (ii) at 
least one exogenous gene encoding a dehydratase reactiva 
tion factor; (iii) at least one endogenous gene encoding a 
non-speci?c catalytic activity to convert 3-hydroxy-propi 
onaldehyde to 1,3-propanediol, With at least one carbon 
source selected from the group consisting of glycerol and 
dihydroxyacetone, and (b) optionally recovering the 1,3-pro 
panediol produced in (a). 

BRIEF DESCRIPTION OF THE DRAWINGS, 
SEQUENCE DESCRIPTIONS, AND 

BIOLOGICAL DEPOSITS 

[0045] The invention can be more fully understood from 
the folloWing detailed description, Figures, the accompany 
ing sequence descriptions, and biological deposits that form 
parts of this application. 
[0046] FIG. 1 presents the gene organiZation Within the 
sequence of the dha regulon subclone pHK28-26. 
[0047] FIG. 2 presents a graph of the extracellular soluble 
protein (g/L) compared betWeen tWo fermentations runs 
essentially as described in Example 7 using a constant feed of 
vitamin B12. In one case, solid lines, the strain used Was 
KLP23/pAH48/pKP32. In the other case, dashed lines, the 
strain used Was KLP23/pAH48/pDT29. 
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[0048] FIG. 3 presents a graph of the cell viability [(viable 
cells/mL)/OD550] compared between tWo fermentations 
runs essentially as described in Example 7 using a constant 
feed of vitamin B12. In one case (solid lines), the strain used 
Was KLP23/pAH48/pKP32. In the other case (dashed lines), 
the strain used Was KLP23/pAH48/pDT29. 

[0049] FIG. 4 presents a graph of the yield of glycerol from 
glucose compared betWeen tWo fermentations runs essen 
tially as described in Example 7, but in the absence of vitamin 
B 1 2 or coenzyme B12. In one case (solid lines), the strain used 
Was KLP23/pAH48/pKP32. In the other case (dashed lines), 
the strain used Was KLP23/pAH48/pDT29. 

[0050] FIG. 5 is a How diagram illustrating the metabolic 
conversion of glucose to 1,3-propanediol. 
[0051] FIG. 6 is a 2D-PAGE membrane blot With the 
soluble protein fraction extracted from a band shoWing 
endogenous E. coli oxidoreductase activity (non-speci?c 
catalytic activity) on a native gel. 
[0052] The 68 sequence descriptions and the sequence list 
ing attached hereto Will comply With the rules governing 
nucleotide and/or amino acid sequence disclosures in patent 
applications as set forth in 37 C.F.R. §1.821-1.825 (“Require 
ments for Patent Applications Containing Nucleotide 
Sequences and/or Amino Acid Sequence Disclosuresithe 
Sequence Rules”) and Will be consistent With World Intellec 
tual Property Organization (WIPO) Standard ST2.5 (1998) 
and the sequence listing requirements of the EPO and PCT 
(Rules 5.2 and 49.5(a-bis), and Section 208 and Annex C of 
the Administration Instructions). The Sequence Descriptions 
contain the one letter code for nucleotide sequence characters 
and the three letter codes for amino acids as de?ned in con 
formity With the IUPAC-IYUB standards described in 
Nucleic Acids Res. 13, 3021-3030 (1985) and in the Bio 
chemical Journal 219, 345-373 (1984) Which are herein 
incorporated by reference. 
[0053] SEQ ID NO:1 contains the nucleotide sequence 
determined from a 12.1 kb EcoRI-SalI fragment from pKPl 
(cosmid containing DNA from Klebsiella pneumoniae), sub 
cloned into pIBI31 (IBI Biosystem, NeW Haven, Conn.), and 
termed pHK28-26. Table 1 further details genes, correspond 
ing base pairs identi?ed Within SEQ ID NO: 1, and associated 
functionality. See also Example 1. 
[0054] SEQ ID NO:57 contains the amino acid sequence 
determined for YqhD. 
[0055] SEQ ID NO:58 contains the nucleotide sequence 
determined for yqhD. 
[0056] Applicants have made the folloWing biological 
deposits under the terms of the Budapest Treaty on the Inter 
national Recognition of the Deposit of Micro-organisms for 
the Purposes of Patent Procedure: 

Int’l Depository Date of 
Depositor Identi?cation Reference Designation Deposit 

E. coli DH50L; transformed ATCC 69789 18 Apr. 1995 
With plasmid pKPlcomprising 
a portion ofthe Klebsiella genome 
encoding the glycerol dehydratase 
enzyme 
E. coli DH50L transformed With ATCC 69790 18 Apr. 1995 
pKP4 comprising a portion of 
Klebsiella genome encoding a diol 
dehydratase enzyme 
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-continued 

Int’l Depository Date of 
Depositor Identi?cation Reference Designation Deposit 

E. coli MSP33.6 comprising a ATCC 98598 25 Nov. 1997 
Deletion in gldA 
E. coli RJFlOm ATCC 98597 25 Nov. 1997 
comprising a deletion in glpK 

[0057] The deposit(s) Will be maintained in the indicated 
international depository for at least 30 years and Will be made 
available to the public upon the grant of a patent disclosing it. 
The availability of a deposit does not constitute a license to 
practice the subject invention in derogation of patent rights 
granted by government action. 
[0058] As used herein, “ATCC” refers to the American 
Type Culture Collection international depository located 
10801 University Blvd., Manassas, Va. 20110-2209 USA. 
The “ATCC No.” is the accession number to cultures on 
deposit With the ATCC. 

