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METHODS AND COMPOSITIONS FOR INCREASING DIHYDROXYACID

DEHYDRATASE ACTIVITY AND ISOBUTANOL PRODUCTION

TECHNICAL FIELD

fa004] Recombinant microorganisms and methads of producing such organisms
are provided. Also provided are methods of producing metabolites that are biofuels
by contacting a suitable substrate with recombinant microorganisms and enzymatic
preparations therefrom.

BACKGROUND

[0002] Biofuels have a long history ranging back to the beginning of the 20th
century. As early as 1900, Rudolf Diesel demonstrated at the World Exhibition in

Paris, France, an engine running on peanut oll. Soon thereafter, Henry Ford
demonstrated his Mode! T running on ethanol derived from corn. Petroleurm-derived
fuels displaced biofuels in the 1930s and 1940s due to increased supply, and
efficiency at a lower cost.

[6003] Market fluctuations in the 1970s coupled to the decrease in US oil
production jed to an increase in crude ol] prices and a renewed interest in biofuels.
Today, many interest groups, including policy makers, industry planners, aware
citizens, and the financial community, are interested in substituting petroleum-
derived fuels with biomass-derived biofuels. The leading motivations for developing
biofuels are of economical, political, and environmental nature.

[0004] One is the threat of ‘peak ail’, the point at which the consumption rate of
crude oil exceeds the supply rate, thus leading to significantly increased fuel cost
results in an increased demand for alternative fuels. In addition, instability in the
Middle East and other oil-rich regions has increased the demand for domestically
produced biofuels. Also, environmental concerns relating to the possibility of carbon
dioxide related climate change is an important social and ethical driving force which
is starting to result in government regulations and policies such as caps on carbon
dioxide emissions from automobiles, taxes on carbon dioxide emissions, and tax
incentives for the use of biofuels.

[O005] Ethanol is the most abundant fermentatively produced fuel today but has
several drawbacks when compared fo gasoline. Butanol, in comparison, has several!
advantages over ethanol as a fuel: it can be made from the same feedstocks as

ethanol but, unlike ethanol, it is compatible with gasoline at any ratio and can also be
used as a pure fuel in existing combustion engines without modifications. Unlike
ethanol, butanol dees not absorb water and can thus be stored anddistributed in the

existing petrochemical infrastructure. Due to its higher energy content which Is close
to that of gasoline, the fuel economy (miles per gallon) is better than that of ethanol.
Also, butanol-gasoline blends have lower vapor pressure than ethancl-gasoline
blends, which is important in reducing evaporative hydrocarbon emissions.
[OG06] isobutanol has the same advantages as butanol with the additional
advantage of having a higher octane number due to its branched carbon chain.
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Isobutanol is also useful as a commodity chemical and is also a precursor to MTBE.
Isobutanol can be produced in microorganisms expressing a heterologous metabolic
pathway, but existing microorganisms are not of commercial relevance due to their

inherent low performance characteristics, which include low productivity, low titer,
lowyield, and the requirement for oxygen during the fermentation process.
[0007] The present inventors have overcome these problems by developing
metabolically engineered microorganisms that exhibit increased isobufano!
productivity, titer, and/or yield.

SUMMARYOF THE INVENTION

[0008] The present invention provides cytosolically active dihydroxyacid
dehydratase (DHAD) enzymes and recombinant microorganisms comprising said
cytosolically active DHAD enzymes. in some embodiments, said recombinant

microorganisms may further comprise one or more additional enzymes catalyzing a
reaction in an isobutanol producing metabolic pathway. As described herein, the
recombinant microorganisms of the present invention are useful for the production of
several beneficial metabolites, including, but not limited to isobutanol.
[6009] In a first aspect, the Invention provides cytosolically active dihydroxyacid
dehydratase (DHAD) enzymes. These cytosolically active DHAD enzymes will
generally exhibit the ability to convert 2,3-dihydroxyisovalerate to ketoisovalerate in
the cytosol. The cytosolically active DHAD enzymes of the present Invention, as
described herein, can include modified or alternative dihydroxyacid dehydratase
(DHAD) enzymes, wherein said DHAD enzymes exhibit increased cytosolic activity
as compared to the parental or native DHAD enzyme.

