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T1TLE 
BIOCONVBRSION OP AFBRMBNTABLB CARBON SOURCE 

TO 1,3-PROPANBDIOLBY A SJNGLE:MICROORGANISM 

FIR! .P OF JNVENTIQN 

S 'Ibis invention comprises a process for the bioconversion of a fennenta~e 

carbon source to 1,3-propanediol by a single microorganism. 

BACKQROlJND 

1,3-Propanedio~ is a monomer having potential utility in the production of 

polyester fibers and the manufactme of polyurethanes and cyclic compounds. 

10 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 

catalytic solution phase hydration of acrolein followed by reduction, or from 

hydrocarbons such as glycerol, reacted in the presence of carbon monoxide and 

15 hydrogen over catalysts having atoms from group vm of the periodic table. 

Although it is possible to generate 1,3-propanediol by these me1hods, they are 

expensive and generate waste stteams containing environmental pollutants. 

It has been known for over a century that 1,3-propanediol can be produced 

from the fClmentation of glycerol. Bacterial strains able to produce 1,3-propane-

. 20 diol have been found, for example, in the groups Citrobacter, Cloatridium, 
Enterobacter, llyobacter, Klebslella, Lactobacillus, and Pelobacter. In each case 

studied, glycerol .is convertedto 1,3-propanediol in a two step, enzyme catalyzed 

reaction sequence. In the first step, a dehydratase catalyzes the conversion of 

glyceml to 3-hydroxypropionaldehyde (3-HP) and water, Equation 1. In the 

25 second step, 3-HP is reduced to 1,3-propanediol by a NAD+-linked 

oxidoleductase, Equation 2. The 1,3-propanediol is not metabolized farther and, 

as aiesult, 

Glycerol~ 3-HP + H20 
30 3-HP + NADH +ff+~ 1,3-Propanediol + N.AD+ 

(Equation 1) 

(Equation 2) 

accumulates in high concentration in the media. The ove.rall reaction consumes a 

reducing equivalent in rite fmm of a cofactor, reduced ~-nicorinamide adenine 

dinucleotide (N.ADH), which .is oxidized to nicotinamide adenine dhmcleotide 

35 (NAD+). 

The production of 1,3-propanediol from glycerol is generally perfonned 

under anaerobic conditions using glycerol as the sole catbon source and m the 

absence of other exogenous reducing equivalent acceptom. Under these 

conditiom, m e.g., strams of Citrobacter, Cloatridiwn, and Klebsiella, a parallel 
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pathway for glycerol operates which first involves oxidation of glycerol to 

dihydroxyacetone (DHA) by aNAn+-(orNAD~-) linked glycerol 

dehydrogenas~ Equation 3. The DHA, following phosphoeylation to 

dihydmxyacetone phosphate (DHAP) by a DHA kinase (Equation 4), 
. 

Glycerol+ NAD+-+ DHA + NADH + H+ 

DHA +ATP-+ DHAP+ ADP 

(Equatioii 3) 

(Equadon4) 

becomes available for biosynthesis and far supporting ATP generad.on via e.g., 
10 glycolysis. In conttast to the 1,3-propanediol pathway' this pathway may provide 

catbon and energy to the cell and produces rather than consumes NADH. 
In Klebsiella pneumoniae and Citrobacter freundii, the genes encoding die 

functionally linked activities of glycerol dehydratase (dhaB.), 1,3-prOpanediol 

oxidoleductase (dhaT)1 glycerol dehydrogenase (dhaD), and ctihydroxyacetODe 

15 kinase (dhaK) are encompassed by the dha regulon. The dha regulons from 

Citrobacter and Klebsiella have been expressed in Escherichia coli and have been 

shown to convert glycerol to.1,3-propancdiol. 

Biological processes for the preparation of glycerol are known. The 

overwhelming majority of glycerol producers are yeasts but some bacteria, other 
20 fungi and algae are also known. Both bacteria and yeasts produce glycerol by 

converting glucose or other carbohydrates through the fructose-1,6-bisphosphate 
pathway in glycolysis or the Embden Meyerhof Pamas pathway, whe!eas, certain· 

aJgae convert dissolved carbon dioxide or bicarbonate in die chloroplasts into the 

3-carbon intermediates ·of the ·Calvin cycle. In a series of steps, the 3-carbon 

2S immnediate, phosphoglyceric acid, is converted to glyceraldehyde 3-phosphate 

which can be madily interconverted to its keto isomer clihydroxyacetone 

phosphate and ultimately to glycerol. Although biological methods of both 

glycerol and 1,3-propanediol production are known, it has never been 

demonstrated that the entiJe process can be accomplished by a single organism. 
30 Neither the chemical nor biological methods described above for the 

production of 1,3-propanediol is well suited for industrial scale production since 
the chemical processes are energy intensive and the biological processes require 
the expensive statting material, glycerol. A method iequiring low energy bJput 

and an inexpensive starting material is needed. A more desirable process would 

35 incorporate a microorganism that would have the ability to convert basic carbon 

sources such as carbohydrates or sugms to the desad 1,3-propanediol end­

prodact. 
Although a single organism conversion of fennentable carbon somce other 

than glycerol or dillydroxyacetone to 1,3-propanediol would be desirable, it has 
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been documented that the.re are significant difficulties to overcome m such an 
endeavor. For example, Gottschalk et al. (BP 373 230) teach that the growth of 

most strains useful for the production of 1,3-propanediol, including Citrobacter 

freundii, Clostridium autobutylicwn, CloBtridium butylicwn, and Klebsiella 

• ~ pneranoniae, is clistmbed by the presence of a hydrogen donor such as fructose or 

glucose. Strains of Lactobacill~ brevi8 and Lactobacillus buchner, which 
.. produce 1,3-propanediol in .co-fermentations of glycerol and fmctose or glucose, 

do not grow when glycerol is provided as· the sole carbon somce, and, although it 
has been shown that resting cells can metabolize glucose or fmctose, they do not 

• 

.. 

10 produce 1,3-propanediol. (Veiga DA Omha ct al., J. Bacteriol. 174, 1013 

(1992)). Similarly, it has been shown that a strain of l/yobacter polytropus, 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. Microbial. 140, 139 (1984)). F'mally 
15 Tong et al. <.Appl. Biochem. Biotech. 34, 149 (1992)) has taught that recombinant 

Escherichia coli transfonned with the dha regulon encoding glycerol dehydratase 

does not produce 1,3-propanediol from either glucose or xylose in the absence of 

exogenous glycerol. 

Attempts to improve the yield of 1,3-propanediol from glycerol have been 

20 repmted where co-substrates capable of providing reducing equivalents, typically 

fermentable sugars, are included in the process. Improvements in yield have been 

claimed for resting cells of Citrobacter freundii and Klebsiella pneumoniae DSM 

4270 cofennenting glycerol and glucose (Gottschalk et al., supra.; and Tran-Dinh 

et al., DE 3734 764); but not far growing cells of Klebsiellll pneumoniae 
25 ATCC 25955 cofennenting glycerol and glucose, which produced no 

1,3-propanediol (l-T. Tong, Ph.D. Thesis, University of Wisconsin-Madison 

(1992)). Increased yields have been reported for the cofennentation 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 

30 these systems, single argan;sms use the carbohydrate as a source of generating 

NADH while providing energy and carbon for cell maintenance or growth. These 

disclosures suggest that sugus do not enter the carbon stream that produces 

. 1,3-propanedioL In no case is 1,3-propanediol produced in the absence of an 

~ogenous source of glycerol. Thus the weight of literature clearly suggests that 

35 the prodnction of 1,3-propanediol from a carbohydrate source by a single 

organism. is not possible . 

The problem to be solved by the present invention is the biological 

production of 1,3-propanediol by a single organism from an inexpensive cmbon 
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subatrate such as glucose or other sugars. The biological production of 

1,3-propanediol requires glycerol as a substrate for a two step sequential reaetion 

in which a dehydratase enzyme (typically a coenzyme B1rdeJ>endent 

dehydratase) converts glycerol to an intennediate, 3-byd.roxypropionaldehyde, 

5 which is then reduced to 1,3-propanediol by a NADH- (or NADPH) dependent 

oxidoreductase. The complexity of the cofactor requirements necessitates the use 
of a whole cell catalyst for an industrial process which utilizes this reaction 
sequence for 1he production of 1,3-propanedioL Fmthennore, in order to make 

the process economically viable, a less expensive feedstock than glycerol or 
10 dihydroxyaccume is needed. Glucose and other carbohydrates am suitable 

substrates, but, as discussed above, are known to intedeie with 1,3-propanediol 

production. As a result no single organism has been shown to convert glucose to 

1,3-propanediol. 

Applicants have solved the stated problem and the present invention 

15 provides for bioconverting a fennentable carbon source directly to 

1,3-propanediol using a single organism. Glucose is used as a model substrate 

and the bioconversion is applicable to any existing microor~ 

Microorganisms harboring the gene for a dehydratase are able to convert glucose 

and other sugars through the glycerol degradation pathway to 1,3-propanediol 

20 · with good yields and selectivities. Fmthemlore, the present invention may be 

generally applied to include any carbon· substrate that is readily converted to 

1) glycerol, 2) dihydroxyacetone, or 3) C3 compounds at the oxidation state of 

glycerol (e.g., glycerol 3-phosphate) or 4) C3 compounds at the oxidation state of 

dihydroxyacetone (e.g., dihydroxyacctone phosphate or glyc:eraldehyde 

25 3-phosphate). 

SUMMARY OFTHB JNyBN'TION 

The pres~ invention comprises a process for the bioconversion of a 

carbon subsuate to 1,3-propanediol by a single microorganism having at least one 

· gene capable of expressing a dehydratase enzyme by contacting said micr0-

30 organism with said substtate. The microorganism can be a wild-type, or 
genetically altered, such as a recombinant microorganism or a mutant of a 

microoiganism. Prefembly, the dehydratase enzyme is a glycerol debydratase 

enzyme or a diol dehydratase enzyme. 

The present invention fmther comprises the product of the above process. 

35 The present invention :further comprises a cosmid comprising a DNA 

fragment of about 35 kb isolated from Klebsiella pneumoniae whelein said 
fragment encodes an active glycerol dehydratase enzyme having the restriction 

digest in Figure 1, columns 1 and 2. This cosmid, when transferred into a 
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micl:oorganism pmmits metabolism of a carbon substrate, :in particular glucose, to 

1,3-popanediol 
· The pxesent invention further comprises a transfonned microorganism 

comprising a host microorganism and the above cosmid or any DNA fragment of 

S said cosmid encoding an active functional protein other than a glycerol 

dehydratase enzyme •.. 

The invention also encompasses a bioconversion process to produce 

1,3-propanedi.ol comprising contacting, under suitable conditions, glycmol with a 

single microorganism having at least one gene capable of expiessing a dehydratase 

10 enzyme, the microorganism selected from the group consisting of members of the 

gem:.mAspergillus, Saccharomyces, Zygosaccharomyces, Pichia, Kluyva-omyces, 

Candida, Hansenula, Debaryomyces, Mucor, Torulopsis, Methylobacter, 

Salmonella, Bacillus, Streptomyces, and Pseudomonas. 

The hlvention also encompasses a bioconversion process to pmdace 
15 1,3-propanediol comprising contacting, under suitable conditions, a carbon 

substrate with a single microorganism having at least one gene capable of 

expessmg a debydl'Blase enzyme wheiein the gene encodes glycerol dehydmtase 

and is isolated from the group consisting of membets of the genera Klebsiella, 

Lactobacillus, Enterobacter, Citrobacter, Pelobacter, /lyobacter, and Clostridiwn. 

20 The invention also encompasses a bioconversion process to produce 

1,3-propanediol comprising contacting, under suitable conditions, a carbon . 

substrate with a single microorganism having at least one gene capable of 

expiessing a debydratase enzyme wheJ:ein the gene encodes glycerol dehydratase 

and is isolated from the group consisting of members of the genera Klebsiella, and 

25 Salmonella. 

Prefe.ned host microorganisms me selected from the group consisting of 

members of the genexa Citrobacter, Efl:terobacter, Clostrldium, Klebsiella, 

Aerobacter, Lactobacillus, Aspergillus, Saccharomyces, Zygosaccharomyces, 
Pichia, Kbqveromyces, Candid~ Hansenrda, Debaryomyces, Mucor, Torulopsis, 

30 Methylobacter, Escherichia, Salmonella, BacUlus, Streptomycea and 

Paeudomon.as. 
Recombinant microorgmdsms embodying the irivention are set forth in the 

BRIEPDBSCRIPTION OF111BBIOLOGICAL DBPOSITS. 

BRIEF DBSCRJPTJON OFTHB FIGURES 
35 Figme 1 shows restriction digests (F.coR 1, BamH I, BcoR V and Notl) of 

. cosmids pkPl, pKP2 and pKP4 labeled as columns 1, 2 and 4, respectively, and 

separation on a 0.8% agarose gel electrophoresis. Molecular size markers were 
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loaded on the lanes in the end. Cohmms;iabeled P.s nu~ t .am 2 ~ 

COllDids containing a glycerol dehydratase eozyiiie. 
Figure 2 shows a partial physical map of pKPl and the position of the 

genes based on DNA sequence. The genes were identified based on comparison 
S of deduced open reading franies with the Genbank data baae using the Tfasta 

program provided by a sequence. analysis software of the University of Wiaconain 
[Genetics Computer Group, Verison·7, April, 1991, S1S Science Drive,~ ~ 

WIS3711]. 

BR!Bf DBSCIUmON Of BIOLOGICAL 
' 10 DBPQSlTS AND 8BOJJBNCB T,ISTJNG 

The transformed E. coli DHSu containing cosmid pICPl containing a 
portion of the Klltb81ella genome encoding the glycerol dehycbtase enzyme was 
deposited on 18 Aprll 1995 with the ATCC under the terms of tbe Budapest 
Tiemy and was designated ATCC 69789. The transfonned E. coll DHSu 

15 oomaining cosmid pKP4 eomaining a_portion of the Klltbsiella genome encoding 
a diol dehydratase enzyme was deposiled on 18 April 1995 with the ATCC mm 
the tm"ms of the Budapest Tmaty and was designated ATCC 69190. The 
PnudomollllS aN'Ugino8tJ strain PAO 284S:pDT9, tramfonmd with a plasmid 

eontaining tho dhaB opcmn was dcpositcd an 11 Aprll 1996 with tho ATCC 
20 under the tczms of the Budapeat TR;aty and was designated ATCC SS160. 1be .... 

Pichia pa8tOri8 strain MSP42.81, .tnnsfcmned with non-niplicative plasmids· · ··· 

eontaining exptOSSion cassettes for· the dbaBl, dbaBZ dhaB3 amldhaT genes, was 
deposited on 11 Aprll 1996 with the ATCC under the terms of the Budapest 
"1Daty and was .designated ATCC 74363. The Saccharomyca cerevidae, sttain 

2S pMCK1/10/17(HM)#A, transformed with a plasmid containing the dbaBl, dbaB2, 

dbaB3, and dhaT operon, was deposited befom the filing of tbe instant 
hdmnational application, on May 9, 1996, with the ATCC under the tenns of the 
Budapest Tieaty and Was designated ATCC 74370. The Streptomyees lividtm8 

suain SU14.2, transformed with a plasmid containing the dbaBI, dhaB2, dbaB3, 

30 and dbaT operon. was deposited before the filing of the inStant intematimud 
application, on May 9, 1996, with the ATCC under the teams of the Budapest 

TJeaty and was designated ATCC 98052. TheBacUllls licheniformis strain 
BG188/pM26 (Clone #8), transfonned with a plasmid containmg the dhaBl, 

dbaB2 and dbaB3 operon, was deposited before the filing of the instant 

3S intemational application, on May 9, 1996, with the ATCC under the terms of the 
Budapest Tieaty and was designated ATCC 980S 1. The Bacillu3 aubtilis strain 
B02864/pM27 (Cone #1), ttansfommd with a plasmid contabDpg the dhaBl, 

dba82, dhaB3 and dhaT operon. was deposited before the filing of the instant 
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.intemationa1 application, on May 9, l~, with tbs ATI:C i~~ dw rmma:Qf • 
Budapest T.eaty and was designated ATCC 98050. The AspergitJils nigei' stniin 

TGR.40-13, transfmmed with a plasmid contahllngthe dbaBl, dbaB2, dbaB3 and 

dbaT operon, was deposited before the filing of the instant international 

S application, on May-9, 1996, with the ATCC under the tcnns of the Budapest 

Treaty and was designated ATCC 74369. "ATCC" rcfm to the American Type 
.. Culture Collection international. depository located at 12301 Parklawn DJive, 

R.ockville, MD 20852 U.S.A. 'l1le desiPations refer to the accession number of 
the deposited material. 

10 Applicants have provided fmty-six sequences in confonnity with "Rules 
for the Standard Repmsentation of Nucleotide and Amino Acid Sequences in 
Patent Applications" (Annexes I and II to the Decision of the Pmsident of the 

BPO, published in Su.PJ>lement No. 2 to 01 BPO, 1211992) and wi1h 
37 C.P.R. 1.821-1.82S and Appendices A and B ("Requirements for Application 

15 Disclosures Containing Nucleotidoa amtor Amino Acid Seque.aces"). 

DB'fAJT,BP DMCRIPIJQNOFTJIBJNYBNTION 

Tho present invention provides a method for a biological pmduc:don of 
1,3-pmpanediol from a fennenrab1e cmbcm source in a single organism The 

method incmpontes.a microorganism containing a dehydratase enzyme whichm 

20 comacred with a carbon substrate and 1,3-pmpanediol is isolated flOm the growth 
• 

mectia.. 'lbe single organism may be a wild type organism or may be a geneticaDy 
altered organism harbming a gene encoding adehydratase emyme. 

The present method provides a rapid. inexpensive and environmentally 

iesponsib1e source of 1,3-pmpanediol monomer usefD1 in the piaduction of 
25 polyestms and other polymers. 

· As used herein the following tenm may be used for intel:pft:tadon of the 
claims and specification. 

As used herein, the tenn "nucleic acid" zefen to a large molecule which 

can be single-stranded or double-stranded, composed of lllOllOIDml (nucleotides) 

30 containing a sugar, phosphate and either a purine or pyrimidine. A "nucleic acid 

fragment" jg a fraction of a given nucleic acid molecule. In higher plants, 

deoxyribonuc1ei acid (DNA) is the genetic m8lerial while ribonucleic acid 

(RNA) is involved in the ttansfer of the infonnation in DNA into proteins. A 

"genome" is the enme body of genetic material contained in each cell of an 

35 organism. The term "'nucleotide sequence,. refen to a plymer of DNA or RNA 

which can be single· or double-sttaixled, optionally cantaining synthetic, non­
natural or altered nucleotide bases capable of incmporation into DNA or RNA 

polymms. 
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A:s used hcm:in, "essentially similat'' refers to 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, bllt do not 

affect the functional properties of~ protein encoded by the DNA sequence. It is 

~ therefore understood that the invention encompasses more than the specific 

exemplary sequences. Modifications 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 JeSulting pmteht mol~ 

are also contemplated. For example, alteration in the gene sequence which reflect 

10 the degeneracy of the genetic code. or which result in the production of a 

chemically equivalent amino acid at a given ~' are contemplated; thus, a codon 

for the ammo acid alanine, a hydrophobic amino acid, may be substituted by a 

codon encoding another less hydrophobic residue, such as glycine, or a moJe 

hydrophobic residue, such as valine, leucine, or isoleucine. Similarly, changes 

15 which result in substitution of one negatively charged residue for another, such as 

aspartic acid for glutamic acid, or one posi1ively charged residue for another, such 

as lysine for arginine, can llso be expected to produce a biologically equivalent 

product. Nucleotide changes which result in alteration of the N-tenninal and 

C-teJIDinal portions of the protein molecule would also not be expected to alter 

20 the activity of the protein. Jn some caes, it may in fact be desirable to make 

mutants of the sequence in o.rder to stady the effect of alteration on the biological 

activity of the protein. ·Bach of the proposed modifications is well within the 

routine skill in the an, as is detennination of retention of biological. activity in the. 

encoded producis. Moreover, the skilled artisan recognizes that "essemially 

2S mnilar'' sequences encompassed by this invention are also defined by their ability 

to hybridize, under stringent conditions (0.lX SSC, 0.19& SDS, 65°C), with the 
sequences exemplified herein. 

"Gene" refers to a nucleic acid fragment that expresses a specific protein, 

including regulatory sequences preceding (5' non-coding) and following (3' non-

30 codmg) the coding region. '"Native" or "wild-type" gene refen to the gene as 

found in nature with its own regulatory sequences. 
The term "genetically altered or genetically al~d micromganism" refen 

to any microorganism, suitable for use in the present invention, which bas 

undergone an alteration of the native genetic machinery of the micromganisDi. 
35 Microorganisms may be genetically altered by undergoing transformation by 

vectms comprising heterologous nucleic acid fragments, mutageneais with 

mutageiUzmg agents (e.g., UV light, ethanesulfonic acid) or any other method 

whereby stable alterations of the cell genome occur. 
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The tenn "consttnct" refers to a pl8smid, vims, autonomously ieplicating 

sequence, genome integrating sequence, phage or nucleotide sequence, 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 mcombined into a 

5. unique constmctioa which is capable of introducing a promoter fragment and 

DNA sequence for a selected gene product along with appropriate 3' untranslated 
.. sequence into a cell. 

The term "transfonnation" or "transfection" refers to the acquisition of . 

new genes in a cell after the incorporation of nucleic acid. The acquired genes 

10 may be integrated into chromosomal DNA or Droduced as extracbromosomal 

ieplicating sequences. The tenn "ttansfonnant" refers to the pmduct of a 

tamsfomtation. The tenn "genetically altered" refers to the process of changing 

hereditary materlal by transformation or mutation. 

1he tenn "expression" refers to the transcription and translation to gene 
15 product from a gene coding for die sequence of the gene product. 

The tenn "plasmid" or "vector" or ,.cosmid" as used he1ein :refers to an 

extra chromosomal element often canying genes which are not part of the central 

metabolism of the cell, and usually in the fonn of circular double-stranded DNA 

molecules. 

20 The tenn "dehydratase enzyme .. wm refer to any enzyme that is capable of 

isomerizing or converting• a glycerol molecule to the product 3-hydroxypropion­

aldehyde. For the purposes of the present invention the dehydratase enzymes 

include a glycerol.dehydratase and a ~ol dehydrat:ase·having prefeIIed substratea 

of glycerol and 1,2-propanediol, respectively. 

2S The tenn "carbon substrate" or "carbon source" means any carbon somee 
capable of being metabolized by a microorganism wherem the subsuate cnntains 

at least one carbOn atom, provided that the carbon substrate is other than glycerol 

or clihydroxyacetoBe. 

Comtrnction ofBecombinant Omamm11: 
30 Recombinant organisms containing the necessary genes that will encode 

the enzymatic pathwaj for the conversion of a carbon substrate to 1,3-propanedi.ol 

may be constructed using techniques well known in the art. Jn the present 

invention genes encoding dehydratase enzyme were isolated from a native host 

such as Klebsiella and used to transform the E. coli host strains DHSa, BCL707 

35 and AA200. 

Methods of obtaining desired genes from a baClerial genome are common 

and well known in the art of molecular biology. For example, if the seq'*1CO of 

the gene is known, suitable genomic libraries may be created by restriction 
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endonuclease digestion and may be screened with pr~bes complementary to the 

desimd gene sequence. Once the sequence is isolated, the DNA may be amplified 

using standard primer directed amplification methods such as polymerase ch,ain 
n:ac:tion (PCR) (U.S. 4,683,202) to obtain amounts of"DNA suitable for 

S mmsfonnation us.ing appropriate vectol'S. 
Alternatively, cosmid libraries may be created wh~ large segments of 

genomic DNA (35-45kb) may be packaged into vectors and used to transform 

appropriate hosts. Co~ vectors are. unique in being able to accommodate ~ 
quantities of DNA. Generally cosmid vectors have at least one copy of the cos 

10 DNA sequence which is needed for packaging and subsequent cimuladmtion of 

the foreign DNA. Jn addition to the cos sequence these vecton will also contain 

an origin of replication such as ColEl and drug resistance markers such as a gene 

.resistant to ampicillin or neomycin. Methods of using cosmid vecton for the 

ttansfcmnation of suitable bacterial hosts are well described in Sambrook, J. et al., 

15 Molecnlar Clonigg: A l.abomtgry Manual, Second Edition (1989) Cold Spring 

Harbor Laboratory Press, hemin inco.rpomted by reference. 
TJ'Pically to clone cosmids, foreign DNA is isolated and ligated, using tho 

appropriate restriction endonucleases, adjacent to the cos region of the cosmid 
vector. CosnUd vectors containing the linearized foreign DNA is then reacted 

20 with a DNA packaging ~ehicle such as bacteriophage A. During the packaging 

pmcess the cos sites are cleaved and the foreign DNA is packaged into the head 

portion of the bacterial vinll particle. These pardcles are then used to traasfect 
suitable host cells such as E. coli. Once injected into the cell, the .foreign DNA 

circularizes under the influence of the cos sticky ends. In this manner large 

2S segments of foreign DNA can be introduced and expiessed in recombinant host 

cells. 

Cosmid vectors and cosmid transfomw:ion methods were used within tho 

context of the present htvention to clone large segments of genomic DNA from 

bacterial genera.known to possess genes capable of processing glycerol to 

30 1,3-propanediol. Specifically, genomic DNA from K. pneumoniae was isolated 

by meth~ well known in the art and digested with the restriction enzyme Sau3A 

for insertion into a cosmid vector Supercos l"rM and packaged using Gigapackll 

packaging extracts. Following constmction of the vector E. coli XLl-Blue MR 

cells were transfonned with the cosmid DNA. Transformants were screened for 

35 the ability to convert glycerol to 1,3-propanediol by growing the cells in the 

piesence of glycerol and analyzing the media f01' 1,3-propanediol formation. 

Two of the 1,3-propanediol positive transfonnams w~ analyzed and the 

cosmids were named pKPl and pKP2. DNA sequencing revealed extensive 

10 

.. 



.. 

WO 9'135796 PCf/US9610670S 

homology to the glycerol dehydratase gene ftom C. freundii, demonsttating that 

these traasfomrmts contained DNA encoding the glycerol dehydratase gene. 

Other 1,3-propanediol positive transfomumt were analyzed and the cosmids were 

named pKP4 and pKP5. DNA sequencing revealed that these cosmids carried 

5 DNA encoding a ~ol dehydratase gene. 

Although the instant invention utilizes the isolated genes from within a 

Klebsiella cosmid, alternate· sources of dehydratasc genes include, but are not 
limited to, Citrobactt1r, Clo8tridia, and Salmonella. 

Other genes that will positively affect the production of 1,3-propanediol 

10 may be expteSSed in suitable hosts. For example it may be highly desirable to 

over-express cettain enzymes in the glycerol degradation pathway and/or other 

pathways at levels far higher than currently found in wild t;Ype cells. 'Ibis may be 

accomplished by the selective cloning of the genes encoding those enzymes into 

multicopy plasmids or placing those genes under a strong inducible or constitutive 

15 promoter. Methods for over-expressing desired proteins are common and well 

known in the an of molecular biology and examples may be found in Sambrook, 
supra. Furthenn~ specific deletion of certain genes by methods known to those 

skilled in the art will positively affect the production of 1,3-propanediol. 

Bumples of such methods can be found in-Methods in Enzymology, 
20 Volume 217, R. Wo editor, Academic Press:San Diego (1993). 

Mutams: 

In addition to the cells ·exemplified·it is contemplated that tb.e·present 
method will be able to make use of cells having single or multiple mutations 
specifically designed to enhance the production of 1,3-pmpanediol. Cells that 

2S ~onnally diven a cubon feed stock. into non-productive pathways, or that exhibit 

significant catabolite .repression could be nmtm:ed to avoid these phenotypic 

deficiencies. For example, many wild type cells are subject to catabolite 

repiession from glucose and by-products in the media and it js contemplated that 

mutant strains of these wild type organisms, capable of 1,3-propanediol 

30 production that are resi8tant to glucose repl'eSSion, would be particalarly usefbl in 

the present invention. 
Methods of cieating 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 

35 creating mutations through radiation either ultraviolet (UV) or ionizing radiation 
may be used. Suitable short wave UV wavelengths for genetic mutations will fall 

within the range of 200 nm to 300 nin where 254 nm is piefened. UV radiation 

in this wavelength principally causes changes within nucleic acid sequence from 
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guanidine and cytosine to adenine and thymidine. Since all cells have DNA 

iq>air mechanisms that would .1epair most UV induced mutations, agents such as 

caffehJ.e and other inhibitors may be added to intermpt the repair process and 

maximize the number of effective mutations. Long wave UV mutations using 

.s light m the 300 nm to 400 mn range are also possible but am generally not as 

effective as the short wave ·UV light unless used in conjunction with various· 
activatozs such as psoralen dyes that h1teract with the DNA. 

