RECOMBINANT MICROORGANISMS
AND USES THEREFOR

FIELD
[0001] The present invention relates to a enzymatic reaction converting propane-1,2-diol
to propan-2-one and propanal and a process to produce products including propanal, propan-

2-one, propan-1-ol and/or propan-2-ol by microbial fermentation of a substrate.

BACKGROUND

[0002] To date, most chemicals such as propanal, propan-2-one, propan-1-ol and/or
propan-2-ol, propylene, or isubutylene are derived from petrochemical sources. With
diminishing global reserves of crude oil and increasing demand from developing countries,
the pressure on oil supply and demand will grow and alternative bio-based chemicals are
beeing developed. The current generation of biochemicals that use either food or non-food
crops to produce sugar or cellulose-based feedstocks may have drawbacks relating to land-
use, food-security, and volatility of supply and environmental issues.

[0003] Propan-2-one is an important solvent with an annual demand of 2 million metric tonns
per annum in the United States. Propan-2-ol is used as solvent for coatings or for industrial
processes with a capacity of 3 million metric tonns per annum. 1-propanol is important in
production of drugs and cosmetics and is considered as fuel substitute. Isobutylene is a
chemical building block and key precursor for numerous chemicals. The worldwide demand
for isobutylene has been estimated to exceed 10 million metric tons per year and its market
value at 25 billion US dollar.

[0004] It has long been recognised that catalytic processes may be used to convert gases
consisting primarily of CO and/or CO and hydrogen (H,) into a variety of fuels and
chemicals. However, micro-organisms may also be used to convert these gases into fuels and
chemicals. These biological processes, although generally slower than chemical reactions,
have several advantages over catalytic processes, including higher specificity, higher yields,

lower energy costs and greater resistance to poisoning.



[0005] CO is a major free energy-rich by-product of the incomplete combustion of
organic materials such as coal or oil and oil derived products. For example, the steel industry
in Australia is reported to produce and release into the atmosphere over 500,000 tonnes of

CO annually.

[0006] The ability of micro-organisms to grow on CO as their sole carbon source is a
property of organisms that use the acetyl coenzyme A (acetyl CoA) biochemical pathway of
autotrophic growth (also known as the Woods-Ljungdahl pathway). A large number of
anaerobic organisms including carboxydotrophic, photosynthetic, methanogenic and
acetogenic organisms have been shown to metabolize CO to various end products, namely
CO,, H,, methane, n-butanol, acetate and ethanol. When using CO as the sole carbon source

all such organisms produce at least two of these end products.

[0007] Some microorganisms such as Clostridium acetobutylicum or Clostridium
beijerinckii are known to produce propan-2-one or propan-2-ol as major by-products during
butanol fermentation (ABE or IBE fermentation) (George et al. 1983), while propan-1-ol is a
byproduct of fermentations with yeast Saccharomyces cerevisiae (Hazelwood et al. 2008).
However, all these organisms rely on sugar or starch based substrates. Acetogenic organisms
such as the closely related microorganisms Clostridium autoethanogenum, C. ljungdahlii,
and C. ragsdalei are able to grow chemoautotrophically on CO or CO,/H, containing gases
as sole energy and carbon source and synthesize products such as acetate, ethanol, butanol or
2,3-butanediol, but neither propan-2-one nor propan-2-ol (Munasinghe and Khanal 2010).
Although propan-2-one to propan-2-ol reduction have been shown in acetogenic species, the
underlying principle is unknown (Ramachandriya et al. 2011).

[0008] It is an object of the invention to provide a method of production of propanal,

propan-2-one, propan-1-ol and/or propan-2-ol or their precursors.

SUMMARY OF INVENTION

[0009] The invention provides, inter alia, an enzymatic reaction converting propane-
1,2-diol to propan-2-one and propanal and methods for the production of propanal, propan-2-
one, propan-1-ol and/or propan-2-ol by microbial fermentation (in particular of a substrate

comprising CO), and recombinant microorganisms of use in such methods.
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[00010] In a first aspect, the invention provides an enzymatic reaction converting
propane-1,2-diol to propan-2-one and propanal catalysed by a type of diol dehydratase

enzyme

[00011] In one particular embodiment, a method of producing propanal, propan-2-one,
propan-1-ol and/or propan-2-ol comprising fermenting a substrate in the presence of a

microorganism wherein the substrate contains propane-1,2-diol is provided.

[00012] In one particular embodiment, the microorganism produces one or more other

products. In one embodiment, the one or more other products is ethanol, butanol and/or

butanediol.
[00013] In one embodiment, the microorganism is a carboxydotrophic microorganism.
[00014] In one particular embodiment, the carboxydotrophic microorganism is

Clostridium autoethanogenum, Clostridium ljungdahlii, Clostridium ragsdalei, Clostridium
carboxidivorans, Clostridium drakei, Clostridium scatologenes, Clostridium aceticum,
Clostridium formicoaceticum, Clostridium magnum, Butyribacterium methylotrophicum,
Acetobacterium woodii, Alkalibaculum bacchii, Blautia producta, Eubacterium limosum,
Moorella thermoacetica, Moorella thermautotrophica, Sporomusa ovata, Sporomusa

silvacetica, Sporomusa sphaeroides, Oxobacter pfennigii, and Thermoanaerobacter kiuvi.

[00015] In one embodiment, the microorganism is a recombinant microorganism as

defined hereinafter.

[00016] In one embodiment, the microorganism is selected from the genus
Escherichia,  Saccharomyces, Clostridium, Bacillus, Lactococcus, Zymomonas,
Corynebacterium, Pichia, Candida, Hansenula, Trichoderma, Acetobacterium,
Ralstonia,Cupravidor Salmonella, Klebsiella, Paenibacillus, Pseudomonas, Lactobacillus,
Rhodococcus, Enterococcus, Alkaligenes, Brevibacterium, Methylobacterium,

Methylococcus, Methylomonas, Methylocystis, Methylosinus.



[00017] In one particular embodiment, the microorganism is selected from the group
consisting of E. coli, Saccharomyces cerevisiae, Clostridium acetobutylicum, C. beijerinckii,
C. saccharbutyricum, C. saccharoperbutylacetonicum, C. butyricum, C. diolis, C. kluyveri, C.
pasterianium, C. novyi, C. difficile, C. thermocellum, C. cellulolyticum, C. cellulovorans, C.
phytofermentans, Lactococcus lactis, Bacillus subtilis, Bacillus licheniformis, Zymomonas
mobilis, Klebsiella oxytoca, Klebsiella pneumonia, Corynebacterium glutamicum,
Trichoderma reesei, Ralstonia eutropha,__Cupriavidus necator Pseudomonas putida,

Lactobacillus plantarum, Methylobacterium extorquens.

[00018] In one embodiment the method comprises the steps of:

a. aerobic or anaerobic fermentation providing a substrate comprising of sugar, starch,
cellulose, biomass hydrolisates, syngas and/or glycerol to a bioreactor containing a
substrate comprising a culture of one or more microorganisms;

b. providing propane-1,2-diol to the substrate; and

c. anaerobically fermenting the culture in the bioreactor to produce propanal, propan-2-

one, propan-1-ol and/or propan-2-ol.

[00019] In one particular embodiment the method comprises the steps of:
a. providing a substrate comprising CO to a bioreactor containing a substrate comprising
a culture of one or more carboxydotrophic microorganisms;
b. providing propane-1,2-diol to the substrate; and
c. anaerobically fermenting the culture in the bioreactor to produce propanal, propan-2-

one, propan-1-ol and/or propan-2-ol.

[00020] In one particular embodiment the method comprises the steps of:
a. capturing CO-containing gas produced as a result of an industrial process
b. anaerobic fermentation of the CO-containing gas to produce propanal, propan-2-one,
propan-1-ol and/or propan-2-ol in a substrate comprising one or more carboxydotrophic

microorganisms and propane-1,2-diol.

[00021] In one embodiment the method comprises the steps of:



a. aerobic or anaerobic fermentation providing a substrate comprising of sugar, starch,
cellulose, biomass hydrolisates, syngas and/or glycerol to a bioreactor containing a
substrate comprising a culture of one or more microorganisms;

b. with one or more microorganisms producing propane-1,2-diol;

c. and one or more microrganisms convert propane-1,2-diol and produce propanal,

propan-2-one, propan-1-ol and/or propan-2-ol.

[00022] In particular embodiments of the method aspects, the fermentation occurs in

an aqueous culture medium.

[00023] In one embodiment, the propane-1,2-diol is (R)-propane-1,2-diol and the
product is propan-2-one and/or propan-2-ol.

[00024] In one embodiment, the propane-1,2-diol is (S)-propane-1,2-diol and the

product is propanal and/or propan-1-ol.

[00025] Preferably, the substrate comprises CO. Preferably, the substrate is a gaseous
substrate comprising CO. In one embodiment, the substrate comprises an industrial waste

gas. In certain embodiments, the gas is steel mill waste gas or syngas.

[00026] In one embodiment, the substrate will typically contain a major proportion of
CO, such as at least about 20% to about 100% CO by volume, from 20% to 70% CO by
volume, from 30% to 60% CO by volume, and from 40% to 55% CO by volume. In
particular embodiments, the substrate comprises about 25%, or about 30%, or about 35%, or
about 40%, or about 45%, or about 50% CO, or about 55% CO, or about 60% CO by volume.

[00027] In one embodiment, the method further comprises the step of recovering the
propanal, propan-2-one, propan-1-ol and/or propan-2-ol and optionally one or more other

products from the fermentation broth.

[00028] In one embodiment, the propane-1,2-diol is added to the fermentation
substrate prior to, concurrently with, or subsequently to the introduction of the

microorganism to the substrate.



[00029] In one embodiment, the CO and/or other components of a fermentation broth
may be added to the substrate prior to, concurrently with, or subsequently to the introduction

of the propane-1,2-diol.

[00030] In one embodiment, the propane-1,2-diol present in the substrate is produced
by the carboxydotrophic microorganism that produces the propanal, propan-2-one, propan-1-
ol and/or propan-2-ol. In one embodiment, the propane-1,2-diol may be produced in the
same bioreactor or a different bioreactor.

[00031] In a further embodiment, the propane-1,2-diol is produced by a different

microorganism in the same bioreactor or in a different bioreactor.

Recombinant microorganisms

[00032] In a second aspect, the invention provides a recombinant microorganism
modified to express one or more exogenous diol dehydratase enzymes not present in a

parental microorganism (may be referred to herein as an exogenous enzyme).

[00033] In third aspect, the invention provides a microorganism modified to over-
express one or more endogenous diol dehydratase enzymes which are present in a parental

microorganism (may be referred to herein as an endogenous enzyme).

[00034] In forth aspect, the invention provides a microorganism modified to express
variants of one or more endogenous diol dehydratase enzymes which are present in a parental

microorganism (may be referred to herein as an endogenous enzyme).

[00035] In an embodiment of the second, third or fourth aspects, the microorganism is
adapted to be able to achieve a higher yield of propanal, propan-2-one, propan-1-ol and/or

propan-2-ol than would be produced by a parental microorganism.

[00036] In an embodiment of the second, third or fourth aspects, the microorganism is
adapted to produce propanal, propan-2-one, propan-1-ol and/or propan-2-ol at a faster rate

than would be produced by a parental microorganism.
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[00037] In one embodiment of the second aspect, the diol dehydratase enzyme.

[00038] In a particular embodiment, the diol dehydratase enzyme has the identifying
characteristics of a diol dehydratase from Clostridium autoethanogenum or C. ljungdahlii

(EC 4.1.2.28), or a functionally equivalent variant thereof.

[00039] In a particular embodiment, the diol dehydratase enzyme has the identifying
characteristics of a propanediol dehydratase from Klebsiella oxytoca or K. pneumoniae (EC

4.1.2.30), or a functionally equivalent variant thereof.

[00040] In one embodiment of the second aspect, the novel diol dehydratase enzyme
and activase enzyme are as defined in SEQ ID NO: 1 and 2 (enzyme of C.
autoethanogenum) and YP_003779353 and YP_003779354 (enzyme of C. ljungdahlii), or a

functionally equivalent variant thereof.

[00041] In one embodiment of the second aspect, the novel diol dehydratase enzyme
and its activase enzyme are encoded by a nucleic acid sequence as defined in SEQ ID NO: 3
and 4 (genes from C. autoethanogenum) and CLJU ¢11830; 9444800 and CLJU c11831;

9444801 (genes of C. ljungdahlii), or a functionally equivalent variant thereof.