[0010] In various embodiments described herein, the DHAD enzymes may be
derived fram a prokaryotic organism. in one embodiment, the prokaryotic organism
is @ bacterial organism. in another embodiment, the bacterial organism is
Lactococcus factis. in a specific embodiment, the DHAD enzyme from L. factis
comprises the amino acid sequence of SEQ [ID NO: 9. In another embodiment, the
bacterial organism is Escherichia coli. In a specific embodiment, the DHAD enzyme
from E. coff comprises the amino acid sequence of SEQ ID NO: 43.
{0011] In alternative embodiments described herein, the DHAD enzyme may be
derived from a eukaryotic organism. In one embodiment, the eukaryotic organism is
a fungal arganism. In an exemplary embodiment, the fungal organism is Piromyces
sp. E2. in another embodiment, the eukaryotic organism is a yeast organism, such
as S. cerevisiae. In another embodiment, the eukaryotic organism is selected from
the group consisting of the genera Enamoehba and Giardia.
f0012} in some embodiments, the invention provides modified or mutated DHAD
enzymes, wherein said DHAD enzymes exhibit increased cytosolic activity as
compared to their parental DHAD enzymes. In another embodiment, the invention
provides modified or mutated DHAD enzymes, wherein said DHAD enzymes exhibit
increased cytosolic activity as compared to the DHAD enzyme camprised by the
amino acid sequence of SEQ ID NO: 11.

{0013} In some embodiments, the invention provides modified or mutated DHAD
enzymes have one or more amino acid deletions at the N-terminus. In one
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embodiment, said modified or mufated DHAD enzyme hasat least about 10 amino
acid deletions at the N-terminus. In another embodiment, said modified or mutated
DHAD enzyme hasat least about 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23,
24, 25, 30 or amino acid deletions at the N-ferminus. in a specific embodiment, said
modified or mutated DHAD has 19 amino acid deletions at the N-terminus. In

another specific embodiment, said modified or mutated DHAD has 23 amino acid
deistions at the N-terminus.

[0074]=In further embodiments, the invention provides DHAD enzymes comprising
the amino acid sequence PU/L)XXXGX(UL)XIL (SEQ ID NO: 19), wherein X is any
amino acid, and wherein said DHAD enzymes exhibit the ability to convert 2,3-
dihydroxyisovalerate to ketoisovalerate in the cytosol.
[0015] in additional embodiments, the invention provides DHAD enzymes
comprising the arnino acid sequence CPGXGXC (SEQ ID NO: 37), wherein X is any
amino acid, and wherein said DHAD enzymes exhibit the ability to convert 2,3-
dihydroxyisovalerate to kefoisovalerate in the cytosol.
[0016]=in another embodiment, the invention provides DHAD enzymes comprising
the amino acid sequence CPGXG(A/S)C (SEQ ID NO: 38), wherein X is any amino
acid, and wherein said DHAD enzymes exhibit the ability to convert 2,3-
dinydroxyisovalerate to ketolsovalerate in the cytosol.
[0017] In yet another embodiment, the invention provides DHAD enzymes
comprising the amino acid sequence CXXXPGXGXC (SEQ ID NO: 39), wherein X is
any amino acid, and wherein said DHAD enzymes exhibit the ability to convert 2,3-
dihydroxyisovalerate to ketoisovalerate in the cytosol.
[0018] In some embodiments, the DHAD enzymes of the present invention exhibit
@ properly folded iron-sulfur cluster domain and/or redox active domain in the

cytosol. In one embodiment, the DHAD enzymes comprise a mutated or modified
iron-sulfur cluster domain and/or redox active domain.

[0019] In another aspect, the present invention provides recombinant
microorganisms comprising a cytosolically active DHAD enzyme. in one
embodiment, the invention provides recombinant microorganisms comprising a
DHAD enzyme derived from a prokaryotic organism, wherein said DHAD enzyme
exhibits activity in the cytasol. [n one ernbodiment, the DHAD enzyme is derived
from a bacterial organism. In a specific embodiment, the DHAD enzyme is derived
from L. lactis and comprises the amino acid sequence of SEQ 1D NO: 9. [n another
embodiment, the invention provides recombinant microorganisms comprising a
DHAD enzyme derived from a eukaryotic organism, wherein said DHAD enzyme
exhibits activity in the cytosol. In one embodiment, the DHAD enzyme is derived
from a fungal organism. In an alternative embodiment, the DHAD enzymeis derived
from a yeast organism.

[0020] In one embodiment, the invention provides recombinant microorganisms
comprising a modified or mutated DHAD enzyme, wherein said DHAD enzyme
exhibits increased cytosolic activity as compared to the parental DHAD enzyme. In
another embodiment, the invention provides recombinant microorganisms
comprising a modified or mutated DHAD enzyme, wherein said DHAD enzyme
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exhibits increased cytosolic activity as compared to the DHAD enzyme comprised by
the amino acid sequence of SEQ ID NO: 11.

{00271} In another embodiment, the invention provides recombinant
microorganisms comprising a DHAD enzyme comprising the amino acid sequence
PU/AL)XXXGX(U/LIXIL (SEQ ID NO: 19), wherein X is any amino acid, and wherein
said DHAD enzyme exhibits the ability to convert 2,3-dihydroxyisovalerate to
ketoisovalerate in the cytosol.