Mutagenesis with .chemical agents is also effective for generating~ 

and commonly used substances include chemicals that affect nomeplicating DNA 

10 such as HN02 and NH20H, as well as agents that affect ieplicating DNA such as 

acridine dyes, notable for causing framcshift mutations. Specific methods for 

creating mutants using radiation or ehemical agem.s are well documented in die 

art. See for example Thomas D. Brock in Bioteclmology: A Iexttiook of 

Tndmtria1 Mignbiology, Second Edition (1989) Sinauer Associates, Inc., 

15 Sunderland, MA., or Deshpande, Mulamd V., Appl. Biochem. Biotechnol., 36, 

227, (1992), helein incorporated by reference. 

Afmr mutagenes.is has occmred, mutants having the desired phenoeype 
may be selected by a variety of methods. Random sa:eening .is most common 

where the mutagenized cells me selected for the ability to produce the desiled 

20 product or intennediate. Altematively, selective isolation of mutants can be 

perfonncd by growing a mutagmized population on selective media.where only 

iesistant colonies can develop. Methods of mutant selection are higbly developed 

and well known in the art of industrial microbiology. See Brock, Supra., 

DeManciJba et il., Food Chem., 14, 313, (1984). 

25 Mutations and ttallSfonnatiom in the 1.3-pvpanediol IJfOductim patbway: 
Resresentative enzyme pathway. The producrion of 1,3-propanediol from 

glucose can be accomplished by the following series of steps. This series is 
iepresentati.ve of a number of pathways known to those skilled in the art. Glucose 

.is converted in a series of steps by enzymes of the glycolytic pathway to 

30 dihydroxyacetone phosphate (DHAP) and 3-phosphoglyc:eraldehyde (3-P.G). 

Glycerol is then fonned by either hydrolysis of DHAP to dihydroxyacetone 

(DHA) followed by reduction, or reduction of DHAP to glycerol 3-phosphate 

(G3P) followed by hydrolysis. The hydrolysis step can be catalyzed by any 

number of cellular phosphatases which are .known to be non-specific with respect 

35 to dleir substrates or the activity can be introduced into the host by iecombiml:tion. 

The .reduction step can be ~yzed by a NAJ>+ {or NADp+) linked host enzyme 

or the activity can be introduced into the host by recombination. It .is notable that 

12 
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the dha rcgulon contains a glycerol dehydrogenase (E.C. 1.1.1.6) which catalyzes 

the ievem"ble reaction of Equation 3. 

Glycerol ~ 3-HP + H20 

5 3-HP + NADH + ~+ ~ 1,3-Propauediol + NAD+ 

(Bqaation 1) 

(Equation 2) 

(Bquation 3) 

10 

Glycerol+ N:AD+ ~·DHA + NADH +ff+ 

Glycerol .is converted to 1,3-propanediol via the intennediate. 3-hydroxy­

propionaldehye (3-HP) as has been described in detail above. The intermediate 

3-HP is produced from glycerol, Equation 1, by a dehydratase enzyme which can 

·be encoded by the host or can introduced into the host by recombination. Thia 

d.ehydratase can be glycerol dehydratase (B.C. 4.2.1.30), diol debydratase 

(E.C. 4.2.1.28) or any other enzyme able to catalyze tills tramfonnation. 

Glycerol dehydratase, but not diol dehydratase, is encoded by the dha regulon. 

lS 1,3-Propanediol is produced from 3-HP, Equation 2, by a NAD+- (or NADp+) 

linked host enzyme or the activity can introduced into the host by recombination. 

1bis final reaction 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. 

Mptatiooll and tranSfonp@tiOP§ that affect camon s;bannelina. A variety of 

20 mutant organisms 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 microorganism of 1he present 

invention is an example of the use of a mutation to. improve the performance by 

carbon channeling. 'Ibe mutation can be directed toward a stmctmal gene so as to 

2S impair or hnprove the activity of an enzymatic activity or can be directed toward 

a regulatmy gene so as to modulate the expression level of an enzymatic activky. 

Altematively, 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 mticipate 

30 modifications of a whole cell catalyst which lead to an ~ased production of 

1,3-propanediol. 
Media and Carhop S+matp~ 

Fermentation media in the present invention must contain suitable carbon 

substrate8. Suitable substrat.es mz.-=1 include but are not limited to 

35 monosacchmides such as glucose and fmctose. o.ligosaccbarldes such as lactose or 

sucrose, polysaccharides such as starch or cellulose or mixtures thereof and 

unpurified :mixtmes from renewable feedstocks such as cheese whey permeate, 

comsteep liquor, sugar beet molasses, and barley malt. Additionally the carbon 

substrate may also be one-carbon substrates such as carbon dioxide, or methanol 
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for which metabolic conversion into key biochemical intemlediates has been 

demonstrated. Glycerol production from s.ing1e carbon somces (e.g., methanol, 

fonnaldehyde or formate) has been reported in methylotrophic yeastS (K. Yamada 

et al.. Agric. Biol. Chem., 53{2) 541-543, (1989)) and iD. bacteria (Hunter et.al., 

.S Biochemistry, 24, 4148-4155, (1985)). These organisms can assimilate single 

carbon compounds, rang.ing in oxidation state from methane to formate, and 

produce glycerol. The pathway of carbon asshnDation can be through ribulose 

mcmophosphate, through serine, or through xylulose-momophosphate (Gotts~ 
Bacterial Met&bolism, Second Bdition, Springer-Verlag: New York (1986)). The 

10 ribulose monophosphate pathway involves the condensation of fonnate with 

ribulose-5-phospbate to fonn a 6 carbon sugar that becomes fmctose and 

eventually the three carbon product glyceraldehydc-3-phosphate. Likewise, the 

serine pathway assimilates the one-carbon compound into the glycolytic pathway 

via methylenetetrahydrofolate. 

15 Jn addition to one and two carbon substrates methylottophic organisms are 

also known to utilize a number of other carbon containing compounds such as 

methyimiune, glucosamine and a variety of amino. acids for metabolic activity. 

For example, metbylotropbic yeast are known to utilize the carbon from 

methylamine to fonn trebalose or glycerol (Bellion et al., Microb. Growth Cl 

20 Compd., [Int. Symp.], 7th (1993), 415-32. Editor(s): Mundl, 1. Collin; Kelly, 

Don P. Publisher: Intercept, Andover. UK). Similarly, various species of. 
Candida will metaboli= alanine or oleic acid (Suiter et al., Arch. Microbial. 

(1990), 153(5), 485-9). Hence h .is contemplated that the source of carbon 

utilized m the present hJvemion may encompass a wide variety of carbon 

2S containing substrates and·wm only be limited by the choice of organism. 

Although it is conte.1np~ that all of the above mentioned carbon 

substrateB and mixtures thereof am suitable in the present invention, piefe.aed 

carbon sobsttates are glucose, fructose, sucrose or methanol 

In addition to an appropriate carbon s.ource, fermentation media must 

30 contain suitable minerals, salts, cofactors, buffers and other components, known . 
to those skilled in the art, suitable for the growth of the cultures and promotion of 

the enzymatic pathway necessary for 1,3-propanediol production. Particular 

attention is given to Co(ll) salts and/or vitamin B 12 m precmsors thereof. 

O!ltnm Conditions: 

35 Typically cells are grown at 30°C in appropriate media. Preferred growth 

media in the present invention are common commercially~ media such as. 

Luria Bertani (LB) broih, Sabouraud Dextrose (SD) broth or Yeast medium (YM) 

broth. Other defined or synthetic growth media may also be used and 1be 
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appropriate medium for growth of the particular microorganism will be known by 

someone skilled in. the art of microbiology or fenncntati0n science. The use of 

agents known to modulate catabolite .repression directly or indiJectly, e.g., cyclic 

adenosine 2':3'-monophospbate, may also be incorporated into the ieaction media. 

5. Similarly, the uae of agents known to modulate enzymatic activities (e.g., methyl 

viologen) that lead to enhancement of 1,3-propanediol produ~on may be used in 
conjunction with or as an altemative to genetic manipulations. 

Suitable pH ranges for the fermentation are between pH S.O to pH 9.0 . 

where pH 6.0 to pH 8.0 is preferred as the initial condition. 

10 Reactions may be performed under aerobic or anaerobic conditions where 

anaerobic or microaerobic conditions are preferred. 

Batcb and Continuous Pennemations: 

The present process employs a batch method of feunentation. A classical 

batch fennentation is a closed system where the composition of the media is set at 

15 the beginning of the fennemation and not subject to artificial alterations during 

the fermentation. Thus, at the beginning of the fennentation the media is 
inoculated with the desired organism or organisms and fennentation is permitted 

to occur adding notbing to the system. Typically, however, a "batch" 
fennentation is batch with respect to the addition of carbon source and attempts 

20 are often made at controlling.factors such as pH and oxygen concentration. In 

batch systemS the metabolite·and biomass compositions of the system change 

cons!8Jltly up to the time the fermentation is stopped. Within batch cultures cells 
moderate through a static lag phase to .a high growth log phue and finally to a 

stationary phase where growth rate is diminished or halted. H untreated, cells in 

25 the stationary phase will eventually die. Cells in log phase generally are 

iesponsible for the bulk of production of end product or intermediate. 

A variation on the standard batch system is the Fed-Batch system. 

Ped-Batch fennentatio~ processes are also suitable in the piesem :invention and 

comprise a typical batch system with the exception that the substrate is added in 

30 incmnents as the fermentation progresses. Fed-Batch systems are useful when 
catabolite repression is apt to in.bibit the metabolism of the cells and where it is 
desirable to have limited amounts of substrate in the media. Measurement of the 

actoal substrate concentration in Fed-Batch systems is difficult· and is tberefme 

estimated on the basis of the changes of measurable factors such as pH, dissolved 

35 oxygen and the partial pressure of waste gases such as CC>i· Batch and Fed-Batch 

fennentations are common and well known in the art and examples may be found 

in Brock, supra. 
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Although the present invention is performed in batch mode it is 

contemplated that the method w~uld be adaptable to continuous fennentation 

~ods. Continuous fermentation is an open system where a defined 

fennentation media is added continuously to a bioreact0r and an equal amount of 

~ conditioned media.is removed simultaneously for processing. Continuous 

femumtation generally mainWns the cultures at a constant high density where 

cells· are primarily in log phase growth. 

Continuous fennemarion allows for the modulation of one factor or any 

number of facto.rs that affect cell growth or end product concentration. For 

10 example, one method will maintain a limiting nutrient such as the carbon somce 

or nitrogen level at a fixed rate and allow all other parameten to moderate. In 

other systems a number of factors affecting growth can be altered continuously 
while the cell concentration. measured by media turbidity, is kept constant. 

Continuous systemS strive to maintain steady state growth conditions and thus the 

15 cell loss due to media being drawn off must be balanced against the cell growth 

rate in the fennentalion. Methods of modulating nutrients and growth factors for 

continuous fennent.ation processes as well as techniques for maximizing the rate 

of product fonnation are well .known in the mt of industrial microbiology and a 

variety of methods are detailed by Brock, supra. 
20 Ji: is contemplated 1hat the pesent invention may be practiced using either 

batch, fed-batch or continuous processes and that any known mode of 

fennentation would be suitable. Additionally' it is contemplated that cells may be 

immobilized on a substrate as whole cell catalystS and subjected to fennentadon 

conditions for 1,3-propanediol production. 
25 Jdeptjfir;ation md pmification of 1.311WPamdinl: 

Methods for the purification of 1,3-propanediol from fennentation media 
are known in the art. For example propariediols can be obtained from cell media 
by subjecting the reaction mixture to extraction with an organic solvent, 

distillation and colunm chromatography (U.S. 5,356,812). A particularly good 

30 organic solvent for this process is cyclohexaoe (U.S. 5,008,473). 

1,3-Propanediol may be identified directly by submitting the media to high 

.pxessure liquid chromatography (HPLC) analysis. Prefened in the present 

invention is a method where fermentation media is analyzed on an analytical ion 

exchange column wring a mobile phase ~ O.OlN sulfuric acid in an isocratic 
35 fashion. 

.ccJla: 
Cells suitable in the present invention comprise those that hmbor a 

ddiydratase enzyme. It is contemplated that suitable cells may be either 
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prokaryotic or eukarytoic and will be limited only by their ability to express an 

active debydratase enzyme. Particularly useful in the present invention will be 

cells that are readily adaptable to large-scale fermentation methods. Such 

organisms are well known in the art of industrial bioprocessing, examples of 

S which may be found in "Recombinant Microbes for Industrial and Agricultural 

· Applications", Murooka et al., eds., Marcel Dekker, Inc., New York, New York 

·• (1994), and include fennentative bacteria as well as yeast and filamentous fungi. 

Typically the enzyme will be either a glycerol dehydratascor a diol dehydratasc 

having a substrate specificity for either glycerol or 1,2-propanediol, respectively. 

10 Dehydratase enzymes are capable of converting glycerol to hydroxy­

propionaldehyde (3-HPA) which is then converted to 1.3-propanediol. Cells 

containing this pathway may include mutated or recombinant organisms 

belonging to the genera Citrobacter, Enterobacter, Clostrldium, Klebsiella, 

Samonella, and Lactobacillus. Microorganisms known by persons skilled in the 

15 art to produce glycerol by fennentation, e.g., Aspergillus, Saccharomyces, 

Zygosaccharomyces, Pichia, Klayveromyce8, Candida, Hansenula, Dunaliella, 

Debaryomyces, Mucm', Torylopais, and Methylobacterla, may be the hosts for a 

xecombirumt dehydratase enzyme. Other cells suitable as hosts in the present 

invention include Bacillus, &cherichia, Paeudomonaa and Streptomyces . While 

20 not wishing to be·bound by theory, it is believed that organisms, belonging to the 

above mentioned groups, exist in nature that are suitable for the present invention. 

On the basis of applicants' experimental work it is contemplated that a 

wide variety of cells may be used in the present invention. Applicants have 

·demonstrated for example that cells varying widely :in genetic and phenotypic 

2S composition are able to bioconvert a suitable carbon substrate to 1,3-pmpanedioL 

Cells exemplified inclode: a K. pneumoniae mutant strain constitutive for the dha 

genes, recombinant E. coli sttains comprising clements of the Klebsiella genome 

containing genes encoding either glycerol or diol dehydratase, and .recombinant 

E. coli (tpi._) strains also transfectcd with elements of the Klebsiella genomes and 

30 harboring a mutation in the gene encoding the triosephosphate isomerase enzyme. 

Although E. coli transfonnants containing the dha regulon from Klebstella 

pneumonia were able to convert glycerol to 1,3-propanediol even :in the presence 

of glucose or xylose (Tong et al., Appl. Biochem. Biotech., 34, 149 (1992)) n~ 

1,3-propanediol was detected by these organisms in the presence of glucose alone. 

35 In direct contrast to this disclosure, applicants have discovered that three strains of 

E. coli, containing either of two independently isolated cosmids comprising the 

dha regulon from Klebsiella pneumonia, produced 1,3-propanediol from a feed of 

glucose with no exogenously added glycerol present. E. coli strain BCL707, 
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containing cosmid vectors pKP-1 or pKP-2 comprising the K. pneumoniae dha 

regulon, showed detectable though modest production of 1,3-propanediol from 

glucose in the absense of exogenously added glycerol, (Example 4). Rccombimmt 
E. coli strains canstmcted from an alternate host organism, DHSa, also containing 

5 cosmid vecton pKP-1 orpKP-2, were found to be more effective than the 
BCL707 recombinants in producing 1,3-propanediol from glucose under the 

appropriate conditions, (Example 3). Most effective in producing 1,3-propanediol 
from glucose under the conditions of Example 4 were the recombinant E.coli 

strains AA200 containing cosmid vectors pKP-1 or pKP-2, Example 2. E. coli 
10 strain AA200 contains a defective triosephosphate isomerase enzyme (tpf°). 

A strain of AA200-pKPl, selected for further study from a pool of 

independent isolates from the transfonnation ieaction, convened glucose to 

1,3-pl'OPanediol in a two stage reaction. In the first stage, the strain 

AA200-pKP1-5 was grown to high cell density in the absence of glucose and 

15 glycerol. In the second stage, the grown cells, suspended in a medium containing 

glucose but no glycerol, convened glucose to 1,3-propancdiol with high 

conversion and selectivity, Example 5. Although differing immumochemically, 

chromatographically, and genetically, the coenzyme B1:z-dependent enzymes 

glycerol dehydratase {B.C. 4.2.1.30) and diol dehydratasc (B.C. 4.2.1.28) catalyze . 

20 the convention of glycerol to 3-hydroxypropionaldehyde. Glycerol dehydratase, 

but not diol dehydratase, is encompassed by the dha regulon. K. pneumoniae 
ATCC 8724, containing a di.ol dehydratase but not a glycerol dehydratase 

convexts glycerol to 1,3,.propanediol (Forage et al., J. Bacterial., 149, 413, 

(1982)). Recombinant E. coli strains 'BCJ..707 md AA200, containing cosmid 

2S vector pKP4 encoding genes for a diol dehydratase, converted glucose to 

1,3-propanediol, Example 2 and Example 4. 

K. pneumoniae BCI.2106, prepared by mutagenesis from a naturally 

oc:aming strain (Rueb et al., J. Bacterlol.124, 348 (1975)), cmbits constitutive 

expression of the dha regulon (Ruch et al., supra; Johnson et al., J. Bacteriol. 

30 164, 419 (1985)). A strain derived from K. pneumoniae A TCC 25955, displaying 

the same phenotype, has been similarly prepmed (Forage et al., J. BacterioL 149, 
413 (1982)). Expression of the Klelniella dha structural genes is, in part, 

controJled by a repressor (product of dha R) (Sprenger et al., J. Gen Microbiol. 
135, 1255 (1989)). Applicants ha~ shown that BCL2106, which is constitutive 

35 for the dh.a structmal genes, produced 1,3-propanediol from a feed of glucose in 

the absence of exogenously added glycerol, Example 6. This is in contrast to wild 

type K. pneumoniae ATCC 2S9'S which did not produce detectable levels of 

1,3-propanediol under the same conditions, Example 6. 
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The expression of the dha stmctural genes in ECL2106 is fmther 

controlled by catabolite expression (Sprenger et al •• /. Gen Microbiol. 13S, 1255 

(1989)). Elimination of catabolite repmssion can be achieved by placing the 

necessary stractmal genes under the control of altemate promotors as has been 

5 demonstrated for 1,3-propanediol oxidoreductase (dhaT) from C.freundii and diol 

dehydratase from K. oxytoca ATCC 8724 (Daniel et al., J. Bacteriol. 177, 21.Sl 

(1995) and Tobimatsu et al., J. Biol. Chem. 270, 7142 (1995)). By eliminating 

catabolite repression from ECI..2106 in this mmmcr, an improvement .in the 

production of 1,3-propanediol from glucose in the absence of an exogenous 

10 source of glycerol is achieved. An even further improvement is obtained by 

appropriate carbon channelling as is described, by example, with the tpz"­

mutation. 

A3 the dha regulons of Citrobacter and Klebsiella sp. are strikingly 

similar, one of skill in the art wm appreciate that teachings that involve the 

15 production of 1,3-propanediol from glucose in the absence of.m exogenous 

somce of glycerol for Klebsiella sp. applies to Citrobacter sp. as well. 

Furthermore, as the metabolism of glycerol by C. butyricum is comparable to that 
of K. pneumoniae [Zeng et al., Biotechnol. and Bioeng. 44, 902 (1994)), 

teachmgs will extend to Clostridia sp. as well. 

20 EXAMfl.Fti 

GENERALME'fHODS 

Procedures for phosphorylations, ligations and ttansfonnations are well 

known in the art. Techniques suitable for use in the following examples may be 

found in Sambrook, 1. et al., Molecular Cloning: A l.aboratorv M@nnal. Second 

25 Edition, Cold Spring Harbor Laboratory Press (1989). 

Materials and methods suitable for the maintenance and growth of 

bacterial cuJ.tmes are well known m the an. Techniques suitable for use in the 

following examples may be found in Manual of Methods for General 
Bacteriolon (Phillipp Gerhardt, R. G. E. MlllTilY, Ralph N. Costilow, Eugene W. 

30 Nester, Willis A. Wood, Noel R. Krieg and 0. Briggs Phillips, eds), American 

Society for Microbiology, Washingto~ DC. (1994) or Thomas D. Brock m 
Biotechnology: A Textbook of Industrial Microbiology, Second Edition (1989) 

Sinauer Associates, Inc., Sunderland, MA. All reagents and materials used for the 

growth and maintenance of bacterial cells were obtained from Aldrich Chemicals 

35 (Milwaukee, WI), DIFCO Laboratories (Detroit, Ml), GmCO/.BRL 

(Gaithersburg, MD), or Sigma Chemical Company (SL Louis, MO) unless 

otherwise specified. 
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The meaning of ablm:viations is as follows: "h" means hom(s), ''min" 
means mblute(s), "sec" means second(s), "d" means day(s), "mL" means 

mnJiliters,""L" means liters, 50amp is 50 p.g/mL ampicillin, and LB-SOamp is 

Luria-Bertani broth com;nmg SO p.g/mL ampicillin. 

5. W'J.tbin the tables the following abreviations are used. "Con." is 
conversion, "Sel." is selectivity based on carbon, and "nd" is not detected. 

~Asff38 
(i-:.~.-::-erol dehydratase activity in cell free extracts was derennined using 

1,2-propanediol as substrate. The assay, based on the reaction of aldehydes with 

10 methylbeDzo-2-thiazolone hydrazone, has been described by Forage and Foster 

(Biochim. Biophys. Acta, 569, 249 (1979)). The activity of 1,3-propanediol 

oxidoreductase, sometimes·rc:fered to as 1,3-propanediol dehydrogenase, was 
determined in solution or in slab gels using 1,3-propanediol and NA))+ as 

substrates as bas also been described. Johnson and Lin. J. Bacteriol., 169, 2050 

15 (1987). 

Jsolarion and Identification 1.3-uropinediol 

'Ihe conversion of glycerol to 1,3-propanediol was monitored by HPLC. 

Analyses were performed using standard techniques and mate.riaJs available lo one 

of skill in the art of chromatography. One suitable method utilized a Waten 

20 Maxima 820 HPLC system using UV (210 nm) and RI detection. Samples were 

injected onto a Shodex SH-1011 column (8 mm x 300 mm, purchased from 

Wate.rs, Milford, MA) equipped with a Shodex SH-1011P pmcolumn (6 mm x 

50 mm), temperature controlled at 50°C, using 0~01 N HzS04 as mobile phase at 

a flow rate of 0.5 mL/nlin. When quantitative analysis was desited, samples were 
2S prepared with a known amount of trimethylacetic acid as external standard. 

Typically, the retention times of glycerol (RI detection), 1,3-propanediol (RI 

detection), and trlmethylacetic acid {UV and RI detection) were 21).67 ~ 

26.08 ~and 35.03 min, IeSpeClively. 

Production of 1,3-propanediol was confmned by QCJMS. Analyses were 

30 performed using standard techniques and materials available to one of skill m the 

art of GC/MS. One suitable method utilized a Hewlett Packard 5890 Series ll gas 

chromatograph coupled to a.Hewlett Packard 5971 Serles mass selective detector 

(BI) and a HP-INNOWax column (30 m length, 0.25 mm id., 0.25 micron film 
tbi.clmess). The retention time and mass spectrum of 1,3-propanediol generated 

35 ~ compared to that of authentic 1,3-propanediol (m/e: 57, SS). 

An altemativc method for GC/MS involved derivatization of the sample. 

To 1.0 mL of sample (e.g., culture supernatant) was added 30 uL of concentrated 

(70% v/v) perchloric acid. After mixing, the sample was ftw.en and lyophilized. 
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A 1:1 mmme ofbis(trimethylailyl)trifluoroacetamide:pyridine (300uL) was 

added to the lyophilized materlal, mixed vigorously and placed at 65°C for one h. 

The sample was clarified of insoluble material by centrifogation. 1be resulting 
liquid partitioned into two phases, the upper of which Was used for analysis. The 

5 sample was chromatographed on a DB-5 column (48 m, 0.25 mm I.D., 0.25 um 
film tbicknesa; from J&W Scientific) and the retention time and mass spectmm of 

the 1,3-propanediol derivative obtained from cultare supematams were compared 
to that obtamed from authentic standards. The mass spectra of TMS~ 

1,3-propanediol contains the characteristic ions of 205, 177, 130 and 1 lS AMU. 
10 Comtmctim otK. pne1R11Qntae oosmid libraries 

K. pneumoniae (ATCC 2S9SS) was grown in 100 mL LB medium for 8 h 

at 37°C with aeration. Bacteria (25 mL per tube) were centrifuged at 3,000 rpm 

for 1~ min ma DuPont Sorvall GLC 2.B centrifuge at room temperature. The 

bacteria were pelleted and supematant was decanted. ~ bacterial cell pellet was 
1S frozen at -20°C. The chromosomal DNA was isolated as outlined below with 

special care taken to avoid shearing of DNA (i.e., vortexing was avoided). One 

tube of bacteria was iesuspended in 2.5 mL of SO mM Tris-10mM BMA and 

500 pl. of lysozyme (1 mg/mL) was added. The pellet was gently resuspended 

and the suspension was mcubated at 37°C for IS min. Sodium dodecyl sulfate 
20 was added to bring the final concentration to O.S%. This resulted in the solution 

becoming clear. Proteinase K (SO uglmL) was added and the suspension was 

incubated at 55°C for 2 h. The tube was removed and transferred to an ice bath 

and sodium chloride was added to yield a 0.4 M final concentration •. Two 

volumes of ethanol were added to the liquid. A glass tube was insened to the 

2S interface and the DNA was gently spooled. DNA was dipped into a tube 

containing 70% ethanol. After diying in vacuo, the DNA was :resuspended in 

SOO ul of water and the concentration of DNA was determined spectrophoto­

metrically. A diluted aliquot of DNA was run on a 0.5% agarose gel to detennine 

the intact nature of DNA. 

30 The chromosomal DNA was partially digested with Sau3A as outlined by 

Sambrook et al., supra. DNA (2 ug) was digested with 2 units of Sau3A 

(Promega, Madison, WI) at room temperature in 200 fJL of total volume. At 0, S, 

10 and 20mm, samples (50 µ.L) were removed and transferred to tubes containing 

S umol of BDTA. These tubes were incubated at 70°C for 10 min. An aliquot 

35 (2 p.L) was withdrawn and analyml on a 0.59& agarose gel electrophoresis to 

detennine the level of digestion and the rest of the sample (48 pL) was stored at 

-200C. 'lhe gel was stained with ethidium bromide and visualized under UV to 

detemUne the partial digestion of the chromosomal DNA. A dec=ase kt the size 
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of the chromosomal DNA with increase in time was observed showing that the 

d.ecmase in the size of the chromosomal DNA is due to the action of Sau3A. 

DNA was extracted from rest of the sample by standard protocol methods 

(Sambrook et al., supra). 

5 A cosmid library of pm:tially digested DNA from K. pneumoniae was 
preparecl using Supcroos ·cosmid vector kit and Gigapack:Il padraging.extracts 

using reagents purchased from Stratagene (La Jolla, CA). The instructions 

pi-ovided by the manufacturer were followed. The packaged K. pneumonille . 
contained 4 x lo' to 1.0 x 105 phage titer as detennined by transfectiog E. coli 

10 .XLl-BlueMR. 

Cosmid DNA was isolated from 6 of the E. coli transfonnants md found 

to contain large insert of DNA (25 to 30 kb). 

EXAMJ>LHI 
Cloning and transformation of E. coli host cells with cosmid DNA for the 

15 expression of 1.3-pmpanediol 

Medi& 
Synthetic S12 medium was used in the screening of bacterial 

transfomumts for the ability to make 1,3-propanediol. S12 medium contains: 

10 mM ammonium sulfate, 50 mM potassium phosphate buffer, pH 7.0, 2 mM 
20 MgC12, 0.7 mM Ca.Cl2, 50 pM MnC12, 1 pM FeC13, 1 f.tM Zna, 1.7 µM CuS04, 

2.S µM CoC12, 2.4 µM Na~04, and 2 µM thiamine hydrochloride. 

Medium A used for growth and fermentation consisted of: 10 mM 
ammonium su1fate; SO mM MOPS/KOH buffer, pH 7.5; S mM potassium 

phosphate buffer, pH 7.5; 2 mM MgCI2; 0.1 mM caa:i; so µ.M MnCI2; l µ.M 

2S PcC13; I µ.M z.ncl; 1.72 JIM CuS04; 2.53 µ.M CoC12; 2.42 µ.M Na:zMo04; 2 pM 

thiamine hydrochloride; 0.01 % yeast extract; 0.01 % casamino acids; 0.8 p.gfmL 

vitamin. B12; and 50 amp. Medium A was supplemented with either 0.2% 

glycerol or 0.2% glycerol plus 0.2% D-glucose as required. 

.t&lll: 
30 KlebaeUa pneumonitu BCl.2106 (Ruch et al., 1. Bacteriol., 124, 348 

(1975)), also known in the literature as K. aerogenes or Aerobacter aerogena, 
was obtained from E. C. C. Lin (Harvard Medical School, Cambridge, MA) and 

was maintained as a 1aboratoiy culture. 

Klebliella pnewnoniae ATCC 25955 was purchased from American Type 
35 Culture Collection (Rockvme, MD). 

: 

E. coll DHSa was purchased from Gibco/BRL and was ~onned with 

the cosmid DNA isolated from Klebsiella pneumoniae ATCC 25955 containing a 

gene coding for either a glycerol or diol dehydratase enzyme. Co~ 
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containing the glycerol dehydratase were identified as pKPl and pKP2 and 

cosmid containing the diol dehydratase enzyme were identified as pKP4. 