DETAILED DESCRIPTION OF THE INVENTION 

[0059] The present invention provides for an improved pro 
cess for bioconverting a fermentable carbon source directly to 
1,3-propanediol using a single microorganism. The method is 
characterized by improved titer, yield, and cell viability as 
Well as a decrease in cell lysis during fermentation. 
[0060] The present invention is based, in part, upon the 
observation that 1,3-propanediol fermentation processes 
comprising 1,3-propanediol oxidoreductase (dhaT) are char 
acterized by high levels of 3HPA and other aldehydes and 
ketones in the medium, Which is correlated to a decrease in 
cell viability. The present invention is also based, inpart, upon 
the unexpected ?nding that the model host, E. coli, is capable 
of converting 3-HPA to 1,3-propanediol by an endogenous 
non-speci?c catalytic activity capable of converting 3-hy 
droxypropionaldehyde to 1,3-propanediol. The present 
invention is further based, in part, upon the unexpected ?nd 
ing that an E. coli fermentation process comprising this non 
speci?c catalytic activity and lacking a functional dhaT 
results in increased cell viability during fermentation and 
provides for higher titers and/or yields of 1,3-propanediol 
than a fermentation process comprising a functional dhaT. 
[0061] In one aspect, glycerol is a model substrate, the host 
microorganism has a mutation in Wild-type dhaT such that 
there is no 1,3-propanediol oxidoreductase activity and com 
prises a non-speci?c catalytic activity su?icient to convert 
3-hydroxypropionaldehyde to 1,3-propanediol. In another 
aspect, glucose is a model substrate and recombinant E. coli 
is a model host. In this aspect, E. coli comprises an endog 
enous non-speci?c catalytic activity su?icient to convert 
3-hydroxypropionaldehyde to 1,3-propanediol. In one 
embodiment, the non-speci?c catalytic activity is an alcohol 
dehydrogenase. 
[0062] In one aspect, the present invention provides a 
recombinant E. coli expressing a group of genes comprising 
(a) at least one gene encoding a polypeptide having glycerol 
3-phosphate dehydrogenase activity; (b) at least one gene 
encoding a polypeptide having glycerol-3 -phosphatase activ 
ity; (c) at least one gene encoding a polypeptide having a 
dehydratase activity; (d) at least one gene encoding a dehy 
dratase reactivation factor; and (e) at least one endogenous 
gene encoding an non-speci?c catalytic activity su?icient to 
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convert 3-hydroxy-propionaldehyde to 1,3-propanediol; use 
of this microorganism converts glucose to 1,3-propanediol at 
a high titer. In another aspect of this invention, the elimination 
of the functional dhaT gene in this recombinant E. coli pro 
vides an unexpectedly higher titer of 1,3-propanediol from 
glucose than previously attained. 
[0063] The present invention provides an improved method 
for the biological production of 1,3-propanediol from a fer 
mentable carbon source in a single microorganism. In one 
aspect of the present invention, an improved process for the 
conversion of glucose to 1,3-propanediol is achieved by the 
use of a recombinant microorganism comprising a host E. coli 
transformed With the Klebsiella pneumoniae dha regulon 
genes dhaR, orfY, dhaT, orfX, orfW, dhaBl, dhaB2, dhaB3, 
and orfZ, all these genes arranged in the same genetic orga 
niZation as found in Wild type Klebsiella pneumoniae. The 
titer obtained for the fermentation process is signi?cantly 
higher than any titer previously reported for a similar fermen 
tation. This improvement relies on the use of the plasmid 
pDT29 as described in Example 6 and Example 7. 
[0064] In another aspect of the present invention, a further 
improved process for the production of 1,3-propanediol from 
glucose is achieved using a recombinant E. coli containing 
genes encoding a G3PDH, a G3P phosphatase, a dehydratase, 
and a dehydratase reactivation factor compared to a process 
using a recombinant E. coli containing genes encoding a 
G3PDH, a G3P phosphatase, a dehydratase, a dehydratase 
reactivation factor, and also a functional dhaT. The dramati 
cally improved process relies on an endogenous gene encod 
ing a non-speci?c catalytic activity, expected to be an alcohol 
dehydrogenase, Which is present in E. coli. 
[0065] The dramatic improvement in the process is evident 
as an increase in 1,3-propanediol titer as illustrated in 
Examples 7 and 9. The improvement in the process is also 
evident as a decrease in cell lysis as determined by the extra 
cellular soluble protein concentration in the fermentation 
broth. This aspect of the invention is illustrated in FIG. 2. 
Additionally, the improvement in the process is evident as 
prolonged cell viability over the course of the fermentation. 
This aspect of the invention is illustrated in FIG. 3. Further 
more, the improvement in the process is also evident as an 
increase in yield. In E. coli expressing a 1,3-propanediol 
oxidoreductase (dhaT) (for example, E. coli KLP23 trans 
formed With the plasmid pDT29), glycerol can be metabo 
liZed to a product other than 3-HPA. In direct contrast, in E. 
coli not expressing a 1,3-propanediol oxidoreductase (dhaT) 
(for example, E. coli KLP23 transformed With the plasmid 
pKP32), glycerol is not metaboliZed to a product other than 
3-HPA. That this cryptic pathWay is attributable to the pres 
ence or absence of a functional dhaT is demonstrated by the 
loWer yield of glycerol from glucose as illustrated in FIG. 4. 
[0066] As used herein the folloWing terms may be used for 
interpretation of the claims and speci?cation. 
[0067] The terms “glycerol-3-phosphate dehydrogenase” 
and “G3PDH” refer to a polypeptide responsible for an 
enZyme activity that catalyZes the conversion of dihydroxy 
acetone phosphate (DHAP) to glycerol-3-phosphate (G3P). 
In vivo G3PDH may be NADH; NADPH; or FAD-dependent. 
When speci?cally referring to a cofactor speci?c glycerol-3 
phosphate dehydrogenase, the terms “NADH-dependent 
glycerol-3-phosphate dehydrogenase”, “NADPH-dependent 
glycerol-3 -phosphate dehydrogenase” and “FAD-dependent 
glycerol-3-phosphate dehydrogenase” Will be used. As it is 
generally the case that NADH-dependent and NADPH-de 
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pendent glycerol-3 -phosphate dehydrogenases are able to use 
NADH and NADPH interchangeably (for example by the 
gene encoded by gpsA), the terms NADH-dependent and 
NADPH-dependent glycerol-3-phosphate dehydrogenase 
Will be used interchangeably. The NADH-dependent enZyme 
(EC 1.1 .1 .8) is encoded, for example, by several genes includ 
ing GPD1 (GenBank Z74071><2), or GPD2 (GenBank 
Z35169><1), or GPD3 (GenBank G984182), or DAR1 (Gen 
Bank Z74071><2). The NADPH-dependent enZyme (EC 1.1. 
1.94) is encoded by gpsA (GenBank U321643, (cds 197911 
196892) G466746 and L45246). The FAD-dependent 
enZyme (EC 1.1.99.5) is encoded by GUT2 (GenBank 
Z47047><23), or glpD (GenBank G147838), or glpABC 
(GenBank M20938) (see WO 9928480 and references 
therein, Which are herein incorporated by reference). 
[0068] The terms “glycerol-3-phosphatase”, “sn-glycerol 
3-phosphatase”, or “d, 1 -glycerol phosphatase”, and “G3P 
phosphatase” refer to a polypeptide responsible for an 
enZyme activity that catalyZes the conversion of glycerol-3 
phosphate and Water to glycerol and inorganic phosphate. 
G3P phosphatase is encoded, for example, by GPP1 (Gen 
Bank Z47047><125), or GPP2 (GenBank U18813><11) (see 
WO 9928480 and references therein, Which are herein incor 
porated by reference). 
[0069] The term “glycerol kinase” refers to a polypeptide 
responsible for an enZyme activity that catalyZes the conver 
sion of glycerol and ATP to glycerol-3-phosphate and ADP. 
The high-energy phosphate donor ATP may be replaced by 
physiological substitutes (e.g., phosphoenolpyruvate). Glyc 
erol kinase is encoded, for example, by GUT1 (GenBank 
U1 1583x19) and glpK (GenBank L19201) (see WO 9928480 
and references therein, Which are herein incorporated by ref 
erence). 
[0070] The term “glycerol dehydrogenase” refers to a 
polypeptide responsible for an enZyme activity that catalyZes 
the conversion of glycerol to dihydroxyacetone (EC. 1.1.1.6) 
or glycerol to glyceraldehyde (EC. 1.1.1.72). A polypeptide 
responsible for an enZyme activity that catalyZes the conver 
sion of glycerol to dihydroxyacetone is also referred to as a 
“dihydroxyacetone reductase”. Glycerol dehydrogenase may 
be dependent upon NADH (EC. 1.1.1.6), NADPH (EC. 
1.1.1.72), or other cofactors (e.g., EC. 1.1.99.22). A NADH 
dependent glycerol dehydrogenase is encoded, for example, 
by gldA (GenBank U00006) (see WO 9928480 and refer 
ences therein, Which are herein incorporated by reference). 
[0071] The term “dehydratase enZyme” or “dehydratase” 
Will refer to any enZyme activity that catalyZes the conversion 
of a glycerol molecule to the product 3-hydroxypropionalde 
hyde. For the purposes of the present invention the dehy 
dratase enZymes include a glycerol dehydratase (E.C. 4.2.1. 
30) and a diol dehydratase (EC. 4.2.1.28) having preferred 
substrates of glycerol and 1,2-propanediol, respectively. 
Genes for dehydratase enzymes have been identi?ed in Kleb 
siella pneumoniae, Citrobacler freundii, Closlridium pas 
Zeurianum, Salmonella Zyphimurium, and Klebsiella oxyloca. 
In each case, the dehydratase is composed of three subunits: 
the large or “0t” subunit, the medium or “[3” subunit, and the 
small or “y” subunit. Due to the Wide variation in gene nomen 
clature used in the literature, a comparative chart is given in 
Table 1 to facilitate identi?cation. The genes are also 
described in, for example, Daniel et al. (FEMS Microbiol. 
Rev. 22, 553 (1999)) andToraya and Mori (.1. Biol. Chem. 274, 
3372 (1999)). Referring to Table 1, genes encoding the large 
or “or” subunit of glycerol dehydratase include dhaBl, gldA 
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and dhaB; genes encoding the medium or “[3” subunit include 
dhaB2, gldB, and dhaC; genes encoding the small or “y” 
subunit include dhaB3, gldC, and dhaE. Also referring to 
Table 1, genes encoding the large or “0t” subunit of diol 
dehydratase include pduC and pddA; genes encoding the 
medium or “[3” subunit include pduD andpddB; genes encod 
ing the small or “y” subunit include pduE and pddC. 