{0022} in some embodiments, the invention provides recombinant
mucroorganisms comprising a DHAD enzyme fused to a peptide tag, whereby said
DHAD enzyme exhibits increased cytosolic localization and/or cytosolic DHAD
activity as compared to the parental microorganism. {[n one embodiment, the peptide
tag is non-cleavable. In another embodiment, the peptide fag is fused at the N-
terminus of the DHAD enzyme. In another embodiment, the peptide tag is fused at
the C-terminus of the DHAD enzyme. in certain embodiments, the peptide tag may
be selected from the group consisting of ubiquitin, ubiquitin-like (UBL) proteins, myc,
HA-tag, green fluorescent protein (GFP}, and the maltose binding protein (MBP).
[6023] in various embodiments described herein, the recombinant
microorganisms may further comprise a nucleic acid encoding a chaperone protein,
wherein said chaperone protein assists the folding of a protein exhibiting cytosolic
activity. In a preferred ambodiment, the protein exhibiting cytosolic activity is DHAD.
In one embodiment, the chaperone may be a native protein. in another embodiment,
the chaperoneprotein may be an exogenous protein. In some embadiments, the
chaperane protein may be selected from the group consisting of: endoplasmic
reticulum oxidoreductin 1 (Ero1, accession no. NP_013576.1), including variants of
Erot that have been suitably altered to reduce or prevent its normal localization to
the endoplasmic reticulum; thioredoxins {which includes Trxt, accession no.
NP_0713144.1; and Trx2, accession no. NP_011725.1), thioredoxin reductase (Trr1,
accession no. NP_010640.1); glutaredoxins (which includes Grx1, accession no.
NP_009895.1; Grx2, accession no. NP_010801.1; Grx3, accession no.
NP_010383.1; Grx4, accession no. NP_01101.1; Grx5, accession no. NP_015266.1;
Grx6, accession no. NP_010274.1; Grx7, accession no. NP_008570.1; Gnd,
accession no. NP_013468.1}; glutathione reductase Girt (accession no.
NP_015234.1); and Jaci (accession no. NP_011497.1), including variants of Jaci
that have been suitably altered to reduce or prevent its normal mitochondrial
localization; Hsp10, Hsp60, GroEL, and GroES and homologs or variants thereof.
{0024] In same embodiments, the recombinant microorganisms may further
comprise one or more genes encoding an iron-sulfur cluster assembly protein. In
one embodiment, the iron-sulfur cluster assembly protein encoding genes may be
derived from prokaryotic organisms. In one embodiment, the iron-sulfur cluster

assembly protein encoding genes are derived from a bacterial organism, including,
but not limited ta Escherichia coli, L. lactis, Helicobacter pylori, and Entamoeba
histolytica. in specific embodiments, the bacterially derived iron-sulfur cluster
assembly protein encoding genes are selected from the group consisting of cyay,
iscsS, iscuU, iscA, fiscB, hscA, fdx, isuX, sufA, sufB, sufC, sufD, sufS, sufE, apbC, and
homologs or variants thereof.
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[0025] In another embodiment, the iron-sulfur cluster assembly protein encoding
genes may be derived from eukaryotic organisms, including, but not imited to yeasts
and plants. In one embodiment, the iron-sulfur cluster protein encoding genes are
derived from a yeast organism, including, but not limited to S. cerevisiae. In specific
embodiments, the yeast derived genes encoding iron-sulfur cluster assembly
proteins are selected from the group consisting of Cfd1 (accession no.
NP_012263.1}, Nbp35 (accession no. NP_011424.1}), Nari (accession no.
NP_014159.1), Ciat (accession no. NP_010553.1), and homologs or variants

thereof. In a further embodiment, the iron-sulfur cluster assembly protein encoding
genes may be derived from plant nuclear genes which encode proteins translocated
to chloroplast or plant genes found in the chloroplast genomeitself.
{0026} In some embodiments, one or more genes encoding an iron-sulfur cluster
assembly protein may be mutated or modified to remove a signal peptide, whereby
localization of the product of said one or more genes to the mitochondria or other
subcellular compartment is prevented. In certain embodiments, it may be preferable
fo overexpress one ar more genes encoding an iron-sulfur cluster assembly protein.
[0027]=In certain embodiments described herein, it may be desirable to reduce ar
eliminate the activity and/or proteins levels of one or more iron-sulfur cluster

containing cytosolic proteins. in a specific embodiment, the iron-sulfur cluster
containing cyfosolic protein is 3-isopropyimalate dehydratase (Leutp}. In one
embodiment, the recombinant microorganism comprises a mutation in the LEU?
gene resulting in the reduction of Leutp protein levels. In another embodiment, the
recombinant microorganism comprises apartial deletion in the LEU? gene resulting
in the reduction of Leuip protein levels. In another embodiment, the recombinant
microorganism comprises a complete deletion in the LEU? gene resulting in the
reduction of Leutp protein levels. In another embodiment, the recombinant
microorganism comprises a modification of the regulatory region associated with the
LEUT gene resulting in the reduction of Leutp protein levels. in yet another
embodiment, the recombinant microorganism comprises a modification of a
transcriptional regulator for the LEU? gene resulting in the reduction of Leutp protein
levels. |