Transfonned DH5a cells were identified as DHSu-pKPl, DHSu-pKP2, and 

DH5u-pKP4. 

5 E. coli ECL707 (Spxenger et al., I. Gen. Microbial., 135, 12SS (1989)) 
was obtained from E. C. C. Lin (Harvard Medical School, Cambridge, MA) and 

was similarly transfonned with cosmid DNA from Klebsiella pneumonilu. 1hese 

traosformants were identified as BCI..707-pKPl and BCL707-pKP2, containm~ 
the glycerol dehydratase gene and BCL707-pKP4 containing the diol dehydratase 

10 gene. 

E. coli AA200 containing a mutation in the tpi gene (Anderson et at.. J. 

Gen Microbiol., 62, 329 (1970)) was purchased from the E.coli Genetic Stock 

Center, Yale University (New Haven, CT) and was transfonned with Klebsiella 

cosmid DNA to give the recombinant organisms AA200-pKPl and AA200-pKP2t 

15 containing the glycerol dehydratase gene, and AA200-pKP4, containing the dio1 
dehydratase gene. 

~ 
Six ttansfonnation plates containing approximately 1,000 colonies of 

E.coli XLl-Blue MR transfected with K. pneumoniae DNA Weie washed with 

20 5 mL LB medium and centrifuged. The bacteria were pelleted and resuspended in 
5 mL LB medium+ glycerol An aliquot (SO µL) was inoculated into a 15 mL 
tube containing Sl2. synthetic medium with 0.2% glycerol+ 400 ng per mL of 

vitamin B 12 't 0.001% yeast extract+ SOamp. The tube was filled with the 

medium to the top and wrapped with parafilm and incubated at 300C. A slight 

25 tutbidity was observed after 48 h. AUquots, analyzed for product distribution as 

described above at 78 h and 132 h, were positive for 1,3-propanediol, the later 

time points containing increased amounts of 1,3-propanedioL 
The bacteria, testing positive for 1,3-propanediol production, were serially 

diluted and plated onto LB-50amp plates in order to isolate single colonies. Forty 

30 eight single colonies were isolated and checked agajn for 1he production of 

1,3-propanediol. Cosmid DNA was isolated from 6 independent clones and 
ttansformed into E. coli strain DHSa. The transfonnants were again checked for 

the production of 1,3-propanediol. Two transfonnants were characterized further 

and designated as DHSa-pKPl and DHSa-pKP2. 
35 A 12.1 kb BcoRI-SalI fragment from pKPl, subcloned into pIBI31 (IBI 

Biosystem, New Haven, CN), was sequenced and termed pHK28-26 (SBQ ID 
NO:l). Sequencing revealed the loci of the relevant open ieading frames of the 
dha operon encoding glycerol dehydratase and genes necessary for regulation. 
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Referring to SBQ 1D NO:l, a fragment of the open reading frame for dhaK 

encoding dihydroxy8cetonc kinase is found at bases 1-399; the open reading 

frame dhaD encoding glycerol dehydrogenase is found at bases 983-2107; the 

open reading frame dhaR encoding the represso.r is found at bases 2209-4134; the 

5 open reading~ dhaT encoding 1,3-propanediol ~ctase is found at 

bases 5017-6180; the open reading frame dhllBI encoding the alpha subunit 

glycerol dehydmtase is found at bases 7044-8711; the open reading frame dhaB2 

encoding the beta subunit glycerol dehydratase is found at bases 8724-9308; the 

open reading frame dhllB3 encoding the gamma subunit glycerol dehydratase is 

10 found at bases 9311-9736; and the open reading frame dluiBX, encoding a protein 

of unknown function is found at bases 9749-11572. 

Single colonies of E. coli XLl-Blue MR ttansfected with packaged cosmid 

DNA from K. pneumoniae were inoculated into microtiter wells containing 

200 uL of SIS mcdimn (armnonium sulfate, 10 mM; potassium phosphate buffer, 

15 pH 7.0, 1 mM; MOPS/KOH buffer, pH 7.0, 50 mM; MgC12. 2 mM; ~Cl2, · 

0.1 mM; MnC12, 50 uM; FeC13, l uM; ZnO, l uM; CuS04, 1.72 uM; CoC12, 

2.53 uM; N82Mo04, 2.42 uM; and thiamine hydrochloride, 2 uM) + 0.2% 

glycerol+ 400 ng/mL of vitamin B12 + 0.001 % yeast extract+ 50 ug/mL 

ampicillin. Jn addition to the microtiter wells, a master plat.e containing LB-SO 

20 amp was also inocolated. After 96 h, 100 uL was withdmwn and centrifuged in a 

Rainin microfuge tube containing a 0.2 micron nylon membrane filter. Bacteria 

were l'eWned and the filtrate was processed for HPLC analysis. Positive clones 
demonstrating 1,3-propanediol production were identified after smeening 

approximately 240 colonies. Three positive clones were identified, two of which 

2S had grown on LB-50 amp and one of which had not. A single colony, isolated 
from one of the two positive clones grown on lB-SO amp and verified for the 

production of 1,3-propanediol, was designated as pKP4. Cosmid DNA was 
isolated from E. coli strains containing pKP4 and E. coli sttain DHSa was 

transformed. An independent transfonnant, designated as DHSa-pKP4, was 

30 verified for the production of 1,3-propanediol. 
BCL707: 

E.coli strain ECL707 was transformed with cosmid K. pneumoniae DNA 

ccmespondingto pKPl, pKP2, pICP4 and the Supen:os vector alone and named 

BCI..707-pKPl, ECL707-pKP2, ~CL707-pKP4, and ECL707-sc, respectively. 
35 ECL707 is defective in glpK, gld, and ptsD which encode the ATP-dependent 

glycerol Jdnaset N.Ao+-linked glycerol dehydrogenase, and enzyme II for 

dihydroxyacetone of the phosphoenolpymvate dependent phosphotransferase 

system. iespectively. 
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Twenty single colonies of each cosmid transfonnation and five of the 

Supercos vector alone (negative control) transformation, isolated from LB-SOamp 

plates, were transferred to a master LB-SOamp plate. These isolates wem also 

tested for their ability to convett glycerol to 1,3-propanediol in order to detennine 

5 if Ibey contained debydratase activity. The transfonnants were transferred with a 

sterile toothpick: to microtiter plates containing 200 µL of Medium A 

supplemented with either 0.2% glycerol or 0.2% glycerol plus 0.2% D-glucose. 

After mcnbation for 48 hr at 30°C, the contents of the microtiter plate wells were 
filtered through an 0~45 µ.nylon filter and chromatographed by HPLC. '1be 

10 results of these tests are given in Table 1. 

Table 1 

Conversion of glycerol to 1,3-propanediol 
by transformed ECL 707: number of positive isolates/number of isolates tested 

Transfonn@nt Qlycerol Glycerol pins Glucose 

BCI..707-pKPl 19fl_O 19/20 

BCL707-pKP2 18/.20 20/20 

BCL707-pKP4 OfJ.O 20/20 
ECL707-sc 0/S O/S 

M200: 
E. coli strain AA200 was transformed with cosmid K. pneumoniae DNA 

couesponding to pKPl, pKP2. pKP4 and the Supeicos vector alone and named 

15 AA200-pKP1, AA200-pKP2, AA200-pKP4, and AA200-sc, respectively. Strain 

AA200 is defective bi triosephospbate isomerase, {tpt"). 

Twenty single colonies of each cosmid ttansfonnation and five of the 

empty vector transformation were isolated and tested for their ability to convert 

glycerol to 1,3-propanediol as described for E. coli strain BCL707. The results of 

20 these tests are given in Table 2. 

Tramfonnant 

AA200-pKP1 

AA200-pKP2 

AA200-pKP4 

AA200-sc 

Table2 

Conversion of glycerol to 1,3-propanediol 
by transfonned AA200: Number of positive 

isolates~ of isolates tested 

Glycerol Qlycerol »Ju Qlucose 

17/20 17(J.O 

17/20 17(J.O 

2/20 16120 

0/S . OIS 
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HXAMPLB2 
Conymion of D-glgcose to 1.3-p.m,panediol qy E. coli 

main AA2QO. tramfonned witb 1Clebriellia pner.urwniae DNA cpntaininJ 
debyrlmtag actiyity 

5 Glass semin bottles, filled to capacity with media (ca. 14 mL of Medium 

A as defined in Example 1 supplemented with 10 µ.g/mLkanamycin and 02% 

D-glucose, plus or minus 0.5-1.0 mM cyclic adenosine 2':3'-monophosphate 
(cAMP)), were hmoculated with sclected single colony isolates of E. coli straD:i 
AA200 containing the K. pneumoniae dha regulon cosmids pKPl or pKP2, the 

10 K. pneumoniae pdu operon p.KP4, or the Supercos vector alone. Jn order to avoid 

contact with glycerol, the innoculation was performed from either an agar plate of 

LB-SOamp or from a liquid culture of the same medium. 1be reactions were 

incubated for ca. 72 hr at 30°C while shaking at 250 rpm. Growth was 
determined by the change m absorbance at 600 run where the initial OD(;()o was 

15 0.020 AU. 'Ibe extent of glucose depletion and product distribution were · 

detennined by HPLC. Single colony isolates are identified by a munbered suffix 

"-x", e.g., AA200-pKP1-x. Cumulative results ate piesentcd in Table 3 and 

Tablc4. 

Table 3 

Conversion of 0.2% D-glucose to 1,3-propanediol 
bx ttamd'omied E... CJJ.li strain AA200; :!!itbm1t cAMP 

[1,3-propane-
Transformant ODMO diol] (mM) Con. ('lb) Sel. ('lb) 

AA200-pKP1-3 O.OS6 0.05 17 1 

AA200-pKP1-5 0.115 nd 0 

" 0.007 nd 0 
It 0.076 0.2 14 s 

AA200-pKP1-20 0.116 nd 27 0 

" 0.205 0.3 17 8 

AA200-pKP2-10 0.098 0.2 13 7 

AA200-pKP2-14 0.117 0.5 17 14 

" 0.129 0.2 19 s 
AA200-pKP2-20 0.094 nd 11 0 
AA200-pKP4-4 0.198 0.1 28 2 

AA200-pKP4-19 0.197 0.2 34 3 

AA200-pKP4-20 0.206 0.1 38 1 

AA200-sc-l 0.097 nd 22 0 

" 0.176 nd 46 0 
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Table4 

Convemion of 0.2% D-glucose to 
1,3-propanediol by transfonned 

E. ca.Ji 1train AA20D; l!i!h sAMP 

[1,3-propane-
Transformant . ODMn diol] {mM2 %Con. %Sel • 

AA200-pKP1-3 0.102 o.s 19 12 

AA200-pKP1-5 0.088 1.5 21 37 
" 0.236 1.4 24 28 
,. 

0.071 0.8 15 23 

AA200-pKP1-20 0.153 nd 40 0 
" 0.185 0.9 27 16 

AA200-pKP2-10 0.098 0.2 13 7 
AA200-pKP2-14 0.213 2.0 26 27 

" 0.1S5 0.6 2S 12 
AA200-pKP2-20 0.198 1.2 40 14 

AA200-pKP4-4 0.218 0.1 31 2 
AA200-pKP4-19 0.223 0.2 37 3 
AA200-pKP4-20 0.221 0.2 35 3 

AA200-sc-1 0.111 nd 23 0 

" 0.199 nd 49 0 

" 0.122 nd 2S 0 

a'fhe identity of 1,3-propanediol was verified by GC/MS as .described in the 
GENERAL MB'IHODS. 

EXAMJ>LE3 
Cooymion of D-glucose to 1.3-propanediol by E. coli strain DH5a. transformed 

with Klebsiellia ,imeumoniae DNA 
S cnntaininl debyclratase activity 

E. coli strain DH5«, oontaining the K. pneumoniae dha regulon cosmids 

pKPl or pKP2, were tested for their ability to conven D-glucose to 

1,3-propanediol as descn"bed in Example 2. The results are presented in Table 5. 
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5 

Tables 

Conversion of 0.2% D-glucose to 1,3-propanediol 
by transformed E. coli strain DHSa: 

plus<+> and minus { .. > cAMP 
[1,3-propane-

Transformant ODNJO diol] (mM) 9& Con. · % Sel. 

DHSa-pKPl (-) 0.630 O.S 100 2 
Di~ · ·' .... eyl (+) 0.774 0.6 100 3 
DH:;, ·"2 (-) O.S84 0.6 -100 3 

DHSa-p..:u.·~ (+) 0.699 0.7 100 3 

BXAMPLH4 
Conyersion of D-&lucose to 1.3-pganediol by E. coli strain BCLW. 

trans{omied with Klebs(ellia pneumoniae DNA 

commmg dehydra!aR actiyity 

E. coli strain BCL707, containing the K. pneumoniae·dha regulon cosmids 
pXPl orpKP2, the K. pneumoniae pdu operon pKP4, or the Supercos vector 

alone, were tested for their ability to convert D-glucose to 1,3-propanediol as 
described in &ample 2. In each case, conversion was quantitative. The results 

10 are presented in Table 6. 

Table 6 

Conversion of D-glucose to 1,3-propanediol 
by transformed E. coli strain BCL707: 

with and llilhmt cAMP 
(1,3-propane- [1,3-propane-

Transfmmant OD6oo diol] {mM> Ol>Rtn diol] !mMl 
<withoot cAMPl (withcAMP) 

BCL707-pXP1-1 0.607 0.1 0.475 0.1 
BCL707-pKPl-3 0.619 0.1 0.422 0.1 

·BCL707-pKPl-7 O.S82 0.2 0.522 0.2 

BCL707-pKP1-10 0.593 0.1 0.408 0.1 
BCI..707-pKPl-18 0.584 0.1 0.433 0.1 

BCL707-pKP2-4 0.588 0.1 0.408 0.1 
BCL707-pKP2-5 0.630 0.1 0.516 0.2 
BCL 707-pKP2-8 0.542 0.1 0.486 0.1 
BCL707-pKP2-1S 0.589 0.1 0.485 0.1 
BCL 707-pKP2-19 0.577 0.1 0.504 0.1 

BCL707-pKP4-8 0.499 nd 0.361 <C>.1 
BCL707-pKP4-9 0.544 nd 0.354 nd 
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BCL 707-pKP4-10 0.515 nd 0.265 
BCL707-pKP4-14 0.512 nd 0.318 
BCL707-pKP4-17 0.545 nd 0.388 
ECL707-sc-l 0.592 nd 0.385 

BXAMPLE:2 
Two stage conyersion of D-glucog to 

1.3-pm,panediol by Escherichia coli AA200-pKP1-5 

PCT/US96J0670S 

<0.1 

<O.J 
<0.1 

nci 

S Baffled flasks (250 mL) containing 50 mL LB-amp medium we= 

inoculated with single colonies of AA200-pKP1-5. The cells were grown, in 
duplicate, ovemight at 30 or 37°C with shaking (250 rpm). 

Grown cultures were spun (10 minutes, 10,000 rpm, 4°C) and resuspended 

in production medimn without glucose (10 mM (N14)zS04; S mM potassium 

10 phosphate buffer, pH 7.5; 50 mM MOPS, pH 7 .5; 0.01 % yeast extract; 0.0190 
casamino acids; 0.8 µgfmL vitamin B12; and 50 µg/mL ampicillin) contajning 

either trace metals A; (0.08 pM Co02, 0.06 µM CuO:z, 7 pM FeS04, 2 pM 

H~04, 0.2 µM MnC2, 0.1 pM NaiMo04, 0.08 pM NiCl2, 0.3 pM ZnS04, and 

0.03 mM thiamine) or trace metals B: (0.7 mM Caa2, 2.53 µM CoC12, 1.72 pM 

15 CuS04, 1.0 µ.M FeC3, 2 mM MgOz, 0.05 mM Mna2. 2.42 µM N~Mo04, 
1.0 µM Znai. and 0.03 mM thiamine). The cells were spun a second time, 

resuspended in 50 mL fresh production medium containing D-glucose and 

dispensed into 60 mL serum bottles which were capped and sealed with butyl 

mbber septa. The bottles were shaken (250 rpm) and samples withdrawn with a 

20 syringe through the septum and filtered through a 0.2 µ filter before analysis. 

Results are shown in Table 7 and Table 8; residual glucose was measured by 

enzymatic analysis (Biochemistry Analyzer, Yellow Springs Instroments Co., 

Inc.) and 1,3-propanediol was analyzed by HPLC. 

Table7 

Convenion of 0.29h D-glucose to 1,3-propanediol by 
Escherichia coli AA200-pKP1-S. 

Dunlic11r1 ;mactis;m1 l!m peifonneda 

Tune [Glucose] [1,3-propane- Con. Sel. 
Experiment Cdaxs> (mM) diol] (mM) (%) (Cfo) 

#1 1 0.1 2..3 99 10 . 

#1 4 0.1 2.3 99 10 
#2 1 2.8 2.3 1S 14 

#2 4 0.1 2.4 99 11 

lrI1Je reactions mixtures, containing tmce metals A, wem .incubated at 37°C. 
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Tabh;8 

Convenion of 1 % D-glucose to 
1.3-vrol>anfdgl 11! &cfJerichia coli AA2QD-kE1-~a 

time [glucose] [1,3-propane- -Con. Sel. 

Sda!!l (mM) diotJ smM) S%l S'*'2 
0 53 0 0 0 

1 39 5.6 26 20 
2 35 8.3 34 23 

3 33 8.4 38 21b 

arhe reactions mixtures, containing trace metals B, were incubated at 300C 

bAt the end of the reaction, the presence of 1,3-propanediol was confirmed 

by GC/MS and ~3C-NMR (300 MHz). 

EXAMPLB6 

Conversion of D-glucose to 1.3-pmpanediol by 

Klebsiella imeumoniae ECl..2106 but not by 

S Klebsiel/4 gnagnonige ATCG 2595.5 

Glass serum bottles, filled to capacity (ca 14 mL) with media, were lightly 

innoculated from a LB agar plate comainiog K. pneumoniae ECI..2106 or 

K. pneumoniae ATCC 25955. The media contained 50 mM glucose, 3 mM 

tml4>:zS04, 0.9 mM eaa2' 4 pM CoCI2, o.06 pM eua2, 7 pM FeS04, 2 pM 

10 H3B04, 0.8 mM MgS04, 0.2 pM Mn02. 0.1 pM NazMo04, 0.08 µM NiC12. 

0.3 pM ZnS04, 0.1 mg/mL DL-cy$teine, 10 µM ethyienediaminetetrac acid. 
0.8 µ.g/mL vitamin B 12, potassium phosphate as indicated in Table 9, and either 

SO mM HBPES or 50 mM MOPS buffer, pH 7.5. The ieactions were incubated 

for 47 hr at 300C while shaking at 2SO rpm. Otheiwise, the reaction was 

15 perfonned as described in Bxample 2. The results are given in Table 9. 

Table9 

Conversion of D-glucose to 1,3-propanediol by Klebsiella 
pneumoniae BCL2106 but not by 

Klebsiellg Pneumonitze ATCC 25955 

Strain Buffer Pi [Glucose] 

2106 
2106 

2106 
2106 

MOPS 

MOPS 

MOPS 

MOPS 

2106 HBPES 

2106 HEPES 

<mM) (mM) 

s.o 11.4 

2.5 13.9 

1.3 14.8 

0.6 lS.8 

s.o 21.1 

2.5 23.4 

30 

[1,3-Propane­
diol] <mMl 

0.2 
0.2 
0.1 

0.1 

0.1 
0.1 
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2106 HBPBS 1.3 26.4 0.1 

2106 HBPBS 0.6 27.S 0.1 
25955 MOPS s.o 4.4 nd 

25955 MOPS 2.5 5.4 nd 

25955 MOPS 1.3 2.8 nd 

25955 MOPS 0.6 7.8 nd 

25955 HBPBS s.o 7.0 nd 

25955 HBPBS 2.5 13.S nd 

25955 HBPBS 1.3 10.2 nd 
25955 HBPBS 0.6 17.8 nd 

BXAMPI.E7 

Production of 1.3-prgpanediol by recombinant Pichia 1!4storls 

Constmction of general pmpog s;am;ssion plasmid 

5 The 0.9 kb EcoRl/Xbal fragment in pHIL-D4 (Phillips Petroleum, 

Bartlesville, OK) was replaced by the 0.9 kb BcoRl/Xbal fragment from pA0815 

(Invitrogen, San Diego, CA) to generate the plasmid pHIL-D4B2 which contains 

the followmg elements: S'AOXJ, P. pastoris methanol inducible alcohol oxidase I 

(AOXI) promoter; AOXJ term, P. pastoris AOX I transcriptional termination 

10 region; HIS4, P. pastoris histictinol dehydrogenase-encoding gene for selection in 

his4 hosts; kan, sequence derived from ttansposon Tn903 encoding 
aminoglycosidc 31-phosphottansferase, conferring kanamycin, neomycin and 

0418 resistance in a wide variety of hosts, and useful as an indicator of cassette 

copy number; J'AOXJ, P. pastoris sequence downstream from AOXl, used in 

15 conjunction with 5'AOX1 for site-directed vector integration; ori, pBR322 origjn 

of DNA replication allowing plasmid manipulations in E. coli; and amp, 

IJ·lactamase gene from pBR322 conferring resistance to ampicillin. An additional 

feature of plDL-D4B2 is that multiple expression cassettes (5'AO:X.1 - gene -

AOXJ term} can easily be placed onto one plasmid by subcloning cassettes on 

20 Bg12/Xbal fragments into BamHl/Xbal sites. 

Conmµction of plasmid for co-gpression of dbaBl and dbaB2 

The open reading frames for dhlJIJJ and dhaB2 were amplified from 

cosmid pKPl by PCR using primers (SEQ ID N0:2 with SEQ ID N0:3 and SEQ 

ID N0:4 with SEQ ID N0:5 for dl'laBl and d~2, respectively) incorporating 

25 EcoRl sites at the 5' ends (10 mM Tris pH 8.3, 50 mM KO, 1.5 mM MgC12. 

0.0001 % gelatin, 200 µM dATP, 200 pM dCTP, 200 pM dGTP. 200 µM dTI'P, 

1 pM each primer, 1-10 ng target DNA, 25 units/mL Amplitaq® DNA polymerase 

Perkin Elmer Cetus, Norwalk CI'). P~ parameters weie 1minat94°C, 1 min at 

SS°C, l min at 72°C, 35 cycles. The products were subcloned .into the BcoRl site 
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of pHIL-D4B2 to generate the expression plasmids pMP19 and pMP20 containing 

dh6Bl and dhaB2, respectively. 

The dhaBl expression cassette on a Bg12/Xbal fragment from pMP19 was 
subcloned into the BamHl/Xbal site of pMP20 to generate pMP21. Plasmid 

5 pMP21 contains expiession cassettes for both dhaB2 and dhaBl, and the HIS4 

selectable maifcer, 

Omstruction of plasmid for coapression ofdhaB3 and dhaT 

The open reading frames for dluiF and dhaB3 were amplified by PCR . 
from cosmid pKPl using primers (SEQ ID N0:6 with SEQ ID N0:7 and SBQ ID · 

10 N0:8 with SBQ m N0:9 for dhaT and dhaB3, respectively) incorporating BcoRl 

sites at the 5' ends. 1he products were subcloncd into the EcoRl site of 

pmL-D4B2 to generate the expression plasmids pMP17 and pMP18 contajning 

dhtil' and dh.aB3, respectively. 

The dhdl' expxession cassette on a Bgl2/Xbal fragment from pMPl 7 was 

lS subcloned into the BamHl/Xbal site of pMP18 to generate pMP22 which 

contams expression cassettes for both dhaT and dhaB!J. 

The 4.1 kb BcoRl fiagment containing SUC2 was deleted from pRK20 

(Phillip.s Petroleum, Bartlesville. OK) to generate pMP2. SUC2 encodes for an 

invertasc which may be used a second selectable marker in Pichia. The 4.0 kb 

20 Hind3 fragment containing lacZ was deleted fonn p;MP2 to generate pMP3. The 

0.4 kb Hind3 fragment containing AOXJ term frompHIL-D4 was subcloned into 

the Hind3 site ofpMP3 to generatepMPlO. 

The 2.0 kb Bgl2/Xbal ftagment in pMPlO was replaced with the 5.0 kb 

Bg12/Xbal fragment containing the dhaB3 and dhaT expression cassettes from 

2S pMP22 to generate pMP23. The 5.4 kb Pstl/Bg12 fragment containing SUC2 

from pRK20 was subcloned into the Pstl/Bg12 sites of pSP73 (Promega, 

Madison, WI) to generate pMPlla. Plasmid pMPl la was cut with BcoR.1, filled 
with T4 DNA polymerase and religated to generate pMPllb. The 1.1 kb Pst/Bgl2 

fragment in pMPlO was replaced with the S.4 kb Bgl2/Pst1 fragment containing 

30 SUC2 from pMPllb to generate pMP12. 

The 1.0 kb Scal/Bgl2 fragment in pMP23 was replaced with the 5.2 kb 

Scal/Bgl2 fragment containing SUC2 from pMP12 to generate pMP24. Plasmid 

pMP24 contains expression cassettes for both dhaT and dhaBJ. and the SUC2 

selectable marker. 

35 Tramfonnation of P. ]14StorlS with dhaBlldha82 expression plnnid pMP21 
P. pastarls strain GTS115(his4) (Phillips Petroleum, Bartlesville, OK) was 

tramfonned with 1-2 ug of Bgl2-linearized plasmid pMP21 using the spherop1ast 
tnmsformation method described by Cregg et al., (Mol. Cell. Biol. 5, 3376, 
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(1985)). Cells were rcgenemted on plates without histidine for 3-4 days at 300C 

AD tramformants arise after :integration of plasmid DNA mto the chromosome. 

Transfmmants were patched onto a YPD (1 % Bacto yeast exuact, 2% peptODe. 

2% glucose) master plate. 
5 Screening of P. ggstoria transfomiants for tlhaBl and dhaB2. 

ChromosQ111111 DNA wai prepared from bis+ transfonnants described 

above and subjected to PCR. analysis with primers specific for dhaBl and dhaB2. 

High copy number sttains were selected from transfonnants containing both . 

dh.aBJ 8nd dh.aB2 by growth in YPD media supplemented with increasing levels 

10 of 0418 (Sigma, St. Louis, MO) up to 2000 JJ.g/mL. Resistance to a high level of 

0418 suggests significant duplication of expl'e8siOD cassettes. 

Secondary transfonnation of P. wstoris with dhaB3/dhtilqwai.on glaamW 

PMP24 
T:ransfonnants with resistance to a high level of 0418 as descn'bed above 

15 were re-transformed with plasmid pMP24 using the spheroplast transformation 

method. Cells were first regenerated on non-selective plates for 2 days at 30°C. 
after which top agar containing the regenerated cells was scraped from the plate· 

and vorrexed extensively in 20 mL water. After passing through 4 folds of 

cheesecloth, the cells were pelleted by centrifugation and lCBllSpCllded in 10 mL 
20 water. Aliquots of 200 uL were plated onto sucrose plates, and incubated for 

2 days at 30°C. All transfonnams arise after integration of plasmid DNA into the 

. chrOmo~. Transformants appear as large colonies in a background of small 

colonies; and require isolation~ After 24 h growth with shaking at 30°C .in Msu 

media (per L, 13.4 g yeast nitrogen base w/o amino ac.idS, 10 g sucrose, 0.4 g 
25 biotin), transfonnants were saeaked onto Msu plates (Msu media plus lS g/L 

agar) and grown for 2 days at 30°C. Large isolated colonies were patched onto a 

YPD master plate. 
Screening of P. pastor# donble transfonnants for dhgBJ. dh4B2. dh4B3. 'Pd 

·dlull and thejr correaponding mmme activities 
30 Chromosomal DNA was prepared from sue+ double transfomum.ts 

c:lescribed above and subjected to PCR analysis with primers specific for dhaBJ. 

dh4/J2, dha/J3, and dhaT. Thus, the presence of all four open reading frames was 

confirmed. 

The presence of active glycerol dehyd.ratase (dhaB) and 1,3-propanediol 

35 oxido-reductase (dhtil') was demonstrated using in vitro enzyme assays. 

Additionally, westem blot analysis confirmed protein expiession from all four 

open reading frames. Cell free extracts for these protein characterizatio wen 
prepared as follows. Double transfonnancs containing dha/Jl, dhaB2, dhaB3. and 
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dhtiI' were grown aerobically with shaking at 30°C in MGY (Per L, 13.4 g yeast 

nitrogen base w/o amino· acids, 0.4 mg biotin, 10 mL glycerol) for 2 days. The 

cells were pelleted by centtifugation, resuspended in MM (Per L, 13.4 g yeast 

nitrogen base w/o amino acids, 0.4 mg biotin. S mL methanol) and .incuba1ed as 

5 above. After apptJJXimately 24 h, the cells weie harvested, resuspended in buffer 

(0.1 lv\ t:1ceDe/KOH buffer, pH 8.2. SO mM KO, and 2% 1,2-propanediol), 

mecban': :·.=·~disrupted (using a gtass rod while vortexing in the presence of glass 

beads), and c~ged. 