[00042] In one embodiment of the third aspect, the three subunit comprising diol
dehydratase enzyme of Klebsiella as defined in YP_002236780, YP_002236781,
YP_002236782 (K. pneumonia) and 1DIO_A, 1DIO_B, 1DIO_C (K. oxytoca), or a
functionally equivalent variant thereof.

[00043] In one embodiment of the third aspect, the three diol dehydratase enzyme
subunits of Klebsiella are encoded by a nucleic acids as defined in GI:206575748,
G1:206575749, GI1:206575750 (K. pneumonia) and GI:868006, G1:868007, G1:868008 (K.

oxytoca) , or a functionally equivalent variant thereof.

[00044] In a particular embodiment of the second or third aspects, the recombinant
microorganism is modified such that expression of an endogenous enzyme is attenuated, or is

knocked-out relative to the expression of the same enzyme in the parental microorganism.
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[00045] In one embodiment, the enzyme whose expression is attenuated or is knocked
out is an alcohol dehydrogenase enzyme. In particular embodiments, the secondary alcohol
dehydrogenase enzyme is defined in SEQ ID NO: 5 (C. autoethanogenum) and ADK15544.1
(C. ljungdahlii), or is a functionally equivalent variant thereof. In further embodiments, the
secondary alcohol dehydrogenase enzyme is encoded by a nucleic acid as defined in SEQ ID
NO: 6. (C. autoethanogenum) and CLJU_c24860; G1:300435777 (C. ljungdahlii).

[00046] In a further embodiment, the recombinant organism produces propanal and/or

propan-2-one in addition to, or instead of propan-1-ol and/or propan-2-ol.

[00047] In one embodiment, the microorganism comprises one or more exogenous
nucleic acids adapted to increase expression of one or more endogenous nucleic acids and
which one or more endogenous nucleic acids encode a diol dehydratase referred to

hereinbefore.

[00048] In one embodiment, the one or more exogenous nucleic acids adapted to
increase expression is a regulatory element. In one embodiment, the regulatory element is a
promoter. In one embodiment, the promoter is a constitutive promoter. In one embodiment,
the promoter is selected from the group comprising Wood-Ljungdahl gene cluster, a
pyruvate:ferredoxin oxidoreductase promoter, an Rnf complex operon promoter, ATP

synthase operon promoter and Phosphotransacetylase/Acetate kinase operon promoters.

[00049] In one embodiment, the recombinant microorganism is further adapted to
express one or more exogenous enzymes to produce propane-1,2-diol including but not
limited to methylglyoxal synthase (mgsA); methylglyoxal reductase (ydjG); secondary
alcohol dehydrogenase (gldA/budC); lactaldehyde reductase/primary alcohol dehydrogenase
(fucO). In a further aspect, the microorganism is adapted to over-express one or more
endogenous enzymes in the propane-1,2-diol biosynthesis pathway.

[00050] In one embodiment, the one or more exogenous nucleic acids is a nucleic acid
construct or vector, in one particular embodiment a plasmid, encoding a diol dehydratase
enzyme referred to hereinbefore.



[00051] In one embodiment, the exogenous nucleic acid is an expression plasmid.

[00052] In one particular embodiment, the parental microorganism is selected from the
group of carboxydotrophic bacteria comprising Clostridium autoethanogenum, Clostridium
ljungdahlii, Clostridium ragsdalei, Clostridium carboxidivorans, Clostridium drakei,
Clostridium scatologenes, Clostridium aceticum, Clostridium formicoaceticum, Clostridium
magnum, Butyribacterium methylotrophicum, Acetobacterium woodii, Alkalibaculum bacchii,
Blautia  producta, Eubacterium limosum, Moorella thermoacetica, Moorella
thermautotrophica, Sporomusa ovata, Sporomusa silvacetica, Sporomusa sphaeroides,

Oxobacter pfennigii, and Thermoanaerobacter kiuvi.

[00053] In one embodiment the parental microorganism is Clostridium
autoethanogenum or Clostridium ljungdahlii. In one particular embodiment, the
microorganism is Clostridium autoethanogenum DSM23693 a derivate of strain DSM10061.
In another particular embodiment, the microorganism is Clostridium ljungdahlii DSM13528
(or ATCC55383).

[00054] In one embodiment the parental microorganism is Escherichia coli or

Lactococcus lactis.

Isolated nucleic acid (from C.autoethanogenum and C. ljungdahlii)

[00055] In a fourth aspect, the invention provides a nucleic acid encoding a diol

dehydratase wherein the nucleic acid is isolated from a carboxydotrophic microorganism.

[00056] In a further embodiment of the fourth aspect, the carboxydotrophic
microorganism is Clostridium autoethanogenum or Clostridium ljungdahlii. In one
particular embodiment, the microorganism is Clostridium autoethanogenum DSM23693 a

derivate of strain DSM10061.C. autoethanogenum.

[00057] In a further embodiment of the fourth aspect, when expressed in a
microorganism, the nucleic acid encoding a diol dehydratase facilitates an increased yield
and/or rate of production of propanal, propan-2-one, propan-1-ol and/or propan-2-ol by

fermentation of a substrate comprising CO and propane-1,2-diol.
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[00058] In one embodiment of the fourth aspect, the nucleic acid encoding a diol

dehydratase is SEQ ID NO:1 and 2 or is a functionally equivalent variant thereof.

[00059] In one embodiment, the nucleic acid comprises sequences encoding one or
more of the enzymes of the invention defined herein before which when expressed in a
microorganism allows the microorganism to produce propanal, propan-2-one, propan-1-ol
and/or propan-2-ol by fermentation of a substrate comprising CO and propane-1,2-diol. In
one particular embodiment, the invention provides a nucleic acid encoding two enzymes
which when expressed in a microorganism allows the microorganism to produce propanal,

propan-2-one, propan-1-ol and/or propan-2-ol by fermentation of a substrate comprising CO.

[00060] In one embodiment, the nucleic acids of the invention further comprise a
promoter. In one embodiment, the promoter allows for constitutive expression of the genes
under its control. In a particular embodiment a Wood-Ljungdahl cluster promoter is used. In
other particular embodiments a pyruvate:ferredoxin oxidoreductase promoter, an Rnf
complex  operon  promoter,  ATP  synthase = operon  promoter or a
Phosphotransacetylase/Acetate kinase operon promoter is used. In one particular

embodiment, the promoter is from C. autoethanogenum.

[00061] In a fifth aspect, the invention provides a nucleic acid construct or vector

comprising one or more nucleic acids of the fourth aspect.

[00062] In one particular embodiment, the nucleic acid construct or vector is an
expression construct or vector. In one particular embodiment, the expression construct or

vector is a plasmid.

[00063] In a sixth aspect, the invention provides a host organism comprising any one
or more of the nucleic acids of the fourth aspect or vectors or constructs of the fifth aspect.

[00064] In a seventh aspect, the invention provides a composition comprising an

expression construct or vector as referred to in the fourth aspect of the invention and a

methylation construct or vector.
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[00065] Preferably, the composition is able to produce a recombinant microorganism

according to the second aspect of the invention.

[00066] In one particular embodiment, the expression construct/vector and/or the

methylation construct/vector is a plasmid.

[00067] In an eighth aspect, the invention provides propan-1-ol, propan-2-ol, propanal
and/or propan-2-one when produced by the method of the first aspect.

[00068] In another aspect, the invention provides a method for the production of a
microorganism of the second or third aspect of the invention comprising transforming a
carboxydotrophic acetogenic parental microorganism by introduction of one or more nucleic
acids such that the microorganism is capable of producing propanal, propan-2-one, propan-1-
ol and/or propan-2-ol, or producing an increased amount of propanal, propan-2-one, propan-
1-ol and/or propan-2-ol compared to the parental microorganism, and optionally one or more
other products by fermentation of a substrate comprising CO and propane-1-2-diol, wherein
the parental microorganism is not capable of producing propanal, propan-2-one, propan-1-ol
and/or propan-2-ol, or produces propanal, propan-2-one, propan-1-ol and/or propan-2-ol at a
lower level than the recombinant microorganism, by fermentation of a substrate comprising
Co.

[00069] In one particular embodiment, a parental microorganism is transformed by
introducing one or more exogenous nucleic acids adapted to express one or more enzymes for
biosynthesis of propane-1,2-diol including but not limited to methylglyoxal synthase (mgsA);
methylglyoxal reductase (ydjG); secondary alcohol dehydrogenase (gldA/budC);
lactaldehyde reductase/primary alcohol dehydrogenase (fucO). In a further embodiment, a
parental microorganism is further transformed by introducing one or more exogenous nucleic
acids adapted to express one or more enzyme in the propane-1,2-diol biosynthesis pathway.
In a further embodiment, a parental microorganism is further transformed by expressing or
overexpressing one or more endogenous nucleic acids adapted to express one or more
enzyme in the propane-1,2-diol biosynthesis pathway. In one embodiment, a parental

microorganism is transformed with one or more nucleic acids adapted to over-express one or
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more endogenous enzymes in the propane-1,2-diol pathway which are naturally present in the

parental microorganism.

[00070] In certain embodiments, the one or more enzymes are as herein before
described.
[00071] The invention may also be said broadly to consist in the parts, elements and

features referred to or indicated in the specification of the application, individually or
collectively, in any or all combinations of two or more of said parts, elements or features, and
where specific integers are mentioned herein which have known equivalents in the art to
which the invention relates, such known equivalents are deemed to be incorporated herein as

if individually set forth.

BRIEF DESCRIPTION OF THE FIGURES
[00072] These and other aspects of the present invention, which should be considered
in all its aspects, will become apparent from the following description, which is given by way

of example only, with reference to the accompanying figures.

[00073] Figure 1: Reaction pathway showing the stereospecific production of

propanal, propan-2-one, propan-1-ol and/or propan-2-ol from propane-1,2-diol.

[00074] Figure 2: HPLC chromatograms showing the production of products
propanal, propan-1-ol, propan-2-ol and ethanol from A - propane-1,2-diol, B — (S)-propane-
1,2-diol and C - (R)-propane-1,2-diol. Propan-2-one is a co-product in A and C but is
obscured by the propan-2-ol peak. Further analysis has eluted propan-2-one separately using
a different Gas chromatography method.

[00075] Figure 3. Gas Chromatogram of headspace over cultures of C.
autoethanogenum highlights retention time of propan-2-one and propan-2-ol. Culture with
no propane-1,2diol added, A; and culture with (R)-propan-2-ol added, B.

[00076] Figure 4: HPLC chromatogram from cultures of C. ljungdahlii. Culture with
no propane-1,2-diol added, A, shows no propan-1-ol or propan-2-ol; and culture with (R)-

propan-2-ol added, B, shows production of propan-1-ol and propan-2-ol.
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[00077] Figure 5: HPLC chromatogram from cultures of C. ragsdalei. Culture with
no propane-1,2-diol added, A; and culture with (R)-propan-2-ol added, B, shows no

conversion of propane-1,2-diol to propan-1-ol or propan-2-ol

[00078] Figure 6: HPLC chromatogram from cultures of C. carboxidivorans. Culture
with no propane-1,2-diol added, A, shows no propan-1-ol or propan-2-ol; and culture with
(R)-propan-2-ol added, B, shows no remaining propane-1,2-diol and production of only
propan-1-ol and not propan-2-ol.

[00079] Figure 7: Propanol production from propane-1,2-diol in C. autoethanogenum
harbouring pMTL83155-pddABC, bars with solid outline; and in wildtype C.
autoethanogenum, bars with broken outline. Error bars represent standard deviation of three

replicates.

[00080] Figure 8: Overview of alignment of diol dehydratase of C. autoethanogenum
with most related enzymes from BLAST search. Grey bars represent identity to C.
autoethanogenum reference sequence, while black areas represent mismatches and white
areas represent gaps. A domain only present in C. autoethanogenum and C. ljungdahlii is

highlighted in a box.

[00081] Figure 9: HPLC chromatogram from cultures of C. butyricum. Culture at time
of inoculation, A, shows glycerol and propane-1,2-diol. Culture after 48 hours of growth, B,

shows some remaining propane-1,2-diol, and propan-1-ol produced.

[00082] Figure 10: PCR confirmation of group Il intron insertion in diol dehydratase
gene using primers Og84f and Og85r. 8 clones after Clarithromycin selection were randomly
screened.

[00083] Figure 11: HPLC chromatogram from cultures of C. autoethanogenum

ClosTron mutant with inactivated diol dehydratase after 1 week of growth. Culture with no
propane-1,2-diol added, A; and culture with (R)-propan-2-ol added, B, shows no conversion

of propane-1,2-diol to propan-1-ol or propan-2-ol.
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[00084] Figure 12. HPLC chromatograms of culture broth from E. coli harbouring
pTrc-dhaB1B2 (A) and pTrc99A (B) after 48 hours of growth in the presence of 4 g L-1
propane-1,2-diol.