TABLE 1 
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tide(s) responsible for an enZyme activity that is capable of 
catalyzing the interconversion of 3-HPA and 1,3-propanediol 
provided the gene(s) encoding such activity is found to be 
physically or transcriptionally linked to a dehydratase 
enZyme in its natural (i.e., Wild type) setting; for example, the 
gene is found Within a dha regulon as is the case With dhaT 
from Klebsiella pneumonia. Referring to Table 1, genes 

Comparative chart of gene names and GenBank references for dehydratase and dehydratase linked functions. 

GENE FUNCTION: 

1,3-PD 
regulatory unknown reactivation dehydrogenase unknown 

ORGANISM (GenBank Reference) gene base pairs gene base pairs geme base pairs gene base pairs gene base pairs 

K. pneumoniae (SEQ ID NO: 1) dhaR 2209-4134 orfVV 4112-4642 orfX 4643-4996 dhaT 5017-6108 orfY 6202-6630 
K. pneumoniae (U30903) orf2c 7116-7646 orf2b 6762-7115 dhaT 5578-6741 orf2a 5125-5556 
K. pneumoniae (U60992) gdrB 
C.freundii (U09771) dhaR 3746-5671 orfVV 5649-6179 orfX 6180-6533 dhaT 6550-7713 orfY 7736-8164 
C. pasleurianum (AF051373) 
C. pasleurianum (AF006034) orfVV 210-731 orfX l-l96 dhaT 1232-2389 orfY 746-1177 
s. lyphimurium (AF026270) pduH 8274-8645 
K. oxyloca (AF017781) ddrB 2063-2440 
K. oxyloca (AF051373) 

GENE FUNCTION: 

dehydratase, 0t dehydratase, [5 dehydratase, y reactivation 

ORGANISM (GenBank Reference) gene base pairs gene base pairs gene base pairs gene base pairs 

K. pneumoniae (SEQ ID NO: 1) dhaBl 7044-8711 dhaB2 8724-9308 dhaB3 9311-9736 orfZ 9749-11572 
K. pneumoniae (U30903) dhaBl 3047-4714 dhaB2 2450-2890 dhaB3 2022-2447 dhaB4 186-2009 
K. pneumoniae (U60992) gldA 121-1788 gldB 1801-2385 gldC 2388-2813 gdrA 
C.freundii (U09771) dhaB 8556-10223 dhaC 10235-10819 dhaE 10822-11250 orfZ 11261-13072 
C.pasleurianum (AF051373) dhaB 84-1748 dhaC 1779-2318 dhaE 2333-2773 orfZ 2790-4598 
C. pasleurianum (AF006034) 
s. lyphimurium (AF026270) pduC 3557-5221 pduD 5232-5906 pduE 5921-6442 pduG 6452-8284 
K. oxyloca (AF017781) ddrA 241-2073 
K. oxyloca (AF051373) pddA 121-1785 pddB 1796-2470 pddC 2485-3006 

[0072] Glycerol and diol dehydratases are subject to 
mechanism-based suicide inactivation by glycerol and some 
other substrates (Daniel et al., FEMS Microbiol. Rev. 22, 553 
(1999)). The term “dehydratase reactivation factor” refers to 
those proteins responsible for reactivating the dehydratase 
activity. The terms “dehydratase reactivating activity”, “reac 
tivating the dehydratase activity” or “regenerating the dehy 
dratase activity” refers to the phenomenon of converting a 
dehydratase not capable of catalysis of a substrate to one 
capable of catalysis of a substrate or to the phenomenon of 
inhibiting the inactivation of a dehydratase or the phenom 
enon of extending the useful half-life of the dehydratase 
enZyme in vivo. TWo proteins have been identi?ed as being 
involved as the dehydratase reactivation factor (see WO 
9821341 (US. Pat. No. 6,013,494) and references therein, 
Which are herein incorporated by reference; Daniel et al., 
supra; Toraya and Mori, J. Biol. Chem. 274, 3372 (1999); and 
Tobimatsu et al., J. Bacteriol. 181, 4110 (1999)). Referring to 
Table 1, genes encoding one of the proteins include orfZ, 
dhaB4, gdrA, pduG and ddrA. Also referring to Table 1, genes 
encoding the second of the tWo proteins include orfX, orf2b, 
gdrB, pduH and ddrB. 
[0073] The terms “1,3-propanediol oxidoreductase”, “1,3 
propanediol dehydrogenase” or “DhaT” refer to the polypep 

encoding a 1,3-propanediol oxidoreductase include dhaT 
from Klebsiella pneumoniae, Citrobacler ?’eundii, and 
Closlridium pasleurianum. Each of these genes encode a 
polypeptide belonging to the family of type III alcohol dehy 
drogenases, exhibits a conserved iron-binding motif, and has 
a preference for the NAD+/NADH linked interconversion of 
3-HPA and 1,3-propanediol (Johnson and Lin, J. Bacteriol. 
169, 2050 (1987); Daniel et al., J. Bacteriol. 177, 2151 
(1995); and Leurs et al., FEMS Microbiol. Len. 154, 337 
(1997)). Enzymes With similar physical properties have been 
isolated from Laclobacillus brevis and Laclobacillus buch 
neri (Veiga da Dunha and Foster, Appl. Environ. Microbiol. 
58, 2005 (1992)). 
[0074] The term “dha regulon” refers to a set of associated 
genes or open reading frames encoding various biological 
activities, including but not limited to a dehydratase activity, 
a reactivation activity, and a 1,3-propanediol oxidoreductase. 
Typically a dha regulon comprises the open reading frames 
dhaR, orfY, dhaT, orfX, orfVV, dhaBl, dhaB2, dhaB3, and 
orfZ as described herein. 

[0075] The term “non-speci?c catalytic activity” refers to 
the polypeptide(s) responsible for an enZyme activity that is 
suf?cient to catalyZe the interconversion of 3-HPA and 1,3 
propanediol and speci?cally excludes 1,3-propanediol oxi 
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doreductase(s). Typically these enzymes are alcohol dehy 
drogenases. Such enzymes may utilize cofactors other than 
NAD+/NADH, including but not limited to ?avins such as 
FAD or FMN. A gene(s) for a non-speci?c alcohol dehydro 
genase(s) is found, for example, to be endogenously encoded 
and functionally expressed Within the microorganism E. coli 
KLP23. 
[0076] The terms “function” or “enzyme function” refer to 
the catalytic activity of an enzyme in altering the energy 
required to perform a speci?c chemical reaction. It is under 
stood that such an activity may apply to a reaction in equilib 
rium Where the production of either product or substrate may 
be accomplished under suitable conditions. 
[0077] The terms “polypeptide” and “protein” are used 
interchangeably. 
[0078] The terms “carbon substrate” and “carbon source” 
refer to a carbon source capable of being metabolized by host 
microorganisms of the present invention and particularly car 
bon sources selected from the group consisting of monosac 
charides, oligosaccharides, polysaccharides, and one-carbon 
substrates or mixtures thereof. 