One stram that showed positive for the presence of all four open i:eading 

10 frames (dha.Bl, dhaB2, dhaB3, and dhaT) and their co.r:responding activities was 

designated MSP42.81 and was selected for farther StUdy. 

In mo production of 1.3-prqpanediol using tecombinant fichia pastoris 

P. pastorls MSP42.81 (ATCC 74363) were grown in a BiostatB feonenter 

(B Braun Biotech, Inc.) in 1.5 L mblimal medium conta;ning 8.5 g/L KH~.t. 

15 21 g/L (NH4>i804, 10 g/L glycerol, 2.3 g/L MgS047H20. 0.18 g/L 

CaS04'2H20, and 0.29 mL/L PTMI. · PI'MI is a stock~ solution containing 

24 mM CuS04' 4.8 mM KI. 18 mM ~04' 0.8 mM N~o04, 0.3 mM H3803, 

2.1 mM CoC12, 70 rnM ZnS04, 26 mM H:iS04, 234 mM FeS04, and 0.8 mM 

biotin. The fennenter was controlled at pH 5.0 with addition of 2 M NJ40H, 

20 300C, and 30% dissolved oxygen tension through agitation controL A cultme of 

P.pastt>ris MSP42.81growninYMbrothat30°C was used as an inoc:ulum; 

20 mL of the culture was used to inoculate the :fermenter. 

When glycerol was shown to be depleted (24 h after inoculation). 

:induction of the AOX promoten was initiated by the addition of a methanol feed. 

25 The feed contained 1 liter of methanol, S mL PTMI and 5 mL of a stock biotin 

solution prepared as 0.2 g/L in water. '1he methanol solution was added manually 

to maintain an average concentration of 0.5% as detemllned by HPLC analysis. 

Fifty mL of cells OD600 = 20 AU) were removed from the reactor after 15 h of 

induction: 

30 The 50 mL cell suspension was pelle1ed and resuspended in 12.S mL 

nitrogen sparged base medium (6. 7 g/L yeast nitrogen base, 3.0 g/L yeast extract. 

1.0 g/L K2HP04, 1.0 g/L KHzP04, 3.0 g/L (Nl4hS04, titrated_to pH 7.2 and 

~sterilized). Coenzyme B !2• prepared as a stock solution at 2 mg/mL in 

nitrogen sparged water, was added to the cell suspension to give a final 

35 concentration of 20 pg/mL. Three me<lia stock solutions were prepared in base 

medium containing 1 % glucose, 0.5% glucose and 0.5% glycerol {w/v), and 

1.09& glycerol (w/v). A stock solution of chloroquine (1.06 g/50 mL, pH 7.2) was 

also p.tepared. 
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Two mL of the media stock solutions and 1 mL mixtures of cblo.roquhle 

and water to give the final concentrations listed in Table· 10 were placed in 10 mL 

crimp sealed serum bottles and sparged with nitrogen before adding 1 mL of cells 

with coenzyme B 12 mixture. The serum bottles were incubared at 300C with 
5 shaking. Samples ~aken immediately after the addition of cells and. after 24 h 

incubation WCie analyzed by HPLC. The results are shown in Table 10. 

TabJe 10 

In vivo production of 1,3-propanediol 
using recombinant Eicbia nastoris 

chloroquine 1,3-propanediol 
xeaction mediuma {mM) ~mMl 

1 glub 0 0.04 

2 glu 2.5 0.2 
3 glu 5.0 0.1 
4 glu 10.0 0.1 
5 gtub/gty 0 0.2 
6 glu/gly 2.S 0.4 

7 y).u/y).y 5.0 0.4 

8 glu/y).y 10.0 1.:ZC 

9 gly 0 0.2 
10 gly 2.S 0.3 
11 gly 5.0 0.3. 

12 gly 10.0 l.4C 

•Less than 10% of each substrate was used in 24 h unless noted. 

bNo glucose remained after 24 h. 

CTue presence of 1,3-propanediol was confimed by GCJMS as 
described in GENERAL MEl'HODS. 

EXAMPLES 
10 Use of a Pichia Jltlstoris double tmnsfonnant for production 

of 1 .3-J1l91HUlCdiol from P-&lncmJe 

P pastoris MSP42.81 weie grown in a BiostatB fe.nnenter (B Braun 

Biotech, Inc.) in 1.S L minimal medium containing 8.5 g/L KH2P04, 2.1 g/L 

(NH.ihS04, 10 g/L glucose, 23 g/L MgS047H20, 0.18 g/L CaS04"2H20, and 

15 0.29 mL/L PTMI. Otherwise, fermentation and induction conditions were 

identical to those described in Bxample 7. Fifty mL of cells wem l'ellloved from 

the reactor after 15 h of induction. 

1he cell suspension was handled as described in Example 7, with the 

exception that a modified base medium (6. 7 g/L yeast nitrogen base, 1.0 g/L 
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KH2P04, 1 g/L K2HP04, 3 g/L <NH4)2S04, titrated to pH 7.2 and filter 

sterilized) was used. The three media stock solutions were pzepared in this 

modified base medium as well. All other solutions were the same. Reaction 

mixtmes wem prepamt as described, and incabated at 30°C with shakfug. 

S Samples taken hmnediarely after the addition of cells and after 75 hows 

incubat.:, ~rere analyzed by HPLC. Jn a reaction containing glucose as the 

carbon soc md 5 mM chloroquine, 0.17 mM 1,3-propanediol was produced. 

HXAMJ>LB9 
piampjd constmction for the ttansfonnatim and e:gnession of 4h4B and dhaT in 

10 Saccharomyces cerevisiae 
Construction of genen1 mupose wzression plasmjds 

Two types of expression plasmids were created, those that could integrate 

by recombination into~ and those that could exist as replicating 

episomal elements. For each type of general expression plasmid a yeast promoter 

15 was present and separated from a yeast ttanscrlption terminator by fragments of 
DNA containing recognition sites for one or more restriction cmlonuclcases. 

Each type of general expression plasmid also contained the gene for J\-lactamase 

for selection m E. coli on media containing ampicillin, an origin of ieplication for 

plasmid maintabience in E. coli, and either a 2 micron origin of replication for 

20 episomal elements or sequences homologous to those found in S. cerevisiae 
chromosomes for 1eC01Dbination. and integration of inttoduced DNA .into 

chromosomes. 'lbe selectable nutritional markers used for yeast and present on 

the expression plasmids wen= one: of the following: IUS3 gene encoding 

imidazoleglycerolphosphate dehydratase, URA3 gene encoding orOtimne 
2S 5'-phospbate decarboxy)ase, TRPl gene encoding N-(5'-phosphoribosyl)­

andmmilate isomerase and LBU2 encoding P..isop.ropylmalate dehydrogenase •. 

The yeast promoters used were ADHl or GALl, and the transcription temUnatou 

ADHl, CYCl or AOXl; the latter from Pichia pastorls. 

Plasmid pGADGH (Clomech, Palo Alto, CA) was digested with HindllI 
30 and the single-suand ends converted to EcoRI ends by ligation with 

Hindill-XnmI and BcoRl-XmnI adaptors (New England Biolabs, Beverly, MA). 

Selection for plasmids with com:ct EcoRI ends was achieved by ligation to a 

kanamycln resistance gene on an EcoRI fragment from plasmid pUC4K 

(Phannacia Biotech, Uppsala), transfonnation into E. coli strain DHSa and 

35 selection on LB plates containing 2S µ.g/mL kanamycin. The resalting plasmid 

(pGAD/KAN2) was digested with SnaBI and BcoRI and a 1.8 kb fragment with 
the ADHl promoter was isol&;ted. Plasmid pGBT9.(0ontech, Palo Alto, CA) was 

digested with SnaBI and EcoRI, and the 1.5 kb ADHl/GAIA fragment replaced 
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by the 1.8 kb ADHl promoter fragment isolated from pGAD/KAN2 by digestion 
with SnaBI and BcoRI. The resulting vector (pMCK.11) is a replicating plasmid 

in yeast with ADHl promoter and terminator and a TR.Pl rnatker. 

Plasmid pGADGH was digested with SnaBI and Hindlll and a 1.8 kb 

5 flagment containing the ADHl promoter isolated. This fragment was ligated into 

the vectorpRS405 (Stratagene, La Jolla. CA) peviously digested with Smal and 

Hindill. Positive clones were identified by inse.rtional-inactivati.on of the 

plasmid-encoded~ alpha peptide and the piesence of the ADHl promoter . 

fragment. The resulting plasmid (pMCK.4) contained an ADHl promoter and a 
10 LBU2 marker. 

The -0.2 kb Nael-BcoRI fragment from pGBT9 containing the ADHl 
terminator was ligated to EcoRI-Hincll digested pRS403 (Stratagene, La Jolla, 

CA) to yield the -4.8 kb plasmid pRVNS. The -2.0 kb SnaBI-EcoRI fragment 

from pGAD/KAN2 containing the ADHl promoter was ligated to Smal-EcoRI 
15 digested pRVNS to yield the -6.8 kb plasmid pRVN6 with the ADHl promoter 

and terminator and a unique BcoRI cloning site in between. 

The 0.4 kb HindDI fragment from pG.Ai>GH containing an additional 

Xmnl site was deleted and the vector was Idigated to yield the 7.0 kb vector 

pGAD-D3. Vector pGAD-D3 was digested with XmnI and the -2.4 kb fragment 

20 contallUng the. ADHl promoter and terminator and an intervening Hindlll cloning 

site was purified. The pRS404 vector (Stratagene, La Jolla, CA) was digested 

with PvuII and the larger 3.8 kb fragment with TRPl was purified and ligated to 

the XmnI promoter and terminator fragment from pGAD-D3 to give plasmid 
pRVNU. 

25 1he open reading frames for dhaT, dhaB3, and dhaBl were amplified 

from pHK28-26 (SHQ JD NO:l) by PCR using primers (SEQ ID N0:6 with SEQ 

ID N0:7, SBQ m NO:S with SEQ m N0:9, and SHQ ID N0:2 with SEQ JD 

N0:3 for dluiI', dhaB3, and dhaBl, respectively) incoiporating BcoRl -sites at the 

5' ends (10 mM Tris pH 8.3, 50 mM KQ, 1.5 mM Mf02, 0.0001 % gelatin, 

30 200 pM dATP, 200 pM dCTP, 200 pM dGTP, 200 pM d1TP, 1 pM each prlmer, 

1-10 ng target DNA, 25 unitS/mL Amplitaq• DNA polymerase (Pmkin Elmer 

Cetus, Norwalk CI')). PCR parameterS were 1 min at 94°C, 1minat55°C, 1 min 

at 72°C, 35 cycles. The products were subcloned into the EcoRl site ofplDL-04 
(Phillips Petroleum, Bartlesville, OK) to generate the plasmids pMP13, pMP14, 

35 and pMP15 containing dhaT, dha/J3, and dhaBJ, respectively. 

Cqnsqnction ofplamiids for gpression of dha'f · 

The replicating plasmid pGAD/KAN2 was digested with EcoRI to :remove 

the km>amycin resistance fragment, dephosphorylated, and ligated to the dhaT 
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EcoRI fragment from pMP13. The resulting plasmid (pMCK13) had dhaT 

couectly oriented for transcription from the ADHl promoter and contained a 

LBU2 marker. 

Plasmid pRNV6 was digested with BcoRI and ligatccl to the tJ?laTBcoRl 

5 fragment from pMP13. The resulting plasmid (pRVN6T) had dhaT conectly 

orientated for transcription from the ADHl promoter and conWned a lilS3 

marker. 

Copstmction of p!HmW, for qpmssion ofdhtzlll 

The :replicating plasmid pOADOH was digested with HindlII, 

10 depbospbolylated, and ligated to the dhaBI Hindlll fragment from pMPlS. The 

resulting plasmid (pMCKl 0) had dha/Jl correctly oriented for transcription from 

the ADHl promoter and contained a LBU2 marker. 

Constmction ofplgmids for egression of dh4B2 
The replicating plasmid pMCKll was digested with EcoRI, 

15 dephosphorylated, and ligated to the dhaB2 EcoRI fragment from pMP20. 'Ihe 

resulting plasmid (pMCKl 7) had dha/12 correctly oriented for transcription from 

the ADHl ptomoter and contained a TR.Pl marker. 

Plasmid pRS403 was digested with Smal and ligated to a SnaBJJNael 

dhaB2 fragment from pMCK17. The resulting plasmid (pMCK21) had dhaB2 

20 correctly orientated for transeription from the ADHl promoter and contained a 

lnS3 marker. 

Constmction of plasmids for HRmCFRinn of dhgBj 

The replicating plasmid pYES2 (Invittogen, San Diego, CA) was digested 

with BcoRI, dephosphorylated, md ligated to the dhaB3 BcoRI fragment from 

2S pMP14. The iesulting plasmid (pMCKl) had dhaB3 correctly oriented for 

transcrlption from the GALl promoter and contained a URA3 marker. 

The replicating plasmid pGAD/KAN2 was digested with BcoRI, 

dephosphorylated, and ligated to the dhllB3 BcoRI fragment from pMP14. The 

resulting plasmid (pMCK15) had dhaB3 correctly oriented for transcription from 

30 the ADHl promoter and contained a LBU2 marker. 

~d pRS404 was digested with Pst and Hincll and ligated to the 

Pstl/&oRV dhaB3 fragment from pMCK.15. The resulting plasmid (pMCK20) 

had dhaB3 correctly Orientated for transcription from the ADHl promoter and 

contained a TR.Pl marker. 

35 Transfi?nm!tion of S. cerevisjae with dha gpmsion 1?lmpid5 

• S. cerevisiae strain YPH499 (ura3-52 lys2.-801 ade2-101 trpl-del63 

hid-de/200 leu2-deU) (Stratagene, La Jolla, CA) was tnmsfcmned with 1-2 p.g of 

plasnrid DNA 118ing a LiCJ/polyethylene glycol protocol published by Stratagene 
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(Catalog #217406). A1ternatively, transfomtation was achieved using a 

Frozen-HZ Yeast Transfonnation Kit (Catalog #T2001) from Zymo Resemch 

(Orange, CA). Colonies were grown on Supplemented Minimal Medium (SMM-

0.67% yeast nitrogen base without amino acids, 2% glucose) for 3-4 days at 290C 

5 with one or more of the following additions: adenine sulfate (20 mg/L), urac.il 

(20 mg/L), L-tryptopban (20 mg/L}, L-histidine (20 mg/L), L-leucine (30 mg/L), 

L-lysine (30 mg/L). Colonies were streaked on selective plates and used to 

inoculateliquid media. Depending on the vector used, colonies arose either after 

integration of plasmid DNA or from replication of an episonie. In addition to 

10 transfoimati.on with single plasmid types, co-transfcmnations with two or more 

plasmids were carried out. 

F.;quession of dh4B activity in qansfounecJ s. cerevmae 
Strain ~499 ttansfonned with plasmids pMCKl, pMCKlO and 

pMCK17 was grown on Supplemented Minimal Medium containing 0.679' yeast 
15 nitrogen base without amino acidsF 2% galactose, 2% raffinose, 20 mg/L adenine 

sulfate, 30 mg/L L-lysine and 20 mi/L histidine .. Cells were homogenized and 

extracts assayed for dhaB activity. A specific activity of 0.021 units per mg was 
obtained. 

BXAMrLElO 

20 eonsuuction of alternate rs;plicating and intemtion plasmids for the 

trans:funnation of S. cereyiliae 

A general plllllm.e expression plasmid is constmcted by isoladng a 

SnaBI/EcoRI ADHl promoter fragment from pGAD/KAN2 and ligating this 

fragment .into the vectOl' pRS406 (Stratagene, La Jolla, CA) pieviously digested 

25 with HincII and BcoRI. Positive clones are identified by insertional-inactivation 

of the plasmid-encoded lacZ alpha peptide and the presence of the ADHl 

promoter frapient. 'Ihe resulting plasmid (pMCK3) is digested with EcoRI and 

SmaI and ligated to lb.e 0.2 kb ADHl terminator fragment released from plasmid 

pGBT9 by digestion with BcoRI and NaeI. The resulting plasmid (pMCK5) 

30 contains both ADHl promoter and terminator sequences and a URA3 marker. 

Conscmction of plnpids for expression of dh4T 

The vector pMCKS is digested with BcoRI and dephosphorylated. 'lbe 

dhaT gene is excised as an BcoRI fragment from plasmid pMP13 and ligated to 

pMCKS. The resulting plasmid (pMCK7) has dhaT correctly orientated for 

· 35 transcription from the ADHl promoter and contains a URA3 marker. 

The inte~• vectorpRS404 is dige~d with KpnI and Sacl. The dhaT 
gmc with flanking promoter and terminator is excised as a Kpnl!Sacl fragment 

from plasmid pMCK7 and ligated to pRS404. The resulting plasmid bu dhllT 
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corrcctly orientated for transcription from the ADHl promoter and contains a 

TRPl marker. 

Constmction of plasmids for qpregion of dha81 
The vector pMCKS is digested with BcoRI, and dephosphOiylated. 1he 

5 . dhaBI gene is exc.ised as an EcoRI fragment from plasmid p:MP15 and ligated to 

pMCKS. 'lb.e resulting plasmid (pMCKS) has dhaBI correctly orientated for 

transcription from the ADHl promoter and contains a URA3 marker. 

The integration vector pRS403 is digested with ClaI and Aatll. The . 

dhaBI gene with flanking promoter and terminator is excised as a Qal/Aatll 

10 fragment from plasmid pMCKS and ligated to pRS403. The resulting plasmid has 

dha/Jl correctly mientated for transcription from the ADHl promoter and 

contains a HIS3 marker. 

The replicating plasmid pYBS2 is digested with HindID and SnaBI, and 

the GALl promoter element iS replaced by ligation with a SnaBI and HindDI 

15 digested ADHl promoter fragment from pGADGH. A dhaBJ HindilI and Xbal 

fragment from pMP19 is ligated to those sites in the modified, ADHI promoter 

version of pYBS2. The resulting plasmid bas dhaBJ correctly oriented for 

transcription from the ADHl promoter and contains a URA3 marker. 

The vector pMCK.4 is digested with HindIII and dephosphorylated. 'lbe 

20 dha/Jl gene is excised as an HindDI fragment from plasmid pMPl~ and ligated to 

pMCK4. The resulting plasmid has dhaBl correctly orientated for transcription 

from the ADHl promoter and contains a LBU2 marker. 

Construction of}llasmids for nJBssion of dha1J2 
The vectors pRS404, pRS405 and pRS~ are digested with Smal. The 

25 dhaB2 gene with flanking promoter and temrinator is excised as a SnaBJJNaeI 

fragment from plasmid pMCKl 7 and ligated to each of the integration vectors. 

The resulting plasmids have dhaB2 correctly orientated for transcription from the 

ADHl promoter and contain either the LEU2,-1RP1, or URA3 markers. 

30 

BXAMPJ..Ell 

Smepin& of S. cerevfsiae for dha tranSfomtants and 

cawersion of D-glucose to 1.3-prq,panediol 

Sqeening of S. cerevisige for dha genes · 
Chromosomal DNA from Ura+, ffis+, Trp+ or Leu+ transf01D18Dts, 

constmcted as described in Examples 9 and 10, is analyzed by PCR using primeJs 

35 specific for each gene, as described for Pichia pastoris (SEQ ID N0:2-9). .,._ 
... ". .. . . ... 
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Pmduction of 1.3-pm,pgdiol ftgm D-glucose by S. cerevi.tiae tramfmmed with 
dhagnes 

Transformants containing dhaT, dha/Jl, dhaB2 and dhaB3, constntcted as 

described in Examples 9 and 10, are grown aerobically or anaerobically with 

5 shaking at 29°C in,SMM supplemented with 20 mg/L adenine sulfate, 30 mg/L 

L-lysine, 1 mg/L vitamin B12· Growth continues until stationary phase is ieached 

and the presence of 1,3-pmpanediol .ia determined by HPLC. Transformant 

S. cerevisiaepMCK1/10/l 7(HM)#A was deposited and designated ATCC _. 

EXAMPLE12 

10 . Production of 1.3-WQPBDediol from D-ducose by Clostridium ,pgateurianran 

ATCC 6013 under a h,ydrogen atJPOSPhere 
Gmpl "owth conditions for Clostridiumpasteurianum 

Clostridium pasteurianum ATCC 6013 was grown in 60 mL crimp sealed 

serum bottles containing 10 mL of medium, unless noted 1be crimped bottles 

15 containing the medium were aseptically sparged with nittogen prior to 
.innocalation. Basal medium (Medimn A), adjustecf to pH 7.2, contained the 

following components in g/L: KH2P04t 1.4; NaH2P04, 0.69; Nff.iCl, 1.8-2.5; 

KO. O.SO; MgS04·7H20, O.SO; CaC12, 0.025; NaCl, 1.0;_ yeast extract, 2.0; 
cysteine·HO, .o.so; sodium bicarbonate, 2.5; p-amino benzoic acid, 0.0080; 

20 biotin, 0.000040; sodium cittate·2H20, 0.10; FeS04·7H:zO, 0.050; CoC12·6H20, 

0.010; MnC12·4H20, 0.0010; ZnC12.t 0.00050; Na2Mo04•2HzO, 0.0025; 
NiC12·6H20, 0.010; and CuS04·SH20, 0.0050; to which carbon components were 
added as indicated below. All incubations were perfonned at 300C wkb shaking 

at250ipm. 

2S A 10 mL batch of Medium A supplemented with S9b glucose was 

inoculated with 1 mL of a frozen stock of Clostridium pasuurianum ATCC 6013 

which contained approximately 159& (v/v) glycerol, in duplicate. After 96 h, 

. 0.5 mL of the growing cell suspensions was passed into 10 mL of fresh medium 

and growth was continued. After 24 h, the atmosphere in the newly hmoculated 

30 vials was pressurized to 30 psi with hydrogen gas and incubation was continued 

for a farther 96 h. The aqueous phase was sampled at the beginning and end of 

the final 96 h for analysis by HPLC as described in the GENBRAL METHODS. 

The results are shown in Table 11. 
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Table 11 

Convemion ofD-glucose to 1,3-propanediol by Clostridium pasteurianum 
ATCC 6013 under a hydrogen atmomhere 

Thne 
(h) Replicate 

Glucose Glycerol 
(mM) (mM) 

1,3-Pmpanc­
diol (mM)• 

0 

{; 

96 

.A 
·A 

B 

B 

114 

47 

119 

S9 

nd 

nd 

0.1 
0.1 

2.7 
3.4 

2.0 

2.S 

ante presence of 1,3-propanediol was confirmed by GC/MS as described in the 
GENERAL MBTHODS. 

BXAMPl.R13 

Production of 1.3-m»J?IDediol fmm D-glucose by Clogridiwn pqsteurianum 

AICC 6013 in tbe pmence of methvl yiologen 

5 Ettpcghpent 1. All cells were grown according to the protocol in 

Example 12. A lOmLbatchofMediumA(describedmExample 12) 

supplemented with 5% glucose was inoculated with 1 mL of a frozen stock of 

Clostridium pasteurianum ATCC 6013 which contained appioximately 15CJ> (v/v) 

glycerol, in duplicate. After 96 h, O.S mL of the growing cell suspensions was 

10 passed into 10 mL of fresh medium and growth was continued. After 24 h, . 

methyl viologen (l,1 '-dimethyl-4,4'-b.ipyridinium· dichloride) was added to the 

newly .innoculated vials to a final concentration of 1 mM and incubation was 

continued for a further 96 h. The aqueous phase was sampled at the beginning 

and end of the final 96 h for analysis by HPLC as described in the GBNBRAL 

15 MBTHODS. The results me shown in Table 12. 

Table 12 
Convexsion of D-glucose to 1.3-propancdiol by Clostridium paateuriaman 

ATCC 6013 in the presence of rnethvl viologen 

Time Glucose Glycerol 1,3-Propane-
(h) Replicate (mM) (mM} diol <mM)& 

0 A 113 0.3 2.4 

96 A 28 1.8 3.4 

0 B 87 0.3 2.1 

96 B ~ ll Y 

anm ~ce of 1~-propanediol was confirmed by OC/MS as described in the 
GENERAL MBTHODS. 

~ 2. Medium A supplemented with 1% (v/v) glycerol+ 1% (w/v) 

glucose was .inoculated from a frozen stock of Clostrklium pasteurlanam 
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ATCC 6013, which contained approximately 15% (v/v) glycerol, at a ratio of 

0.2 mL frozen stock per 20 mL medium. After 48 h, 10 mL of the cell suspension 
xwas added to 90 mL of fresh medium and growth was continued for 24 h. The 

100 mL cell suspension was chilled on ice and the cells collected by 

5 c:en1.1:ifugation under anaerobic conditions. The cells were washed 3x in anaerobic 

buffer (50 mM phosphate buffer, pH 7.2 + 0.5 g/L cysteine·HO, previously 

gassed with N2 and autoclaved under N:z) and resuspended in anaerobic buffer to 

a volume of 8 ml.. In duplicate experiments, one mL of this cell suspension.~ 
inoculated into 10 mL of Medium A supplemented with 1 % glucose and 0 mM, 

10 1 mM, 5 mM. or 10 mM methyl viologen and incubated for 240 h. The aqueous 
phase was sampled at the beg;m,;ng and end of the final 240 h for analysis by 

HPLC as described in the GBNBRAL METHODS. The results me shown in 

Table 13. 

l:&bls= 13 
Convendon of D-glucose to 1,3-propanediol by Clo8tridiwn pasteurianam 

ATCC S!l3 m the presence 2fmethvl notoaen ~ 
MV Time Glucose Glycerol 1,3-Propane-

{mM} (b} Reolicate !mMl {mM> diol{IDM)a 

0 0 A 38 nd nd 
II 240 Ab 40 nd nd 
II 0 B nd nd nd 
II 240 Bb nd nd nd 

1 0 A 40 nd nd 

" 240 Ab nd 4 1 

" 0 B 45 nd nd 

" 240 Bb ml 5 2 

5 0 A 37 nd nd .. 240 A nd 4 2 
.. 0 B 38 nd nd 
fl 240 B ml 3 1 

10 0 A 40 nd nd .. 240 A nd 2 s 
" 0 B 43 nd nd 

" 240 B nd 3 1 

llThe presence of 1,3-propanediol was confirmed by GQMS as described in the 
GENERAL METHODS. 

bBy 120 h, glucose was depleted and additional glucose, 1 % final concenttation, 
was added. 

15 
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E;gperiment 3. Cloltridium pastu.ranium ATCC 6013 was initially 

maintamed in tbioglycollate medium (Difc~) and transferred to Medimn A 

supplemented with 0.4% glucose for all subsequent studies. After several 

transfers through the latter medium, an inoculmn was piepared by growing a 

S 1 mL aliquot of stock culture in 10 mL the described medium ovemight. A series 

of serum bottles containing methyl viologen at the concentrations indicated in 

Table 14 in fresh medium bottles weie inoculated with l mL of the overnight 

culture and again incubated for the times indicated in Table 14. Bottles weie 

periodically sampled for glucose utilization and analyzed for the presence of 

10 1,3-propanediol and glucose by HPLC as desc::riberd in the GENERAL 
METHODS. Table 14 summarizes the analytical results. 

Table 14 

Pmd11stimi gf l.3-pmpm~gl :&om llusgs bx c1o~a:.idillll! pa1turanigm ATCC l!ll 
methyl 

viologen time glucose 1,3-piopanediol 
bottle (mM) {dap) (mM) <mW 

1 0 0 22.S 0 

1 0 s 0 0 
2 ·0.1 0 26.5 0 
2 0.1 s 0 0 
3 1.0 0 25.3 0 
3 1.0 5 10.0 2.4 
3 1.0 9 0 2.4 

ante identity of 1,3-propanediol was verified by GCIMS as deacribed in the GBNBRAL 
METHODS. 

EXAMPLB14 

15 Construction of General Pmpose Bmession Plasmids for Use in 
TpmfQDDation of Bacillus. Strgpromycea. und Psew:lomonqs species 

The gpmsim vector pTaclQ 

The E. coli expression vector, pTacIQ contains the 1aclq gene (Farabaugh, 

Nature 274, S673 (1978)) and tae prom0ter (Amann et al.; Gene 25, 167 (1983)) 

20 inserted into the BcoRI of PBR322 (Sutcliffe et al., Cold Spring Harb. Symp. 

Quant. Biol. 43, 77 (1979)). A multiple cloning site and tenninator sequence 

(SBQ ID NO:lO) ieplaces the pBR322 sequence from EcoRI to Sphl. 
Subc1nping the glyceml debydratase genes (dhaBJ. 2. 3> 

The open reading frame for dhaB3 gene was amplified from pHK28-26 by 

25 PCR using primers (SEQ ID N0:41 and 42), incmporating an EcoRI site at the s• 
end and aXbal site at the 3' end. The product was subcloned into pl..itmus29 
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(New England Biolab, Inc., Beverly, MA) to generate the plasmid pDHAB3 

containing dhaB3. 
The region containing the entire codmg region for the four genes of the 

d.haB operon from pHK28-26 was cloned into pBluescriptll KS+ (Stratagcne, . 

5 La Jolla, CA) using the iestriction enzymes KpnI and BcoRI to create the plasmid 

pMT. 