DETAILED DESCRIPTION OF THE INVENTION

[00085] All known biosynthesis routes of propan-2-one and propan-2-ol start from
acetyl-CoA via the intermediates acetoacetyl-CoA and acetoacetate. Here we present an
alternative route from glyceraldehyde-3-phosphate or pyruvate via lactaldehyde and propane-
1,2-diol (Berrios-Rivera, San, and Bennett 2003; Jain and Yan 2011) to propan-2-one and
propan-2-ol. We describe here an enzyme that can stereospecifically convert propane-1,2-
diol to propan-2-one and propanal. These products can then further be converted to propan-
2-ol and propan-1-ol. Conversion of propane-1,2-diol to propanal has been described by
another enzyme from Klebsiella pneumonia (Jain and Yan 2011), which however is unable to
convert it to both propanal and also propan-2-one. Here we describe an enzyme and process
for selective production of propan-2-one/propan-2-ol and/or propanal/propan-1-ol, either in
an acetogenic cell that may contain this enzyme natively or in any native propane-1,2-diol
producing host organism or in an engineered cell modified for propane-1,2-diol production as
shown for E. coli or Saccharomyces cerevisiae (Berrios-Rivera, San, and Bennett 2003; Jain
and Yan 2011). This reaction also allows for production of other commodities from
precursors propan-2-one, propan-2-ol, propanal, propan-1-ol, for example isobutylene, that
can be produced from propan-2-one (van Leeuwen et al. 2012) (W02011032934). Another
advantage of the invention using the novel diol dehydratases lies in the nature of the enzyme
mechanism. Diol dehydratases catalyze irreversible rections, thus allowing a kinetic control
element for efficient production as products cannot be re-utilized, an important consideration
when designing synthetic pathways (Bar-Even et al. 2012; Bond-Watts, Bellerose, and Chang
2011).

[00086] The following is a description of the present invention, including preferred
embodiments thereof, given in general terms. The invention is further elucidated from the
disclosure given under the heading “Examples” herein below, which provides experimental
data supporting the invention, specific examples of various aspects of the invention, and

means of performing the invention.
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Definitions

[00087] As referred to herein, a “fermentation broth” is a culture medium comprising

at least a nutrient media and bacterial cells.

[00088] As referred to herein, a “shuttle microorganism” is a microorganism in which

a methyltransferase enzyme is expressed and is distinct from the destination microorganism.

[00089] As referred to herein, a “destination microorganism” is a microorganism in
which the genes included on an expression construct/vector are expressed and is distinct from
the shuttle microorganism.

[00090] The terms “increasing the efficiency,” “increased efficiency” and the like,
when used in relation to a fermentation process, include, but are not limited to, increasing one
or more of the rate of growth of microorganisms catalysing the fermentation, the growth
and/or product production rate at elevated product concentrations, the volume of desired
product produced per volume of substrate consumed, the rate of production or level of
production of the desired product, and the relative proportion of the desired product produced

compared with other by-products of the fermentation.

[00091] The phrase “substrate comprising carbon monoxide” and like terms should be
understood to include any substrate in which carbon monoxide is available to one or more

strains of bacteria for growth and/or fermentation, for example.

[00092] The phrase “gaseous substrate comprising carbon monoxide” and like phrases
and terms includes any gas which contains a level of carbon monoxide. In certain
embodiments the substrate contains at least about 20% to about 100% CO by volume, from
20% to 70% CO by volume, from 30% to 60% CO by volume, and from 40% to 55% CO by
volume. In particular embodiments, the substrate comprises about 25%, or about 30%, or
about 35%, or about 40%, or about 45%, or about 50% CO, or about 55% CO, or about 60%
CO by volume.

[00093] The phrase “isolated” and like terms refer to a member of a population that has
been removed from other members of the population. Typically the population is a mixed
15



population and the isolated member is either a singleton or a member of a homogeneous
population. The term may be used to describe a microorganism, a protein, a nucleic acid, and
the like.

[00094] The phrase “recombinant” and like terms refers to a nucleic acid, protein or
microorganism which contains portions of different individuals, different species, or different
genera that have been joined together. Typically this is done using techniques of
recombinant DNA, such that a composite nucleic acid is formed. The composite nucleic acid
can be used to make a composite protein, for example. It can be used to make a fusion
protein. It can be used to transform a microbe which maintains and replicates the composite

nucleic acid and optionally expresses a protein, optionally a composite protein.

[00095] The term “stereospecific” and like terms refer to enzymes that differentially
recognize enantiomers, and catalyze different reations with the enantiomers. Thus only one

enantiomer may be reacted, or each enantiomer may yield a distinct product.

[00096] While it is not necessary for the substrate to contain any hydrogen, the
presence of H, should not be detrimental to product formation in accordance with methods of
the invention. In particular embodiments, the presence of hydrogen results in an improved
overall efficiency of alcohol production. For example, in particular embodiments, the
substrate may comprise an approx 2:1, or 1:1, or 1:2 ratio of H,: CO. In one embodiment the
substrate comprises about 30% or less H, by volume, 20% or less H, by volume, about 15%
or less H, by volume or about 10% or less H, by volume. In other embodiments, the
substrate stream comprises low concentrations of H,, for example, less than 5%, or less than
4%, or less than 3%, or less than 2%, or less than 1%, or is substantially hydrogen free. The
substrate may also contain some CO, for example, such as about 1% to about 80% CO, by
volume, or 1% to about 30% CO, by volume. In one embodiment the substrate comprises
less than or equal to about 20% CO, by volume. In particular embodiments the substrate
comprises less than or equal to about 15% CO, by volume, less than or equal to about 10%

CO, by volume, less than or equal to about 5% CO, by volume or substantially no CO..

[00097] In the description which follows, embodiments of the invention are described

in terms of delivering and fermenting a "gaseous substrate containing CO.” However, it
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should be appreciated that the gaseous substrate may be provided in alternative forms. For
example, the gaseous substrate containing CO may be provided dissolved in a liquid.
Essentially, a liquid is saturated with a carbon monoxide containing gas and then that liquid is
added to the bioreactor. This may be achieved using standard methodology. By way of
example, a microbubble dispersion generator (Hensirisak et. al. Scale-up of microbubble
dispersion generator for aerobic fermentation; Applied Biochemistry and Biotechnology
Volume 101, Number 3 / October, 2002) could be used. By way of further example, the
gaseous substrate containing CO may be adsorbed onto a solid support. Such alternative

methods are encompassed by use of the term "substrate containing CO" and the like.

[00098] In particular embodiments of the invention, the CO-containing gaseous
substrate is an industrial off or waste gas. “Industrial waste or off gases” should be taken
broadly to include any gases comprising CO produced by an industrial process and include
gases produced as a result of ferrous metal products manufacturing, non-ferrous products
manufacturing, petroleum refining processes, gasification of coal, gasification of biomass,
electric power production, carbon black production, and coke manufacturing. Further

examples may be provided elsewhere herein.

[00099] Unless the context requires otherwise, the phrases “fermenting,” “fermentation
process” or “fermentation reaction” and the like, as used herein, are intended to encompass
both the growth phase and product biosynthesis phase of the process. As will be described
further herein, in some embodiments the bioreactor may comprise a first growth reactor and a
second fermentation reactor. As such, the addition of metals or compositions to a
fermentation reaction should be understood to include addition to either or both of these
reactors.

[000100] The term “bioreactor” includes a fermentation device consisting of one or
more vessels and/or towers or piping arrangement, which includes the Continuous Stirred
Tank Reactor (CSTR), Immobilized Cell Reactor (ICR), Trickle Bed Reactor (TBR), Bubble
Column, Gas Lift Fermenter, Static Mixer, or other vessel or other device suitable for gas-
liquid contact. In some embodiments the bioreactor may comprise a first growth reactor and
a second fermentation reactor. As such, when referring to the addition of substrate to the
bioreactor or fermentation reaction it should be understood to include addition to either or

both of these reactors where appropriate.
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[000101] “Exogenous nucleic acids” are nucleic acids which originate outside of the
microorganism to which they are introduced. Exogenous nucleic acids may be derived from
any appropriate source, including, but not limited to, the microorganism to which they are to
be introduced (for example in a parental microorganism from which the recombinant
microorganism is derived), strains or species of microorganisms which differ from the
organism to which they are to be introduced, or they may be artificially or recombinantly
created. If the nucleic acids are from a different species of microorganism and have a
different sequence, they are heterologous. In one embodiment, the exogenous nucleic acids
represent nucleic acid sequences naturally present within the microorganism to which they
are to be introduced, and they are introduced to increase expression of or over-express a
particular gene (for example, by increasing the copy number of the sequence (for example a
gene), or introducing a strong or constitutive promoter to increase expression). In another
embodiment, the exogenous nucleic acids represent nucleic acid sequences not naturally
present within the microorganism to which they are to be introduced and allow for the
expression of a product not naturally present within the microorganism or increased
expression of a gene native to the microorganism (for example in the case of introduction of a
regulatory element such as a promoter). The exogenous nucleic acid may be adapted to
integrate into the genome of the microorganism to which it is to be introduced or to remain in

an extra-chromosomal state.

[000102] “Exogenous” may also be used to refer to proteins. This refers to a protein
that is not present in the parental microorganism from which the recombinant microorganism

is derived.

[000103] The term “endogenous” as used herein in relation to a recombinant
microorganism and a nucleic acid or protein refers to any nucleic acid or protein that is

present in a parental microorganism from which the recombinant microorganism is derived.

[000104] Unless otherwise specified, “propane-1,2-diol” as referred to herein refers to a
racemic mixture of the two enantiomers (R)-propane-1,2-diol and (S)-propane-1,2-diol.
Unless otherwised specificed, “propanol” as referred to herein refers to a mixture of the two
isomers propan-1-ol and propan-2-ol. Where products of the reactions referred to herein

comprise propan-1-ol or propan-2-ol, it will be understood by one of skill in the art that the
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corresponding intermediates propanal and propan-2-one may be additionally or alternatively
produced. Isolation of the intermediate aldehyde or ketone compounds as a stand-alone
product may be desirable in some situations and, where appropriate, such aldehyde and
ketone products are intended to be included within the scope of the invention.

[000105] It should be appreciated that the invention may be practised using nucleic
acids whose sequence varies from the sequences specifically exemplified herein provided
they perform substantially the same function. For nucleic acid sequences that encode a
protein or peptide this means that the encoded protein or peptide has substantially the same
function. For nucleic acid sequences that represent promoter sequences, the variant sequence
will have the ability to promote expression of one or more genes. Such nucleic acids may be
referred to herein as “functionally equivalent variants.” By way of example, functionally
equivalent variants of a nucleic acid include allelic variants, fragments of a gene, genes which
include mutations (deletion, insertion, nucleotide substitutions and the like) and/or
polymorphisms and the like. Homologous genes from other microorganisms may also be
considered as examples of functionally equivalent variants of the sequences specifically
exemplified herein. These include homologous genes in species such as Clostridium
autoethanogenum, C. ljungdahlii, C. novyi details of which are publicly available on websites
such as Genbank or NCBI. The phrase “functionally equivalent variants” should also be
taken to include nucleic acids whose sequence varies as a result of codon optimisation for a
particular organism. “Functionally equivalent variants” of a nucleic acid herein will
preferably have at least approximately 70%, preferably approximately 80%, more preferably
approximately 85%, preferably approximately 90%, preferably approximately 95% or greater
nucleic acid sequence identity with the nucleic acid identified.

[000106] It should also be appreciated that the invention may be practised using
polypeptides whose sequence varies from the amino acid sequences specifically exemplified
herein. These variants may be referred to herein as “functionally equivalent variants.” A
functionally equivalent variant of a protein or a peptide includes those proteins or peptides
that share at least 40%, preferably 50%, preferably 60%, preferably 70%, preferably 75%,
preferably 80%, preferably 85%, preferably 90%, preferably 95% or greater amino acid
identity with the protein or peptide identified and has substantially the same function as the

peptide or protein of interest. Such variants include within their scope fragments of a protein
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or peptide wherein the fragment comprises a truncated form of the polypeptide wherein
deletions may be from 1 to 5, to 10, to 15, to 20, to 25 amino acids, and may extend from
residue 1 through 25 at either terminus of the polypeptide, and wherein deletions may be of
any length within the region; or may be at an internal location or a specific domain of the
protein conferring a specific catalytic function and activity, or binding of substrate or co-
factors. Functionally equivalent variants of the specific polypeptides herein should also be
taken to include polypeptides expressed by homologous genes in other species of bacteria, for
example as exemplified in the previous paragraph.