{0028} In certain embodiments described herein, it may be desirable to increase
the levels of iran within the yeast cytosol and/or mitochondria, such that more iron is

available for iron-sulfur cluster-containing proteins, such as DHAD,in the cytosol or
mitochondria. Thus, in certain embodiments, the recombinant microorganism may
be engineered to overexpress one or more genes selected from the group consisting
of AFTT, AFT2, GRX3, and GRX4, or homologs thereof,
{0028} In one embodiment, the present invention provides a recombinant
microorganism for producing isobutanol, wherein said recombinant microorganism
comprises an isobutanol producing metabolic pathway, and wherein the expression
of AFT? or a homolog thereof is increased. In another embodiment, the present
invention provides a recombinant microorganism for producing isobutanol, wherein
said recombinant microorganism comprises an isobutanol producing metabolic
pathway, and wherein the expression of AFT2 or a homolog thereof is increased. In
yet another embodiment, the present invention provides a recombinant
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microorganism fer producing isobutano!l, wherein said recombinant microorganism
comprises an isobutanol producing metabolic pathway, and wherein the expression
of AFT? and AFT2 or homologs thersofis increased.
{0030] [n one embodiment, the present invention provides a recombinant
microorganism for producing isobutanol, wherein said recombinant micrcorganism
comprises an isobutanol producing metabalic pathway, and wherein the activity of
Aft] or a homolog thereof is increased. In another embodiment, the present
invention provides a recombinant microorganism for producing isobutanol, wherein
said recombinant microorganism comprises an isobutanol producing metabolic
pathway, and wherein the activity of Aft2 ar a homolog thereof is increased. fn yet
another embodiment, the present invention provides a recombinant microorganism
for producing isobutanol, wherein said recombinant microorganism comprises an
isobutanol producing metabolic pathway, and wherein the activity of Aft and Aff2 or
homolog thereofs is increased.

{0031} [In alternative embodiments, the recombinant microorganism comprising an
isobutanol producing metabolic pathway may be engineered to delete, reduce,
and/or attenuate one or more genes selected from the group consisting of AFT,
AFT2, GRX3, and GRX4 and homologs thereof.
[0832] in various embodiments described herein, it may be desirable to reduce
the concentration of reactive oxygen species (ROS) in said cytosol, as DHAD
enzymes may be susceptible to inactivation by ROS. Thus, the recombinant
microorganisms of the present invention may further be engineered to express one
or more proteins in the cytosol that reduce the concentration of reactive oxygen
species (ROS) in said cytosol. The proteins to be expressed in the cytosol for
reducing the concentration of reactive oxygen species in the cytosol may be selected
from catalases, superoxide dismutases, metallothioneins, and methionine sulphoxide
reductases. In a specific embodiment, said catalase may be ancoded by one of
more of the genes selected from the group consisting of the E. coff genes kafG and
katE, the S. cerevisiae genes CTT? and CTA, or homologs thereof. In another
specific embodiment, said superoxide dismutase is encoded by one of more of the
genes selected from the group consisting of the E. coli genes sodA, sodB, sodC, the
S. cerevisiae genes SOD? and SOD2, or homologs thereof. In another specific
embodiment, said metallothionein is encoded by one of more of the genes selected
from the group consisting of the S. cerevisiae CUP1-1 and CUP1-2 genes or
homologs thereof. In another specific embodiment, said metallothionein is encoded
by one or more genes selected from the group consisting of the Mycobacterium
tuberculosis MymT gene and the Synechococcus PCC 7942 SmtA gene or
nomologs thereof. In another specific embodiment, said methionine sulphoxide
reductase is encoded by one or more genes selected from the group consisting of
the S. cerevisiae genes MXRT and MXR2, or homologs thereof.
[0033] In some embodiments, it may be desirable to increase the level of
available glutathione in the cytosol, which is essential for FeS cluster biogenesis.
Thus, the recombinant microorganisms of the present invention may further be
engineered fo express one or more enzymes that increase the level of available
glutathione in the cytosol. The proteins to be expressed to increase the Jevel of
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available glutathione in the cytosol can be selected fromm glutaredoxin, glutathione
reductase, and glutathione synthase. In a specific embodiment, said glutaredoxin is
encoded by one of more of the genes selected from the group the S. cerevisiae
genes GRX2, GRX4, GRX6, and GRX7, or homologs thereof. In another specific
embodiment, said glutathione reductase is encoded by the S. cerevisiae genes
GLR1 or homologs thereof. In another specific embodiment, said glutathione
synthase is encoded by one of more of the genes selected from the group the S.
cerevisiae genes GSH1 and GSH2, or homologs thereof. In some embodiments,
two enzymes are expressed in and targeted to the cytoso! of yeast to increase the
level of available glutathione in the cytosol. In one embodiment, the enzymes are
enzymes are y-glutamyl cysteine synthase and glutathione synthase. In a specific
embodiment, said glutathione synthase is encoded by one of more of the genes
selected fram the group the S. cerevisiae genes GSH1 and GSH2, or homologs
thereof,