The dhaBX gene-was removed by digesting the plasmid pM7, which 

contains dhaB(l ,2,3,4), with Apal and XbaI (deleting part of dhaB3 and all of. 
dluzBX). The resulting S.9.kb fragment was purified and ligated with the 32S-bp 

10 Apal-Xbal fragment from plasmid pDHAB3 (restoring the dhaBJ gene) to create 

pMll, which contains dhaB(l.2,3). 

The open reading frame for the dhaBJ gene was amplified from 

pHK28-26 by PCR using primers (SEQ m NO: 11 and SEQ JD N0:12) 

incorporating a HindIII site and a consensus RBS ribosome binding site at the S' 

15 end and a XbaI site at the 3' end. The product was subcloned into pLitmus28 
(New England Biolab, Inc.) to generate the plasmid pDTl containing dh4Bl. 

A Notl-Xbal fragment from pMU containing part of the dhaBJ gene, the 

dhaB2 gene and the dhaB3 gene was inserted into pDTl to cieate the dh4B 

expression plasmid, pDT2. The HindDI-XbaI fragment contaimng the 

20 dhaB(l,2,3) genes frompDr2 was insertedintopTacIQ to cieatepDT3. 
Spbcloning the 1.3-prgpmMjol dehydrogsmag gene·<dhdD 

The Kpnl-Sacl fragement of pHK28-26, containing the complete 
1,3-p.ropanediol debydrogenase (dlraT) gene, was subcloned into pBluescriptII 
KS+ creating plasmid p.AH1. The dhd1' gene was amplified by PCR from pAHl 

25 as template DNA using synthetic primers (SEQ ID N0~13 with SBQ ID NO: 14) 

incorporating an XbaI site at the 5' end and a BamHI site at the 3' end. The 

product was subcloned into pCR.-Script (Stratagene) at the Srfl site to generate the 

plasmids pAH4 and pAHS containing dhaT. The plasmid pAH4 contams the 

dhaT gene in thp conect orientation for expiession from the lac promoter in 
30 pCR..&rlpt and pAHS contains the dhaT gene in the oppoaite orientation. The 

Xbal-BamHI fragment from pAH4 containing the dhaT gene was inserted into 

pTacIQ to generate plasmid pAH8. The HindlII-BamHI fragment fmm pAH8 
containing the RBS and dhaT gene was inserted into pBluescriptll KS+ to cieate 

pAHl 1. The HindIII-SalI fragment from pAH8 containing the RBS, dhaT gene 

35 and temrlnator was :inserted into pBluescriptil SK+ to create pAH12. 

Cmmction of an qpression cassette for dhaB<l.2.31 and tlhaT 
An expression cassette for the dhaB(l ,2.3) and dhaTwas usembled from 

the individual dhaB(l ,2,3) and dhaT subclones desc:n"bed above using standard 
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molecular biology methods. The SpeI-KpnI fragment from pAHS containing the . 

RBS, dhaT gene and terminator was inserted into the XbaI-Kpnl sites of pDT3 to 

create pAH23. The Smal-BcoRI fragment between the dhaB3 and dhaT gene of 

. pAH23 was :removed to aeate p.AB26. The Spel-Notl fragment containing an 

S BcoRI site from pDT2 was used to replace the Spel-NotI fragment of pAH26 to 

generate pAH27. 
Ogtmction of muRssion· cassette for dhpT and dhp/J(l .2.31 

An expression cassette for dhaT and dhaB(l ,2,3} was assembled from~ 

individual dhaB(l ,2,J) an~ dhaT subclones descn"bed previously using standard 

10 molecular biology methods. A Spel-SacI fragment containing the dhaB( 1,2.3) 

genes from pDT3 was inserted into pAHl 1 at the SpeI-Sacl sites to creaae 

pAH24. 

EXAMPLE15 

Production of 1.3-JU9ll!D!:x'iol by Recombinant Strepromyces li11jdan.r 

15 Subcloning tbe glucose isommse promoter 

Two versions of the glucose isOlllCiase promoter from the vector pCOs121 

(SEQ ID NO:lS) orpC012llow (SBQ ID N0:16) were amplified by PCR using 

primers (SBQ ID NO: 17 and 18) incorporating Spel and EcoRI sites at the S' end 

and a HindIII site at the 3' end. The products were subcloned into pLitmus29 

20 (New Rnglanc:l Biolabs, Inc., Beverly t MA) to generate the plasmids p?f'7 and 

pDT8. 

Consttgction of an eamaim CiYF@te for dhgB<J.2.31 and dhaT 
The 4.1.kb expression cassette for dhaB( 1.2 ,3 J and dhaT from pAH27 

(&ample 14) was inserted into pDTI or pDT8 using the restriction enzymes 

25 HindIII and Sall to create pDTl 1 and pDT12, respectively. 

Constmction of a plasmid for co-emreuion of dhgBU.2.31 ind dhaTin 

Streptomyces 

The 4.3 kb expression cassette f01' dhaB(t,2,3) and dh4T was mnoved 

frompDTll orpDT12bydigestionwithEcoRiandSall. 'IbevectorpD488-101 

30 was digested with the restriction enzymes EcoRI and XbaL The expression 

cassette and vector were ligated along with a Sal-Xba Linker (SEQ ID NO: 19 and 

20) to aeate pDT13 and pDT14, i:espectively. 

pD488-101 consists of ieplication origin froni pDlOl from Streptomyces 

livitlans (Kendall and Cohen, J. Bacteriol. 170, 4634· ((1988)) and pUC18 from 

3.5 E.coli (Nommderet al., Gene, 26, 101 ((1983)). The sequences are derived as 

follows: bases 1-2086 me from pDlOl (1-2086), and bases 7688-8437 are from 

pDlOl (8080-8830). Bases 2087-3368 are from the thiostxepton resistance gene 

fromS. amreus (Thompson et al., Gene, 20, Sl (1982)). Bases 3369-7687 are 

46 



WO ff/35796 PCT/US9Ci/06705 

~ pUC18 containing the erytbromycin resistance gene ftom S. erythreus 

(Thompson et al., supra) insened at the KpnI site. 

TpnRfgpnatign of Streptomycu lfyidans with dluzB(l.2JJ 8nd tlhaT 
The plasmids pDT13 orpDT14 were transfonned into Streptomyces 

5 livldans TK23 using standard protoplast transfonnation techniques (Hopwood et 

al., Genetic Manj;pnli!!inn ofStreptomyce.s:, The John Innes Foundation (198S)). 

The transfmmants were selected on plates containing SO pg/mL tbiostrepton 

incubated at 30°C. Spores from the transformants were replated to obtain pure . 

cultures. 

10 Deb;ction of glycerol dehydptne actiyity 

The Streptomyces tramfonnants wme grown in 25 mL of TSB (tryptone 

soy broth, Difeo, Detroit, MI) plus 19& glucose, 2% glycerol, 1 mg/L vitamin B12, 

SO pg/mL thioatrcpton at 300C for 3 days. The cells were harvested by 

centrifugation and resuspended in 1 mL of 100 mM Tris buffer, pH 7.4. The cells 

15 were broken using a French Press (20,000 psi) and the cell~ was assayed for 

glycerol dehydratase as described in GENERAL MBTHODS. Cell extract from 

S. livid.ans TK23 transformed with either pDT13 (Cone #8) or pDT14 (Cone #2) 

contahled glycerol dehydratase with a specific activity of 0.1 U/mg. 

Production of 1.3-pm;panediol in recom.bjnant Strmtgmycea livitlaM 
20 S. lividans TK23/pDT14 (Qone #2) (ATCC _, also identified as 

S. lividans strain SL 14.2), inoculated from a TSA plate, was grown in 2S mL of 
TSB (Tryptonc-Soy Broth, Difeo, Detroit, MI) plus 1 % glucose, 2% glycerol. 

l mg/L vitamin B 12• SO pgfmL thiostrepton in a 2SO mL flask. The shake-flask 

was mcubated at 300C with vigorous shaking for three days, after which 3 mg/L 

25 1,3-propanediol was detected by GC-MS analysis ("l'MS derivative) in the 
supematant as described in GENERAL METHODS. 

EXAMPLH16 

PrpductiOP pf 1.3-prgpanediol from D-gJucose 

using recombinant Straztonryces liyidans 

30 Growth for demonsttation of 1,3-propanediol production by Strepromyces 

35 

lividans TK23 containing pDT13 orpDT14 proceeds aerobically at 30°C in 

shake-flask cultures (erlemneyer flasks, liquid volume 1/10th of total volume). 

Cultures in .rich media shake-flasks are started by inoculation from tw~ 

days old TSA-plates (trypticase soy agar, BBL #11043), Rich media are either 

TSB (trypticaae soy brOth; BBL #11768), Liquid Broth (which contains per liter: 

16 g tryptone, 10 g yeast extract, and 5 g NaCl), medium B (TSB supplemented 

with per L: 10.0 g glucose, 2 mL Modified Balch's Trace-Blement Solution in 

which NTA is replaced by citric acid, 2.0 g Na2C03, 4.0 g K2HP04, 1 mg 
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vitamin B12, final pH= 7.2), or medium C (medium B, at pH 6.4). The 

composition of Modified Batch's Trace-Element Solution can be found in 
Methgds for Gmml and MoJemlar Bacteriology (P. Gerhardt et al., eds, p. 1S8, 

American Society for Microbiology, Washington, DC (1994)). Cultures in 
S minimal media sl}ake-flasks are started by inoculation from two-days old liquid 

TSB cultmes, using a 1/30 (v/v) inoculmn. Minimal media are either. MM322 

(which contains per liter: 12.0 g glucose, 11.3 g K2HP04, 1.0 g (NH.iliS04, 

0.2 g Difeo yeast extract, 0.1 g NaCl, 2 mg vitamin B12 and 10 mL Modified 

Balch's Trace-Blement So~ution modified as above, final pH 6.7 (HQ)); 

10 medium D (medium MM322 supplemented with 2 g N112C¥, final pH 7.2); or 

medium B (medium D, final pH 6.4). MediaB and C and the minimal media are 

filter-ster.ilir.ed, the other media are autoclaved. 

1he shake-flasks are incubated at 30°C with vigorous shaking for ~ 

days, after which they are sampled for HPLC analysis of the supematant. 

15 Glucose is added, the culture is incubated for 1 h under aerobic conditions, after 

which the culture is transferred to 25 mL volume glass tubes (which are nearly 

filled to the top). These tubes are subsequently incubated under anaerobic 

conditions at 300C. After incubating for 2-5 days, 1,3-piopanediol in the 

sapematant is detected by HPLC as described in GENERAL MBTHODS. 

20 HXAMPLH17 

Comtmction of Genm1 Pmpose Plasmids. Plasmids for the 
Oyerqpression of dhqBfl-3) and dhaT in Bacillus and Protinction of 

13-pmpanectiol by RecombinantB. liclienifomiis an4B. subtilis 
Construction of genml mupose egmsion Plasmids 

25 1he replicative high copy number shuttle veetor pVS02 is used to co-

expiess dhllB( 1-3) and dhaT in Bacillus. pVS02 was contmcted by cloning an 

BcoRl/BamHl fragment carrying_ an allcaline serine protease from Bacillus lentus 
:fused to the B. subtilis aprpromoter into pBS19. pBS19 is a derivative of pBS42 . 

(Band and Benner, DNA 3, 17 (1984)) in which the BcoRl/BamHI fragment has 

30 been replaced by the BcoRl/Hindlll polylinker from pUC19 (Boehringer 

Mannheim). To facilitate sequencing and PCR reactions, a 45 bp synthetic linker 

(SBQ ID N0:21) was introduced by PCR between the end of 1he protease gene 

and the transcriptional terminator. 

The replicative low copy munber shutle vector pSS15-B is used to co-
35 expiess dhaB(l-3) and dhaT in Bacillus. Plasmid pSS15-B was constmcted by 

digesting plasmid pHP13 (Haima et al., Mol Gen. Genet. 209, 335 (1987)) with 

HindID/SalI (sites present in polylinker), filling the ends with T4 DNA 

Polymerase and religating to generate pSS13. A 2 kb BcoRJJBamlD fragment 
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from pVS02 was inserted into the EcoRIJBamHI Bite of plasmid pSS13 to create 

pSS15-B. 

P!asmi* for the oyer-gpreS§ion of dh4Bll-31 and dhaf cassettes 
In order to create a BaciUu consensus ribosome binding site at the 5' end 

s of dhaT, an EcoRI/Xba llnke.r obtained by 8nnea1ing synthetlc ~ (SBQ m 
N0:22 with SEQ ID N0:23) wu inserted into the BcoRl/Xbal site of pAH23 to 

create pMl 7. A HindIII/BgllI linker, using synthetic primeIS (SBQ ID N0:24 

with SBQ ID N0:25) was added at the HindJJ/bg)Il site of plasmid pM17 to 

introduce a Sall site at the 5' end of dhaBJ to cteate pM20. The 03 kb 

10 Mlul/.Kpnl fragment from pJnnid pM20 was replaced with the 0.3 kb MluI/Kpn1 

from plasmid pAH4 to introduce a Hindill site to create pM21. 
A Sall-XbaI linker (SBQ ID N0:26 and 27) was inserted into pAHS which 

was digested with the restriction enzymes, Sall-Xbal to create pDTlS. The linker 

destroys the Xbal site and changes the reading frame so that the dhllT gene js 

15 fused to the open reading frmne of protease coding sequence of plasmids pSSl.5-B 

and pVS2. The 1 kb Sall-Miu! fragment from pDT15 was then inserted into 

pAH24, replacing the existing Sall-Mlul fragment to cieate pDTl 7. 

A SalI-Xbal linker (SEQ ID N0:28 and 29) was mserted into pAHS which 

was digested with the .teStriction enzymes Sall-Xb~ to czate pDT16. The linker 

20 destroys the XbaI site and changes the~ frame so that the dhaT gene is 

fused to the open reading frame of poly-His coding sequence of pUSHl (Schon 

and Schuman, Gene 147, 91 (1994)). The 1 kb Sall-Mlul fragment from pDT16 

was theli inserted into pAH24 replacing the existing Sall-Mlul fragment to create 

pDT18. 

25 Plasmid pDT4 (containing dhaB(l-3)) was consaucted by introducing the 

2.7 kb BcoR.I/Xbal fragment from pDT2 into pUC18 (Boehringer Mannheim) 

digested with EcoRI/XbaL 
PJapnid3 for the over~ ofdhaT and dhqB<l-J> cassettes in Bacillus 

pDT17 was digested with Sacl, ends were fillecl with T4 DNA 

30 polymerase, and the DNA was digested with Sall to release the fragment 

containing dhdr and dha/J. The fragment was then ligated to pSS15-B digested 
with Hindill (ends blunted with T4 DNA polymerase) and Sall which created 

p'MZT. 
PJumid3 for the oyer-ex;pression ofdhg BlJ .JJ in Bqrilha 1nin1 a lac-based. 

35 indncihl; system 

A 2. 7 kb BglII/HindJll fragment containing dhaB( 1-3) from plasmid 

pDT4 was cloned into the Hind1Il/Bamlil site in the polylinker of pUSHl to 
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a:eate pM26. The dha/Jl gene was fused to the open ieading frame of poly-His 

coding sequence ofpUSHl. 
Tgmsfogpation of plamnds intp Bacillus 

The plasmids pM26 and pM27 were transfonned into B. Uchenifonnis 

S BG307-by natural.transfonnadon (McCuen.and Thome, J. Bacteriol. 107, 
636-645 (1971)) and selected on 10 ug/mL kanamycin and 30 ag/mL 

cbloramphenicol, iespectively. The same plasmids were transfmmed into 

B. licheniformis strain BG188 using standard protoplast transformation tecbnicps 
(Pragai et al., Microbiology, 140~ 305 (1994)) and· selected as above;· a~ abtilis· · · · 

10 strama BG2864 was transfonned with the plasmid pM27 by natural 

transformation. Transfonnants containing plasmids were selected on LA plates 

containing 10 ug/mL cbloramphenicol. 

PlamJid pM26 was also traosfonned into B. subtilis strain 1B62 (Saito et 

al., Mot. Gen. Genet., 170, 117 (1979)) and transformants containing plasmids 

15 were selected on LA plates containing 10 ug/mL exythromycin and 20 ug/mL 

kanamycin. 

All transformants wci:e grown at 30C'C. 
Detection of gJ.yoemI debydpt• activity 

B. licheniformis strain BG188 transfmmed with pM26 (Qone #8) was 

20 grown in 25 mL of LB (Difeo) plus 1 % glucose and 10 ug/mLkanamycin at 30°C 

ovemight. The cells were harvested by cenlrifugatian and resnspended-in""l-ml:..··· ·· · 

of 0.1 M Tricine/KOH buffer, pH 8.2, 50 mM KCl, 1 mM ditbiothreitol and 

200 uM phenylmerhylsulfonyl fluoride. Cell extract was obtained by bmaking the 
cells in the Fnmch Press (~.()00 PSI) and analysis for glycerol dehydratase was 

25 perfonned as described in GENERAL MB'IHODS. A specific activity of 

0.036 U/mg was obtained. The specific activity of 1,3-propanediol dehydro­

genase, measured as described in GENERAL METHODS, was 0.2 U/mg. 

Pmdµction of 1,3-pmpanediol in recombinant Bacillus 

B. licheniformis sttain BG 1-88 transfonned with pM26 (Cone #8) 

30 {ATCC >was grown in a shake flask containing 25 mL of LB (Difeo) plus 

1 CJS> glucose and 10 ug/mL kanamycin at 30°C ovemight with vigorous shaking, 

after which 1 mL was used to innoculate 25 mL of LB plus 1 % glucose, 1 % 

glycerol, 0.33 ug/mL vitamin B 12• and 10 ug/mL .kanamycin in a 250 mL flask. 

Shake flasks were incubated at 30°C with vigorous shaking and after 9 h of 

35 gtowth 300 ug/L 1,3-propanediol was detected by GC/MS (TMS derivitization) as 

described in GENERAL MBTHODS. 

B. subtilis strain BG2864 transfonned with p'M27 (clone #1) 

(ATCC ) was grown in a shake flask contah>ing 2S mL of~ plus 190 

so 
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glucose, l % glycerol, 0.33 ug/mL vitamin B12, and 10 ug/mL chlorampheni.col in 

a 250 mL flask. Shake flasks were incubated at 30°C with vigorous shaking and 
after 43 h of growth, 1,3-propanediol was detected. 

Pmcfuction of 3-h,vdrommzpionalrlehyde by n;combimint Bacillus 
5 Bacillus femientations we.re camed out in lS..S L total volume Biolafitte 

fermemers, working volume initially 7 liters, increasing to 9.5 liters during the 

mn. Aerobic conditions were ~d by aeration with air at a rate of 

7 liters/minute, at an impeller speed of 650 rpm and a back-pressure of 0.8 bar 

(aerobic conditions are defiped by the% Dissolved Oxygen (100% DO defined at 

10 ambient pressure), measured with installed DO-probes; a minimal value of 359' 

DO was considered aerobic). The pH was maintained at 6.70 by automatic 

addition of 10% H2S04 or 28% NJ40H. Temperature was maintained at 30°C. 

The following compounds were batched into the tank and sterilized at 

121°C for 30 minutes: (gram per liter) 6 NaH2POilH20, 10 K2HP04, 1.S Naa, 

15 10 (NH4l:zS04, 0.2 Fea3, 1.5 ttyptone, 6yeast extract, 10 mL ofBalch's 

modified traee..element solution <Method8 for General and Molecglar 

Bacterioloav (P. Gerllardt et al., eds) p. 158, American Society for Microbiology, 

Waslllngton. DC (1994)) and 2 MAZU DF204 (a custom-made antifoam). After 

sterilization, 350 gram of the 50% glucose feed was added, together with 

20 kanamycin and chloramphenicol {both up to a final concentration of 10 mg/liter). 

0.6 liter of a 24 hours oldBaciUru licheniformis BG188/pM26 (clone #8) 

shakeflask, growing in LBG1% (= 10 gttyptone, S gyeast extract, 5gNaC.,10 I 
glucose), was used to inoculate the fermenter. The culture was then allowed to 

grow and exhaust the glucose; a pH rise over 6.60 uiggered the glucose feed 

25 (50% glucose, autoclaved, at ante of0.7 gram/minute). After4S hours, a 

nutrient addition was made (50 ml Batch's trace element solution, 14 gram 

K2HP04, 14 gram yeasi: extract, 14 ml vitamin solution, pH set at 6.60, filter. 
sterilized). After 70 hours, vitanrln B12 was added up to a final concentration of 

10 mg/L. The %00 was kept at aerobic levels for the first 92 hours. Glucose 

30 was present in (small) excess throughout the run (0.2-12 g/L dming the aerobic 

part (first 92 hours); 0.2-36 g/L during the Orlimited patt (from 92-164 hours)). 

Jn a sample taken at 87 hours, the presence of 3-hydroxypropionaldehyde was 
suspected and confirmed by detection of 1,3-propanediol after treating the 

supemate sample with the :reducing agent sodimnborohydride. 
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PJepnid• for the oyerapression of dhllT and dhgBCl-3) cusenes in Bacillus 

S A SalJJHjndlIJ fragment from plasmid pM21, containing dhtJB( 1-3) and 

dhaT, is ligated with the 5 kb Sal/HindIII pVS02 vector to create pM22. pM22 
has dW ,· ~!d dhaT under the apr~ter i!i. a high copy number vector. 

AS< .. :: :Hindlll fragment from plasmid pM21, is ligated with the S.8 kb . 

Sal/Hindlll fragment from pSSlS-B to create pM23. pM23 has dhaB and dhaT 

10 under the aprpromoter in alow copy number vector. 

Plamrid• for the over-emeui<m of dheff and 4h4Bll-3 > qwiettg in Bacillus 

pDT17 is digested with Sacl, ends are filled with T4 DNA polymerase, 

·and the DNA is digested with Sall to release the fragment containing dhllT and . 

dhaB. The fragment is then ligated to pVS02 digested with HindlII (ends blunted 

15 with T4 DNA polymerase) and Sall which created pM2S. 

PJ•mWI! for the oyer-apression of a dhaT wd dha Ba-3 > cusene in Bacillus 

umg alac-byed inducible mtf;m. 

pDT18 was digested with Sacl, ends were filled with T4 DNA 
polymense, and DNA is digested with Sall to release the fragment containing 

20 dhaT and dhaB, both genes containing a Bacillus consensus n"bosome binding 

site. The fragment is then ligated .to pUSHl (Schon and Schuman, supra) 

digested with Hind.III (ends blunted with T4 DNA polymerase) and Sall to create 

pM24. 

BXAMJ>LB19 

25 Conyegion of D-glncpg tp 1.3=pmpanediol 

by Recombinant Bacillus 

Growth conditions for BacUlus 
Growth for demonstration of 1,3-pmpaned.iol production by Bacillus 

lichen'ijormis and Bacillus aubtilis proceeds aerobically at 30°C or 3S°C (as 

30 indicated) in shake-flask cultmes (erlenmeyer flasks) and in 15.S L (total volume) 
Biolafitte fermenters (working volume 7-10 L). 

Cultures in LBG (which contains per L: 16 g tryptone, 10 g glticose, 10 g 
yeast exttact, and 5 g NaCl) shake-flasks are started by inocolation from one-day 

old TSA-plates (Trypticase Soy Agar, BBL#l1043). These shake-flasks ·are then 

35 used to .inoculate either feimentem or shake-flasks in which the demonstration 

proper of D-glucose to 1,3-propanediol conftl'Sion is demonstrated. 
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Batch cnltmeS in sh•kc;-flHQ 

Rich media are either TSB (ttypticase soy broth; BBL #11768), LBG, 

medium B (TSB supplemented with per L: 10.0 g glucose, 2 mL Modified 

Batch's Trace-Element Solution in which NTA is replaced by citric acid, 2.0 g 

5 Na2~, 4.0 g K2HP04, 1 mgvitaminB12t final pH= 7.2), or mediumC 

(mediumB,atpH6.4). ThecompositionofModifiedBalch'sTrace-Element 

Solution can be found in Methgds for General and Molecular Baqeriotou 

(P. Gerhardt et al., eds., p. 158, American Society for Microbiology, WashinP,Jn, 

DC (1994)). Minimal media are either: MM322 (which contains per liter: 12.0 g 

10 glucose, 11.3 g K2HP04, 1.0 g ~S04, 0.2 g Difeo yeaat: ~ 0.1 g NaQ, 

'.Z mg vitamin B12 and 10 mL Modifie~ Batch's Trace-Blement Solution modified 

as above, final pH 6.7 (HO)); medium D (mmium MM322 supplemented with 

2 g/LNa2C03, 6nalpH7.2); ormediumB (mediumD, final pH 6.4). MediaB 

and C and the minimal media are filter-sterilized, the other media.are autoclaved. 

15 The shake-flasks are incubated at 30°C with vigorous shaking for one day, 

after which they are sampled for HPLc analysis of the supematant. Glucose is 

added, the culture is incubated for 1 hr under aerobic conditions, after which the 

cultme is tnmsfeaed to 25 mL volume glass tubes (which are neady fined to the 

top). These tubes are subsequently incub~ under anaerobic conditions at 300C. 

20 After incubation for 1-S days, 1,3-propanediol in the supernatant is detected by 

HPLC as descn'bed in GENERALMBTHODS. 

Batch and f'edbatch cn1tmes infennentm 
A 600-mL total volume culture from a shake-flask (LBG medium) is used 

to inoculate a fermenter with 6A L of medium, batched in and autoclaved for 

2S 30 minutes (mio;mat media) or 45 min (rich media) Typical minimal media in 
the fennenter iS medium D, typical 'rich' media is media D with an additional 

SO g yeast extract/L. Filter-sterilized additions (vitamin B 12 or compensations for 

auxotrophy) are peifonned after the fermenter has been autoclaved, using a 

syrinpe and a septmn-port in the fennenter lid. 
30 Back pressure (BP, 0.1-0.S bar), aeration (L of air per min, 0.4-1 vvm), 

stirring (lplll, 200-600), temperature (T, 30-37°.C), Dissolved Oxygen (%00), 

and pH (5.8-7.2, by NH40H and HiS04 or H3P04 addition) are monitored and 

cOntrolled at the desired values, as indicated. 

After inoculation, the cells are grown in batch mode for the fimt 14 h, 

35 after which a glucose feed is started. For anaerobic growth/production, the %00 

is allowed to go to 0% by either l'Cduction of rpm and BP, additionally by 

replacing the air going in by N2t as indicated. 
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Fennenters and shake-flasks are sampled for ODsso readings (growth) and 

an enzymatic glucose assay on the supemate; supemate is also prepared for HPLC 

analysis via our standard procedure, as outlined in GENERAL MBTHODS. 1,3-

Propanediol is present in the supematant. 

s BXAMPLB 20 . 

Iransfmmatinn of Paeu4ornonas with dh4B<l.2J1 and. dhaT and 

demonstration of 1.3-pmpanediol Production 

Cgnstmction of plilf!!Pjds for CO:G12ression of dha8£1.2,3) and dMI' in 

PaeudomtmflS 

10 The 4.1 kb expression cassette for dhaB( 1,2,3) and dhaT from pAH27 was 

inserted into the vectors pMMB66EH (Fiiste et at, Gene, 48, 119 (1986)) 8nd 

pMMB~7 (Morales et at, Gene, 97, 39 (1991)) using the restriction enzymes 

EcoRI and Sall to createpDTlO and pDT9, respectively. 

Tnm§formation of P. aeraginosa PAQ 2845 with the pDT9 RJDSsion J!lasmid 

15 P. aeruginosa PAO 2845 cells were prepared for transformation _by 

ovemight growth at 37°C with shaking at 200 qm in L-broth. A 1 :25 inoculation 

of the cultme was made into 25 mL of fresh pewanned and preaerated L-broth. 

The fresh culture was incubated 2-3 h to early log phase at 37°C and 200 rpm. 

The cells, collected by centrifugation, were washed twice in 10 mL of ice cold 

20 0.15 M Mg0.2 containing 5'11 dimethylsulfoxide and resuspended in 2 mL of the 

dimethylsulfoxide ·solution. The cell suspension (0.2 mL) was combined with 

100-200 ng pDT9 DNA and placed on ice for 60 min. The reaction mixtl1M was 

heat shocked at 37°C fol' 2 min and transferred to ice for S min. L-broth (0.5 mL) 

was added and the cells weie incubated for 20 min at 37°C. Single colonies were 

25 obtained from nurrient agar plates supplemented with 37.5 ug/mL 

chloramphenicol. 

Cmgjugat tgn§ftrr of pDTlO into P. aerurinosa PAOl 

The plasmid, pDTlO was mated mto PAO! by the method of Figurski and 

He1inski (Proc. Natl. Acad. Sci. U. S. A., 76, 1648 (1979)). pDTlO was 

30 ttaDBformed into E. coli AC80 (Chakrarty et. al., Proc. Natl. Acad. Sci. U. S. A., 

75. 3109 (1978)) to create a donor strain. The helper strain was E.coli HB101 

containing pRK2013 (Figurski and Belinski, supra); The recipient sttain was 

Pnudomonasaeruginosa PAOl (Royle et al.,J.Bacteriol., 14S, 145 (1981)). 