[000107] “Substantially the same function” as used herein is intended to mean that the
nucleic acid or polypeptide is able to perform the function of the nucleic acid or polypeptide
of which it is a variant. For example, a variant of an enzyme of the invention will be able to
catalyse the same reaction as that enzyme. However, it should not be taken to mean that the
variant has the same level of activity as the polypeptide or nucleic acid of which it is a

variant.

[000108] One may assess whether a functionally equivalent variant has substantially the
same function as the nucleic acid or polypeptide of which it is a variant using methods known
to one of skill in the art. However, by way of example, assays to test for diol dehydratase
activity are described in example sections and can be assessed using HPLC methods or by

derivatising with 2,4-dinitrophenylhydrazine (Toraya et al. 1977).

[000109] “Over-express,” “over expression” and like terms and phrases when used in
relation to the invention should be taken broadly to include any increase in expression of one
or more proteins (including expression of one or more nucleic acids encoding same) as
compared to the expression level of the protein (including nucleic acids) of a parental
microorganism under the same conditions. It should not be taken to mean that the protein (or

nucleic acid) is expressed at any particular level.

[000110] “Attenuated expression” as referred to herein refers to the expression of a
nucleic acid or protein that is decreased relative to the expression in a parental
microorganism. Attenuated expression also includes “zero” expression which refers to the

nucleic acid or protein not being expressed at all. The “zero” expression may be achieved by
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any method known to one of skill in the art including RNA silencing, modification of the
expression process (for example, disruption of the promoter function), or complete or partial

removal (i.e., “knock out”) of the nucleic acid encoding the enzyme from the genome.

[000111] A “parental microorganism” is a microorganism from which a microorganism
of the invention is derived. The microorganism of the invention may be derived by any
method such as artificial or natural selection, mutation, or genetic recombination. The
parental microorganism may be one that occurs in nature (i.e., a wild-type microorganism) or
one that has been previously modified but which does not express or over-express one or
more of the enzymes the subject of the present invention. Accordingly, the recombinant
microorganisms of the invention may have been modified to express or over-express one or

more enzymes that were not expressed or over-expressed in the parental microorganism.

[000112] The terms nucleic acid “constructs” or “vectors” and like terms should be
taken broadly to include any nucleic acid (including DNA and RNA) suitable for use as a
vehicle to transfer genetic material into a cell. The terms should be taken to include
plasmids, viruses (including bacteriophage), cosmids and artificial chromosomes. Constructs
or vectors may include one or more regulatory elements, an origin of replication, a
multicloning site and/or a selectable marker. In one particular embodiment, the constructs or
vectors are adapted to allow expression of one or more genes encoded by the construct or
vector. Nucleic acid constructs or vectors include naked nucleic acids as well as nucleic
acids formulated with one or more agents to facilitate delivery to a cell (for example,

liposome-conjugated nucleic acid, an organism in which the nucleic acid is contained).

Disclosure

[000113] The inventors have found that propanal, propan-2-one, propan-1-ol and/or
propan-2-ol can be produced by a carboxydotrophic microorganism when in the presence of a
substrate comprising CO and propane-1,2-diol. The production of propan-2-one and/or
propan-and/or propan-2-ol from a racemic mixture of propane-1,2-diol has never been shown
before by a microorganism. Following further experimentation, the inventors have shown
that fermentation of a substrate comprising (R)-propane-1,2-diol preferentially produces

propan-2-one and/or propan-2-ol and a substrate comprising (S)-propane-1,2-diol
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preferentially produces propanal and/or propan-1-ol. The inventors believe that the reaction
proceeds as shown in figure 1 in the carboxydotrophic microorganism catalyses the
stereospecific dehydration of propane-1,2-diol to form either propanal (from the (S)
enantiomer) or propan-2-one (from the (R) enantiomer). A diol dehydratase catalysing this
reaction has been identified and isolated. The inventors believe that these compounds are then
converted to the corresponding alcohol propan-1-ol or propan-2-ol by the action of an
endogenous alcohol dehydrogenase(s). A secondary alcohol dehydrogenase has been
identified and demonstrated to convert propan-2-one into propan-2-ol. ldentified enzymes
can be used for formation of propanal, propan-2-one, propan-1-ol and/or propan-2-ol in any
recombinant organism that produces propane-1,2-diol as product or intermediate or has been
engineered to do so (Jain and Yan 2011). This reaction also allows for production of other
commodities as for example isobutylene that may be produced from from precursors propan-

2-one, propan-2-ol, propanal, propan-1-ol (van Leeuwen et al. 2012).

[000114] The invention provides a method for the production of propanal, propan-2-
one, propan-1-ol and/or propan-2-ol, and optionally one or more other products, by microbial
fermentation comprising fermenting a substrate comprising CO and propane-1,2-diol using a
carboxydotrophic microorganism as defined herein. The methods of the invention may be

used to reduce the total atmospheric carbon emissions from an industrial process.

[000115] The present invention may have advantages over producing biofuels such as
propanol from sugar based substrates and provides an alternative means for the production of
propanal, propan-2-one, propan-1-ol and propan-2-ol utilising waste gases including carbon

monoxide from industrial processes.

[000116] The propane-1,2-diol may be added to the fermentation substrate by any
method known to one of skill in the art. By way of example, the propane-1,2-diol may be
added to the substrate prior to, concurrently with, or subsequently to the introduction of the
microorganism to the substrate. Further, the CO and/or other components of the fermentation
broth may be added to the substrate prior to, concurrently with, or subsequently to the

introduction of the propane-1,2-diol.
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[000117] The propane-1,2-diol present in the substrate may be produced by the
carboxydotrophic microorganism that produces the propanal, propan-2-one, propan-1-ol
and/or propan-2-ol and production of the propane-1,2-diol may be in the same bioreactor or a
different bioreactor. In a further embodiment, the propane-1,2-diol is produced by a different

microorganism in the same bioreactor or in a different bioreactor.

[000118] In particular embodiments, the microorganism also produces one or more
other products for example ethanol, butanol and/or butanediol. It can be seen in figure 2 that
ethanol co-production is observed in addition to the production of propanal, propan-2-one,

propan-1-ol and/or propan-2-ol.

[000119] Preferably, the fermentation comprises the steps of anaerobically fermenting a
substrate in a bioreactor to produce at least propanal, propan-2-one, propan-1-ol and/or

propan-2-ol using a recombinant microorganism of the invention as defined herein.

Recombinant microorganisms

[000120] The inventors have engineered recombinant organisms and methods of use
thereof for the production of propanal, propan-2-one, propan-1-ol and/or propan-2-ol. The
recombinant carboxydotrophic microorganisms express an exogenous diol dehydratase
enzyme and are able to achieve a higher yield of propanal, propan-2-one, propan-1-ol and/or
propan-2-ol from propane-1,2-diol than would be produced by a parental microorganism.
Ratios of produced propanal, propan-2-one, propan-1-ol and/or propan-2-ol from propane-
1,2-diol may also be modulated this way. The microorganism also produces propanal,
propan-2-one, propan-1-ol and/or propan-2-ol at a faster rate than would be produced by a

parental microorganism.

[000121] As can be seen from Figure 1, the diol dehydratase enzyme catalyses the
reaction of (R) and/or (S) propane-1,2-diol to the corresponding ketone/aldehyde , i.e., to
propan-2-one or to propanal, respectively. While reference may be made in this specification
to propanol being produced from propane-1,2-diol, it will be understood by one of skill in the
art that such production is likely to be via the corresponding aldehyde/ketone intermediate.
Through further research, the inventors have demonstrated that these aldehydes are reduced

to the corresponding alcohol by one or more endogenous alcohol dehydrogenase enzymes
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expressed by the microorganism. It is envisaged that the one or more alcohol dehydrogenase
enzymes may be overexpressed to increase the rate of reaction and/or the reaction yield of the
propanol product. Alternatively, the expression of the one or more alcohol dehydrogenases
may be attenuated so as to reduce the production of the alcohol and increase the production of

the corresponding aldehyde.

[000122] The enzymes and functional variants of use in the microorganisms of the
invention may be derived from any appropriate source, including different genera and species
of bacteria, or other organisms. However, in one embodiment, the diol dehydratase is that
derived from Klebsiella pneumoniae or K. oxytoca (EC 4.1.2.30), or a functionally equivalent
variant thereof. In one embodiment the diol dehydratase enzyme (three subunits) is as
defined in YP_002236780, YP_002236781, YP_002236782, or a functionally equivalent
variant thereof. In a particular embodiment, the diol dehydratase is encoded by the diol
dehydratase genes G1:206575748, G1:206575749, G1:206575750 of (Klebsiella pneumonia)
and G1:868006, G1:868007, G1:868008 (Klebsiella oxytoca).

[000123] The inventors have identified a diol dehydratase enzyme (SEQ ID NO: 3) that
has not previously been described in a carboxydotrophic microorganism. In one embodiment,
the invention provides a carboxydotrophic microorganism adapted to over-express one or
more diol dehydratase enzymes (for example SEQ ID NO: 3 or a functionally equivalent
variant thereof) which are present in a parental microorganism. In one particular
embodiment, the endogenous diol dehydratase enzyme is encoded by a nucleic acid as

defined in SEQ ID NO: 4, or a functionally equivalent variant thereof.

[000124] In one embodiment, the recombinant organism comprises an enzyme that
exhibits attenuated expression or is knocked out. In a particular embodiment, the enzyme is
an alcohol dehydrogenase enzyme and the recombinant organism produces propanal and/or
propan-2-one in addition to, or instead of propan-1-ol and/or propan-2-ol. In particular
embodiments, the alcohol dehydrogenase enzyme is defined in SEQ ID NO: 5, or is a
functionally equivalent variant thereof. In further embodiments, the alcohol dehydrogenase

enzyme is encoded by a nucleic acid as defined in SEQ ID NO: 6.
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[000125] In one embodiment, the microorganism comprises one or more exogenous
nucleic acids adapted to increase expression of one or more endogenous nucleic acids and
which one or more endogenous nucleic acids encode a diol dehydratase referred to
hereinbefore.

[000126] In one embodiment, the microorganism is further adapted to express one or
more exogenous enzymes involved in the biosynthesis of propane-1,2-diol including but not
limited to methylglyoxal synthase (mgsA); methylglyoxal reductase (ydjG); secondary
alcohol dehydrogenase (gldA/budC); lactaldehyde reductase/primary alcohol dehydrogenase
(fucO). In a further aspect, the microorganism is adapted to over-express one or more

endogenous enzymes in the propane-1,2-diol biosynthesis pathway.

[000127] While the inventors have demonstrated the efficacy of the invention in
Clostridium autoethanogenum, they contemplate that the invention is applicable to the wider

group of carboxydotrophic acteogenic microorganisms as discussed further herein.

[000128] The microorganism may be adapted to express or over-express the one or
more enzymes by any number of recombinant methods including, for example, increasing
expression of endogenous genes (for example, by introducing a stronger or constitutive
promoter to drive expression of a gene), increasing the copy number of a gene encoding a
particular enzyme by introducing exogenous nucleic acids encoding and adapted to express
the enzyme, or introducing an exogenous nucleic acid encoding and adapted to express an

enzyme not naturally present within the parental microorganism.

[000129] In one embodiment, the microorganism comprises one or more exogenous
nucleic acids adapted to increase expression of one or more nucleic acids native to the
parental microorganism and which one or more nucleic acids encode one or more of the
enzymes referred to herein before. In one embodiment, the one or more exogenous nucleic
acid adapted to increase expression is a regulatory element. In one embodiment, the
regulatory element is a promoter. In one embodiment, the promoter is a constitutive
promoter that is preferably highly active under appropriate fermentation conditions. Inducible
promoters could also be used. In preferred embodiments, the promoter is selected from the

group comprising Wood-Ljungdahl gene cluster, a pyruvate:ferredoxin oxidoreductase
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promoter, an Rnf complex operon promoter, ATP synthase operon promoter or
Phosphotransacetylase/Acetate kinase operon promoters. It will be appreciated by those of
skill in the art that other promoters which can direct expression, preferably a high level of
expression under appropriate fermentation conditions, would be effective as alternatives to

the exemplified embodiments.

[000130] The microorganism may comprise one or more exogenous nucleic acids.
Where it is desirable to transform the parental microorganism with two or more genetic
elements (such as genes or regulatory elements (for example a promoter)) they may be
contained on one or more exogenous nucleic acids.

[000131] In one embodiment, the one or more exogenous nucleic acids expressed or
over-expressed by the microorganism is a nucleic acid construct or vector, in one particular
embodiment a plasmid, encoding one or more of the enzymes referred to hereinbefore in any

combination.