[0079] The terms “host cell” or “host microorganism” refer 
to a microorganism capable of receiving foreign or heterolo 
gous genes and of expressing those genes to produce an active 
gene product. 
[0080] The terms “foreign gene”, “foreign DNA”, “heter 
ologous gene” and “heterologous DNA” refer to genetic 
material native to one organism that has been placed Within a 
host microorganism by various means. The gene of interest 
may be a naturally occurring gene, a mutated gene, or a 
synthetic gene. 
[0081] The terms “transformation” and “transfection” refer 
to the acquisition of neW genes in a cell after the incorporation 
of nucleic acid. The acquired genes may be integrated into 
chromosomal DNA or introduced as extrachromosomal rep 
licating sequences. The term “transformant” refers to the 
product of a transformation. 
[0082] The term “genetically altered” refers to the process 
of changing hereditary material by transformation or muta 
tion. 
[0083] The terms “recombinant microorganism” and 
“transformed host” refer to any microorganism having been 
transformed With heterologous or foreign genes or extra cop 
ies of homologous genes. The recombinant microorganisms 
of the present invention express foreign genes encoding glyc 
erol-3-phosphate dehydrogenase (GPDl), glycerol-3-phos 
phatase (GPP2), glycerol dehydratase (dhaBl, dhaB2 and 
dhaB3), dehydratase reactivation factor (orfZ and orfX), and 
optionally 1,3-propanediol oxidoreductase (dhaT) for the 
production of 1,3-propanediol from suitable carbon sub 
strates. A preferred embodiment is an E. coli transformed 
With these genes but lacking a functional dhaT. A host micro 
organism, other than E. coli, may also be transformed to 
contain the disclosed genes and the gene for the non-speci?c 
catalytic activity for the interconversion of 3-HPA and 1,3 
propanediol, speci?cally excluding 1,3-propanediol oxi 
doreductase(s) (dhaT). 
[0084] “Gene” refers to a nucleic acid fragment that 
expresses a speci?c protein, including regulatory sequences 
preceding (5' non-coding) and folloWing (3' non-coding) the 
coding region. The terms “native” and “Wild-type” refer to a 
gene as found in nature With its oWn regulatory sequences. 

[0085] The terms “encoding” and “coding” refer to the 
process by Which a gene, through the mechanisms of tran 
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scription and translation, produces an amino acid sequence. It 
is understood that the process of encoding a speci?c amino 
acid sequence includes DNA sequences that may involve base 
changes that do not cause a change in the encoded amino acid, 
or Which involve base changes Which may alter one or more 
amino acids, but do not affect the functional properties of the 
protein encoded by the DNA sequence. It is therefore under 
stood that the invention encompasses more than the speci?c 
exemplary sequences. 
[0086] The term “isolated” refers to a protein or DNA 
sequence that is removed from at least one component With 
Which it is naturally associated. 
[0087] An “isolated nucleic acid molecule” is a polymer of 
RNA or DNA that is single- or double-stranded, optionally 
containing synthetic, non-natural or altered nucleotide bases. 
An isolated nucleic acid molecule in the form of a polymer of 
DNA may be comprised of one or more segments of cDNA, 
genomic DNA or synthetic DNA. 
[0088] “Substantially similar” refers to nucleic acid mol 
ecules Wherein changes in one or more nucleotide bases result 
in substitution of one or more amino acids, but do not affect 
the functional properties of the protein encoded by the DNA 
sequence. “Substantially similar” also refers to nucleic acid 
molecules Wherein changes in one or more nucleotide bases 
do not affect the ability of the nucleic acid molecule to medi 
ate alteration of gene expression by antisense or co-suppres 
sion technology. “Substantially similar” also refers to modi 
?cations of the nucleic acid molecules of the instant invention 
(such as deletion or insertion of one or more nucleotide bases) 
that do not substantially affect the functional properties of the 
resulting transcript vis-a-vis the ability to mediate alteration 
of gene expression by antisense or co-suppression technology 
or alteration of the functional properties of the resulting pro 
tein molecule. The invention encompasses more than the 
speci?c exemplary sequences. 
[0089] For example, it is Well knoWn in the art that alter 
ations in a gene Which result in the production of a chemically 
equivalent amino acid at a given site, but do not effect the 
functional properties of the encoded protein are common. For 
the purposes of the present invention substitutions are de?ned 
as exchanges Within one of the folloWing ?ve groups: 

[0090] 1. Small aliphatic, nonpolar or slightly polar resi 
dues: Ala, Ser, Thr (Pro, Gly); 

[0091] 2. Polar, negatively charged residues and their 
amides: Asp, Asn, Glu, Gln; 

[0092] 3. Polar, positively charged residues: His, Arg, 
Lys; 

[0093] 4. Large aliphatic, nonpolar residues: Met, Leu, 
lle, Val (Cys); and 

[0094] 5. Large aromatic residues: Phe, Tyr, Trp. 
[0095] Thus, a codon for the amino acid alanine, a hydro 
phobic amino acid, may be substituted by a codon encoding 
another less hydrophobic residue (such as glycine) or a more 
hydrophobic residue (such as valine, leucine, or isoleucine). 
Similarly, changes Which result in substitution of one nega 
tively charged residue for another (such as aspar‘tic acid for 
glutamic acid) or one positively charged residue for another 
(such as lysine for arginine) can also be expected to produce 
a functionally equivalent product. 
[0096] In many cases, nucleotide changes Which result in 
alteration of the N-terminal and C-terminal portions of the 
protein molecule Would also not be expected to alter the 
activity of the protein. 
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[0097] Each of the proposed modi?cations is Well Within 
the routine skill in the art, as is determination of retention of 
biological activity of the encoded products. Moreover, the 
skilled artisan recognizes that substantially similar sequences 
encompassed by this invention are also de?ned by their abil 
ity to hybridize, under stringent conditions (0.1><SSC, 0.1% 
SDS, 65° C. and Washed With 2><SSC, 0.1% SDS folloWed by 
0.1 ><SSC, 0.1% SDS), With the sequences exempli?ed herein. 
Preferred substantially similar nucleic acid fragments of the 
instant invention are those nucleic acid fragments Whose 
DNA sequences are at least 80% identical to the DNA 
sequence of the nucleic acid fragments reported herein. More 
preferred nucleic acid fragments are at least 90% identical to 
the DNA sequence of the nucleic acid fragments reported 
herein. Most preferred are nucleic acid fragments that are at 
least 95% identical to the DNA sequence of the nucleic acid 
fragments reported herein. 
[0098] A nucleic acid fragment is “hybridizable” to another 
nucleic acid fragment, such as a cDNA, genomic DNA, or 
RNA, When a single stranded form of the nucleic acid frag 
ment can anneal to the other nucleic acid fragment under the 
appropriate conditions of temperature and solution ionic 
strength. Hybridization and Washing conditions are Well 
knoWn and exempli?ed in Sambrook, 1., Fritsch, E. F. and 
Maniatis, T. Molecular Cloning:A Laboratory Manual, Sec 
ond Edition, Cold Spring Harbor Laboratory Press, Cold 
Spring Harbor (1989), particularly Chapter 11 and Table 1 1.1 
therein (entirely incorporated herein by reference). The con 
ditions of temperature and ionic strength determine the “strin 
gency” of the hybridization. For preliminary screening for 
homologous nucleic acids, loW stringency hybridization con 
ditions, corresponding to a Tm of 55°, can be used, e.g., 
5><SSC, 0.1% SDS, 0.25% milk, and no formamide; or 30% 
formamide, 5><SSC, 0.5% SDS. Moderate stringency hybrid 
ization conditions correspond to a higher Tm, e.g., 40% for 
mamide, with 5x or 6><SSC. Hybridization requires that the 
tWo nucleic acids contain complementary sequences, 
although depending on the stringency of the hybridization, 
mismatches betWeen bases are possible. The appropriate 
stringency for hybridizing nucleic acids depends on the 
length of the nucleic acids and the degree of complementa 
tion, variables Well knoWn in the art. The greater the degree of 
similarity or homology betWeen tWo nucleotide sequences, 
the greater the value of Tm for hybrids of nucleic acids having 
those sequences. The relative stability (corresponding to 
higher Tm) of nucleic acid hybridization decreases in the 
folloWing order: RNA:RNA, DNA:RNA, DNA:DNA. For 
hybrids of greater than 100 nucleotides in length, equations 
for calculating Tm have been derived (see Sambrook et al., 
supra, 9.50-9.51). For hybridization With shorter nucleic 
acids, i.e., oligonucleotides, the position of mismatches 
becomes more important, and the length of the oligonucle 
otide determines its speci?city (see Sambrook et al., supra, 
11.7-11.8). In one embodiment the length for a hybridizable 
nucleic acid is at least about 10 nucleotides. Preferable a 
minimum length for a hybridizable nucleic acid is at least 
about 15 nucleotides; more preferably at least about 20 nucle 
otides; and most preferably the length is at least 30 nucle 
otides. Furthermore, the skilled artisan Will recognize that the 
temperature and Wash solution salt concentration may be 
adjusted as necessary according to factors such as length of 
the probe. 
[0099] A “substantial portion” refers to an amino acid or 
nucleotide sequence Which comprises enough of the amino 