Cultures (5 mL) of each of the strains were grown ovemight in LB at 37°C. The 

35 cells were washed in 0.9% NaCL and resuspended in 200 µL. The cells were 

mixed together and spread on a LA plate (Luria Agar, Difeo). The plate was 

incubated at 37°C for 6 h. The cells were removed from the plate and transferred 
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to PIA (Difeo) plates containing 250 pg/mL carbencillin and grown overnight. 

Single colonies were isolated on the same media. 

Detection of dycerol dehydratag and 1.3-mopanediol clehydrom;naR activity 

Pseudomonas aruginosa PAOl/pDTlO was grown in 25 mL 2XYT (16 g/L yeast 

5 extract, 16 g/L tryptone, 5 g/L NaCl) plus 250 pg/mL carbenicillin, 0.1 mM IPfG 

overnight at 37°C. The cells were harvested by centrifugation and resuspended in 
1 mL of 100 mM Tris buffer pH 7.4. The cells were broken by French Press at 

15,000 psi. The crude exuact was then assayed for glycerol dehydratase and . 
1,3-propanediol dehydrogenase activity using standard assays. Protein 

10 cfeter1nirlation was by Bio-Rad (Bradford) Protein Assay. Specific activity for 

glycerol dehydratase was 5 U/mg. Specific activity for 1,3-propanediol 

dehydrogenase was 20 U/mg. Similarly prepared, crude extract from 

P. aeruginosa PAO 2845 transfonned with pDT9 contained 0.05 U/mg glycerol 

dehydratase activity. 

lS Procluction of 1.3-prgpanediol by Psew!nmorras aerufinosa containing the ;pDT9 
plpnid 

Pseudomonas aeruginosa PAO 2845 containing the pDT9 plasmid 

(ATCC 55760) was grown overnight at 37°C aild 200 rpm sbatmg in 2XYT 
medium supplemented with 25 p.g/mL chloramphenicol. Following overnight 

20 growth, an aliquot of the cell suspension was transfer.red to growth medium 
(3 pans 2XYT medium+ 1 part HBPBSO.l medium, supplemented with 0.25% 

(w/v) glucose, 0.290 (w/v) KN03, 2S µg/mL chlorampbenicot, SO mg/L yeast 

extract, and 80 mg/L nutrient broth) resulting in a cell suspension with an 

OD66()Dlll of O.S-0.8 AU. HEPBS0.1 medimn~ the following oomponents: 

25 ~a. 9.52 mM; MgCl2-6H20. 0.523 mM; K~04, 0.276 mM; HBPBS (N-[2-

l:zy'droxyethyl]piperazine-N-l.'2-ethanesulfonic acid]), 40 mM; tricine (N-tris 

(hydroxymetbyl) methyl glycine), 4 mM; FeS04·7H20, 0.010 mM; K2HP04, 

0.132mM; and, ttace minerals to give final concentrations ~the following 

componems in g/L: sodium ci1l'ate·6H20, 0.001; FeS04·~0, 0.0005; 
30 Co0.2·6H20, 0.0001; Mn02·4H20, 0.00001; Zn02, 0.000005; Nfl2Mo04•2Hi(>, 

0.000025; Ni02·6H20, 0.0001; CuS02·2H20, 0.00005. After approXimately 1 h 

of growth at 30°C with shaking at 250 rpm, 0.5 mM IPrG (isopropyl-~D­
thiogalactoside) was added to the growth medium and cell growth was continued. 

After approximately 5 h of additional growth, cells were harvested by 

35 centrifu.gation at room temperature. Cells were washed 3x with production 

medium: HBPES0.1 medium supplemented with 0.25% (w/v) glucose, 0.2% (w/v) 

KN03t 25 pg/mL chloramphenicol, 50 mg/L yeast extract, and 80 mg/L nuttient 
broth. Jn duplicate, the washed cells were suspended at the original harvested 
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volume in production medium containing 0.2% (v/v) glycerol. Cell suspensions 

were incubated under a nitrogen atmosphere at 30°C with shaking at 2SO IpJn. 

After approximately 1 ~' 5 pg/mL coenzyme B12 (5,6-dimethyl­

bmzimidazolylcobamide 5-deoxyadenosine) was added to the cell suspension and 

S the incubation continued at 300C with shaking at 2SO ipm. Samples of the cell 

suspension were co~cted periodically for prodnct analysis. Upon collection, cells 

were removed·from the samples by· centrifugation and the aqueous sopematant 

stored frO'zen, -20°C, until analyzed. 

Analysis by HPLC with calibrations based on authentic standards showed 

10 that these cell suspensions produced 1,3-propanediol. The results me shown m 
Table 15. The identity of the product was confinned by GC/MS analysis as 

deacn'bed in the GENERAL METHODS. 

15 

Table 15 

Production of 1,3-propanediol by Pseudomonas 
aeruzinoaa containing the p0r9 p1asnna 

Smpple Time (hr) 1,3~Propanediol (mM) 

A 0 0 

A 24 5.1 

B 0 0 

B 24 5.6. 

BXAMPLE~l 

Production of 1.3-pmpanediol from. D-glucose using Pseudomonqs aeruiinosa 

General growth conditions 
Pseudomonas aeruginosa strain PA02845 from PGSC (Pseudomonas 

Genetic Stock Center, East Carolina School of Medicine, Greenville, NC) is 

20 irown in basal medium, HBPP30.l, which the following components: N'ff.40, 
9.52 mM; MgC12·6H20. 0.523 mM; Ki804, 0.276 mM; HEPES (N-(2-

hydroxyethyl]piperazine-N-[2-ethanesulfonic acid]), 40 mM; Tricine (N-tris 

(hydroxymethyl) methyl glycine), 4 mM; FeS04·7HzO, 0.010 mM; ~04, 

0.132 mM; and trace minerals to give fmal concenuations of the following 

25 components in g/L: sodium citrate·6H20, 0.001; FeS04·7f40, 0.00~; 

CoC12·6B20, 0.0001; Mn02·4H:zO, 0.00001; ZnCl2. 0.000005; Na2Mo04·2H20, 

0.00002S; NiC2·6H20, 0.0001; CuS02·2HzO, 0.00005. HBPBS0.1 is used in all 

·experiments; supplementations are noted where they occur. 
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Constmction of a glycerol negatiye mutant off. aerurinosa PAO 2845 by me 
intaxgptjon 

P. aeraginosa PAO 2845 is grown overnight in Nutrient Broth (Difeo, 

Detroit, Ml) at 37°C and 200 rpm shaking. Cells are recovered by centrifugation 

S and DNA extracted from cells using a standard aJkaHne lysis pmcedme 

(Sambrook 1989). The open reading frame for glpR (glycerol catabolism 

:tegulatoryprotein gene, Genbank ACCESSION# M60805) is-amplified from P. 

aeruginosa PAO 2845.by PCR using primers D-gplR-5' and JJ-glpR-3' (SBQ ID 

NOS:30 and 31, respectively), incorporating EcoRl sites at the S' ends. This 

10 DNA fragment is then ligated into plasmid pAR0180 (Parlee, Gene 93, 135, 

(1990)) at its unique EcoRl restriction site resulting in plasmid p1J10. E. coli 

transformed with DNA from the pJJlO ligation mix are spread on Nutrient Agar 

(Difeo, Detroit, MI) containing 50 pg/mL ampicillin and 0.08 mg/mL Xgal (5-

bromo-4-chloro-3-indolyl-P-D-galactoside). White colonies, indicating a high 

15 probability of glpR insertion, are picked and transferred to LB medimn 

supplemented with 50 µg/mL ampicillin. From cells harvested after overnight 

growth at 37°C and 200 rpm shaking, pJJlO DNA is recovered. 

The kanamycin cassette region from pUC4K (Pharmacia Cat. No. 

27-4958-01) is amplified by PCR using primers (SEQ ID N0:32 AND 33) 

20 appropriately designed to amplify the region and modify the tennini of the · 

fragment to be compatible with restriction enzyme Styl (Promega, Madison, WI) 

resulting in the 4 kb fragment pUC4K-styl. The pUC4K-styl DNA fragment is 

subcloned into the Styl site within the glpR gene of plasmid pJ110, generating 

plasmid pl11 l. E. coli transformed with DNA from the pJJl 1 ligation mixture are 

25 spread on LB agar supplemented with 25 pg/mL kanamycin and 50 pg/mL 

ampicillin. DNA from 5-20 isolated colonies is individually collected following 

ovemif?'ht growth at 37°C in LB medium supplemented with 2S pg/mL kanamycm 

md SO µg/mL ampicillin. The presence of the desired plasmid DNA is confinncd 

by gel electrophoresis. 

30 P. aeruginosa PAO 2845 is transfonned with pJJl l DNA following 

standard protocols. Briefly, P. aeruginosa cells are prepared for tramfonnation 

by overnight growth at 37°C with shaking at 200 rpm in L-broth. A 1 :2S 

inoculation of this overnight culture is made into 25 mL of flesh piewanned and 

preaerated L-broth. The fresh culture is incubated for 2-3 h (to early log phase) at 

35 37°C and 200 ipm. Cells are centrifuged and supematant decanted. Collected 

cells me teSUSpCDded in 10 mL of ice cold sterile 0.15 M Mg02 containing 59& 

dimethylsulfoxide and held on ice for 5-10 min. Cells are centrifuged, separated 

from the supernatant md resuspended in 10 mL of ice cold sterile 0.15 M Mg02 
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comaining 5% ctimethylsulfoxide and held on ice for S-10 min. After a final 

cemrifogation and separation from the ~the cells are resuspended in 

2 mL of ice cold sterile O.lS M MgC12 containing 5% dimethylmlfmdde. A 
0.2 mL aliquot of the cold cell concentrate is combined with 100-200ngpDl1 

5 DNA in a piechillpd 1.5 mL polypropylene centrifuge tube and the mixnm= is 
held on ice for 60 min. The tube is then rapiclly transfmed to a 37°C water bath . 

for 2.min and immediately returned to ice for S min. Apprmdmately O.S mL of 

L-bmth ·is added and the cells me incubated for 0.3-1 hour with gentle shaking at. 

3T'C. Following the recovery incubation, 10 pL and SO pL aliquots of the cell 

10 saspension are spread on nutrient agar plates supplemented with SO pgfml. 

km11mycin. Colonies developing on the selective medium are screened for 

growth on agarplates with HBPBSQ.1 medium supplemented with 190 succ.inic. 

acid or 1 % glycerol. Clones unable to grow on glycerol, but capable of growth on 

succinate, are preserved for later use by freezing in 1590 glycerol. 

15 Trauformation of gplR..:P. aeruginosq PAO 2845 with pDT9 
P. aeruginosa is prepared for transfoxmation by the method described 

above. A 0.2 mL aliquot of the cold cell concentrate is combined with 

100-200 ng pDT9 DNA in a precbilled 1.5 mL polypropylene centrifuge tube and 
the mixture held on ice for 60 min. The tube is then rapidly ttansfeaed to a 37°C 

20 water bath for 2 min and immediately returned to ice for S min. Approltimately 

O.S mL.of L-broth and cells are incubated 0.3-1 h with gentle shaking at 37°C. 

Following the reeovery incubation, 10 pL and SO pL aliquots of the cell 

suspension are spread on nutrient agar·plates supplemented with 37.5 pg/mL 

cbl~. 

25 Screening of alJ>R.: P. geru1ill08ll PAO 2845 Uansfnnwmt§ for the pmmce 

l1m2 
The transfonnants from above are plated on nutrient agar plates 

supplemented with 37.5 pg/mL cbloramphenicol grown ovemight at 37°C. From 

the coionies appearing on these selective plates, approximately twenty ~picked 

30 and transfe.tred to I 0 mL Nutrient Broth (Difeo, Detroit, MI) containing 

37.S }lg/mL chloramphcnicol and grown overnight at 37°C and 200 rpm shaking. 

To confinn the presence of the pDT9 plasmid in the selected transfonnants. 

plasmid DNA is extracted, purified and cut with BcoRl (Promega, Madison, WI). 

The molecular weight of the linearized DNA is analymd by gel electrophoresis. 

35 In addition, PCR amplification using primer pairs with sequences common to 

dhaT, dhaBJ, dhaB2, and dhaBJ (SBQ ID N0:34 AND 35, 36 AND 37, 8 AND 

9, 4 AND 5, respectively) followed by fragment molecular weight 
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charactm:ization using gel electrophoresis is used to confinn the piesence of the 

desired genes. 

Meta,bolic sqeening of glpR: P. aer«sinosa PAO 2845 transfonnec1 with pDT9 

One to twenty clones are selected from the positive transformants above 

5 for further characierization. Cells are grown aerobically on Nutrient Broth 

supplemented with 37.S Jlg/L cbloramphenicQl ovemight at 300C with shaking at 

250 rpm. CeDs are transfeD'ed at a 1:8 dilution into the same medium with 

1.S mM IPTG (isopropyl-P-D-thiogalactoside) and grown for 4-6 h. Cells are 

then harvested by centrifugation and washed once with HBPBSO.l medimn 

10 supplemented with 10 g/L glycerol, 0.03 g/L beef extract, 0.05 g{L peptone, 

O.OS g/L yeast extract (all Difeo, Detroit, Ml) and 0.2% KN~. The cells are then 

iesuspended at l/S the origjnal volume, with no air space, in a small vial and 

iilcubated at 300C with shaking at 100 lpD1for18-72 h. Cells are removed by 

centrifugation and the supematants analyzed for the presence of 1,3-propanediol 

15 by HPLC. Jn addition, the chemical identity of 1,3-propanediol is confirmed by 

gas chromatography-mass spectromctiy. 

Pm<lnction of 1.3-pmpanesiiol from ducose by glpR:P. aerupnosq PAO 2845 

ttmsfouned with pDT9 CATCC 55760l 

Fmm the screening procedure above, one to five clones which produce the 

20 greateSt amount of 1,3-propanediol from glycerol are grown aerobically on 

nutrient broth supplemented with 37.5 pg/I.. cbloramphenicol ovemight at 300C 

with shaking at 250 rpm. Cells are ttansfened at a 1:8 dilution into the same 

medium with 1.5 mM IPTG, allowed to grow for 4-6 h, harvested by 

centrifugation and washed once with HBPBS0.1 medium supplemented with 

25 10 g/L glucose, 0.03 g/L beef extract, 0.05 g/L peptone, 0.05 g/L yeast extract 

and 0.2% KN~. The cells arc then msuspended at 1/5 the original volume, with 

no air space, in a small vial. Cells are incubated at 30°C with shaking at 100 rpm 

for approximately 36 h. Cells are removed by centrifugation and the supematants 

analyzed for the presence of 1,3-propanediol by HPLC. Jn addition, the chemical 

30 identity of 1,3-propanediol is confinned by gas chromatography-mass 

spectrometry. 
EXAMPLE22 

Construction of expression caRttf!S for expression of dhaBl I dhaB2. dbaB3 md 

dMr in A@ereillus niger 

· 35 General elQBSsion cassette <»ASX>: 
The 1.4 kb Spel-EcoRV fragment from the plasmid pGPTpyrG (Beika 

et al., "1he development of gene expression systems for :filamentous fungi", 

Biotechnol. Adv., 7:127-154 (1989)), containing _sufficient portions for proper 
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regulation of the Aspergillus niger gla A promoter and terminator, was ligated 

into the Spel and EcoRV sites m the polylinker of pLITMUS39 (New England 

BiQlabs, Beverly, MA). 

TndMduaf clone ~ssion cassettes for A. niser: 

5 The open reading frames (ORF's) for individual Klebsiel/a pneumoniae 

dhaB snbonits and dhaT were cloned and ligated into .the general expxession 

vector (pABX) separately, using the same cloning strategy: 

Primer pairs for PCR amplification of each individual dhaB ORF and the 

dhtif ORF were designed to match the 5' and 3' ends sequence for each ORF 

10 basedonknownsequence of the entire gene operon (dhaBl, dhaB2,dhaB3, . 

dhaBX and dhaT: SBQ ID N0:38 and 12, 39 and 40, 41 and 42, 45 and 46, 43 

and 44, respectively). In addition to the matching sequence, the primers for the S' 

end of each ORF were designed to include an EcoRl _restriction site followed by a 

Bgl Il :testriction site at the 5' most end of the sequence as well as the five base 

15 sequence CAGCA upstream of the first ATG of each ORF. Primers designed to 

match the 3' ends of each ORF placed an Xbal :testriction site downstream of the 

tnms1ation stop codon; at the 3' most end of the clone. 

Individual clone fragments for the dhaB and dJuif ORF's were amplified 

.by PCR from the plasmid pHK26-28, containing the entire K. pneumoniae dha 

20 operon, using the primers described above. The individual ORF clone fragments 

were isolated based on their :tespective molecular weights (dhaBl = 1540 bp; 

dlraB2 = 607 bp; dhaB3 = 448 bp; dhaBX = 1846 bp; dJuif = 1187 bp). Using 

the unique BcoRl and Xbal restriction sites designed in the PCR. primem, each 

individual dhaB and dhaT ORF fragment was ligated into the EcoRl and Xbal 

25 :teStriction sites m the polylink.er of pLITMUS29 (New England Biolabs). The 

dhaB2 and dhaB3 clones in pLIT.MUS29 were confirmed to be correct by 

sequencing. A unique 1363 bp Ncol-BcoRV restriction fragment from the coding 

region of dhaBl clone in pUTMUS29 was mmoved and replaced with the . 

corresponding restriction fra&ment from pHK26-28. A unique 783 bp Tthl 11 

30 I-Mlu I restriction fragment from the coding region of dhaT clone in pL1TMUS29 

was replaced with the corresponding restriction fragment from pHK26-28. A 

unique 1626 bp EcoRV restriction fragment from the coding region of dhaBX 

clone in pLITMUS29 was :replaced with the coresponding restriction fJ:asment 

from p"N!.7 (containing the K. pneumoniae dhaB operon). The 5' and 3' end 

35 sequences of the dhaBl, dhaBX and dluif clones, appmximately 250 bp which 

includes some sequence from the substituted fragment, was confirmed to be 

cwmct by sequencing. 
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The unique Bgl Il-Xbal restriction fragments containing the ORP's of 

dhaBl, dhaB2, dhaB3, dhaBX and dhdf clones in p1JTMUS29 were ligated into 

the Bgl Il-Xbal restriction sites in the general expression vector pABX separately, 

placing expression of each clone under the control of the A. niger glaA promoter 

. 5 and tenninator. Bach resulting vector was named by the respective ORF, ie.: 

pABX:dhctB 1, pABX:dhaB2, pABX:dhaB3, pAEX:dhaBX and pAJIX.:dltdf. 
pgaJ ~ion cassette vectoq for A. nirer: 

The unique SnaB 1-stul restriction fragment containing the dhaBl 

expression cassette (consisting of the A. niger g/aA promoter, the dhaBl ORF, 

10 and terminator) was isolated from the vector pAEX:dhaBl and ligated into the 

unique SnaBl restriction site in the pABX:dhaB2 vector. The approx. 2.2kb 

Scal-Smal restriction fragment from pBH2 (Ward et. al., Exp. Myc., 13, 289 

(1989)) containing the.Aspergillus nidulans pyrG auxotrophy selectable matker, 

was ligated into the unique Stul restriction site in the vector containing the dhaBI 

15 and dhaB2 expression cassettes. This vector was named pABX:Bl+B2. 

The unique Spel-Hind m restriction fragments contahling the entire 

expression cassettes for dhaB3 and d1uif were isolated from the l'CSpeCtive 

pAEX:dhaB3 and pABX:dhdf vectors. The two exp.ression cassette fragments 

were simultaneously ligated, in tandem, in the unique Hind m restriction site in 

20 thevectorpUC18. TbisvectorwasnamedpABX:B3+T. 

Ttansformatlon. isolation gf tamsfonnants· confinnation of integration of 

qpession·cassettes and qpreuion of dhaB and dhaT genes in Npergillus 
· AspergiUis niger strain PS1 (p.)'TG) was co-transfonned with the two 

expression vectors pABX:Bl+B2 and pABX:B3+T using the method of 

25 (Campbell et al., "Improved transfonnation efficiency of A. niger using 

homologous niaD gene for nitrate reductase", Curr. Genet., 16:53-56 (1989)). 

"Ii'ansfom>mtts were selected for by their ability to grow on selective media 

without uridine. Genomic DNA of uansformants was digested with Hind m and 

Spel to liberate fragments of pmdicted molecular weights, demonstrating 

30 integration of intact expression cassettes. Detection of each expression cassette 

was done by Southem analysis, probing with individual genes separately. The 

presence of the dhaB2 protein was detected by westcm analysis using anti-dhaB 

antibody. 

Expression of each ORF was tested by growing tmnsformants, that have 
35 the pABX:Bl+B2 and pABX:B3+T vectors integrated, in 109& CSL media (com 

steep liquor (SO% solids), 109b (w/v); NaH2P04'H2'), 1.0 g/L; MgS04, O.SO g{L; 

maltose, 100.0 g/L; glucose, 10.0 g/L; and Mazu Antifoam, 0.003% (v/v)) as a 

seed culture then transferring 1/10 volume of the seed culture to MBM carbon 

61 



PC1'/US96/06705 

media (NaH2P04, 0.70 g/L; K2HP04, 0.70 g/L; KH2P04, 0.70 g/L; 

MgS047HzO, 1.40 g/L; (Nl4)2S04, 10.5 i/L; CaCi2H20, 0.70 g/L; NH.iN03, 
3.SO g/L; sodium citrate, 14 g/L; Fe02'4H20, 1.0 mg/L; 2'.n02. 5.87 mg/L; 

CuOi2H20, 0.42 mg/I.; Mn0i4H20, 0.21 mg/L; Na2B40flOH20, 0.07 mg/L; 

5 folic acid, 0.174 mg/L; pyridoxine"HO, 6.12 mg/L; nDoflavin, 1.83 mg/L; 

pantothenic acid; 23.60 mgJL; nicotinic acid, 26.66 illg/L; biotin, 0.49 mg/L; 

thiamineHO, 1.39 mg/L; maltose, 120.0 g/L; carbenicillin, 0.035 mg/L; 

stmptom.ycin; 0.035 mg/L; tween 80, 0.07% {w/v); and Mazu antifoam, 0.149' . 

(v/v)) for induction of the glaA promoter. mRNA was isolated from transfcmnant 

10 caltmes (Fast Track 2 Kit, lnvitrogen Corp.) and Northem analysis pedmmed 

with chemiluminescence (Genius9 System, Boehringer-Mannheim) to detect 

tnmscribedmessage .from each gene. Co-ordinate ttanscription of the dhaBl, 

dhaB2, dhaB3 and dhaT genes in shakef1ask cultures was demonstrated by 

Northern hybridizaton, probing with gene fragments of each dhaB and dlulf 

15 ORF. 
Isolated colonies shown to transcribe all of the transfonned genes weie 

chosen to be further transformed with pABX:dhaBX. These iso1ates were co­
transformed with pAEX:dhaBX and pAAlO (3.2 kb. Accl-Asp718 ~ 

fi:agment containing the Aspergillus nidulans amdS selectable marker in pUC18). 

20 These newly transfmmed cultures were selected for on media containing 

acetamide as the sole carbon somce. Transfonnant colonies able to utilize 

aceramide as a sole carbon source were demonstrated to have the dhaBX ORF 
integrated by PCR mnplification of the dhaBX ORF from genomic DNA usmg . 
primem KpdhaBX-S' and KpdhaBX-3' (SBQ ID N0:4S and 46). 

25 Pmcluction of g].yceml by A. Ntrer. main FSI 

Aspergillus niger strain FSl was grown in 10% CSL media as a seed 
cu1tme and trans:fened as a 1:10 dilution to MBM carbon media+ 12% maltose. 

Culture supematent was demonstrated to contain 6 gfL glycerol produced by 

A8pergilhl3. Analysis of glycerol was done by HPLC. 

30 Production of 1.3-pmpanediol by recombinant A. nirer 
Aspergillus fennentations weie carried out in 15.5 L total volume 

Biolafitte fermenters, woDdng volmne initially 8 L, increasing to 11 L during the 

ran. Aerobic conditions were insured by aeration with air at a rate of 10 L/min., 
at an impeller speed of 700-800 rpm and a back-pressure of 1.1 bar (aerobic 

35 conditions are defined by the '10 Dissolved Oxygen (100% DO defined at ambient 

pmrsure), measured with installed DO-probes; a minimal value of ·3s% DO was 

considered aerobic). The pH was maintained at 5.60 by automatic addition of 

109' Hy>c)4 or 28% NJ40H. Temperature was maintained at 32°C. 
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'Ihe following compounds were batched into the tank: and sterilized at 

121°C for 30 inin.: 2 g/L NaH2P04H20. 17 g/L (Nl4)~04, 1 g/L MgS04, 
2 g/L Tween 80, 45 g/L Promosoy-100 {a soy concentrate of 70% protein), 6 g/L 

com steep liquor (50% solids), 10 g/L maltose, and 2 gfL MAZU DF204 (a 
5 custom-made antifoam). After sterilization, SOO gram of the 50% Ma1trin 150 

feed was added, together with caJbenicDlin and·streptomycln ·(both up to a final 

concentration of 10 mg/L). 

One liter of a 45 h oldAspergillua nigersuain (strain TGR40) transf~ 

with the two expression vectors pABX:Bl+B2 and pABX:B3+T, growing in a 

10 ghakeflask containing 10% CSL was used to inoculate the feimenter. The cultme 

was then allowed to grow batchwise, fully aerobic, for 28 h before a feed (a SM> 
Maltrin 150 solution, heat sterilized) was started at a rate of 0.8-1.0 g/min. 1hc 

culture was then nm for another 20 h, dUrlng which the %DO dropped to virtually 
zero because of the 0 2-demand of the cells (the culture remained at zero to 59& 

15 throughout the rest of the nm). After that (48 h after inoculation), glycerol was 

fed in over a period of 8 h, up to a final glycerol concentration of 163 g/L. 1hc 
maltrin feed was stopped 97 h after inoculation, backpressure and aeration 
lowered to respectively 0.2 bar and 4 l/min. (0.5 vvm), and co-enzyme B12 

added to a final concentration of 10 mg/L. When the culture was 122 h old, broth 

20 was harvested, centrifuged, and 0.2 L of ethanol added to 1 L of supernatant. 

One L of cell-free fe.unentation broth was vacumn..distilled, yielding about 

60 mL of a dark slurry. The slurry was centrifuged, &Q.d about 40 mL of liquid 

supematant were collected. This liquid was then treated with 40 mL of ethanol in 
order to precipitate out residual solids, which weie removed by centrifugation. A 

25 small sample of the decanted liquid was analyzed by HPLC and found to contain 

1,3-propanediol: the identity of the propanediol was confinned by GC/MS. 
Applicants have deposited a recombinant Aspergillus niger strain 

TGR40-13, comprising a DNA fragment encoding dhaB(l-3), dhaBx and dbaT 

(ATCC ). 

30 EXAMPLE 23 

Pm<iuction of 1.3-prQRPXliol from maltose using recombinant A. niur 
4Jpergillus fennentations ~carried out in 15.5 L total volume Bio~ 

fermcnters, working volume initially 8 L, increasing to 11 L during the run. 

Aerobic conditions are insured by aeration with air at a rate of 10 L/min, at an 

35 impeller speed of 700-800 rpm and a back-pressure of 1.1 bar (aerobic conditions 

are defined by the % Dissolved Oxygen (100% DO defined at ambientpressme), 

measured with installed DO-probes; a minimal value of 35% DO was conshfeied 
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aerobic). The pH is maintained at S.60 by automatic addition of 10% H~4 or 

289& ~OH. Temperature is maintained at 32°C. 

Th.e following compounds are batched into the tank and sterilized at 

121°Cfor30 mm: 2 g/L NaH2"Q4'H20, 17 g/L (Nl4)2SO~ 1 g/L MgS04, 2 sJL 
5 Tween 80, 45 g/L Promosoy-100 (a soy concentrate of 70% protein), 6 g/L com 

steep liquor (SO% solids), 10 g/L malto~ and 2 g/L MAZU"DF204 (a custom­

made antifoam). After sterilization, 500 gram of the 50% Maltrln 150 feed is 

added, together with carbenicDlin and stteptomycin (both up to a final 

concentration of 10 mg/L). 

10 One L of a 40-48 h old Aspergillw niger strain transformed with dhaBl, 

dhaB2, dhaB3, dhaB4 and dluif genes, growing in a shakeflask comamng 10% 

CSL (defined m Example 22), is used to inoculate the fennemer. The caltme is 
then allowed to grow for 30-35 h before the feed (a 50% Malttin 150 solution, 

heat sterilized) is started, at a rate of 1 g/min. The cu1tme is then nm for another 

15 5 h under 0 2 limited conditions (%DO zero, under full aeration). After that, the 

Maltrin feed is stopped and when the measured glucose in the 81lpcmataDt is 

virtually zero, the rpm is loweJ.'ed to 150, the BP to 0.2, and aeration is stopped. 

The fennenter is flushed with an anaerobic gas-mixture (5% H2t 5% co2t 90% 

Nl) at a rate of 7 L/min for 30 min. Gas inlet and outlet is then closed, BP is 

20 mamtained at 0.4 bar, and co-enzyme B12 is added to a final concentration of 

5 mg/L. Throughout, broth samples are centrlfuged and the supematants are 

prepared for HPLC and GC analysis. 1,3-propanediol is ·detected in the 

sapematant. 