[000132] The nucleic acids of the invention may remain extra-chromosomal upon
transformation of the parental microorganism or may intergrate into the genome of the
parental microorganism. Accordingly, they may include additional nucleotide sequences
adapted to assist integration (for example, a region which allows for homologous
recombination and targeted integration into the host genome) or expression and replication of
an extrachromosomal construct (for example, origin of replication, promoter and other

regulatory elements or sequences).

[000133] In one embodiment, the exogenous nucleic acids encoding one or more
enzymes as mentioned herein before will further comprise a promoter adapted to promote
expression of the one or more enzymes encoded by the exogenous nucleic acids. In one
embodiment, the promoter is a constitutive promoter that is preferably highly active under
appropriate fermentation conditions. Inducible promoters could also be used. In preferred
embodiments, the promoter is selected from the group comprising Wood-Ljungdahl gene
cluster, a pyruvate:ferredoxin oxidoreductase promoter, an Rnf complex operon promoter,
ATP synthase operon promoter and Phosphotransacetylase/Acetate kinase promoters. It will
be appreciated by those of skill in the art that other promoters which can direct expression,
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preferably a high level of expression under appropriate fermentation conditions, would be

effective as alternatives to the exemplified embodiments.

[000134] In one embodiment, the exogenous nucleic acid is an expression plasmid.

[000135] In one particular embodiment, the parental microorganism is selected from the
group of carboxydotrophic acetogenic bacteria comprising Clostridium autoethanogenum,
Clostridium ljungdahlii, Clostridium ragsdalei, Clostridium carboxidivorans, Clostridium
drakei, Clostridium scatologenes, Clostridium aceticum, Clostridium formicoaceticum,
Clostridium magnum, Butyribacterium methylotrophicum, Acetobacterium  woodii,
Alkalibaculum bacchii, Blautia producta, Eubacterium limosum, Moorella thermoacetica,
Moorella thermautotrophica, Sporomusa ovata, Sporomusa silvacetica, Sporomusa

sphaeroides, Oxobacter pfennigii, and Thermoanaerobacter kiuvi.

[000136] In one particular embodiment, the parental microorganism is selected from the
cluster of ethanologenic, acetogenic Clostridia comprising the species C. autoethanogenum,
C. ljungdahlii, and C. ragsdalei and related isolates. These include but are not limited to
strains C. autoethanogenum JAI-17 (DSM10061) (Abrini, Naveau, and Nyns 1994), C.
autoethanogenum LBS1560 (DSM19630) (W0O/2009/064200), C. autoethanogenum
LBS1561 (DSM23693), C. ljungdahlii PETC" (DSM13528 = ATCC 55383) (Tanner, Miller,
and Yang 1993), C. ljungdahlii ERI-2 (ATCC 55380) (US patent 5,593,886), C. ljungdahlii
C-01 (ATCC 55988) (US patent 6,368,819), C. ljungdahlii O-52 (ATCC 55989) (US patent
6,368,819), C. ragsdalei P11" (ATCC BAA-622) (WO 2008/028055), related isolates such as
“C. coskatii” (US20110229947) and “Clostridium sp.” (Tyurin and Kiriukhin 2012), or
mutated strains such as C. ljungdahlii OTA-1 (Tirado-Acevedo O. Production of Bioethanol
from Synthesis Gas Using Clostridium ljungdahlii. PhD thesis, North Carolina State
University, 2010). These strains form a subcluster within the Clostridial rRNA cluster |, and
their 16S rRNA gene is more than 99% identical with a similar low GC content of around
30%. However, DNA-DNA reassociation and DNA fingerprinting experiments showed that
these strains belong to distinct species (WO 2008/028055).

[000137] All species of this cluster have a similar morphology and size (logarithmic

growing cells are between 0.5-0.7 x 3-5 um), are mesophilic (optimal growth temperature
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between 30-37 °C) and strictly anaerobe (Abrini, Naveau, and Nyns 1994; Tanner, Miller,
and Yang 1993)(WO 2008/028055). Moreover, they all share the same major phylogenetic
traits, such as same pH range (pH 4-7.5, with an optimal initial pH of 5.5-6), strong
autotrophic growth on CO containing gases with similar growth rates, and a similar metabolic
profile with ethanol and acetic acid as main fermentation end product, and small amounts of
2,3-butanediol and lactic acid formed under certain conditions(Abrini, Naveau, and Nyns
1994; Kopke et al. 2011; Tanner, Miller, and Yang 1993)(WO 2008/028055). Indole
production was observed with all three species as well. However, the species differentiate in
substrate utilization of various sugars (e.g. rhamnose, arabinose), acids (e.g. gluconate,
citrate), amino acids (e.g. arginine, histidine), or other substrates (e.g. betaine, butanol).
Moreover some of the species were found to be auxotroph to certain vitamins (e.g. thiamine,
biotin) while others were not. The organization and number of Wood-Ljungdahl pathway
genes, responsible for gas uptake, has been found to be the same in all species, despite

differences in nucleic and amino acid sequences (Kopke et al. 2011).

[000138] In one embodiment, the parental strain uses CO as its sole carbon and energy
source.

[000139] In one embodiment the parental microorganism is Clostridium
autoethanogenum or Clostridium ljungdahlii. In one particular embodiment, the

microorganism is Clostridium autoethanogenum DSM23693 a derivate of strain
DSM10061.C. autoethanogenum. In another particular embodiment, the microorganism is
Clostridium ljungdahlii DSM13528 (or ATCC55383).

Nucleic acids

Isolated nucleic acid (identified from C.autoethanogenum and C. ljungdahlii)

[000140] The inventors have identified a nucleic acid encoding a diol dehydratase in
two carboxydotrophic acetogens C. autoethanogenum and C. ljungdahlii. The nucleic acid
encodes a diol dehydratase which catalyses the conversion of propane-1,2-diol to propanal,

propan-2-one, propan-1-ol and/or propan-2-ol.
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[000141] In one embodiment the nucleic acid encoding a diol dehydratase is defined in
SEQ ID NO: 1-2 (C. autoethanogenum) and CLJU ¢11830; 9444800 and CLJU c11831;
9444801 (C. ljungdahlii) or is a functionally equivalent variant thereof.

[000142] In one embodiment, the nucleic acids of the invention further comprise a
promoter. In one embodiment, the promoter allows for constitutive expression of the genes
under its control. Persons of skill in the art will readily appreciate promoters of use in the
invention. Preferably, the promoter can direct a high level of expression under appropriate
fermentation conditions. In a particular embodiment a Wood-Ljungdahl cluster promoter is
used. In other particular embodiments a pyruvate:ferredoxin oxidoreductase promoter, an
Rnf complex operon promoter, ATP synthase operon promoter or a
Phosphotransacetylase/Acetate kinase operon promoter is used. In one particular

embodiment, the promoter is from C. autoethanogenum.

[000143] The invention also provides one or more nucleic acids or nucleic acid
constructs comprising one or more nucleic acids of the invention of use in generating a

recombinant microorganism of the invention.

[000144] In one embodiment, the nucleic acid comprises sequences encoding one or
more of the enzymes of the invention defined herein before which when expressed in a
microorganism allows the microorganism to produce propanal, propan-2-one, propan-1-ol
and/or propan-2-ol by fermentation of a substrate comprising CO. In one particular
embodiment, the invention provides a nucleic acid encoding two enzymes which when
expressed in a microorganism allows the microorganism to produce propanal, propan-2-one,
propan-1-ol and/or propan-2-ol by fermentation of a substrate comprising CO. In a particular
embodiment, the two enzymes are diol dehydratase and an alcohol dehydrogenase as defined

herein.

[000145] Exemplary amino acid sequences and nucleic acid sequences encoding
enzymes described herein are provided herein or can be obtained from GenBank as
mentioned hereinbefore. However, skilled persons will readily appreciate alternative nucleic

acids sequences encoding the enzymes or functionally equivalent variants thereof, having
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regard to the information contained herein, in GenBank and other databases, and the genetic

code.

[000146] The invention also provides propanal, propan-2-one, propan-1-ol and/or

propan-2-ol when produced by the method of the first aspect.

[000147] In one embodiment, the nucleic acid is a nucleic acid construct or vector. In
one particular embodiment, the nucleic acid construct or vector is an expression construct or
vector, however other constructs and vectors, such as those used for cloning are encompassed
by the invention. In one particular embodiment, the expression construct or vector is a

plasmid.

[000148] It will be appreciated that an expression construct/vector of the present
invention may contain any number of regulatory elements in addition to the promoter as well
as additional genes suitable for expression of further proteins if desired. In one embodiment
the expression construct/vector includes one promoter. In another embodiment, the
expression construct/vector includes two or more promoters. In one particular embodiment,
the expression construct/vector includes one promoter for each gene to be expressed. In one
embodiment, the expression construct/vector includes one or more ribosomal binding sites,

preferably a ribosomal binding site for each gene to be expressed.

[000149] It will be appreciated by those of skill in the art that the nucleic acid sequences
and construct/vector sequences described herein may contain standard linker nucleotides such
as those required for ribosome binding sites and/or restriction sites. Such linker sequences
should not be interpreted as being required and do not provide a limitation on the sequences
defined.

[000150] Nucleic acids and nucleic acid constructs, including expression
constructs/vectors of the invention may be constructed using any number of techniques
standard in the art. For example, chemical synthesis or recombinant techniques may be used.
Such techniques are described, for example, in Sambrook et al (Molecular Cloning: A
laboratory manual, Cold Spring Harbor Laboratory Press, Cold Spring Harbor, NY, 1989).
Further exemplary techniques are described in the Examples section herein after. Essentially,
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the individual genes and regulatory elements will be operably linked to one another such that
the genes can be expressed to form the desired proteins.  Suitable vectors for use in the
invention will be appreciated by those of ordinary skill in the art. However, by way of
example, the following vectors may be suitable: pMTL80000 vectors, pIMP1, pJIR750, and

the plasmids exemplified in the Examples section herein after.

[000151] It should be appreciated that nucleic acids of the invention may be in any
appropriate form, including RNA, DNA, or cDNA.

[000152] The invention also provides host organisms, particularly microorganisms, and
including viruses, bacteria, and yeast, comprising any one or more of the nucleic acids

described herein.

Method of producing microorganisms

[000153] The one or more exogenous nucleic acids may be delivered to a parental
microorganism as naked nucleic acids or may be formulated with one or more agents to
facilitate the tranformation process (for example, liposome-conjugated nucleic acid, an
organism in which the nucleic acid is contained). The one or more nucleic acids may be
DNA, RNA, or combinations thereof, as is appropriate. Restriction inhibitors may be used in
certain embodiments; see, for example Murray, N.E. et al. (2000) Microbial. Molec. Biol.
Rev. 64, 412.)

[000154] The microorganisms of the invention may be prepared from a parental
microorganism and one or more exogenous nucleic acids using any number of techniques
known in the art for producing recombinant microorganisms. By way of example only,
transformation (including transduction or transfection) may be achieved by electroporation,
ultrasonication, polyethylene glycol-mediated transformation, chemical or natural
competence, protoplast transformation, prophage induction or conjugation.  Suitable
transformation techniques are described for example in, Sambrook J, Fritsch EF, Maniatis T:
Molecular Cloning: A laboratory Manual, Cold Spring Harbour Labrotary Press, Cold Spring
Harbour, 1989.
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[000155] Electroporation has been described for several carboxydotrophic acetogens as
C. ljungdahlii (Kopke et al. 2010)(PCT/NZ2011/000203; WO02012/053905), C.
autoethanogenum (PCT/NZ2011/000203; WO02012/053905), C. aceticum (Schiel-
Bengelsdorf and Peter Durre 2012) or Acetobacterium woodii (Stratz et al. 1994) and is a
standard method used in many Clostridia such as C. acetobutylicum (Mermelstein et al.,
1992, Biotechnology, 10, 190-195), C. cellulolyticum (Jennert et al., 2000, Microbiology,
146: 3071-3080) or C. thermocellum (Tyurin et al., 2004, Appl. Environ. Microbiol. 70: 883-
890). Prophage induction has been demonstrated for carboxydotrophic acetogen as well in
case of C. scatologenes (Prasanna Tamarapu Parthasarathy, 2010, Development of a Genetic
Modification System in Clostridium scatologenes ATCC 25775 for Generation of Mutants,
Masters Project Western Kentucky University), while conjugation has been described as
method of choice for many Clostridia including Clostridium difficile (Herbert et al., 2003,
FEMS Microbiol. Lett. 229: 103-110) or C. acetobuylicum (Williams et al., 1990, J. Gen.
Microbiol. 136: 819-826) and could be used in a similar fashion for carboxydotrophic

acetogens.