Oct. 8, 2009 

acid sequence of a polypeptide or the nucleotide sequence of 
a gene to afford putative identi?cation of that polypeptide or 
gene, either by manual evaluation of the sequence by one 
skilled in the art, or by computer-automated sequence com 
parison and identi?cation using algorithms such as BLAST 
(Basic Local Alignment Search Tool; Altschul et al., .1. Mol. 
Biol. 215:403-410 (1993); see also WWW.ncbi.nlm.nih.gov/ 
BLAST/). In general, a sequence of ten or more contiguous 
amino acids or thirty or more nucleotides is necessary in order 
to putatively identify a polypeptide or nucleic acid sequence 
as homologous to a knoWn protein or gene. Moreover, With 
respect to nucleotide sequences, gene-speci?c oligonucle 
otide probes comprising 20-30 contiguous nucleotides may 
be used in sequence-dependent methods of gene identi?ca 
tion (e.g., Southern hybridization) and isolation (e.g., in situ 
hybridization of bacterial colonies or bacteriophage plaques). 
In addition, short oligonucleotides of 12-15 bases may be 
used as ampli?cation primers in PCR in order to obtain a 
particular nucleic acid molecule comprising the primers. 
Accordingly, a “substantial portion” of a nucleotide sequence 
comprises enough of the sequence to afford speci?c identi? 
cation and/or isolation of a nucleic acid molecule comprising 
the sequence. The instant speci?cation teaches partial or com 
plete amino acid and nucleotide sequences encoding one or 
more particular proteins. The skilled artisan, having the ben 
e?t of the sequences as reported herein, may noW use all or a 
substantial portion of the disclosed sequences for the purpose 
knoWn to those skilled in the art. Accordingly, the instant 
invention comprises the complete sequences as reported in 
the accompanying Sequence Listing, as Well as substantial 
portions of those sequences as de?ned above. 

[0100] The term “complementary” describes the relation 
ship betWeen nucleotide bases that are capable to hybridizing 
to one another. For example, With respect to DNA, adeno sine 
is complementary to thymine and cytosine is complementary 
to guanine. Accordingly, the instant invention also includes 
isolated nucleic acid molecules that are complementary to the 
complete sequences as reported in the accompanying 
Sequence Listing as Well as those substantially similar 
nucleic acid sequences. 

[0101] The term “percent identity”, as knoWn in the art, is a 
relationship betWeen tWo or more polypeptide sequences or 
tWo or more polynucleotide sequences, as determined by 
comparing the sequences. In the art, “identity” also means the 
degree of sequence relatedness betWeen polypeptide or poly 
nucleotide sequences, as the case may be, as determined by 
the match betWeen strings of such sequences. “Identity” and 
“similarity” can be readily calculated by knoWn methods, 
including but not limited to those described in: Computa 
tional Molecular Biology; Lesk, A. M., Ed.; Oxford Univer 
sity Press: NeW York, 1988; Biocomputing: Informatics and 
Genome Projects; Smith, D. W., Ed.; Academic Press: NeW 
York, 1993; Computer Analysis of Sequence Data, Part I ; 
Grif?n, A. M. and Grif?n, H. G., Eds.; Humana Press: NeW 
Jersey, 1994; Sequence Analysis in Molecular Biology; von 
Heinje, G., Ed.; Academic Press: NeW York, 1987; and 
Sequence Analysis Primer; Gribskov, M. and Devereux, 1., 
Eds.; Stockton Press: NeW York, 1991. Preferred methods to 
determine identity are designed to give the largest match 
betWeen the sequences tested. 

[0102] Methods to determine identity and similarity are 
codi?ed in publicly available computer programs. Preferred 
computer program methods to determine identity and simi 
larity betWeen tWo sequences include, but are not limited to, 
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the GCG Pileup program found in the GCG program package, 
using the Needleman and Wunsch algorithm With their stan 
dard default values of gap creation penalty:12 and gap exten 
sion penalty:4 (Devereux et al., Nucleic Acids Res. 12:387 
395 (1984)), BLASTP, BLASTN, and FASTA (Pearson et al., 
Proc. Natl. Acad. Sci. USA 85:2444-2448 (1988). The 
BLASTX program is publicly available from NCBI and other 
sources (BLAST Manual, Altschul et al., Natl. Cent. Biotech 
nol. Inf., Natl. Library Med. (NCBI NLM) NIH, Bethesda, 
Md. 20894; Altschul et al., J. Mol. Biol. 21 5:403-410 (1990); 
Altschul et al., “Gapped BLAST and PSI-BLAST: a neW 
generation of protein database search programs”, Nucleic 
Acids Res. 25 :3389-3402 (1997)). Another preferred method 
to determine percent identity, is by the method of DNASTAR 
protein alignment protocol using the Jotun-Hein algorithm 
(Hein et al., Methods Enzymol. 183:626-645 (1990)). Default 
parameters for the Jotun-Hein method for alignments are: for 
multiple alignments, gap penalty:11, gap length penalty:3; 
for pairWise alignments ktuple:6. As an illustration, by a 
polynucleotide having a nucleotide sequence having at least, 
for example, 95% “identity” to a reference nucleotide 
sequence it is intended that the nucleotide sequence of the 
polynucleotide is identical to the reference sequence except 
that the polynucleotide sequence may include up to ?ve point 
mutations per each 100 nucleotides of the reference nucle 
otide sequence. In other Words, to obtain a polynucleotide 
having a nucleotide sequence at least 95% identical to a 
reference nucleotide sequence, up to 5% of the nucleotides in 
the reference sequence may be deleted or substituted With 
another nucleotide, or a number of nucleotides up to 5% of the 
total nucleotides in the reference sequence may be inserted 
into the reference sequence. These mutations of the reference 
sequence may occur at the 5' or 3' terminal positions of the 
reference nucleotide sequence or anyWhere betWeen those 
terminal positions, interspersed either individually among 
nucleotides in the reference sequence or in one or more con 

tiguous groups Within the reference sequence. Analogously, 
by a polypeptide having an amino acid sequence having at 
least, for example, 95% identity to a reference amino acid 
sequence is intended that the amino acid sequence of the 
polypeptide is identical to the reference sequence except that 
the polypeptide sequence may include up to ?ve amino acid 
alterations per each 100 amino acids of the reference amino 
acid. In other Words, to obtain a polypeptide having an amino 
acid sequence at least 95% identical to a reference amino acid 
sequence, up to 5% of the amino acid residues in the reference 
sequence may be deleted or substituted With another amino 
acid, or a number of amino acids up to 5% of the total amino 
acid residues in the reference sequence may be inserted into 
the reference sequence. These alterations of the reference 
sequence may occur at the amino or carboxy terminal posi 
tions of the reference amino acid sequence or anyWhere 
betWeen those terminal positions, interspersed either indi 
vidually among residues in the reference sequence or in one 
or more contiguous groups Within the reference sequence. 