BXAMPLB24 

2S Pmtiuction of 1.3-pro.panediol from snbstrites other than glycerol 

by I.actqbacillua reuteri CATCC 23iz21 

Lactobacillus reuteri (ATCC 23272).was maintained on MRS (Difeo, 

Detroit, Ml) plates. Colonies from a plale were used to inoculate 70 mL 

Lactobacillus MRS broth (Difeo #0881-17) supplemented with 25 mM Naff~ 

30 in a 2SO mL Erlenmeyer flask. 1he flask was incubated in m anaerobic 

atmosphere (5-7% H2. 2-8% C02. 85-93% Nl) at 32°C. 

BPLC analysis of Lactobacillus :MRS broth showed a component with the 

retention time of glycerol Lactobacillus MRS broth was treated by alkaline 

boiling and analyzed for glycerol by HPLC and enzymatic assay. At most, 

35 0.25 g/L glycerol could be detected in the initial medium; if all of this glycerol 

was transfmmed to 1,3-propanediol, 0.21 g/L propanediol could be said to have 

been produced from glycerol. 
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After 10 d of incubation, a sample from the Lactobacillul reuteri culture 

flask was removed, analyzed by HPLC and GC-MS, and compared to an inidal 

medium sample. Correcting for the glycerol present in them~ 1.3S g/L 

1,3-pmpanediol was produced by Lactobacillus reuteri from substrates other than 

5 glycerol. 
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GTCGACCACC ACGG'J:GG'?GA C'?r?AA'?GCC GCTC'?CUGC AGCAGC'lCGG 'l'GGCGG'?C're 60 

~GCA'?C GCGCAftCAA ACAn"r.l'GTC CGGCG'l'CGGC GAGG!L'GAATA T'.rTCCCCCGG 180 

ACAGGCGCCG GAGAGCA'.rGC caGGCCGA'l ATAGCCGCAG TGCATCGG'r.r CATG'.rCCGC'r 240 

GCCGCCGCcG GAGAGCAGGG CCACC'lm<:C AGCCACCGGC GCG1'CGG7.'GC GGGTCACATA 300 

CAGCGGGTCC ~'.rGCAGGG TCAGC'lGCGG AT~n'?A GCCAGCCCC'l G'l'AA'.r'.rG'l'l'C 360 

A1"lCAG'l'ACA TCftCAACAC ~AA'l'CAG C±!i:'f'lTCATT A~ CCG'r'rGGAGA 420 

~G CCGCCTCTCT GCTGGCGGAG GCGGTCA'l'CG CG'l'AGGGGTA 'l'CGTCTGACG 480 

CCTGTGT'J.'TC ATA'l'CAGAAC AAAAAGGCGA AAGl.T't'l"J!''l''l' 'l'G'.r'.L'CCCTGC CGGCCC'lACA 900 

~ 'l'GC'.fCCGGTA CGC'l'CCGftC AGGCCGCGC'l' TCACroGCCG GCGCGGATAA 960 

CGCCAGGGCT CA~TGTCT ACATGCGCAC TTA'n'l!GAGG GTGAAAGGAA '?GCTAAAAGT 1020 

B'l''-'CA.UC'r CCAGCCAAA'l' A'l'C'l'TCAGGG TCC'rGA'rGC'l' GC'l'GftC'rGT TCGGTCAA'l'A 1080 
. 

TGCCAAAU.C ~GA GC'.nCTTCGT CA'l'CGC'lGAC GATTTCGTAA TGllGCTGGC 1140 

GGGAG.AGAAA GTGGTGAA'?G GCC'lGCAGAG CCACGA'!A'l"? CGCTGCCA'l'G CGGAACGG'l'T 1200 

CTGCCGCGGC G'mG'?CGGGA TCGGCGG'rGG TAAAACCC'?C GATACCGCGA AGGCGATCGG 1320 
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CAGCGCGC'.rG TCGGTGATC'l' ACACCGAAGC GGGCGAGTT'r GAAGAG'l'ATC TGn.TC'l'ATCC 1440 

GUUACCCG GAD'l!GmGG TGA!L'GGACAC GGCGAT!!ATC GCCAAAGCGC CGGTACGCC'l' 1500 

~GG'rC'rCC GGCA'lGGGCG ATGCGC'l!C'lC CACC'l!GG'ne GAGGCCAAAG C'.r'!GC'.l'ACGA 1560 

'fGCGCGCGCC ACCl.GCATGG !=CGGAGGACA G'lCCACCGAG GCGGCGCTGA GCCTCGCCCG 1620 

CC'l!GTGCD.T GATAC!GCTGC 'lGGCGGAGGG ~C C<ll!CTGGCGG CGCAGGCCGG 1680 

GGTAG'lGACC GJt.AGCGCTGG AGCGCA'l'CA'l' CGAGGCGAAC AC'l'TACC'l'CA GCGGCA'nGG 1740 

~GAAAGC AmGGCC'lGG CCGCTGCCCA '?GCAATCCAC AACGGn'l'CA CCA'l'!rC'l"lGA 1800 

AGAG'l'GCCA!I!' CACC!l!'G'l.ATC ACGG'l'GAGU. AG'l'GGCCTTC GG'l'ACCC'l'GG ~ 1860 

GC'lGCAGAAC AGCCCGATGG ACGAGA'l!TGA AACGGTGCAG GGCTTCTGCC AGCGCG'lCGG 1920 

ccrGCCGG'.rG ACGCTCGCGC AGATGGGCG'l' CAAAGAGGGG ATCGACGAGA AAATCGCCGC 1980 

GGTGGCGAAA GC'l'ACC'l'GCG CGGAAGGGGA AACCATCCAT AA'l'ATGCCGT TTGCGGTGAC 2040 

CCCGGAGAGC GTCCATGCCG C'lATCC'l'CAC CGCCGATC'l'G T'l'AGGCCAGC AGTGGCTGGC 2100 

GCGT!L'AATTC GC~GGCTA AACCGC'l'GGC CCAGmCAGC GGT!L'T'?'l'CTT TC'l'CCCC!L'CC 2160 

GGCJLG'lCGCT GCCGGAGGGG TTCTCTA'rGG 'l'ACAACGCGG AMAGGATA'l' GAC'l!mTCAG 2220 

AC'lCAGGATA CCGGGAAGGC GG'lCTC'l'~ G'rCA!l!'TGCCC AG'l'CA!l!'GGCA CCGC!L'GCAGC 2280 

AAG'l"l'TATGC AGCGCGAAAC C'l'GGCAAACG CCGCACCAGG CCCAGGGCCT GACCTTCGAC 2340 

Teella'G'l'C GGCG'l'AAAAC CGCGC'l'GCTC ACCATCGGCC AGGCGGCGCT GGAAGACGCC 2400 

~A TGGACGGCCG CCCC'l'GCGCG.C'l'G'.r.L'TAT!!C T'l'GATGAG'l'C CGCCTGCATC 2460 

C'lGAGCCGn' GCGGCGAGCC GCAAACCC'lG GC~GG C'l'GCCC'l'GGG A'.r.l"lCGCGAC 2520 

GGCAGC'l'A'.rT GTGCGGAGAG CATTATCGGC ACC'l'GCGCGC TGTCGCTGGC CGCGA'lGCAG 2580 

GGCCAGCCGA TCM.CACCGC CGGCGATCGG CATTT'l'AAGC AGGCGC'l'ACA GCCA~· 2640 

~~ CGCCGGTGT'l' TGA'l'AACCAC GGGCGGC!t'G'l' 'J.'CGGCTC'l'AT CTCGc.r'r.?GC 2700 

m~GG'?CG AGCACCAGTC CAGCGCCGAC C'l'CTCCCTGA CGCTGGCCAT CGCCCGCGAG 2760 

G'loom'AACT CCC'lGC'l!rAC CGACAGCCTG C'l'GGCGGAAT CCAACCGTCA CC'l'CAATCAG 2820 

A'?cn.ACGGCC TGC'lGGAGAG CA!l!'GGACGAT GGGGTGATGG CGTGGAACGA ACAGGGCG'rG 2880 

CTGCAG'l'TTC 'l'CAATGTTCA GGCGGCGAGA C'l'GC'l'GCATC ftGATGC'l'CA GGCCAGCCAG 2940 

GGGAAAAA'l'A 'l'CGCCGATCT GGTGACCC!l!'C CCGGCGC'rGC TGC~GC CATCAAACAC 3000 

GCCCGCGGCC TGAATCACGT CGAAGTCACC T'l'TGAAAGTC AGCATCAG'l'T TGTCGAmCG 3060 
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CCGGTGGAGC AGA!fGCGGCA GCTGA'?GACC'. :lGCCAGC'?CG GTAAAG'l'CAG CCACACC'l'?T 3180 

GAGCAGA':t'GT CTGCCGACGA 'l'CCGGAAACC CGACGCCTGA 'l'CCACT'lTGG CCGCCAGGCG 3240 

GCGCGCGGCG Ger.rCCCGGT GCDC'l'GTGC GGCGAAGAGG GGG'?CGGGAA AGAGCTGC'?G 3300 

AGCCAGGC'ZA T'l'O.CAATGA.AAGCGAACGG GCGGGCGGCC CC'l'ACATC'l'C CGTCAAC'lGC 3360 

CAGCTM'ATG CCGACAGCGT GC'J!GGGCCAG GAC'lT'l'ATGG GCAGCGCCCC TACCGACGAT 3420 

~C GCCTGAGCCG CCT'l'GAGC'.rG GCCAACGGCG GC;ACCCTG':rT TCTGGAAAAG 3480 

llCGAG'l'ATC 'l'GGCGCCGGA GC'?GCAG'rCG GCTC'rGCTGC AGGTGATTAA GCAGGGCG'lG 3540 

CTCACCCGCC '?CGACGCCCG GCGCCTGATC CCGG'l'GGATG TGAAGGTGA'l' 'lGCCACCACC 3600 

ACCG.rCGATC '?GGCCAA'l'C':r GGTGGAACAG AACCGC'?TTA GCCGCCAGCT GTAC'l'ATGCG 3660 

C'l:GCACTCC'J! T'l'GAGATCGT CATCCCGCCG CTGCGCGCCC GACGCAACAG '?ATTCCG'l'CG 3720 

C'GG%GCATA ACCGGTTGAA GAGCCTGGAG AAGCG'n'?C'l' CT'rCGCGACT GAAAGTGGAC 3780 

GATGACGCGC '?GGCAO.GCT GGTGGCCTAC 'l'CG'l'GGCCGG ~GAT'l'T 'l'GAGCTCAAC 3840 

AGCG'l'CU'l'G A<aATA'l'CGC CA'l'CAGCAGC. GACAACGGCC ACAT'l'CGCC'l' GAGTAA'l'CTG 3900 

CCGGIULTATC 'l'CT~ GCGGCCGGGC GGGGATAGCG CGTCA'l'CGCT GC'l'GCCGGCC 3960 

~ T'l'AGCGCCA'l' CGAAAAGGAA GCTATD.TTC .ACGCCGCCCG GGTGACCAGC 4020 

GGGCGGGTGC AGGAGATGTC GCAGCTGCTC AM'A'l'CGGCC GCACCACCC'l' GTGGCGCAlA 4080 

ATGAAGCAGT ACGATATTGA CGCCAGCCAG.~ AGCA'l'CAGGC CTAGTC'rcr.1! 4140 

~ CATGGAGAAC AGGGCATCCG ACAGGCGATT GCTGTAGCGT T'l'GAGCGCGT 4200 

CGCGCAGCGG A'l'GCGCGCGG TCCA'l'GGCCG TCAGCAGGCG TTCGAGCCGA CGGGACTGGG 4260 

'l'GCGCGCCAC GTGCAGC'l'GG GCAGAGGCGA GATTCCTCCC CGGGATCACG AACTG'l'T'l"l'A 4320 

ACGGGCCGC'.r C'J!CGGCCATA 'l!'l'GCGG'l'CGA TAAGCCGC'l'C CAGGGCGGTG A'l'CTCCTC'.rT 4380 

CGCCGllCGT CTGGC'l'CAGG CGGGTCAGGC CCCGCGCATC GCTGGCCAGT ':rCAGCCCCCA 4440 

GCACGAACAG CGTCTGCTGA ATATGG'l'GCA GGCTftCCCG CAGCCCGGCG 'l'CGCGGGTCG 4500 

TGGCG'l'AGCA GACGCCCAGC 'l'GGGA'l'ATCA Cl.r'l'CA'l'CGAC GGTGCCG'l'AG GCCTCGACGC 4560 

GAA'l'.A'l'GG'l'C T'?TCTCGATG CGGC'l'GCCGC CGTACAGGGC GGTGGTGCC'l' TTA'l'CCCCGG 4620 

'l'GCGGGD.TA GA'l'ACGATAC ATTCAGTTTC ~CT~ CGGCAGGACT TTAACCAGC'l' 4680 

GCCCGGCG'r! GGCGCCGAGC GTACGCAGft GA':rCGTCGCT A':rCGGTGACG TGTCCGGTAG 4740 

CCAGCGGCGC G.J:CCGCCGGC AGC'l'GGGCA'l' GAG'?GAGGGC TA':rCTCGCCG GACGCGCmA 4800 

GCCCGATACC CACCCGCAGG GGCGAGCTTC TGGCCGCCAG GGCGCCCAGC GCAGCGGCGT 4860 
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CACCGCC'.rCC GTCA'rAGG'l!T A'!GG'?CTGGC AGGGGACCCC CTGCTCCTCC AGCCCCCAGC 

ACAGCrcAft GATGGCGCCG GCATGGTGCC cGCGCGGec G'rAAAACAGG CG'J!ACGCCTG 

GGCU.TC'l!CC '?GC'rCGTTGC CTTTACGCGG GTTCGAGAAC GCA'?TGCCGT ~GC . 
CATCTCCGCC A'.rGT~ A<lrCGGCC'lC ftftACCCCC. AGATCGCGCA GATGCTGCGG 

GTTGGCGATC AGGTTGTAGC GCGCCACATG CGGCAGCAGG ACAGCG'J!'lGG CCACGCCGTG 

CGGCATG'!CG 'l!ACAGGCCGC CCAGCTGGTG CGCCA'rGGCG TGCACGDGC CGAGG'rTGGC 

~An!GAAA GCCA'l'CCCGG CCAGCAGAGA AGCATAGGCC A'l'GnTTCCC GCGCCTGCAG 

CAGGGCA'rCC .llC~CG CCGC~G GGCGGCCGGT 'l'TACCGllCA 'l'CAGCAGTGG 

~G G'J!CAGGACGC ~ GACCTCGCTG GCGGrGCCGG CGG'rGG'rAft 

GACCGCGACG ATAGGCGGCA ~ CAGGGTC'rCG ATTCCGGCAT AC7GGTACAG 

A'l!CGCCC'rCA ~GGCGG CGAT~.GCC':TTGCCG.CAATCG'J:GCG GGCTGCCGCC 

GCCCACGGTG ACGUGATGT CGCAcmftC GCGGCGAAAC ACGGCGAGGC CG!rCGCGCAC 

CCGCAGA'l!AA 'l'GCAGGGTTT 'l'GTCCACCGC GCCATa'l'TA A'l'TGCCCGCA GGCC'rTTGTC 

AAAAA'l'AAC'? GGCAGGCCGC CGCCAAAAA'l' AA'?AATTCGC TGTTGGftGG 'l'TAGC'l'GCAG 

ACCGTACAGA GAftG'l'CC'l'G GC!rGGACCGC 'l'GACGTAA'!T 'l'CATGGG'l'AC Cn'GCTTCAG 

CA'l'CCGCTGG AT~CG ~GCC'?CC GCGGTCAACT ACGGllAACA CCACCGCCAC 
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~ A~GftGGC TC'l"rGT'l'CAT ~cc CGCACCAGGA TAACGCTGGC 6660 

nTTGTCAGC Gi'DTTn'GT CGCCCGCCAT GAn'TAGTCA A1'AGGGTTAA AeAGCG!'CG 6780 

TGCCGm'AAT GGCCGGGCGG CAACGACGCT GGCCCGGCGT UTCGC'l'ACC GTC!l!GCGGA'l' 7020 

r.rcACC'l".r'n' GAGCCGATGA ACAMGAAAA GATCAAAACG A'l'TTGCAGTA C'rGGCCCAGC 7080 

GCCCCG'?CAA 'l'CAGQCGGG C'l'GAftGGCG AGTGGCCTGA AGAGGGGCTG ATCGCCA'l!GG 7140 

ACAGCCCCft TGACCCGG1'C rcftCA.a?AA ~CAA CGGTCTGATC Gl'CGAACTGG 7200 

ACGGCAAACG CCGGGACCAG 'l'TTGACA'rGA '1'CGACCGA'n '1'ATCGCCGA'1' 'l!ACGCGA'?CA 7260 

ACGr.L'GAGCG CACAGAGCAG GCAATGCGCC '1'GGAGGCGG'1' GGAAATAGCC CGTAmcrGG 7320 

'rGGATAftCA CG'!CAGCCGG GAGGAGATCA TTGCCATCAC 'l'ACCGCCATC ACGCCGGCCA 7380 

AAGCGGTCGA GG'l'GATGGCG CAGATGAACG TGGTG<aGAT GA'l'GATGGCG CTGCAGAAGA 7440 

TGCGTGCCCG CCGGACCCCC TCCAACCAG'r ~CAC CAA1'C'rCAAA GA'l'AA'l'CCGG 7500 

'l!GCAGArrGC CGCTGACGCC. GCCGAGGCCG GGATCCGCGG ~C'1'CAGAA CAGGAGACCA 7560 

CGG'J.'CGGTll CGCGCGC!l'AC GCGC<:GftTA ACGCCCTGGC GCT~ GGftCGCAG'.r 7620 

GCGGCCGCCC CGGCGTG'?TG ACGCAG'l'Gc.r CGG'MGAAGA GGCCACCGAG CTGGAGCTGG 7680 

GCATGCQ?GG C'1''1'AACCAGC TACGCaaca CGGTmCGGT CTACGGCACC GUGCGGmT 7740 

TrACCGACGG CGATGATACG CC~CAA AGGCG'l!TCCT CGCC'l'CGGCC TACGCCTCCC 7800 

GCGGG'l".rGAA AA~ ACC'lCCGGCA CCGGATCCGA AGCGCJ!GA'l'G GGC'l'ATTCGG 7860 

AGAGCAAGTC GATGC'l'C'1'AC C'1'~CGC GCTGCATC!L''1' CA'l'TACTAAA GGCGCCGGGG 7920 

TTCAGGGACT GCAAAACGGC GCGG'l'GAGCT GTUCGGCA'l' GACCGGCGC'l' G'rGCCG'rCGG 7980 

GCAT'l'CGGGC GG'lGC!l'GGCG GAuAcc'l'GA 'l'CGCCTCTA'1' GC'.rCGACC?C GAAG'rGGCGT 8040 

CCGCCAACGA CCAGAC'l"nC 'l'CCCACTCGG A'l'ATTCGCCG CACCGCGCGC ACCCTGA1'GC 8100 

AGA'l!GC'?GCC GGGCACCGAC 'n".rA~ CCGGCTACAG CGCGGTGCCG AAC?ACGACA 8160 

ACATGr.rCGC CGGC'l'CGAAC 'l'TCGATGCGG AAGAT'l'TTGA !rGAT'l'.ACAAC ATcaGCAGC 8220 

G'l!GACC'?GA'l' ~GACGGC GGCC'J:GCmC CGG'.?GACCGA GGCGGAAACC A'l'J.'GCC.UTC 8280 

GCCAGAAAGC GGCGCGGGCG M!CCAGGCGG ft'l'TCCGCGA GC!l'GGGGCTG CCGCCAATCG 8340 
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CCG&CGAGGA G<1.l.'GGAGGCC GCCACC'l'ACG CGCACGGCAG CAACGAGATG CCGCCGCG'll 

ACm'GG'lGGA GGATCTGAGT GCGGTGGAAG AGArGATGAA GCGCAACATC Aca;c;caCG 

A~G'lCGG CGCGCTGAGC CGCAGCGGCT r.?GAGGATAT CGCCAGCAAT AT~TA 

TGCrGCGCCA GCGGGTCACC GGCGAT.fACC ~GACC'lC GGCCAnc:TC GATCGGCAm 

TCGAGGTGGr.GAGTGCGGTC.AACGACATCA ATGACTATCA.GGGGCCGGGC ACCGGCTATC 

~CTGC. CGIACGCTGG GCGGAGATCA AAAATATTCC GGGCGTGGT'l' CAGCCCGACA. 

CCM'!l?GAATA AGGCGGTATT CC'lGTGCAAC AGACAACCCA AA'l'TCAGCCC T~ACCC 

TGAAAACCCG CGAGGGCGGG GTA~ CCGATGAACG CGCCGATGAA GTGGTGATCG 

GCGTCGGCCC TGC::c'l'rCGAT AAACACCAGC ATCACACTCT GATCGA'l'ATG ccca.TGGCG 

~CTCAA AGAGCTGATT GCCGGGGTGG AAGAAGAGGG GCT'l'CACGCC CGGGTGGTGC 

~GCG CACGTCCGAC GTC'l'C~A TGGCCTGGGA TGCGGCCAAC CTGAGCGGCT 

CGGGGA'l'CGG CATCGGTATC CAGTCGAAGG GGACCACGGT CATCCATCAG CGCGATCTGC 

TGCCGCTCAG CAACC'lGGAG CTGn'C'lCCC AGGCGCCGCT GC'rGACGCTG GAGACCTACC 

GGCAGATTGG CAAAAACGCT GCGCGCTATG CGCGCAAAGA GTCACC'1'!?CG CCGGTGCCGG 

TGGTGAACGA TCAGATGG'lG CGGcCGUAT T'l'ATGGCCAA AGCCGCGCTA TTTCATACA 

AAGAGACCAA ACATG'lGG'lG CAGGACGCCG AGCCCGTCAC CCTGCACATC GACT.fAG.l'AA 

GGGAG'rGACC A'rGAGCGl.GA AAACCATGCG CGTGCAGGAT TATCCG:rTAG CCACCCGCTG 

CCCGGAGCAT ATCCTGACGC C'1'ACCGGCAA ACCATTGACC GATAT'lACCC TCGAGAAGGT 

GC'J.'c.l!CTGGC GAGGTGGGCC CGCAGGATGT GCGGATCTCC CGCCAGACCC TTGAGTACCA 

GGCGCAGMT GCCGAGCAGA TGCAGCGCCA ~GGCG CGCAATnCC GCCGCGCGGC 

GGAGC'J!!rATC GCCATTCC':OO ACGAGCGCAT TCTGGc.l'ATC TATAACGCGC TGCGCCCG'l'T 

CCGC!'CC'l'CG CAGGCGGAGC TGC'l'GGCGAT CGCCGACGAG C'l'GGAGCACA CCTGGCM'GC 

GACAGTGAAT GCCGCC'n1'G TCCGGGAGTC GGCGGAAGTG TATCAGCAGC GGCM'AAGCT 

GCGTAAAGGA AGCDAGCGG AGGTCAGCAT GccGTi'AATA GCCGGGAftG ATA'rCGGCAA 

CGCCACCACC GAGGTGGCGC TGGCGTCCGA C'l'~CCCGCAG GCGAGGGCGT ~ 

CGGGATCGTC GCGACGACGG GCATGAAAGG GACGCGGGAC AATATCGCCG GGACCCTCGC 

CGCGCTGGAG CAGGCCCTGG CGAAAACACC G'lGGTCGATG AGCGATGTCT CTCGCATC'l'A 

T~AACGAA GCCGCGCCGG TGUTGGCGA TGTGGCGATG GAGACCATCA CCGAGACCAT 

TATCACCGAA TCGACCA~ !?CGGT~ CCCGCAGACG CCGGGCGGGG TGGGCGTTGG 
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CGTGGGGACG ACTATCGCCC TCGGGCGGCT GGCGACGCTG CCGGCGGCGC AG'.rATGCCGA 

~ G'l'AC!l.'GAftG ACGACGCCGT CGA~ccn GACGC~ GG'l'GGCTCAA 

TGAGGCGC'J!C GACCGGGGGA TCAACG'rGm GGCGGCGA'l!C crCAAAAAGG ACGM:GGCG'? 

GCl'GG'l'GAAC AACCGCC!rGC GTAAAACCCT GCCGGTGGTG GATGAAmGA CGC!?GC'?GGA 

GCAGGTCCCC GAGGGGG'l'AA TGGCGGC;:GGT GGAAG'l'GGCC GCGCCGGGCC AGG'l'GG'l'GCG 

GATCC'l'GTCG. AATCCC'?ACG GGA'?CGCCAC CftC'rl'CGGG C'llAGCCCGG AAGAGACCCA 

GGCCATCG'l'C CCCATCGCCC GCGCCC'l'Gll TGGCAACCGT TCCGCGGl'GG TGCTCAAGAC 

CCCGCAGGGG GJl:'MTGCAGT CGCGGGTGAT CCCGGCGGGC AACCTCTACA ftAGCGGCGA 

AAAGCGCCGC GGAGAGGCCG UGTCGCCGA GGGCGCGGAA GCCM'~GC AGGCGATGAG 

CGCc:fGCGCT CCGG'l'ACGCG ACATCCGCGG CGAACCGGGC ACCCACGCCG GCGGCA'?GC'.r 

TGAGCGGGTG CGCAAGGTAA '?GGCGTCCC'l GACCGGCCA'r GAGA'l'GAGCG CGATA'J!ACM? 

-CCAGGATCTG CTGGCGSl'GG ATACG'l"n'AT TCCGCGCAAG G'l'GCAGGGCG GGATGGCCGG 

CGAG'rGCGCC ATGGAGAATG CCGTCGGGAT GGCGGCGATG GTGAAAGCGG ATCGTC!rGCA 

AATGCAGG'lT A'TCGCCCGCG AACTGAGCGC CCGACTGCAG ACCGAGG'l'GG TGGTGGGCGG 

CGTGGAGGCC AACATGGCCA TCGCCGGGGC Gr.l'AACCAC'r CCCGGaG~ CGGCGCCGCT 

GGCGATCCTC GACCTCGGCG CCGGCTCGAC GGATGCGGCG ATCGTCAACG CGGAGGGGCA 

GM'AACGGCG GTCCM'CTCG CCGGGGCGGG GAA'l'ATGGTC AGCCTGTTGA Ti'AAAACCGA 

GCTGGGCC'l'C GAGGA~ CGCTGGCGGA AGCGA'l'AAAA AAATACCCGC 'MGCCAAAG1' 

GGAAAGCC'l'G HCAG'lATTC GTCACGAGAA MGCGCGG'.rG GMlr'l'C'?'ftC GGGIAGCCCT 

CAGCCCGGCG G'?G!rTCGCCA AAGTGG!?GTA CATCAAGGAG GGCGAACTGG TGCCGl.'l'CGA 

TAACGCCAGC CCGCTGGAAA AAA~T C<1.rGCGCCGG CAGGCGAAAG AGAAAG'.rGTT 

T~CACCAAC TGCCTGCGCG CGCTGCGCCA GG'?C'l'CACCC GGCGGftCCA T'?CGCGATA'? 

CGCC'.l'TTGTG Q.rGCmGTGG ~C GCTGGAC'n'T GAGeCCCGC AGC'nA'l'CAC 

GGAAGCCTTG TCGCAaATG GCGTGGTCGC CGGGCAGGGC AATA'.rTCGGG GAACAGAAGG 

GCCGCGOAT GCGG.rCGCCA CCGGGC:rGCT ACTGGCCGGT CAGGCGAATT AAACGGGCGC 

TCGCGCCAGC CTC'.rCTCTTT AACG'l'GCTAT rTCAGGATGC C<a'l'AATGAA CCAGACTTC'l' 

ACCTTAACCG GGCAGmCm GGCCGAG'.r'l'T CT'?GGCACCG GA'rl'GCTCAT '?1".re'r.rCGGC 

GCGGGCTGCG TCGCTGCGCT GCGGGTCGCC GGGGCCAGCT T'?GGTCAGTG GGAGA'?CAG'! 