[000156] In certain embodiments, due to the restriction systems which are active in the
microorganism to be transformed, it is necessary to methylate the nucleic acid to be
introduced into the microorganism. This can be done using a variety of techniques, including
those described below, and further exemplified in the Examples section herein after.

[000157] By way of example, in one embodiment, a recombinant microorganism of the
invention is produced by a method comprises the following steps:

introduction into a shuttle microorganism of (i) of an expression construct/vector as
described herein and (ii) a methylation construct/vector comprising a methyltransferase gene;
expression of the methyltransferase gene; and

isolation of one or more constructs/vectors from the shuttle microorganism; and,

introduction of the one or more construct/vector into a destination microorganism.
[000158] In one embodiment, the methyltransferase gene of step B is expressed

constitutively. In another embodiment, expression of the methyltransferase gene of step B is
induced.
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[000159] The shuttle microorganism is a microorganism, preferably a restriction
negative microorganism, that facilitates the methylation of the nucleic acid sequences that
make up the expression construct/vector. In a particular embodiment, the shuttle

microorganism is a restriction negative E. coli, Bacillus subtillis, or Lactococcus lactis.

[000160] The methylation construct/vector comprises a nucleic acid sequence encoding

a methyltransferase.

[000161] Once the expression construct/vector and the methylation construct/vector are
introduced into the shuttle microorganism, the methyltransferase gene present on the
methylation construct/vector is induced. Induction may be by any suitable promoter system
although in one particular embodiment of the invention, the methylation construct/vector
comprises an inducible lac promoter and is induced by addition of lactose or an analogue
thereof, more preferably isopropyl-p-D-thio-galactoside (IPTG). Other suitable promoters
include the ara, tet, or T7 system. In a further embodiment of the invention, the methylation

construct/vector promoter is a constitutive promoter.

[000162] In a particular embodiment, the methylation construct/vector has an origin of
replication specific to the identity of the shuttle microorganism so that any genes present on
the methylation construct/vector are expressed in the shuttle microorganism. Preferably, the
expression construct/vector has an origin of replication specific to the identity of the
destination microorganism so that any genes present on the expression construct/vector are

expressed in the destination microorganism.

[000163] Expression of the methyltransferase enzyme results in methylation of the
genes present on the expression construct/vector. The expression construct/vector may then
be isolated from the shuttle microorganism according to any one of a number of known
methods. By way of example only, the methodology described in the Examples section

described hereinafter may be used to isolate the expression construct/vector.

[000164] In one particular embodiment, both construct/vector are concurrently isolated.
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[000165] The expression construct/vector may be introduced into the destination
microorganism using any number of known methods. However, by way of example, the
methodology described in the Examples section hereinafter may be used. Since the
expression construct/vector is methylated, the nucleic acid sequences present on the
expression construct/vector are able to be incorporated into the destination microorganism

and successfully expressed.

[000166] It is envisaged that a methyltransferase gene may be introduced into a shuttle
microorganism and over-expressed. Thus, in one embodiment, the resulting
methyltransferase enzyme may be collected using known methods and used in vitro to
methylate an expression plasmid. The expression construct/vector may then be introduced
into the destination microorganism for expression.  In another embodiment, the
methyltransferase gene is introduced into the genome of the shuttle microorganism followed
by introduction of the expression construct/vector into the shuttle microorganism, isolation of
one or more constructs/vectors from the shuttle microorganism and then introduction of the

expression construct/vector into the destination microorganism.

[000167] It is envisaged that the expression construct/vector and the methylation
construct/vector as defined above may be combined to provide a composition of matter.
Such a composition has particular utility in circumventing restriction barrier mechanisms to

produce the recombinant microorganisms of the invention.

[000168] In one particular embodiment, the expression construct/vector and/or the

methylation construct/vector are plasmids.

[000169] Persons of ordinary skill in the art will appreciate a number of suitable
methyltransferases of use in producing the microorganisms of the invention. However, by
way of example the Bacillus subtilis phage ®T1 methyltransferase and the methyltransferase
described in the Examples herein after may be used. In one embodiment, the
methyltransferase has the amino acid sequence of SEQ ID NO: 7, or is a functionally
equivalent variant thereof. Nucleic acids encoding suitable methyltransferases will be readily
appreciated having regard to the sequence of the desired methyltransferase and the genetic

code. In one embodiment, the nucleic acid encoding a methyltransferase is as described in
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the Examples herein after (for example the nucleic acid of SEQ ID NO: 8, or it is a

functionally equivalent variant thereof).

[000170] Any number of constructs/vectors adapted to allow expression of a
methyltransferase gene may be used to generate the methylation construct/vector. However,

by way of example, the plasmid described in the Examples section hereinafter may be used.

Methods of production

[000171] In an embodiment of the invention, the gaseous substrate fermented by the
microorganism is a gaseous substrate containing CO. The gaseous substrate may be a CO-
containing waste gas obtained as a by-product of an industrial process, or from some other
source such as from automobile exhaust fumes. In certain embodiments, the industrial
process is selected from the group consisting of ferrous metal products manufacturing, such
as a steel mill, non-ferrous products manufacturing, petroleum refining processes,
gasification of coal, electric power production, carbon black production, ammonia
production, methanol production and coke manufacturing. In these embodiments, the CO-
containing gas may be captured from the industrial process before it is emitted into the
atmosphere, using any convenient method. The CO may be a component of syngas (gas
comprising carbon monoxide and hydrogen). The CO produced from industrial processes is
normally flared off to produce CO, and therefore the invention has particular utility in
reducing CO, greenhouse gas emissions and producing a biofuel. Depending on the
composition of the gaseous CO —containing substrate, it may also be desirable to treat it to
remove any undesired impurities, such as dust particles before introducing it to the
fermentation. For example, the gaseous substrate may be filtered or scrubbed using known

methods.
[000172] It will be appreciated that for growth of the bacteria and the production of

products to occur, in addition to the CO-containing substrate gas, a suitable liquid nutrient

medium will need to be fed to the bioreactor.
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[000173] In particular embodiments of the method aspects, the fermentation occurs in
an aqueous culture medium. In particular embodiments of the method aspects, the

fermentation of the substrate takes place in a bioreactor.

[000174] The substrate and media may be fed to the bioreactor in a continuous, batch or
batch fed fashion. A nutrient medium will contain vitamins and minerals sufficient to permit
growth of the micro-organism used. Anaerobic media suitable for fermentation using CO are
known in the art. For example, suitable media are described Biebel (2001). In one

embodiment of the invention the media is as described in the Examples section herein after.

[000175] The fermentation should desirably be carried out under appropriate
fermentation conditions for the production of the biofuel to occur. Reaction conditions that
should be considered include pressure, temperature, gas flow rate, liquid flow rate, media pH,
media redox potential, agitation rate (if using a continuous stirred tank reactor), inoculum
level, maximum gas substrate concentrations to ensure that CO in the liquid phase does not

become limiting, and maximum product concentrations to avoid product inhibition.

[000176] In addition, it is often desirable to increase the CO concentration of a substrate
stream (or CO partial pressure in a gaseous substrate) and thus increase the efficiency of
fermentation reactions where CO is a substrate. Operating at increased pressures allows a
significant increase in the rate of CO transfer from the gas phase to the liquid phase where it
can be taken up by the micro-organism as a carbon source for the production of fermentation.
This in turn means that the retention time (defined as the liquid volume in the bioreactor
divided by the input gas flow rate) can be reduced when bioreactors are maintained at
elevated pressure rather than atmospheric pressure. The optimum reaction conditions will
depend partly on the particular micro-organism of the invention used. However, in general, it
is preferred that the fermentation be performed at pressure higher than ambient pressure.
Also, since a given CO conversion rate is in part a function of the substrate retention time,
and achieving a desired retention time in turn dictates the required volume of a bioreactor, the
use of pressurized systems can greatly reduce the volume of the bioreactor required, and
consequently the capital cost of the fermentation equipment. According to examples given in
US patent no. 5,593,886, reactor volume can be reduced in linear proportion to increases in
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reactor operating pressure, i.e. bioreactors operated at 10 atmospheres of pressure need only

be one tenth the volume of those operated at 1 atmosphere of pressure.

[000177] By way of example, the benefits of conducting a gas-to-ethanol fermentation
at elevated pressures have been described. For example, WO 02/08438 describes gas-to-
ethanol fermentations performed under pressures of 30 psig and 75 psig, giving ethanol
productivities of 150 g/l/day and 369 g/l/day respectively. However, example fermentations
performed using similar media and input gas compositions at atmospheric pressure were

found to produce between 10 and 20 times less ethanol per litre per day.

[000178] It is also desirable that the rate of introduction of the CO-containing gaseous
substrate is such as to ensure that the concentration of CO in the liquid phase does not
become limiting. This is because a consequence of CO-limited conditions may be that one or

more product is consumed by the culture.

[000179] The composition of gas streams used to feed a fermentation reaction can have
a significant impact on the efficiency and/or costs of that reaction. For example, O2 may
reduce the efficiency of an anaerobic fermentation process. Processing of unwanted or
unnecessary gases in stages of a fermentation process before or after fermentation can
increase the burden on such stages (e.g. where the gas stream is compressed before entering a
bioreactor, unnecessary energy may be used to compress gases that are not needed in the
fermentation).  Accordingly, it may be desirable to treat substrate streams, particularly
substrate streams derived from industrial sources, to remove unwanted components and

increase the concentration of desirable components.

[000180] In certain embodiments a culture of a bacterium of the invention is maintained
in an aqueous culture medium. Preferably the aqueous culture medium is a minimal
anaerobic microbial growth medium. Suitable media are known in the art and described for
example in US patent no.s 5,173,429 and 5,593,886 and WO 02/08438, and as described in

the Examples section herein after.

[000181] Propanal, propan-2-one, propan-1-ol and/or propan-2-ol, or a mixed stream

containing Propanal, propan-2-one, propan-1-ol and/or propan-2-ol and/or one or more other
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products, may be recovered from the fermentation broth by methods known in the art, such as
fractional distillation or evaporation, pervaporation, gas stripping and extractive fermentation,
including for example, liquid-liquid extraction. Products may also diffuse or secrete into
media, from which they can extracted by phase separation.

[000182] In certain preferred embodiments of the invention, propanal, propan-2-one,
propan-1-ol and/or propan-2-ol and one or more products are recovered from the
fermentation broth by continuously removing a portion of the broth from the bioreactor,
separating microbial cells from the broth (conveniently by filtration), and recovering one or
more products from the broth. Alcohols may conveniently be recovered for example by
distillation. Propan-2-one may be recovered for example by distillation. Any acids produced
may be recovered for example by adsorption on activated charcoal. The separated microbial
cells are preferably returned to the fermentation bioreactor. The cell free permeate remaining
after any alcohol(s) and acid(s) have been removed is also preferably returned to the
fermentation bioreactor. Additional nutrients (such as B vitamins) may be added to the cell
free permeate to replenish the nutrient medium before it is returned to the bioreactor.

[000183] Also, if the pH of the broth was adjusted as described above to enhance
adsorption of acetic acid to the activated charcoal, the pH should be re-adjusted to a similar
pH to that of the broth in the fermentation bioreactor, before being returned to the bioreactor.

EXAMPLES

[000184] The invention will now be described in more detail with reference to the

following non-limiting examples.

Microorganisms and Growth conditions

[000185] Clostridium autoethanogenum DSM23693, C. carboxidivorans DSM15243,
and C. ljungdahlii DSM13528, and C. butyricum DSM 10702 were sourced from DSMZ
(The German Collection of Microorganisms and Cell Cultures, InhoffenstraRe 7 B, 38124
Braunschweig, Germany). C. autoethanogenum DSMZ23693 is a derivate of C.
autoethanogenum DSM10061.
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[000186] E. coli were cultivated under both aerobic and anaerobic conditions, while all
other strains were grown strictly anaerobically in a volume of 50 ml liquid media in serum
bottles with fructose (heterotrophic growth) or 30 psi CO-containing steel mill gas (collected
from New Zealand Steel site in Glenbrook, NZ; composition: 44% CO, 32% N;, 22% CO,,
2% H,) in the headspace (autotrophic growth).

[000187] Media was prepared using standard anaerobic techniques (Hungate RE: A roll
tube method for cultivation of strict anaerobes, in Norris JR and Ribbons DW (eds.), Methods
in Microbiology, vol. 3B. Academic Press, New York, 1969: 117-132; Wolfe RS: Microbial
formation of methane. Adv Microb Physiol 1971, 6: 107-146) according to formulations are
given in Tab. 2-4. For solid media, 1.2 % Bacto agar (BD, Frankton Lakes, NJ 07417, USA)
was added.