{0034} In some embodiments, if may be desirable to overexpress one or more
cytosolic functional components of the thioredoxin system, as overexpression of the
essential cytosolic functional components of the thioredoxin system is can increase
the amount of bioavailable cytosolic thioredoxin, resulting in a significant increase in
cellular redox buffering potential and concomitant increase in stable, active cytosolic
FeS clusters and DHAD activity. In one embodiment, the functional components of
the thioredoxin system may be selected from a thioredoxin and a thioredoxin

reductase. In a specific embodiment, said thioredoxin is encoded by the S.
cerevisiae FRXT and TRX2 genes or homologs thereof. [n another specific
embodiment, said thioredoxin reductase is encoded by S. cerevisiae TRR? gene or
homologs thereof. In additional embodiments, the recombinant microorganism may
further be engineered to overexpress the mitochondrial thioredoxin system. in one
embodiment, the mitochondrial thioredoxin system is comprised of the mitochondrial
thioredoxin and mitochondrial thioredoxin reductase. in a specific embodiment, said
mitochondrial thioredoxin is encoded by the S. cerevisiae TRX3 gene or homologs
thereof. in another specific embodiment, said mitochondrial thioredoxin reductase is

encaded by the S. cerevisiae TRR2 gene or homologs thereof.
[0035] in various embodiments described herein, it may be desirable to engineer
the recombinant microorganism to overexpress one or more mitochondrial export
proteins. In a specific embodiment, said mitochondrial export protein may be
selected frorn the group consisting of the S. cerevisiae ATMT, the S. cerevisiae
ERV1, and the S. cerevisiae BATT, or hamologs thereof.

[0036] In addition, the present invention provides recombinant microorganisms
that have further been engineered to Increase the inner mitochondrial membrane
electrical potential, AWy. in one embodiment, this is accomplished via
overexpression of an ATP/ADP carrier protein, wherein said overexpression
increases ATP* import into the mitochondrial matrix in exchange for ADP*. In a
specific embodiment, said ATP/ADPcarrier protein is encoded by the S. cerevisiae
AAC, AAC2, and/or AAC3 genes or homologs thereof. in another embodiment, the
inner mitochondrial membrane electrical potential, AY, is increased via a mutation in
the mifochondrial ATP synthase complex that increases ATP hydrolysis activity. In a
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specific embodiment, said mutation is an ATP1-111 suppressor mutation or a
corresponding mutation in a homologous protein.
[0037] in various embodiments described herein, it may further be desirable to
engineer the recombinant microorganism to express one or more enzymes in the
cytosoi that reduce the concentration of reactive nitrogen species (RNS) and/or nitric
oxide (NO) in said cytosol. In one embodiment, said one or more enzymes are
selected from the group consisting of nitric oxide reductases and glutathione-S-
nitrosothio! reductase. Jn a specific embodiment, said nitric oxide reductase is
encoded by one of more of the genes selected frorn the group consisting of the E.
coli gene norV and the Fusarium oxysporum gene P-450dNIR, or homologs thereof.
In another specific embodiment, said glutathione-S-nitrosothiol reductase is encoded
by the S. cerevisiae gene SFAT or homologs thereof. In one embodiment, said
glutathione-S-nitrosothiol reductase gene SFA7 is overexpressed. in another
specific embodiment, said one or more enzymes is encoded by a gene selected fram
the group consisting of the E. colf gene yifE, the Staphylococcus aureus gene scdA,
and Neisseria gonorrhoeae gene dnrN, or homologs thereof.
{[O638}] Also provided herein are recombinant microorganisms that demonstrate
increased the levels of sulfur-containing compounds within yeast cells, including the
amino acid cysteine, such that this sulfur is more available for the production of iron-
sulfur cluster-containing proteins in the yeast cytosol or mitochondria. in one
embodiment, the recombinant microorganism has been engineered to overexpress
one or more of the genes selected from the S. cerevisiae genes METI, MET2,
METS, METS, METS, MET1O, MET1I4, MET16, MET17, HOM2, HOM3, HOMG6,
CYS3, CYS4 SUL1, and SUL2, or homologs thereof. The recombinant
microorganism mayadditionally or optionally also overexpress one or more of the
genes selected from the S. cerevisiae genes YCT?, MUPT, GAP1, AGP1, GNP.
BAP1, BAP2, TAT, and TAT2, ar homologs thereof.
[0038] in various embodiments described herein, the recombinant microorganism
may exhibit at least about 5 percent greater dihydroxyacid dehydratase (DHAD)
activity in the cytosol as compared to the parental microorganism. In another
embodiment, the recombinant microorganism may exhibit at least about 10 percent,
at least about 15 percent, about least about 20 percent, at least about 25 percent, at
least about 30 percent, at least about 35 percent, at least about 40 percent, at least
about 45 percent, at least about 50 percent, at least about 55 percent, at feast about
60 percent. at least about 65 percent, at least about 70 percent, at Jeast about 75
percent, at least about 80 percent, at least about 100 percent, at least about 200
percent, or at least about 500 percent greater dihydroxyacid dehydratase (DHAD)
activity in the cytoso! as compared to the parental microorganism.
[0040]=In ceriain embodiments described herein, it may be desirable to further
overexpress an additional enzyme that converts 2,3-dihydroxyisovalerate to
ketoisovalerate in the cytosol. In a specific embodiment, the enzyme may be
selected from the group consisting of 3-isopropyimalate (Leuitp) and
imidazoleglycerol-phosphate dehydrogenase (His3p).
{0041} in various embodiments described herein, the recombinant
microorganisms may be further engineered fo express an isobutano!l producing
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metabolic pathway comprising at least one exogenous gene that catalyzes a step in
the conversion of pyruvate to Isobutanal. in one embodiment, the recombinant
microorganism may be engineered to express an isobutanol producing metabolic
pathway comprising at least two exogenous genes. In another embodiment, the
recombinant microorganism may be engineered to express an isobutanol producing
metabolic pathway comprising at least three exogenous genes. in another
embodiment, the recombinant microorganism may be engineered to express an
isebutanol producing metabolic pathway comprising at least four exogenous genes.
in another embodiment, the recombinant microorganism may be engineered to
express an isobutanol producing metabolic pathway comprising five exogenous
genes.