~A~ GCCI!~ CGCCATGGCC ATCTACC'.rGA CGGCCGGTGT C'l'CCGGCGCG 
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GGGCTCTA'rC GCCAGCTmr TCTCGA'rC'.rT GAACAGAm'C AGCATATCG'r GCGCGGCAC'? 12000 

GCCGCCAGTC '?TAACCTGGC CGGGG'.reftT '?CCACGUCC CGCATCCACA D~~ 12060 

C'.rGACCGACG ACGGOACGG AAftC 12145 

(2) DIFOR5AT:CON FOR SEQ ID N0:2: 

(i) SEQOENCE CHARACTERISTICS: 
(A) LENG!rB: 30 base pa;i.rs 
(B) '.l'YPE: nuc1e;i.c acid 
(C) S~m>NBSS: single 
(D) TOPOLOGY: 1.inear 

(ii) MOLECULE TYPE: DNA (genomic) 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 2: 

(2) INFOBMATION !'OR SEQ ID N0:3: 

(.i.) SEQUENCE CHARACTERISTICS: 
(A) LENGTH: 29 base pairs 
(B) TYPE: nu.cle.ic ac.id 
(C) S'l'RANDEDDSS: single 
(D) !L'OPOLOGY: linear 

(i.i) MOLECULE n'PE: DNA (genomic) 

(xi) SZQtJZNCZ DUClUPTIOlf: SEQ ID N0:3: 

(2) INFOBMATION FOR SEQ J:D N0:4: 

(i) SEQUENCE CEARAC'n:RISTICS: 
(A) LENGTH: 30 base pairs 
(B) TYPE: nucl.mc aci.d 
(C) S~RANDEDNESS : si.nq1e 
(I>) mPOLOGY: linear· 

(ii) MOLECULE TYPE: DNA (genomic) 

(xi) SEQUENCE DESCRIPTION: SEQ ID N0:4: 

(2) INFOmATIOH FOR. SEQ ID NO: 5: 

(.i) SEQUENCE ~ERISTICS: 
(A) LENG'.rB: 25 base pairs 
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(B) nPE: nuc1eic acid 
(C) STRANDEDNESS: sinqle 
(0) 'l'OPOiiOGY: linear 

(i.:f.) MOLECULE TYPE: DNA (genomic} 

(n) SEQUENCE DESCRIPTION: SEQ :ID NO:S: 

(2) INE'OBMA'l'ION FOR SEQ ID NO: 6: 

(i) SEQUENCE CHARAC!ERIS'l'ICS: 
(A) LENGTH: 27 base pairs 
(BJ TYPE: nuc1eic acid 
(C) S'?RANI>EDNZSS: sinqle 
(D) mPOU>GY: linear 

(ii) MOLECtJLE ftPE: DNA (genomic) 

(:a::i) SEQUENCE DEScaIHION: SEQ ID N0:6: 

(2) INFOBMllION FOR SEQ m N0:7: 

{i.) SEQUENCE CHUACftRl:STICS: 
(A) L~H: 28 base pairs 
(B) '!"!'PE: nucleic acid 
(C) S~EDNESS: sing1e 
CD) 'rOPOLOGY: linear 

(ii.) MOLECULE TYPE: DNA (genomic) 

(n) SEQUENCE DESCRIPTION: SEQ ID N0:7: 

(2) INFOmG.'.r:CON FOR SEQ ID NO: 8: 

(i.) SEQUENCE CBARAC'n:lUS'l'ICS: 
(A) LENG'l'H: 28 base pai.rs 
(B) TYPE: nucleic acid 
(C) STUNI>EDNESS: sinql.e 
(D) 'rOPOLOGY: linear 

(ii) MOLECULE 'HPE: DNA (genomic) 

(xi.) SEQUENCE DESCRJ:PTION: SEQ ID NO: B: 

GGGAA!l!'l'CA'r GAGCGAGAAA ACCA'l'GCG 

(2) IN!'ORMA'l'ION FOR SEQ ID N0:9: 

(i) SEQUENCE CHUACDRISTICS: 
(A) LENG'lB: 27 base pairs 
(B) TD'E: nucleic acid 
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(C) STRAND:&:ma:SS: singl.e 
CD) 'l'OPOLOGY: 1.inear 

(.U) MOLECULE ftPE: DNA (genomic) 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 9: 

(2) INFORMATION FOR SEQ ID NO:l.O: 

(i) SEQUZNC!: CBUAaEEUSTICS: 
(A) LENGTH: 94 base pairs 
(B) TYPE: nucl.eic acid 
(C) S:ntANDEDHESS: singl.e 
(I>) 'rOPOLOGY: l.inear 

(ii) MOLECOLE '!YPE: DNA (genomic) 

Cxi) SEQUENCE DESCRIPTION: SEQ ID NO:lO: 

27 

AGC'?TAGGAG. TC'l'AGAAD'1' TGAGCTCGAA ftCCCGGGCA TGCGGTACCG GATCCAGAAA 60 

AAAGCCCGCA . CC'l'GACAG!'G CGGGC:t:r:?Tr ~ 94 

{2) DU'O~J:ON FOR SEQ :CD NO:ll: 

(1) SEQtJENCE CJIARAC'?ERJ:ST;tCS: 
(A) LENGTH: 33 base pairs 
(B) TYPE: nucl.eic acid 
(C) Snu\NDEDDSS: singl.e 
(I>} TOPOLOGX: :Linear 

(ii) MOLECULE 'rYPE: DNA (genomic) 

(xi.) SEQUENCE DESCRJ:PTION: SEQ XO N0:11: 

(2) INE'Omm.'l':tON !'OR SEQ ID NO:l2: 

(i) SEQUENCE CBARAC:DUUSTICS: 
(A) LENG!rH: 26 base pairs 
(8) TYPE: nucl.eic acid 
(C) STRANDEDNESS: singl.e 
(D) TOPOLOGY: l.inear 

(ii.) K>LECULE TYPE: DNA (qenomic) 

(xi) SEQtJENCE DESCRJ:PTION: SEQ :CD NO: 12: 

(2) IN!'O~ION FOR SEQ ID N0:13: 

(:1) SEQlJENCE CBARAC~RISTI'.CS: 
(A) LENGTB: 42 base pairs 
(B) TXPE: nucl.eic acid 
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:)~ :, 

(C) S'rNNDEDNESS: single 
(D) TOPOLOGY: linear 

(i.i.) MOLECULE !l'YPE: DNA (genomic) 

(xi.) SEQOENCE DESCRIPTION: SEQ ID NO: 13: 

GCGCCG.rC'rA GAAftATGAG CTATCGn'rG fl!'?GAft.M'C !L'G 

(2) INrOBMA'rION FOR. SEQ ID N0:14: 

(i) SEQUENCE CHARACTERISTICS: 
(A) L!'.NG1'H: 36 base pa.irs 
(B) TYJ?E: nucl.eic aci.d 
(C) STRANDEDNESS: s.ing1e 
(I>) TOPOLOGY: l.inear 

(ii) MOLBCULE Tn'E: DNA (genomic) 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO:l4: 

TC'rGATACGG GATCCTCAGA A'rGCC'?GGCG GAAAA'l' 

(2) INFOIUGTION !'OR SEQ ID N0:15: 

(.i) SEQUENCE CBARACTERJ:STlCS: 
(A) LDJGTH: 181 base pairs 
(B) TYPE: nucl.eic acid 
(CJ S'l'RANI>EDNESS: sinql.e 
(D) TOPOI.OGY: l.inear 

(ii) MOLECULE '.nPE: DNA (genomic) 

(xi.) SEQtJENCE DESClu:J?'?ION: SEQ l'.D N0:15: 

PCl'IUS96/06705 

42 

36 

CGATC'rGTGC '?G'l'!r'!GCCAC GG'rATGCAGC ACCAGCGCGA GAftATGGGC TCGCACGCTC 60 

GAC'?GTCGGA CGGGGGCACT GGAACGAGAA GTCAGGCGAG CCG.rCACGCC CftGACAA'.rG 120 

CCACATCCTG AGCAAATAM '?CAACCAC'?A AACAAA'.rCAA CCGCG'.l!TTCC CGGAGGTAAC 180 

c· ia1 

(2) INFONa'?ION 'FOR SEQ m N0:16; 

(i.) Sl!IQUENCE CBARAC'?EalS'rlCS: 
(A) LDG'l'B: 149 base pairs 
(B) TYPE: nucleic acid 
(C) STRANDEDNESS: sing1e 
(0) TOPOLOGr: 11.near · 

(ii) MOLECULE ftl''E: DNA (genom:l.c) 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 16: 
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(2) INFORMA'l'ION FOR SEQ ID NO:l7: 

(i) SEQUENCE ~S'l'ICS: 
(A) LENG'.fH: 33 base paiz:s 
(B) ftP!l: nucleic ac:id 
CC) SDANDEDDSS: single 
(D) TOPOLOGY: 1inear 

(il) MOLECULE TYPE: DNA (genomic) 

(xi) SJ!lQlJENCE . DESCRIPTION: SEQ ID NO: 1 7: 

(2) INFOIQIATION FOR SEQ ID NO: 18: 

(:i.) SEQOENCE CHARACTERISTICS: 
(A) liE!fmB: 33 base pai.z:s 
(B) TYPE: nucl.eic acid. 
(C) STRANI>EDNESS: sing-l.e 
(D) TOPOLOGY: linear 

(ii) MOLECULE nPE: DNA (genomic) . 
(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 18: 

(2) INFORMA'l'ION FOR SEQ J:D N0:19: 

(i) SEQUENCE CBARAQER.IS'rICS: 
(A) LENGTH: 16 base pairs 
(B) TYPE: nucleic acid 
(C) STRANDEDNESS: sing1e . 
(D) TOPOLOGY: linear 

(ii) MOLECULE TYPE: DNA (genomic) 

(zi.) SEQUENCE DESCRJ:PTION: SEQ ID NO: 19: 

mGACCACAA GGAGGA 

(2) INl'ORMA'l'J:ON FOR SEQ ID R0:20: 

(i) SEQUl:NCE CBARACTERIS1'ICS: 
(A) LENG'!.B: 16 base pairs 
(B) '?YPE: nucleic acid 
(C) STRANDEDNESS: single 
(D) TOPOLOGr: linear 

(ii) !«>LECULE TYPE: DNA (genomic) 

(xi) SEQUENCE DESCRIP'l'ION: SEQ ID N0:20: 
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(2) INroNIATl:oo roa SEQ :CD N0:21: 

(i) SEQO!:NCE C!fAlULaEIUS'r:ICS: 
(A) LENG1'H: 45 base pa.irs 
(B) '?YPE: nuc1eic acid 
CC) SDUlDEDNESS: singJ.e 
CD) TOPOLOGY: l.inear 

(ii) MOLECULE ~E: DNA (genomic) 

(zi) SEQUENCE DESCIU:P'rJ:ON: SEQ ID NO: 21: 

(2) :mromlATION !'OR SEQ ID N0:22: 

(i) SEQtJENCE CBARACTEiu:S'nCS: 
(A) LENG'l!H: 14 base pairs 
(B) TYPE: nucl.e:lc acid 
(C) S'r!WmEDNESS: singl.e 
(D) 'rOPOLOGY': linear 

(ii) MOLmcuLE TYPE: DNA (genomic) 

(x:i.) SEQUENCE DESC!UP'rI:ON: SZQ J:D NO: 22: 

(2) INFORMJl'rION FOJl SEQ :ED N0:23: 

( i) SEQOENCE CHABAC'?!:lu: S'rICS : 
(A) Ll:NG!rH: 14 base pai.rs 
(B) 'nPE: nuc1eic acid 
(C) S"raANDEDNESS : s.ingl.e 
(D) 'l'OPOLOGr: l.:inear 

(ii) MOLECULE ~:&:: DNA (genomic) 

Czi) SEQUENCE DESCRJ:P~ION: SEQ I~ N0:23: 

C'rAGACCTCC ~G 

(2) INFOm!A'rJ:ON !'OR SEQ ID N0:24: 

(i) SEQUENCE CHARACTERIS'l'ICS: 
(A) LENG'lH: 19 base pairs 
CB) r?PE: nucleic acid 
(C) STRANDEDNESS: aingl.e 
(D) WPOLOGr: l.inear 

(ii) MOLECULE 'n'PE: DNA (genomic) 

(xi) SEQUENCE DESCEU:PTION: SEQ ID N0:24: 
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(2) IN!'OltMAT:CON FOR SEQ m N0:25: 

(i) SEQ11ENCE CBARAC'.rElUSTICS: 
(A) LENGr.K: 19 base paiz:s 
(B) T?PE: nucl.eic acid 
(C) STRANDEDNESS: singl.e 
(J?)_ 'l.()P(>~: ... _l,inear 

(ii) MOLECULE TYPE: DNA (genomic) 

(Xi) SEQUENCE DESCRIP'l':ION: SEQ m NO: 25: 

(2) IN!'OltMATION' roa SEQ ID N0:26: 

(i.) SBQUENCE CBARACftl!USTICS: 
(A) LEUGTH: 13 base pai:cs 
(B) nPE: nuc1e.ic ac.id 
(C) STRANDEDNESS: sinql.e 
(D) TOPOLOGY: l.inear 

(ii) MOLECULE 'l'YPE: DNA (genomic) 

(xi) SEQUENCE DESCRIPTION: SEQ ID N0:26: 

~GGA GGA 

(2) INl'ONm.TlON FOR SEQ ID NO: 27 : 

(i) SEQ~CE CBAIUiCTElaSTICST .. 
(A} LENGTH: 13 base pai:rs 
(B) !rYPE: nuc1eic acid 
(C) STRANDEDDSS: sinql.e 
(D) TOPOLOGY: l.i.near 

(ii) J«>LECULE !l'n'E: DNA (qenomi.c) 

(Xi) SEQUENCE DESClUPTION: SEQ ID N0:27: 

(2) INFORMATION FOil SEQ m N0:2B: 

(i) SEQOENCE CHARACTElu:STICS: 
(A) LEHG1'H: 18 base pairs 
(B) 'l'YPE: nucl.eic acid 
(C) STRANDEDNESS: singl.e 
(D) TOPOLOGY: linear 

(ii) MOLECULE 'fiPE: DNA (genomic) 

(xi) SEQOENCE DEScaIPTION: SEQ ID N0:28: 
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(2) INFORMAT:ION FOR SEQ ID N0:29: 

(i) SEQUENCE CBARAC!rElU:Sl':ICS: 
(A) I.EltG'rB: 18 base pairs 
(B) TYPE: nucleic acid 
(C) STRANDEDNESS: single 
(D), 'l'OPOLOGY: linear 

{ii) MOLECULE 'n'PE: DNA (genomic) 

(Xi) SEQUENCE DESCR:IPTIOH: SEQ ID N0:29: 

(2) IN!'Otum.TION FOR SEQ ID N0:30: 

(i) SEQtJENCE CHARAC'l'EJUSTICS: 
(A) LENGTH: 23 base pairs 
(B) TYPE: nucl.eic acid 
(C) S~ZDNESS: single 
(D) mPOLOGY: linear 

(i.i) MOLECULE TYPE: DNA (genomic) 

(zi) SEQUENCE DESCIU:l?TION: SEQ ID N0:30: 

ATG.rACAAGA 'l!CCTGA'l!CGC CGA 

(2) INFORMATION FOR SEQ ID N0:31: 

(i) SEQUENCE CHARAC'rEJUSTl:CS: 
(A) LEN(;TH: 22 base pairs 
(B) TYPE: nucleic acid 
(C) STRANDEDNESS: single 
(D) TOPOLOGY: linear 

(ii) MOLECULE TXPE: DNA (qenomic~ 

(xi) SEQUEJlCE I>ESCIUP!'ION: SEQ ID NO: 31: 

(2) DlFORMAT:tON l'OR SEQ ID N0:32: 

(i) SEQUENCE CBUAC'l'ERISTICS: 
(A) LENGTH: 31 base pai.rs 
(B) !I'YPE: nucleic acJ.d 
(C} STRANDEDNESS: single 
(D) mPOX.OGY: linear 

(ii) MOLECULE TXPE: DNA (genomic) 

(xi) SEQUENCE DESCRJ:PTION: SEQ ID N0:32: 
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(2) DIFORMA'.rION FOR. SEQ :a> N0:33: 

(i) SJ.:QOENCE CDRACD:RIS'l!ZCS: 
(A) L!lNGTH: 32 base pairs 
(B) TYPE: nucl.eic acid 
(C) snwmmm:ss: singl.e 
(~) '?OPOLOGl': linear 

(ii) MOLECULE Tn>E: DNA (genomic) 

(xi) SEQU!lNCE DESClu:P'l!ION: SEQ ID N0:33: 

C'J?ACCC!r'rGG CCCCGGA'lCC G'?CGACC'?GC AG 

(2) IH!'OmfATION i'OR SEQ ID :tf0:34: 

(i) SEQUENCE CllARAC'lElaS!'ICS: 
(A) LENG!l'K: 23 base pairs 
(S) TYPE: nuc:l.eic acid 
(C) STBANDEDNESS: singl.e 
(D) 'l'OPOLOGr: 1inear 

(ii) MOLECULE TYPE: DNA (qenomic) 

(zi) SEQUENCE DESClUP'l!I:ON: SEQ ID N0:34: 

CACGGCCTGG CGCAGGTTGC GGG 

(2) :tN!'ORMA'!J:ON !'OR SEQ ID NO: 35: 

(i) SZQUENCE CBARAC'.rEIUS'l!ICS: 
(A) LENCnll: 21 base pai.rs 
(B) 'l!YPE: nucl.eic acid 
(C) STRANDEDNESS: sj,ngle 
(DJ ~OPOLOGY: 1.inear 

(i.i) l«>LECULI!! nPE: DNA (genomic) 

(zi) SEQOEHCE DESCRIP'l!ION: SEQ J:D N0:35: 

GGCAGCCCGC ACGAftGCGG C 

(2) INFO~ION !'OR SEQ ID N0:36: 

(i.) SEQUENCE CBAlW:ftllIS'.rl:CS: 
(A) LEN<nR: 21 base pai.rs 
(B' TYPE: nuc1eic acid 
(C) S'?RANDEDNESS: sing1e 
(D) TOPOLOGY: 1inear 

(ii) MOLECULE TYPE: DNA (genomic) 

(xi.) SEQUENCE DEScaIPTION: SEQ ID N0:36: 

GCGGAAAACC GCCTGGATCG C 
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(2) "INFORMA'l'J:ON FOR SEQ ID N0:37: 

(i.) SEQVENCE CHARACl'ERIS!rICS: 
(A) LENG'l'H: 21 base pairs 
(B) !l'DE: nucl.eic acid 
(C) STRANDEDNESS: Single 
(D) TOPOLOGY: linear 

(i.i) MOLECOLE 'n!E: DNA (genomic) 

(Xi) SEQUENCE DESClUPTION: SEQ ID N0:37: 

(2) INFOEQIAT:CON FOR SEQ ID N0:3B: 

(i) SEQlJZNCE CBARACTERlSTJ;CS: 
(A) LENGTH: 35 base pairs 
(B) TYPE: nuc1eic acid 
(C) STRANDEDNESS: single 
(D) TOPOLOGY: linear 

(U) MOLECULE ftPE: DNA (qenomi.c) 

(xi.) SEQUENCE DESCRIPTION: SEQ ID N0:38: 

GGAATTCAGA Tc.rCAGCAAT GAAAAGATCA AAACG 

(2) :mromm.TION FOR SEQ ID N0:39: 

(J:) SEQUENCE CBARACTl:P.ISTICS: 
(A) LENGTH: 34 base pairs 
(B) TYPE: nucleic acid 
(C) STRANDEDNESS: single 
(D) TOPOLOGY: li.neaz: 

(ii.) MOI.ECULE 'l'XPE: DNA (genomic) 

(xi) SEQUmNCE DEScaIH:CON: SEQ ID NO: 39: 

(2) :mroBMA.TION FOR SEQ ID N0:40: 

(i) SEQUENCE CHARACTERISTICS: 
(A) :LENtnB: 28 base paiz:s 
(B) TYPE: nucleic acid 
(C) STNWDEDRESS: single 
(D) TOPOLOGY: l.inear 

(:i..i) MOLECULE TYPE: DNA (qenomic) 

(zi) SEQUENCE DESCRIPTION: SEQ ID N0:40: 
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(2) :INFORMAT:CON FOR SEQ :II> N0:41: 

(i) SEQUENCE CKARACft:RIST:ICS: 
(A) ~: 37 base pa.i.rs 
(B) TYPE: nucleic acid 
(C) Snwn:>EDHESS: single 
(D) TOPOLOGY: linear . 

(ii) MOLJ:COLE TDB: DNA ·(genomic) 

(zi) SEQUENCE DESCl\Il''.rION: SEQ ID NO: 41: 

(2) Dl!'ORMATl:ON' FoR SEQ ID N0:42: 

(.i.) SEQUENCE CBARAC'l'ERJ:STXCS: 
(A) LENGTH: 27 base pairs 
(B) TYPE: nucleic aci.d 
(C) STRANDEDN!ISS: single 
(D) TOPOLOGY: linear 

(ii) MOLECULE 'nPE: DNA (genomic) 

(xi) S~ DESCRIPTION': SEQ ID N0:42: 

GO'CTAGATT AGCT.l'CCTTT ACGCAGC 

(2) IN!'ORMA'r:tON !'OR SEQ ID NO: 43: 

(i} SEQUENCE CBARACRlUS'UCS: 
(A) LENGTH: 38 base pairs 
(B) '!!PE: nucleic acid 
(C) ~EDRESS: single 
(D) 1'0POLOGY: linear 

(il) MOLECULE 'nPE: DNA (genomic) 

(xi} SEQUENCE DESCRl:PT:ION: SEQ :ID N0:43: 

.(2) INFORMAnON !'OR SEQ m N0:44: 

(i) SEQUl!INCE CHARACTDISTICS: 
(A) Ll!:NG'!l'H: 24 base pairs 
(B) TYPE: nucl.ei.c ac.id 
(C) S'.rRANI>EDNESS: single 

· (D) TOPOLOGY: lineu. 

(ii.) MOLECULE TYPE: DNA (qenomic} 

(xi) SEQlJENCE DESCRIPTION: SEQ ID N0:44: 
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(2) mFO:aMA'.l!lON !'OR SEQ ID R0:45: 

(i) SEQtJENCE CHAftAC!l'EIUS'l'l:CS: 
(A) LENG!l'Jl: 35 base pairs 
(B) n'PE: nucl.&ic ac.id 
(C) STRANDEDDSS: sin91e 
(D) mPOLOGY: 1inear 

(ii) MOLECDLE '.l!YPE: DNA (genamic) 

(xi) SEQUENCE DESCRIP'rlON: SEQ lD N0:45: 

GGAM"l'CAGA 'l'CTAGaATG CCGTTAA'l'AG CCGGG 

(2) :CNl'ORMATJ:ON FOR SEQ ID N0:46: 

(i.) SEQUENCE CBARACDRIST:CCS: 
(A) LENG'?!!: 26 base pai.rs 
(B) !rYPE: nucleic acid 
(C) STRANDEDNESS single 
(D) TOPOLOGY: linear 

(:i.i) MOLECULE TUE: DNA (genomic) 

(xi) SEQUENCE DESClUP'.nON: SEQ ID N0:46: 
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WHAT IS CZ ·AIMBP JS: 

1. A biooonversi~ process to produce 1,3-propanediol comprising 

contacting, under suitable conditions, a carbon substrate ~ a single 

microorganism having at least one gene capable of expressing a dehydratase 

~ enzyme. 

2. A bioconversion ~to produce 1,3-propanediol comprlsing 

contacting; under suitable conditions, glycerol with a single microorganism having 

at least one gene capable of expressing a dehydmtase enzyme, the~ 

selected from the group consi.mtg of members of the generaAspergUlus, 

10 Saccharomyces, Zygosaccharomyces, Pich'ia, Kluyveromyces, Candida, 

Hansenula, Debaryonryces, Mucor, Torulopsis, Methylobacter, Salmonella,. 

Bacillus, Streptomyces, and Pseudomonas. 

3. The process of C1abn l wherein the gene encodes glycerol dehydratase 

and is isolated from the group consisting of membem of the genera Klebsiella, 
15 Lactobacillus, Enterobacter, Citrobacter, Pelobacter, llyobacter, and 

Clostridium. 

4. The process of Cahn 1 wherein the gene encodes diol dehydratase and 

is isolated from the group comisting of members of the genera Klebsiella and 

Salmonella. 

20 S. The process of Claim 1 wheJehi the dehydratase enzyme is a gylcerol 

dehydratase enzyme or. diol dehydmtase enzyme. 

6. The process of Cairn l wherein the microorganism is uansfomied with 

at least one DNA fragment encoding dbaBl, dhaB2, and dhaB3 md/or dhaT 

whereby the mganism expresses active dehydratase enzyme. 

25 7. 1he process of Claim 1 wherein the microorganism is selected from the 

group consisting of memben of the genera Citrobacter, Enterobacter, 
Clostridium, Kkbsiella, Aerobacter, Lactobacillus, Aspergillus, Saccharomyces, 
Zygosaccharomyces, Pichia, Klriyveromyces, Candida, Hanaenula, 

Debaryonryces, Mucor, Torulopsu, Methylobacter, Esch6ichia, Salmonella, 

30 Bacillra, Streptomyces and P8ftliomonas. 

8. The process of Claim 7 wherein the microorganism is seJected from the 

group consisting of recombinant microorganisms transfmmed with either a gene 
encoding a glycerol dehydmt:ase enzyme or a gene encoding_ a diol deh.ydratase 

enzyme and nmtant microorganisms having phenotypes which enhance production 

3S of 1,3-propanediol 
9. The process of Claim 7 wherein the microorganism is selected fRm the 

group consisting of members of the genera Klebsiella, Enterobacter, and 

Citrobacter, or is recombinant&cherichia. 
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10. The process of CJahn 9 whe!ein the microorganism is recombinant 

E.coli. 

11. 1he process of Claim 8 where.in the microorganism. is selected from the 

gmup conaisting of recombinant Streptomycu sp., Bacillus sp., Pseudomonas sp., 

~ Saccharomyces sp,. Aspergillus sp., Lactobaclllus sp., and Pichia sp., the 

recombinant microorganism tmnsfmmed with at least one DNA fragment encoding 

dbaBl, dbaB2, and dhaB3 and /or dbaT whereby the organism expesses active 
dehydratase enzyme and the cubon substrate is a monosaccharide. 

12. 1he process of C1aDn 11 wbeiein the microorganism is selected from the 
10 · gmup consisting of recombinant Saccharomyces cerevisiase, Bacillus subtilis, 

Pichia pastoris, and Bacillus licheniformis, the recombinant microm:ganism 

ttansfmmed with at least one DNA fragment encoding dhaBl, dbaB2, and dbaB3 

and /or dhaT whereby the organism expresses active dehydratase enzyme and the 

carbon substrate is a monosaccharide. 
15 13. The process of Clahns 1 or 10 wherein the microorganism is a 

recombinant E. coli containing a glycerol dehydratase gene from Klebslella 

pneumoniae. 
14. The process of Claim 1 wheJein the carbon substrate has at. least a single 

carbon at.om, provided that. the carbon substrate is other thm glycerol or 

20 dihydroxyacetone. 

15. The process of Clakn 14 wherein the.carbon substmte is· selected fnm. 
the group consisting of monosaccharides, oligosacchad.des and polysaccbarides •. 

16. The process of Claim 15 wherein the carbon substrate is glucose. · 

17. The process of Claim· 14 wherein the carbon substrate is an alcohol 

25 18. The process of Claim 1 further comprising growing the microorganism 

in a medium prior to contacdng it with the cmbon substtate. 

19. 1,3-propanediol produced by the process .of Claims 1 or lS. 

20. A cosmid of about 35 kb isolated from Klebsiella pneumoniae 

comprising the DNA fragment encoding an active glycerol dehydratase enzyme 

30 having the restriction enzyme digest in F"igme 1, columns 1 and 2. 
21. A ttansfonned microorganism comprising a host microorganism and the 

cosmidofClaim 20. 
22. The transformed microorganism of Claim 21 wherein the host 

microoiganism is E. coli, the microorganism designated by ATCC Accession 
3S No. 69789. 

23. A ttansfmmed microorganism comprismg a host microorganism. alid a 

first DNA fragment is~ from Klebsiella pneumoniae, the first DNA fragment 

encoding an active glycerol dehydratase enzyme having the restriction enzyme 
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digest in Fipn 1, columns 1 and 2, and at least one second DNA &agment 

isolated from KlebsieUa pneumoniae, the second DNA fragment encoding an 

active functional protmn other than a glyamd dehydratase enzyme. 

24. A recombinant Pseutlomonas sp. comprising a DNA fragment encoding 

S dbaBl, dhaB2, amt dhaB3 and dhaT and designated by ATCC Accession 

No.55760. 
25. A recombinant Pichia pastoris comprising a DNA fragment encoding 

dbaBl, dhaB2, and dhaB3 and dhaT and designated by ATCC Accession 

No. 74363. 
10 26. A iecombinant Saccharomyces cereui.siae strain pMCKllJ.0/17 (MH) 

#A, comprlsing a DNA fragmenf encoding dhaBl, dhaB2, and dhaB3, and dbaT 

and designated by the ATCC Accession No.---· 
27. A .recombinant Bacillus licheniformi.s strain BG 188/pM26 (Cone #8), 

comprising a DNA fragment encoding dhaBl, dhaB2, aQd dhaB3, and designated 

15 by ATCC Accession No.--· 
28. A iecombinant Bacillus subtilis strain BG2864/pM27 (Cone #1), 

comprising a DNA fragment encoding dbaBl, dhaB2, dhaB3, and dbaT and 

designated by ATCC Accession No.----
29. A mcombinant Streptomyces lividans strain SL14-2, comprising a DNA 

20 fragment encoding dhaBl, dhaB2, and dhaB3 and dhaT and designated by ATCC 

Accession No._. 

30. A :recombinant Aspergillus niger strain TGR40-13, cozrip.dsing a DNA 
fraament encoding dhaBl, dbaB2, dhaB3, and dhaT and designated by ATCC 

Accession No.--· 
2S 31. A .recombinant eucaryote microorganism expressing delzy'dratase 

enzyme. 
32. The mcombinant eucaryote microorganism of Claim 31 selected from 

the group consisdn.g of yeast and filamemaous fungi. 

33~ The process of CWm l :further comprising recovering 1,3-propanediol. 
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