[000188] All strains were grown at 37 °C.

PETC medium (C. autoethanogenum, C. ljungdahlii, and C. ragsdalei pH5.6, C.
butyricum pH6.8)

Media component Concentration per 1.0L of media
NH,CI 1g

KCI 0.1¢g

MgS04.7H,0 0.2g

NaCl 08g

KH,PO,4 019

CaCl, 0.02¢g

Trace metal solution (see below) 10 ml

Wolfe’s vitamin solution (see below) 10 mi

Yeast Extract (optional) 19

Resazurin (2 g/L stock) 0.5ml

NaHCOs; 29

Reducing agent 0.006-0.008 % (v/v)
Fructose (for heterotrophic growth) 59
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Trace metal solution per L of stock
Nitrilotriacetic Acid 29
MnSO4.H,0 lg

Fe (SO4)2(NHa),.6H,0 08¢
CoCl,.6H,0 0.2g
ZnS0,4.7H,0 0.2 mg
CuCl,.2H,0 0.02¢g
NaMo0,.2H,0 0.02 g
Na,SeO3 0.02¢g
NiCl,.6H,0 0.02¢g
Na,WO,.2H,0 0.02g
Reducing agent stock per 100 mL of stock
NaOH 09g¢
Cystein.HCI 49

Na,S 49

Reinforced Clostridial Medium RCM (C. carboxidivorans)

Media component Concentration per 1.0L of media
Pancreatic Digest of Casein 59
Proteose Peptone No. 3 59
Beef Extract 10 g
Yeast Extract 39
Dextrose 59
NaCl 50
Soluble starch 1g
Cystein.HCI 059
Sodium Acetate 30
Fructose 50
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Luria Bertani medium LB (E. coli)

Media component Concentration per 1.0L of media
Tryptone 109

Yeast Extract 5¢g

NaCl 109

[000189] When specified, propane-1,2-diol was added to a final concentration of 5 g L-
1 at the time of inoculation and final metabolite analysis was conducted after cultures had

grown for 40 hours.

Analysis of metabolites

[000190] To remove proteins and other cell residues, 400 pl samples were mixed with
100 pul of a 2 % (w/v) 5-Sulfosalicylic acid and centrifuged at 14,000 x g for 3 min to separate
precipitated residues. 10 pl of the supernatant were then injected into the HPLC for analyses.
HPLC analysis of 2,3-butanediol, 2-butanol and other metabolites was performed using an
Agilent 1100 Series HPLC system equipped with a RID operated at 35 °C (Refractive Index
Detector) and an Aminex HPX-87H column (300 x 7.8 mm, particle size 9 um) kept at 35 °C.
Slightly acidified water was used (0.005 M H,S0O,) as mobile phase with a flow rate of 0.6
ml/min. For distinction of 2,3-butanediol sterioisomers HPLC analysis was performed using
an Agilent 1100 Series HPLC system equipped with a RID operated at 35 °C (Refractive
Index Detector) and an Alltech IOA-2000 Organic acid column (150 x 6.5 mm, particle size 8
pum) kept at 60 °C. Slightly acidified water was used (0.005 M H,SQO,) as mobile phase with a

flow rate of 0.25 ml/min.

[000191] GC analysis of propan-2-one, propan-2-ol and other metabolites was
performed using an Agilent 6890N headspace GC equipped with a Supelco PDMS 100 1cm
fiber, an Alltech EC-1000 (30m x 0.25mm x 0.25 pm) column, and a flame ionization
detector (FID). 5 ml samples were transferred into a Hungate tube, heated to 40 °C in a water
bath and exposed to the fiber for exactly 5 min. The injector was kept at 250 °C and helium
with a constant flow of 1 ml/min was used as carrier gas. The oven program was 40 °C for 5
min, followed by an increase of 10 °C/min up to 200 °C. The temperature was then further
increased to 220 °C with a rate of 50 °C/min followed by a 5 min hold this temperature,

before the temperature was decreased to 40 °C with a rate of 50 °C/min and a final 1 min
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hold. The FID was kept at 250 °C with 40 ml/min hydrogen, 450 ml/min air and 15 ml/min

nitrogen as make up gas.

Identification of reaction of propane-1,2-diol to propan-2-one, propan-2-ol, propanal,
propan-1-ol

[000192] Propane-1,2-diol (racemic) was added to cultures of C. autoethanogenum at
the time of inoculation. After two days of growth the propane-1,2-diol was surprisingly
found to be converted to propane-1-ol and propan-2-ol as seen in Figure 2. When (S)-
propane-1,2-diol is added to the culture it is converted to propan-1-ol, and the intermediate,
propanal, can be seen (Figure 2). When (R)-propane-1,2-diol is added to the culture it is
converted to propan-2-ol (Figure 2). The HPLC method used cannot resolve propan-2-ol and
propan-2-one, but by GC the presence of the intermediate propan-2-one can be seen (Figure
3).

[000193] Conversion of propane-1,2-diol to propanal has been desribed for several diol
dehydratase enzymes. There are two types of previously described diol dehydratase enzymes,
a B12-dependent (propane)diol dehydratase type (EC 4.2.1.28) as for example of Klebsiella
pneumonia or K. oxytoca (Toraya T, Shirakashi T, Kosuga T 1976), and a B-12 independent
glycerol/diol dehydratase type (EC 4.1.2.30) as for example from Clostridium glycolicum or
C. butyricum (Brien et al. 2004; Hartmanis and Stadtman 1986) (Table 1).
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Table 1:

B12 independent dehydratase (EC 4.2.1.28)

Organism slycerol dehydratase activator
Clostridium glycolicum | -

Clostridium butyricum IABX65443 IABX65444
Clostridium sp. AAY34226 IACF15539
Clostridium diolis ACI39933 ACI39932
Roseburia inulinivorans  [ZP_03753304 ZP_03753303

B12 dependent dehydratase (EC 4.1.2.30)

Organism alpha beta Gamma
Klebsiella oxytoca 1DIO_A 1DIO_B 1DIO_G
ISalmonella enterica NP_460985 NP_460986 NP_460987

Citobacter koseri

YP_001452384

YP_001452383

YP_001452382

Klebsiella pneumoniae

YP_002236782

YP_002236781

YP_002236780

Escherichia coli

YP_001463342

YP_001463343

YP_001463344

[000194]

never been observed and an enzyme catalysing this reaction is previously unknown. Also no

However, conversion of propane-1,2-diol to propan-2-one and propan-2-ol has

stereospecific conversion of propane-1,2-diol has been described. The inventors identified
here a stereospecific reaction of propane-1,2-diol to propan-2-one plus propan-2-ol and/or
propanal and propan-1-ol as depicted in Figure 1. Without being bound to this theory, the
inventors think, the novel diol dehydratase of C. autoethanogenum stereospecifically converts
(R)-propane-1,2-diol to propan-2-one and (S)-propane-1,2-diol to propan-2-ol.

[000195]
primary:secondary alcohol dehydrogenase (SEQ ID NO: 5 and 6) as described in U.S. Patent
Applciation Numbers US 13/403,972 and US 13/459,211 earlier. The primary function of

Propan-2-one conversion to propan-2-ol is then catalyzed by a
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such an enzyme can also catalyze the reduction of propanal to propan-1-ol (Ismaiel et al.

1993), as many other primary alcohol dehydrogenases and uspecific ethanol dehydrogenases.

Identification of a diol dehydratase gene

[000196] A search in the genome of C. autoethanogenum identified a gene (SEQ ID
NO:3 and 4) that has low homology (Identities = 503/844 (59%), Positives = 626/844 (74%),
Gaps = 63/844 (7%), respectively ldentities = 125/257 (49%), Positives = 181/257 (70%),
Gaps = 0/257 (0%)) to the B12-independent glycerol dehydratase of C. butyriucm
(ABX65443 and ABX65444) on amino acid level.

[000197] This enzyme has been knocked out in C. autoethanogenum using the ClosTron
system (Heap et al. 2007), which resulted in a strain unable to utilize propane-1,2-diol and
form any propan-2-one, propan-2-ol, propanal, or propan-1-ol, thus demonstrating that this
enzyme represents the novel diol dehydratase responsible for stereospecific conversion of

propane-1,2-diol into propan-2-one and propanal.

[000198] The Perutka algorithm hosted at ClosTron.com was used to identify the group
Il intron target site between bases 2052 and 2053 on the sense strand of the gene and to
design the intron targeting region (SEQ ID NO:13) which was chemically synthesized in
PMTLO07C-E2 vector. The final vector, pMTLO07C-E2-pfl-1136-2052!2053s, contains a
Retro-tranposition-Activated ermB Marker (RAM) which confers resistance to antibiotic

Clarithromycin upon insertion into the target site.

[000199] The pMTLO07C-E2-pfl-1136-205212053s plasmid was introduced into C.
autoethanogenum as described above. Streaks of single colonies on PETC-MES agar with 15
pg/ml thiamphenicol were made sequentially and 8 colonies were randomly screened for
group Il intron insertion by PCR using primers Og84f (SEQ ID NO:14) and Of85r (SEQ ID
NO:15), flanking the group Il intron insertion site in the target gene, and Maxime PCR
PreMix Kit. 16s rDNA was also PCR amplified using primers fD1 (SEQ ID NO:16) and rP2
(SEQ ID NO:17) and Maxime PCR PreMix Kit. A PCR product of 316 bp indicates the
unmodified wild type genotype and a PCR product of ~2 kb indicates insertion of group 1l
intron in the target gene. All 8 clones appear positive for gene disruption as seen by the
amplification of ~2 kb PCR product (Fig. 10). Further, sequencing of the PCR products from
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clones-4 (SEQ ID NO: 18 and 19) and -7 (SEQ ID NO: 20 and 21) confirmed the PCR
products to be group Il intron targeting fragment with RAM cassette. The 16s rDNA PCR
products of clones-4 (SEQ ID NO: 22 and 23) and -7 (SEQ ID NO: 24 and 25) were also
sequence verified which confirmed the two clones to be C. autoethanogenum. These results
confirmed the disruption of a putative diol dehydratase gene in C. autoethanogenum. Clone 4
was tested by growth in the presence of propane-1,2-diol and the strain was unable to utilize
propane-1,2-diol and form any propan-2-one, propan-2-ol, or propan-1-ol (Figure 11), thus
demonstrating that this enzyme represents the novel diol dehydratase responsible for

stereospecific conversion of propane-1,2-diol into propan-2-one and propanal.

[000200] Similar genes (CLJU_c11830; 9444800 and CLJU c11831; 9444801) and
enzymes (YP_003779353 and YP_003779354) are only present in C. ljungdahlii with 99%
(one mismatch), and 100 % identity, respectively. The respective gene and enzyme is
annotated as pyruvate:formate lysase, not as diol dehydratase. A BLAST result of the diol
dehydratase enzyme (SEQ ID NO:1) is shown in Table 2, an overview in Figure 8 (black bars
are mismatches to the amino acids sequence of the reference C. autoethanogenum diol
dehydratase, white areas represent gaps). It can be seen that there is a specific domain
between position 596 and 656 (SEQ ID NO: 9) of the enzyme that is only present in C.
ljungdahlii but not in any other enzymes, such as the known one from C. butyricum, while
the rest of the enzyme shares good homology. Without being bound to this theory, the
inventors believe that this protein domain may allow the conversion of propane-1,2-diol to

propan-2-one and propanal.

[000201] To test if only the diol dehydratases of C. autoethanogenum and C. ljungdahlii
can catalyze this novel reaction from propane-1,2-diol to propan-2-one and propanal, other
carboxydotrophic organism as the closely related C. ragsdalei which share several features
with C. autoethanogenum and C. ljungdahlii (Kopke et al. 2011) (WO 2008/028055) and
organisms such as C. butyricum which have a related diol dehydratase were grown in
presence of a racemix mix of 5g/L propane-1,2-diol (Table 3). To ensure the glycerol/diol

dehydratase gene was expressed, C. butyricum was grown in presence of glycerol.