[0103] The term “homologous” refers to a protein or 
polypeptide native or naturally occurring in a given host cell. 
The invention includes microorganisms producing homolo 
gous proteins via recombinant DNA technology. 
[0104] The term “percent homology” refers to the extent of 
amino acid sequence identity betWeen polypeptides. When a 
?rst amino acid sequence is identical to a second amino acid 
sequence, then the ?rst and second amino acid sequences 
exhibit 100% homology. The homology betWeen any tWo 
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polypeptides is a direct function of the total number of match 
ing amino acids at a given position in either sequence, e.g., if 
half of the total number of amino acids in either of the tWo 
sequences are the same then the tWo sequences are said to 
exhibit 50% homology. 
[0105] “Codon degeneracy” refers to divergence in the 
genetic code permitting variation of the nucleotide sequence 
Without effecting the amino acid sequence of an encoded 
polypeptide. Accordingly, the instant invention relates to any 
nucleic acid molecule that encodes all or a substantial portion 
of the amino acid sequence as set forth in SEQ ID NO: 57. The 
skilled artisan is Well aWare of the “codon-bias” exhibited by 
a speci?c host cell in usage of nucleotide codons to specify a 
given amino acid. Therefore, When synthesiZing a gene for 
improved expression in a host cell, it is desirable to design the 
gene such that its frequency of codon usage approaches the 
frequency of preferred codon usage of the host cell. 
[0106] Modi?cations to the sequence, such as deletions, 
insertions, or substitutions in the sequence Which produce 
silent changes that do not substantially affect the functional 
properties of the resulting protein molecule are also contem 
plated. For example, alteration in the gene sequence Which 
re?ect the degeneracy of the genetic code, or Which result in 
the production of a chemically equivalent amino acid at a 
given site, are contemplated. Thus, a codon for the amino acid 
alanine, a hydrophobic amino acid, may be substituted by a 
codon encoding another less hydrophobic residue, such as 
glycine, or a more hydrophobic residue, such as valine, leu 
cine, or isoleucine. Similarly, changes Which result in substi 
tution of one negatively charged residue for another, such as 
aspartic acid for glutamic acid, or one positively charged 
residue for another, such as lysine for arginine, can also be 
expected to produce a biologically equivalent product. Nucle 
otide changes Which result in alteration of the N-terminal and 
C-terminal portions of the protein molecule Would also not be 
expected to alter the activity of the protein. In some cases, it 
may in fact be desirable to make mutants of the sequence in 
order to study the effect of alteration on the biological activity 
of the protein. Each of the proposed modi?cations is Well 
Within the routine skill in the art, as is determination of 
retention of biological activity in the encoded products. 
Moreover, the skilled artisan recogniZes that sequences 
encompassed by this invention are also de?ned by their abil 
ity to hybridiZe, under stringent conditions (0.1><SSC, 0.1% 
SDS, 65° C.), With the sequences exempli?ed herein. 
[0107] The term “expression” refers to the transcription 
and translation to gene product from a gene coding for the 
sequence of the gene product. 
[0108] The terms “plasmid”, “vector”, and “cassette” refer 
to an extra chromosomal element often carrying genes Which 
are not part of the central metabolism of the cell, and usually 
in the form of circular double-stranded DNA molecules. Such 
elements may be autonomously replicating sequences, 
genome integrating sequences, phage or nucleotide 
sequences, linear or circular, of a single- or double-stranded 
DNA or RNA, derived from any source, in Which a number of 
nucleotide sequences have been joined or recombined into a 
unique construction Which is capable of introducing a pro 
moter fragment and DNA sequence for a selected gene prod 
uct along With appropriate 3' untranslated sequence into a 
cell. “Transformation cassette” refers to a speci?c vector 
containing a foreign gene and having elements in addition to 
the foreign gene that facilitates transformation of a particular 
host cell. “Expression cassette” refers to a speci?c vector 
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containing a foreign gene and having elements in addition to 
the foreign gene that alloW for enhanced expression of that 
gene in a foreign host. 

Construction of Recombinant Organisms 

[0109] Recombinant organisms containing the necessary 
genes that Will encode the enzymatic pathWay for the conver 
sion of a carbon substrate to 1,3-propanediol may be con 
structed using techniques Well knoWn in the art. Genes encod 
ing glycerol-3-phosphate dehydrogenase (GPD1), glycerol 
3-phosphatase (GPP2), glycerol dehydratase (dhaB 1, dhaB2, 
and dhaB3), dehydratase reactivation factor (orfZ and orfX) 
and 1,3-propanediol oxidoreductase (dhaT) Were isolated 
from a native host such as Klebsiella or Saccharomyces and 
used to transform host strains such as E. coli DH50t, ECL707, 
AA200, or KLP23. 

Isolation of Genes 

[0110] Methods of obtaining desired genes from a bacterial 
genome are common and Well knoWn in the art of molecular 
biology. For example, if the sequence of the gene is known, 
suitable genomic libraries may be created by restriction endo 
nuclease digestion and may be screened With probes comple 
mentary to the desired gene sequence. Once the sequence is 
isolated, the DNA may be ampli?ed using standard primer 
directed ampli?cation methods such as polymerase chain 
reaction (PCR) (US. Pat. No. 4,683,202) to obtain amounts 
of DNA suitable for transformation using appropriate vec 
tors. 

[0111] Alternatively, cosmid libraries may be created 
Where large segments of genomic DNA (35-45 kb) may be 
packaged into vectors and used to transform appropriate 
hosts. Cosmid vectors are unique in being able to accommo 
date large quantities of DNA. Generally cosmid vectors have 
at least one copy of the cos DNA sequence Which is needed 
for packaging and subsequent circulariZation of the foreign 
DNA. In addition to the cos sequence these vectors Will also 
contain an origin of replication such as ColE1 and drug resis 
tance markers such as a gene resistant to ampicillin or neo 
mycin. Methods of using cosmid vectors for the transforma 
tion of suitable bacterial hosts are Well described in 
Sambrook, J. et al., Molecular Cloning: A Laboratory 
Manual, Second Edition (1989) Cold Spring Harbor Labora 
tory Press, herein incorporated by reference. 
[0112] Typically to clone cosmids, foreign DNA is isolated 
and ligated, using the appropriate restriction endonucleases, 
adjacent to the cos region of the cosmid vector. Cosmid vec 
tors containing the linearized foreign DNA are then reacted 
With a DNA packaging vehicle such as bacteriophage. During 
the packaging process the cos sites are cleaved and the foreign 
DNA is packaged into the head portion of the bacterial viral 
particle. These particles are then used to transfect suitable 
host cells such as E. coli. Once injected into the cell, the 
foreign DNA circulariZes under the in?uence of the cos sticky 
ends. In this manner large segments of foreign DNA can be 
introduced and expressed in recombinant host cells. 
Isolation and Cloning of Genes Encoding Glycerol Dehy 
dratase (dhaBl, dhaB2, and dhaB3) Dehydratase Reactivat 
ing Factors (orfZ and orfX), and 1,3-Propanediol Dehydro 
genase (dhaT) 
[0113] Cosmid vectors and cosmid transformation meth 
ods Were used Within the context of the present invention to 
clone large segments of genomic DNA from bacterial genera 
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knoWn to possess genes capable of processing glycerol to 
1,3-propanediol. Speci?cally, genomic DNA from K. pneu 
moniae Was isolated by methods Well knoWn in the art and 
digested With the restriction enZyme Sau3A for insertion into 
a cosmid vector Supercos 1 and packaged using GigapackII 
packaging extracts. FolloWing construction of the vector E. 
coli XLl-Blue MR cells Were transformed With the cosmid 
DNA. Transformants Were screened for the ability to convert 
glycerol to 1,3-propanediol by groWing the cells in the pres 
ence of glycerol and analyZing the media for 1,3-propanediol 
formation. 
[0114] TWo of the 1,3-propanediol positive transformants 
Were analyZed and the cosmids Were named pKPl and pKP2. 
DNA sequencing revealed extensive homology to the glyc 
erol dehydratase gene from C. freundii, demonstrating that 
these transformants contained DNA encoding the glycerol 
dehydratase gene. Other 1,3-propanediol positive transfor 
mants Were analyZed and the cosmids Were named pKP4 and 
pKP5. DNA sequencing revealed that these cosmids carried 
DNA encoding a diol dehydratase gene. 
[0115] Although the instant invention utiliZes the isolated 
genes from Within a Klebsiella cosmid, alternate sources of 
dehydratase genes and dehydratase reactivation factor genes 
include, but are not limited to, Cilrobacler, Closlridia and 
Salmonella (see Table 1). 