{[0042] In various embodiments described herein, the isobutanol pathway
enzyme(s) is/are selected from the group consisting of acetolactate synthase (ALS),
Ketol-acid reductoisomerase (KARI), dihydroxyacid dehydratase (DHAD), 2-keto-acid
decarboxylase (KIVD), and isobutyraldehyde dehydrogenase (IDH). In a preferred
embodiment, said dihydroxyacid dehydratase (DHAD) is a cytosolically active

{(DHAD) enzyme.
{[0G43] In various embodiments described herein, the recombinant

microorganisms may be engineered to express native genes that catalyze a step in
the conversion of pyruvate to isobutanol. In one embodiment, the recombinant

microorganism is engineered to increase the activity of a native metabolic pathway
gene for conversion of pyruvate to iscbutanol. In another embodiment, the
recombinant microorganism is further engineered to include at least one enzyme
encoded by a heterologous gene and at least one enzyme encoded by a native
gene. in yet another embodiment, the recombinant microorganism cornprises a
reduction in the activity of a native metabolic pathway as compared to a parental
microorganism.

{0044] In various embodiments described herein, one or more of the enzymes
catalyzing the conversion of pyruvate to isobutanolis/are localized in the cytosol. in
one embodiment, the enzyme is dihydroxyacid dehydratase (DHAD).
[0045] In an alternative embodiment, a dihydroxyacid dehydratase (DHAD) may
be localized in the mitochondria. When DHAD is expressed in the mitochondria, it
may further be desirable to express an organic acid transporter capable of
transporting 2,3-dihydroxyisovalerate (DHIV) from the cytoso! to the mitochondria.
Therefore, in one embodiment, the recombinant microorganism may comprise an
organic acid transporter capable of transporting 2,3-dihydroxyisovalerate (DHIV)
from the cytosol to the mitochondria. in another embodiment, the recombinant
microorganism may further comprise an organic acid transporter capable of
transporting 2-ketcisovalerate (KIV) from the mitochondria to the cytosol. in yet
another embodiment, the recombinant microorganism may further comprise an
overexpressed Bati(branched-chain amino acid transferase) or homolog thereof
capable of converting 2-ketolsovailerate {KIV) to valine in the mitochondria. In yet
another embodiment, the recombinant microorganism may further comprise an
overexpressed Bat2 or homolog thereof capable of converting valine to 2-
ketoisovalerate (KIV} in the cytosol. In yet another embodiment, the recombinant
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microorganism may further comprise an overexpressed Bap3 (amino acid permease)
or homoiog thereof capable of transporting valine out of the mitochondria.
[0046] In another embodiment, the recombinant microorganism is engineered to
overexpress one or more accessory proteins having utility in assisting the
mitechondrially localized DHAD to have maximal folding, assembly, solubility, and
thus enzymatic activity. In yet another embodiment, the recombinant microorganism
is engineered to overexpress one or more of the mitochondrial iron sulfur cluster
proteins involved in the activation and maturation of DHAD localized to the
mitochondria.