[000202] Table 3: Conversion of propane-1,2-diol in carboxydotrophic organisms and

organisms with known diol dehydratases and E. coli:
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Organism Formation of propan-2- Formation of
one/propan-2-ol propanal/propan-1-ol

C. autoethanogenum Yes (stereospecific) yes (stereospecific)

C. ljungdahlii Yes Yes

C. ragsdalei No No

C. carboxidivorans No Yes

C. butyricum No Yes

E. coli No No

C. butyricum (Brien et al.

2004) No Yes

C. glycolicum (Hartmanis

and Stadtman 1986) No ves

K. pneumonia (Toraya T,

Shirakashi T, Kosuga T | No Yes

1976)

[000203] Clostridium ljungdabhlii cells indeed were able to convert racemic propane-1,2-

diol to propan-1-ol and propan-2-ol because the same enzyme and also a secondary alcohol
dehydrogenase are present (Figure 4). Clostriduim ragsdalei however showed no conversion
or consumption of racemic propane-1,2-diol (Figure 5). Clostridium carboxidivorans
consumed all of the racemic propane-1,2-diol, but produced only propan-1-ol, but not
propan-2-one or propan-2-ol (Figure 6). Clostridium butyricum also converted the racemic
propane-1,2-diol to propan-1-ol (Figure 9) confirming results described in literature (Brien et
al. 2004). For Clostridium carboxidivorans, conversion of propane-1,2-diol has not been
observed before, but Clostridium carboxidivorans has genes for a dehydratase homologous to

the vitamin B-12 dependent enzyme from Klebsiella oxytoca.

[000204] As described above, the diol dehydratase enzyme of C. autoethanogenum is
stereospecific, converting the (S)-form and the (R)-form of propane-1,2-diol into different
products. Cultures of C. butyricum were grown with the different stereo-isomers of propane-
1,2-diol to determine if it had a similar stereospecificity. Propane-1,2-diol; racemic, (R), or

(S), was added at 1 g L-1 (13 mM) at the time of inoculation. After 40 hours, the culture with
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(S)-propane-1,2-diol had converted all of the diol to propane-1-ol. The culture with racemic
propane-1,2-diol had converted about 64% to propan-1-ol (8.3 mM). The Culture with (R)-
propane-1,2-diol had converted about 19 % to propan-1-ol (2.5 mM) (Table 4).

Table 4: Conversion of 1 g L-1 (13 mM) propane-1,2-diol isomers in C. butyricum after 40 hours
of growth

1,2-PDO isomer 1,2-PDO Propan-1-ol Propan-2-ol
residual (mM) produced (mM) produced (mM)
None 0 0 0
Racemic 3.9 8.3 0
(R) 11 2.5 0
(S) 0 13 0
[000205] The enzyme responsible for conversion of propane-1,2-ol in C. butyricum

appears to convert the (S)-isomer at a greater rate than the (R)-isomer, however both isomers
are converted to propan-1-al and reduced to propane-1-ol. This demonstrates that the enzyme
of C. butyricum is a homologous diol dehydratase and not capable of a stereospecific
conversion as the enzyme of C. autoethanogenum. Neither isomer is dehydrated by the C.

butyricum enzyme to propan-2-one, as is observed in cultures of C. autoethanogenum.

Expression of a heterologous diol dehydratase in C. autoethanogenum to increase
conversion rate

[000206] The promoter region of the phosphotransacetylase-acetate kinase operon
(Ppta-ack) was amplified using primers Ppta-ack-Notl-F (SEQ ID NO: 10:
GAGCGGCCGCAATATGATATTTATGTCC) and Ppta-ack-Ndel-R (SEQ ID NO: 11:
TTCCATATGTTTCATGTTCATTTCCTCC) and cloned into the E. coli-Clostridium shuttle
vector pMTL83151 (FJ797647.1) (Heap et al. 2009) using Notl and Ndel restriction sites,
generating the plasmid pMTL83155. The genes encoding the diol dehydratase from
Klebsiella oxytoca, pddABC were codon optimized (SEQ ID NO: 12) and synthesized. The
synthesized pddABC operon was then sub-cloned into the pMTL83155 using restriction

enzymes Ndel and EcoRl.

[000207] The plasmid, pMTL83155-pddABC was wused to transform C.
autoethanogenum using methods described above. Outgrowth was performed on YTF-agar
hours the cells were scraped from the plate and suspended in 0.5 mL PBS and spread on
YTF-agar (8 g/L tryptone, 5 g/L yeast extract, 2 g/L NaCl, 2.5 g/L fructose, and 7.5 g/L agar,
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pH 5.8) containing 15 pg mL™ thiamphenicol, and incubated at 37°C in 30 psi Real Mill Gas.
Single colonies were restreaked on PETC-MES-agar containing 15 pg mL™ thiamphenicol,
then restreaked on PETC-MES-agar containing 15 pg mL™ thiamphenicol and 0.5% fructose.
Multiple colonies were picked up from the plates with fructose and grown up in 3 mL of
PETC-MES with 0.5% fructose in Balch tubes with 30psi Real Mill Gas. Presence of
plasmid was verified by PCR.

[000208] When C. autoethanogenum harbouring pMTL83155-pddABC was grown in
the presence of propane-1,2-diol more propan-1-ol was produced than in the samples without
the plasmid. The transgenic strain also produced less propan-2-ol than the wildtype (Figure
7). These data indicate that the transgenic strain converted propane-1,2-diol to propan-1-ol at

a faster rate than the wild type C. autoethanogenum.

Diol dehydratase activator enzyme

[000209] The diol dehydratase from C. butyricum is understood to be a glycyl radical
enzyme, requiring an activator enzyme to generate the radical through reductive cleavage of
S-adenosylmethionine (Raynaud et al 2003, O’brien et al 2004). Other homologous enzymes
with similar glycyl radical chemistries, such as pyruvate formate-lyase and anaerobic
ribonucleotide reductase, have similar structures and activator enzymes (Atta et al, 2010).
The diol dehydratase from C. autoethanogenum (SEQ ID NO: 1), having 59% identity to the
C. butyricum diol dehydratase, is understood to have a similar structure and carry out similar
chemistry for the dehydration of propane-1,2-diol. The gene (SEQ ID NO: 4) encoding the
activator enzyme in C. autoethanogenum (SEQ ID NO: 2) is directly downstream of the diol
dehydratase, as observed in C. butyricum and in the genes for pyruvate formate-lyase in E.

coli.

Functional expression of diol dehydratase and activator enzyme in E. coli

[000210] To confirm identification of genes responsible for novel activity, and
demonstrate that the enzymes function in alternative hosts, the genes encoding diol
dehydratase (SEQ ID NO: 1) and activator enzyme (SEQ ID NO: 2) of C. autoethanogenum
were expressed and demonstrated to function in E. coli. The genes (SEQ ID NO: 3-4) were
synthesized with codons optimised for E. coli (SEQ ID NO: 26), and expressed in an operon

on the plasmid pTrc99A (Amersham Pharmacia).
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Escherichia coli JIM109 was transformed with the constructed plasmid (pTrc-dhaB1B2) and
with pTrc99A as a control. Overnight cultures grown in LB were used to inoculate 2X-

Y Tsupplemented with 0.2mg/mL ferric ammonium sulphate dodecahydrate and containing
60 mM propane-1,2-diol (R, S, or racemic). After 4 hours of aerobic growth at 37°C
isopropyl p-D-1-thiogalactopyranoside was added to a final concentration of 1mM to induce
expression of the diol dehydratase and tubes were capped. The cultures were then grown at
30°C. After 48 hours the concentration of propane-1,2-diol and products were measured by
HPLC (Table 5). In the case of racemic propane-1,2-diol the concentration of substrate had
been reduced to 34 mM yielding 9.2 mM and 14.7 mM acetone (propane-2-one) and propan-
1-ol respectively (Fig 12). Escherichia coli lack a secondary alcohol dehydrogenase to
reduce the propan-2-one to propan-2-ol as occurs in C. autoethanogenum. The propan-2-one
was verified by GC to ensure it was not propan-2-ol which has a similar retention time on the
HPLC method used.

Table 5: Stereospecific conversion of isomers of propane-1,2-diol by E. coli expressing diol

dehydratase from C. autoethanogenum

Acetone 1-propanol
Isomer added Residual diol (mM) (mM) (mM)
(R)-propane-1,2-diol 24.5 32.9 3.7
(S)-propane-1,2-diol 47.7 0.0 16.7
Racemic propane-1,2-
diol 34.3 9.2 14.7
[000211] This demonstrates successful conversion of propane-1,2-diol to propan-2-one

and 1-propanol in recombinant E. coli expressing heterologous diol dehydratase operon of C.

autoethanogenum.

[000212] A pathway for production of propane-1,2-diol production with E. coli has been
described previosuly (Jain and Yan 2011). Expressing this pathway in combination with the
diol dehydratase operon of C. autoethanogenum allows for production of acetone. Secondary
alcohol dehydrogenase genes (as described in U.S. Patent Applciation Numbers US
13/403,972 and US 13/459,211) can be co-expressed for isopropanol production, while co-
expressing genes decribed in (van Leeuwen et al. 2012) (W02011032934) allow for

isobutylene production.
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[000213] The invention has been described herein, with reference to certain preferred
embodiments, in order to enable the reader to practice the invention without undue
experimentation. However, a person having ordinary skill in the art will readily recognise
that many of the components and parameters may be varied or modified to a certain extent or
substituted for known equivalents without departing from the scope of the invention. It
should be appreciated that such modifications and equivalents are herein incorporated as if
individually set forth. Titles, headings, or the like are provided to enhance the reader’s
comprehension of this document, and should not be read as limiting the scope of the present

invention.

[000214] The entire disclosures of all applications, patents and publications, cited above
and below, if any, are hereby incorporated by reference. However, the reference to any
applications, patents and publications in this specification is not, and should not be taken as,
an acknowledgment or any form of suggestion that they constitute valid prior art or form part

of the common general knowledge in any country in the world.

[000215] Throughout this specification and any claims which follow, unless the context

9% ¢

requires otherwise, the words “comprise,” “comprising” and the like, are to be construed in
an inclusive sense as opposed to an exclusive sense, that is to say, in the sense of “including,

but not limited to.”
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We claim:

1. A recombinant microorganism comprising one or more heterologous nucleic acids

encoding (a) a stereospecific diol dehydratase of SEQ ID NO: 1.

2. The microorganism of claim 1 wherein the microorganism further comprises (b) an
activase of SEQ ID NO: 2.

3. Arecombinant Clostridium autoethanogenum microorganism comprising one or
more nucleic acids encoding (a) a stereospecific diol dehydratase of SEQ ID NO: 1
and (b) an activase of SEQ ID NO: 2, wherein the microorganism overexpresses the
stereospecific diol dehydratase and/or the activase compared to wild-type Clostridium

autoethanogenum.

4. The microorganism of claim 3, wherein the microorganism has a higher copy number
of the one or more nucleic acids than wild-type Clostridium autoethanogenum.

5. The microorganism of claim 1, wherein the microorganism produces one or more of

propan-2-one, propan-2-ol, propanal, and propan-1-ol.

6. The microorganism of claim 1, wherein the microorganism further comprises an

endogenous or exogenous alcohol dehydrogenase.

7. The microorganism of claim 6, wherein the alcohol dehydrogenase is a secondary

alcohol dehydrogenase.

8. The microorganism of claim 1, wherein the microorganism further comprises

attenuation or knockout of an endogenous alcohol dehydrogenase.

9. The microorganism of claim 8, wherein the alcohol dehydrogenase is a secondary

alcohol dehydrogenase.
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10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

A method of producing a product comprising culturing the microorganism of claim 1
in the presence of a substrate and propane-1,2-diol whereby the microorganism

produces one or more of propan-2-one, propan-2-ol, propanal, and propan-1-ol.

The method of claim 10, wherein the propane-1,2-diol is one or both of (R)-propane-
1,2-diol and (S)-propane-1,2-diol.

The method of claim 10, wherein the substrate comprises one or more of sugar,

starch, cellulose, biomass, syngas, glycerol, and CO-containing gas.

The microorganism of claim 3, wherein the microorganism produces one or more of

propan-2-one, propan-2-ol, propanal, and propan-1-ol.

The microorganism of claim 3, wherein the microorganism further comprises an

endogenous or exogenous alcohol dehydrogenase.

The microorganism of claim 14, wherein the alcohol dehydrogenase is a secondary

alcohol dehydrogenase.

The microorganism of claim 3, wherein the microorganism further comprises

attenuation or knockout of an endogenous alcohol dehydrogenase.

The microorganism of claim 16, wherein the alcohol dehydrogenase is a secondary
alcohol dehydrogenase.

A method of producing a product comprising culturing the microorganism of claim 3
in the presence of a substrate and propane-1,2-diol whereby the microorganism
produces one or more of propan-2-one, propan-2-ol, propanal, and propan-1-ol.
The method of claim 18, wherein the propane-1,2-diol is one or both of (R)-propane-

1,2-diol and (S)-propane-1,2-diol.
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20. The method of claim 18, wherein the substrate comprises one or more of sugar,

starch, cellulose, biomass, syngas, glycerol, and CO-containing gas.
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