Genes Encoding G3PDH and G3P Phosphatase 

[0116] The present invention provides genes suitable for 
the expression of G3PDH and G3P phosphatase activities in 
a host cell. 

[0117] Genes encoding G3PDH are knoWn. For example, 
GPD1 has been isolated from Saccharomyces and has the 
base sequence given by SEQ ID NO:53, encoding the amino 
acid sequence given in SEQ ID NO:54 (Wang et al., supra). 
Similarly, G3PDH activity has also been isolated from Sac 
charomyces encoded by GPD2 (Eriksson et al., Mol. Micro 
biol. 17, 95 (1995)). 
[0118] For the purposes of the present invention it is con 
templated that any gene encoding a polypeptide responsible 
for NADH-dependent G3PDH activity is suitable Wherein 
that activity is capable of catalyZing the conversion of dihy 
droxyacetone phosphate (DHAP) to glycerol-3-phosphate 
(G3 P). Further, it is contemplated that any gene encoding the 
amino acid sequence of NADH-dependent G3PDH’s corre 
sponding to the genes DAR1, GPD1, GPD2, GPD3, and gpsA 
Will be functional in the present invention Wherein that amino 
acid sequence may encompass amino acid substitutions, dele 
tions or additions that do not alter the function of the enZyme. 
The skilled person Will appreciate that genes encoding 
G3PDH isolated from other sources Will also be suitable for 
use in the present invention. Genes encoding G3P phos 
phatase are knoWn. For example, GPP2 has been isolated 
from Saccharomyces cerevisiae and has the base sequence 
given by SEQ ID NO:55, Which encodes the amino acid 
sequence given in SEQ ID NO:56 (Norbeck et al., .1. Biol. 
Chem. 271, 13875 (1996)). 
[0119] For the purposes of the present invention, any gene 
encoding a G3P phosphatase activity is suitable for use in the 
method Wherein that activity is capable of catalyZing the 
conversion of glycerol-3 -phosphate plus H2O to glycerol plus 
inorganic phosphate. Further, any gene encoding the amino 
acid sequence of G3P phosphatase corresponding to the 
genes GPP2 and GPP1 Will be functional in the present inven 
tion including any amino acid sequence that encompasses 
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amino acid substitutions, deletions or additions that do not 
alter the function of the G3P phosphatase enzyme. The skilled 
person Will appreciate that genes encoding G3P phosphatase 
isolated from other sources Will also be suitable for use in the 
present invention. 

Host Cells 

[0120] Suitable host cells for the recombinant production 
of 1,3-propanediol may be either prokaryotic or eukaryotic 
and Will be limited only by the host cell ability to express the 
active enZymes for the 1,3-propanediol pathWay. Suitable 
host cells Will be bacteria such as Cilrobacler, Enlerobacler, 
Closlridium, Klebsiella, Aerobacler, Laclobacillus, Aspergil 
lus, Saccharomyces, Schizosaccharomyces, Zygosaccharo 
myces, Pichia, Kluyveromyces, Candida, Hansenula, 
Debaryomyces, Mucor, Torulopsis, Melhylobacler, Escheri 
chia, Salmonella, Bacillus, Slreplomyces, and Pseudomonas. 
Preferred in the present invention are E. coli, E. blallae, 
Klebsiella, CiZrobacZer, and Aerobaclen 
[0121] Microorganisms can be converted to a high titer 
1,3-propanediol producer by using the folloWing general pro 
tocol. 

[0122] 1. Determine the presence in a potential host 
organism of an endogenous dhaT-like activity that 
alloWs for the steady state concentration of a toxic or 
inhibitory level of 3-HPA in the presence of 1-2 M 
1,3-propanediol. 

[0123] 2. If such an activity exists in the potential host 
organism, perform suitable mutagenisis to delete or 
inactivate this activity. Con?rmation of a non-functional 
or deleted dhaT-like activity can be detected by the lack 
of 3-HPA accumulation in the presence of 1-2 M 1,3 
propanediol. 

[0124] 3. Express appropriate genes for a) glycerol pro 
duction, if glycerol is not the carbon source, b) glycerol 
dehydratase and the associated maintenance system, and 
C) yqhD 

[0125] Considerations Which Would need to be taken With 
respect to certain microorganisms concern the expression or 
repression of endogenous dhaT-like enZymes under the con 
ditions for 1,3-propanediol production. These might also 
include the presence of glycerol, glucose or anaerobisis. 

Vectors and Expression Cassettes 

[0126] The present invention provides a variety of vectors 
and transformation and expression cassettes suitable for the 
cloning, transformation and expression of G3PDH, G3P 
phosphatase, dehydratase, and dehydratase reactivation fac 
tor into a suitable host cell. Suitable vectors Will be those 
Which are compatible With the microorganism employed. 
Suitable vectors can be derived, for example, from a bacteria, 
a virus (such as bacteriophage T7 or a M-13 derived phage), 
a cosmid, a yeast or a plant. Protocols for obtaining and using 
such vectors are knoWn to those in the art (Sambrook et al., 
Molecular Cloning: A Laboratory Manualivolumes 1, 2, 3 
(Cold Spring Harbor Laboratory: Cold Spring Harbor, N.Y., 
1 989)). 
[0127] Typically, the vector or cassette contains sequences 
directing transcription and translation of the appropriate 
gene, a selectable marker, and sequences alloWing autono 
mous replication or chromosomal integration. Suitable vec 
tors comprise a region 5' of the gene, Which harbors transcrip 
tional initiation controls, and a region 3' of the DNA fragment 
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Which controls transcriptional termination. It is most pre 
ferred When both control regions are derived from genes 
homologous to the transformed host cell. Such control 
regions need not be derived from the genes native to the 
speci?c species chosen as a production host. 
[0128] Initiation control regions, or promoters, Which are 
useful to drive expression of the G3PDH and G3P phos 
phatase genes (DAR1 and GPP2, respectively) in the desired 
host cell are numerous and familiar to those skilled in the art. 
Virtually any promoter capable of driving these genes is suit 
able for the present invention including but not limited to 
CYC1, HIS3, GAL1, GAL10, ADH1, PGK, PHO5, GAPDH, 
ADC1, TRPl, URA3, LEU2, ENO, and TPI (useful for 
expression in Saccharomyces);AOX1 (useful for expression 
in Pichia); and lac, trp, KPL, APR, T7, tac, and trc (useful for 
expression in E. coli). 
[0129] Termination control regions may also be derived 
from various genes native to the preferred hosts. Optionally, a 
termination site may be unnecessary; hoWever, it is most 
preferred if included. 
[0130] For effective expression of the instant enZymes, 
DNA encoding the enZymes are linked operably through ini 
tiation codons to selected expression control regions such that 
expression results in the formation of the appropriate mes 
senger RNA. 

[0131] Particularly useful in the present invention are the 
vectors pDT29 and pKP32 Which are designed to be used in 
conjunction With pAH48. The essential elements of pDT29 
and pKP32 are derived from the dha regulon isolated from 
Klebsiella pneumoniae pDT29 contains the open reading 
frames dhaR, orfY, dhaT, orfX, orfVV, dhaBl, dhaB2, and 
dhaB3, nucleotide the sequences of Which are contained 
Within SEQ ID NO:1. pKP32 contains the same set of open 
reading frames as found on pDT29, from the same source, 
With the difference that pKP32 lacks the dhaT. pAH48 is the 
vehicle used for the introduction of DAR1 and GPP2 genes 
into the host cell and more speci?cally comprises the DAR1 
and GPP2 genes isolated from Saccharomyces cerevisiae. 
Transformation of Suitable Hosts and Expression of Genes 
for the Production of 1,3-propanediol 
[0132] Once suitable cassettes are constructed they are 
used to transform appropriate host cells. Introduction of the 
cassette containing the genes encoding G3PDH, G3P phos 
phatase, dehydratase, and dehydratase reactivation factor into 
the host cell may be accomplished by knoWn procedures such 
as by transformation (e.g., using calcium-permeabiliZed 
cells, electroporation), or by transfection using a recombinant 
phage virus (Sambrook et al., supra). 
[0133] In the present invention cassettes Were used to trans 
form the E. coli as fully described in the GENERAL METH 
ODS and EXAMPLES. 