[0047] In some embodiments, the present invention provides recombinant
microorganisms that have been engineered fo express a heterologous metabolic
pathway for conversion of pyruvate to isobutanol. In another embodiment, the
recombinant microorganism further comprises a pathway for the fermentation of
isobutanol from a pentose sugar. In one embodiment, the pentose sugar is xylose.
in one embodiment, the recombinant microorganism is engineered to express a
functional xylose isomerase (i). In another embodiment, the recombinant
microorganism further comprises a deletion or disruption of a native gene encoding
for an enzyme that catalyzes the conversion of xylose to xylitol. In one embodiment,
the native gene is xylose reductase (XR). In another embodiment, the native gene is
xylitol dehydrogenase (XDH). [n yet another embodiment, both native genes are
deleted or disrupted. in yet another embodiment, the recombinant microorganism is
engineered to express a xylulose kinase enzyme.
[6048] In another aspect, the present invention provides a recombinant
microorganism engineered to include reduced pyruvate decarboxylase (PDC)activity
as compared to a parental microorganism. In one embodiment, PDC activity is
eliminated. PDC catalyzes the decarboxylation of pyruvate to acetaldehyde, whichis
reduced to ethanol by alcohol dehydrogenases via the oxidation of NADH to NAD+.
In one embodiment, the recombinant microorganism includes a mutation in at jeast
one PDC gene resulting in a reduction of PDC activity of a polypeptide encoded by
said gene. In another embodiment, the recombinant microorganism includes a
partial deletion of a PDC gene resulting in a reduction of PDC activity of a
polypeptide encoded by said gene. in another embodiment, the recombinant

microorganism comprises a complete deletion of a PDC gene resulting in a reduction
of PDC activity of a polypeptide encoded by said gene. in yet another embodiment,
the recombinant microorganism includes a modification of the regulatory region
associated with at least one PDC gene resulting in a reduction of PDC activity of a
polypeptide encoded by said gene. In yet another embodiment, the recombinant
microorganism comprises a modification of the transcriptional regulatorresulting in a
reduction of PDC gene transcription. in yet another embodiment, the recombinant
microorganism comprises mutations in all PDC genes resulting in a reduction of PDC
activity of the polypeptides encoded by said genes.
{0049} In another aspect, the present invention provides a recombinant
microorganism engineered to include reduced glycerol-3-phosphate dehydrogenase
(GPD) activity as compared to a parental microorganism. In one embodiment, GPD
activity is eliminated. GPD catalyzes the reduction of dihydroxyacetone phosphate
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(DHAP) to glycerol-3-phosphate (G3P) via the oxidation of NADH to NAD". Glycerol
is produced from G3P by Glycerol-3-phosphatase (GPP). In one embodiment, the
recombinant microorganism includes a mutation in at least one GPD gene resulting
in a reduction of GPD activity of a polypeptide encoded by said gene. In another
embodiment, the recombinant microorganism includes a partial deletion of a GPD
gene resulting in a reduction of GPD activity of a polypeptide encoded by the gene.
in another embodiment, the recombinant microorganism comprises a complete
deletion of a GPD gene resulting in a reduction of GPD activity of a pelypeptide
encoded by the gene. In yet another embodiment, the recombinant microorganism
includes a modification of the regulatory region associated with at least one GPD
gene resulting in a reduction of GPD activity of a polypeptide encoded by said gene,
in yet another embodiment, the recombinant microorganism comprises a
modification of the transcriptional regulator resulting in a reduction of GPD gene
transcription. In yet another embodiment, the recombinant microorganism comprises
mutations in all GPD genes resulting in a reduction of GPD activity of a polypeptide
encoded by the gene.
{0050} in various embodiments described herein, the recombinant

microorganisms may be microorganisms of the Saccharomyces clade,
Saccharomyces sensu stricto microorganisms, Crabtree-negative yeast
microorganisms, Crabtree-positive yeast microorganisms, post-WGD (whole genome
duplication} yeast microorganisms, pre-WGD (whole genome duplication) yeast
microorganisms, and non-fermenting yeast microorganisms.
[0051] In some embodiments, the recombinant microorganisms may be yeast
recombinant microorganisms of the Saccharomycesclade.

[0052] In some embodiments, the recombinant microorganisms may be
Saccharomyces sensu stricto microorganisms. in one embodiment, the
saccharomyces sensu stricto is selected from the group consisting of S. cerevisiae,
S. kudriavzevii, S. mikatae, S. bayanus, S. uvarum. S. carocanis and hybrids thereof.
[0053, In some embodiments, the recombinant microorganisms may be Crabtree-
negative recombinant yeast microorganisms. In one embodiment, the Crabtree-

negative yeast microorganism is classified into a genera selected from the group
consisting of Afuyverornyces, Pichia, Hansenula, or Candida. in additional