Mutants 

[0134] In addition to the cells exempli?ed, it is contem 
plated that the present methodWill be able to make use of cells 
having single or multiple mutations speci?cally designed to 
enhance the production of 1,3-propanediol. Cells that nor 
mally divert a carbon feed stock into non-productive path 
Ways, or that exhibit signi?cant catabolite repression could be 
mutated to avoid these phenotypic de?ciencies. For example, 
many Wild type cells are subject to catabolite repression from 
glucose and by-products in the media and it is contemplated 
that mutant strains of these Wild type organisms, capable of 
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1,3-propanediol production that are resistant to glucose 
repression, Would be particularly useful in the present inven 
tion. 
[0135] Methods of creating mutants are common and Well 
knoWn in the art. For example, Wild type cells may be exposed 
to a variety of agents such as radiation or chemical mutagens 
and then screened for the desired phenotype. When creating 
mutations through radiation either ultraviolet (UV) or ioniz 
ing radiation may be used. Suitable short Wave UV Wave 
lengths for genetic mutations Will fall Within the range of 200 
nm to 300 nm Where 254 nm is preferred. UV radiation in this 
Wavelength principally causes changes Within nucleic acid 
sequence from guanidine and cytosine to adenine and thymi 
dine. Since all cells have DNA repair mechanisms that Would 
repair most UV induced mutations, agents such as caffeine 
and other inhibitors may be added to interrupt the repair 
process and maximize the number of effective mutations. 
Long Wave UV mutations using light in the 300 nm to 400 nm 
range are also possible but are generally not as effective as the 
short Wave UV light unless used in conjunction With various 
activators such as psoralen dyes that interact With the DNA. 
[0136] Mutagenesis With chemical agents is also effective 
for generating mutants and commonly used substances 
include chemicals that affect nonreplicating DNA such as 
HNO2 and NHZOH, as Well as agents that affect replicating 
DNA such as acridine dyes, notable for causing frameshift 
mutations. Speci?c methods for creating mutants using radia 
tion or chemical agents are Well documented in the art. See for 
example Thomas D. Brock in Biotechnology: A Textbook of 
Industrial Microbiology, Second Edition (1989) Sinauer 
Associates, Inc., Sunderland, Mass., or Deshpande, Mukund 
V., Appl. Biochem. Biotechnol. 36, 227 (1992), herein incor 
porated by reference. 
[0137] After mutagenesis has occurred, mutants having the 
desired phenotype may be selected by a variety of methods. 
Random screening is most common Where the mutagenized 
cells are selected for the ability to produce the desired product 
or intermediate. Alternatively, selective isolation of mutants 
can be performed by groWing a mutagenized population on 
selective media Where only resistant colonies can develop. 
Methods of mutant selection are highly developed and Well 
knoWn in the art of industrial microbiology. See for example 
Brock, Supra; DeMancilha et al., Food Chem. 14, 313 (1984). 
[0138] The elimination of an undesired enzyme activity 
may be also accomplished by disruption of the gene encoding 
the enzyme. Such methods are knoWn to those skilled in the 
art and are exempli?ed in Example 4 and Example 8. 
Alterations in the 1,3-propanediol Production PathWay 
[0139] Representative Enzyme PathWay. The production of 
1,3-propanediol from glucose can be accomplished by the 
folloWing series of steps. This series is representative of a 
number of pathWays knoWn to those skilled in the art and is 
illustrated in FIG. 5. Glucose is converted in a series of steps 
by enzymes of the glycolytic pathWay to dihydroxyacetone 
phosphate (DHAP) and 3-phospho-glyceraldehyde (3-PG). 
Glycerol is then formed by either hydrolysis of DHAP to 
dihydroxyacetone (DHA) folloWed by reduction, or reduc 
tion of DHAP to glycerol 3-phosphate (G3P) folloWed by 
hydrolysis. The hydrolysis step can be catalyzed by any num 
ber of cellular phosphatases, Which are knoWn to be non 
speci?c With respect to their substrates, or the activity can be 
introduced into the ho st by recombination. The reduction step 
can be catalyzed by a NAD+ (or NADP") linked host enzyme 
or the activity can be introduced into the host by recombina 
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tion. It is notable that the dha regulon contains a glycerol 
dehydrogenase (EC. 1.1.1.6) that catalyzes the reversible 
reaction of Equation 3. 

Glycerol—>3—HPA+H2O (Equation 1) 

3—HPA+NADH+H+—>1,3—Propanediol+NAD+ (Equation 2) 

Glycerol+NAD+—>DHA+NADH+H+ (Equation 3) 

Glycerol is converted to 1,3-propanediol via the intermediate 
3-hydroxy-propionaldehye (3 -HPA) as has been described in 
detail above. The intermediate 3-HPA is produced from glyc 
erol, Equation 1, by a dehydratase enzyme that can be 
encoded by the host or can be introduced into the host by 
recombination. This dehydratase can be glycerol dehydratase 
(EC. 4.2.1.30), diol dehydratase (EC. 4.2.1.28) or any other 
enzyme able to catalyze this transformation. Glycerol dehy 
dratase, but not diol dehydratase, is encoded by the dha regu 
lon. 1,3-Propanediol is produced from 3-HPA, Equation 2, by 
a NAD+- (or NADP") linked host enzyme or the activity can 
be introduced into the host by recombination. This ?nal reac 
tion in the production of 1 ,3-propanediol can be catalyzed by 
1,3-propanediol dehydrogenase (E.C. 1.1.1.202) or other 
alcohol dehydrogenases. 
[0140] Mutations and transformations that affect carbon 
channeling. A variety of mutant microorganisms comprising 
variations in the 1,3-propanediol production pathWay Will be 
useful in the present invention. For example the introduction 
of a triosephosphate isomerase mutation (tpi-) into the micro 
organism of the present invention is an example of the use of 
a mutation to improve the performance by carbon channeling. 
Triosephosphate isomerase is the enzyme responsible for the 
conversion of DAHP to 3-phosphoglyceraldehyde, and as 
such alloWs the diversion of carbon ?oW from the main path 
Way form glucose to glycerol and 1,3-propanediol (FIG. 5). 
Thus, the deletion mutation (tpi-) enhances the overall meta 
bolic ef?ciency of the desired pathWay over that described in 
the art. Similarly, mutations Which block alternate pathWays 
for intermediates of the 1,3-propanediol production pathWay 
Would also be useful to the present invention. For example, 
the elimination of glycerol kinase prevents glycerol, formed 
from G3P by the action of G3P phosphatase, from being 
re-converted to G3P at the expense of ATP (FIG. 5). Also, the 
elimination of glycerol dehydrogenase (for example, gldA) 
prevents glycerol, formed from DHAP by the action of 
NADH-dependent glycerol-3-phosphate dehydrogenase, 
from being converted to dihydroxyacetone (FIG. 5). Muta 
tions can be directed toWard a structural gene so as to impair 
or improve the activity of an enzymatic activity or can be 
directed toWard a regulatory gene, including promoter 
regions and ribosome binding sites, so as to modulate the 
expression level of an enzymatic activity. 
[0141] It is thus contemplated that transformations and 
mutations can be combined so as to control particular enzyme 
activities for the enhancement of 1 ,3-propanediol production. 
Thus, it is Within the scope of the present invention to antici 
pate modi?cations of a Whole cell catalyst Which lead to an 
increased production of 1,3-propanediol. 
[0142] The present invention utilizes a preferred pathWay 
for the production of 1,3-propanediol from a sugar substrate 
Where the carbon ?oW moves from glucose to DHAP, G3P, 
Glycerol, 3-HPA and ?nally to 1,3-propanediol. The present 
production strains have been engineered to maximize the 
metabolic ef?ciency of the pathWay by incorporating various 
deletion mutations that prevent the diversion of carbon to 










































