embodiments, the Crabtree-negative yeast microorganism is selected from
Kluyveromyces lactis, Kluyveromyces marxianus, Pichia anomala, Pichia  stipitis,
Hansenula anomala, Candida utilis and Kiuyveromyces walti.
[0054]=In some embodiments, the recombinant microorganisms may be Crabtree-
positive recombinant yeast microorganisms. [n one embodiment, the Crabtree-
positive yeast microorganism is classified into a genera selected from the group
consisting of Saccharomyces, Kluyveromyces, Zygosaccharomyces, Debaryomyces,
Candida, Pichia and Schizosaccharomyces. in additional embodiments, the
Crabtree-positive yeast microorganism jis selected from the group consisting of
Saccharomyces cerevisiae, Saccharomyces uvarurn, Saccharomyces bayanus,
Saccharomyces paradoxus, Saccharomyces castellf, Saccharomyces kluyveri,
Kiuyveromyces thermotolerans, Candida glabrata, Z. bailli, Z. rouxii, Debaryornyces
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anseni, Pichia pastorius, Schizosaccharomyces pombe, and Saccharomyces
iivarum.

[0055] In some embodiments, the recombinant microorganisms may be post-
WGD (whole genome duplication} yeast recombinant microorganisms. in one
embodiment, the post-WGD yeast recombinant microorganism is classified into a
genera selected from the group consisting of Saccharornyces or Candida. In
additional embodiments, the post-WGD yeast is selected from the group consisting
of Saccharomyces cerevisiae, Saccharomyces uvarum, Saccharomyces bayanus,
Saccharomyces paradoxus, Saccharomyces castelli, and Candida glabrata.
f0056}=In some embodiments, the recombinant microorganisms may be pre-WGD
(whele genome duplication) yeast recombinant microorganisms. in one
embodiment, the pre-WGD yeast recombinant microorganism is classified into a
genera selected from the group consisting of Saccharomyces, Kluyveromyces,
Candida, Pichia, Debaryomyces, Hansenufa, Pachysolen, Yarrowia and
schizosaccharomyces. in additional embodiments, the pre-WGD yeast is selected
from the group consisting of Saccharomyces kluyveri, Kluyveromyces
thermotolerans, Kluyveromyces marxianus, Kluyveromyces waltii, Kiuyveromyces
lactis, Candida fropicalis, Pichia pastoris, Pichia anomafa, Pichia—stipitis,
Debaryomyces fhansenif, Hansenula anomala, Pachysofen tannophilis, Yarrowia
lipolytica, and Schizosaccharomyces pombe.
[0057] In some embodiments, the recombinant microorganisms may be
microorganisms that are non-fermenting yeast microorganisms, including, but not
limited to those, classified into a genera selected from fhe group consisting of
Tricosporon, Rhodotorula, or Myxozyma.

[0058] In another aspect, the present invention provides methods of producing
isobutanol using a recombinant microorganism of the invention. In one embodiment,
the method includes cultivating the recombinant microorganism in a culture medium
containing a feedstock providing the carbon source until a recoverable quantity of the
isobutano! is produced and optionally, recovering the isobutanol. In one embodiment,
the microorganism is selected to produce isobutanal from a carbon source at a yield
of at least about 5 percent theoretical. In another embodiment, the microorganism is
selected to produce isobutanol at a yield of at least about 10 percent, at least about
15 percent, about least about 20 percent, at least about 25 percent, at least about 30
percent, at jeast about 35 percent, at feast about 40 percent, at least about 45
percent, at least about 50 percent, at feast about 55 percent, at least about 60
percent, at least about 65 percent, at least about 70 percent, at least about 75
percent, or at least about 80 percent theoretical.

{0059} in one embodiment, the microorganism is selected to produce isobutanol
from a carbon source at a specific productivity of at least about 0.7 mg/L/hr per OD.
In another embodiment, the microorganism is selected produce isobutanal from a
carbon source at a specific productivity of af least about 1 mg/L/hr per OD, at least
about 10 mg/L/hr per OD, at least about 50 mag/L/hr per OD, at least about 100
mg/L/hr per OD, at least about 250 mg/L/hr per OD,or at least about 500 g/L/hr per
Op.
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BRIEF DESCRIPTION OF DRAWINGS

[a060} lustrative embodiments of the invention are illustrated in the drawings, in
which:

[6061] Figure 1 illustrates an exemplary embodiment of an isobutano! pathway.
[0062] Figure 2 illustrates the selection scheme used to identify transporters that
move 2,3-dihydroxyisovalerate (DHIV) from the cytosol to the mitochondria.

DETAILED DESCRIPTION

[Q063} As used herein and in the appended claims, the singular forms “a,” “an,”
and “the” include plural referents unless the context clearly dictates otherwise. Thus,
far example, reference to “a polynucleotide" includes a plurality of such
polynucieotides and reference fo "the microorganism" includes reference to one or
more microorganisms, and so forth.
[0064] Unless defined otherwise, all technical and scientific terms used herein

have the sare meaning as commonly understood to one of ordinary skill in the art to
whichthis disclosure belongs. Although methods and materials similar or equivalent
to those described herein can be used in the practice of the disclosed methods and
compositions, the exemplary methods, devices and materials are described herein.

[6065] Any publications discussed above and throughout the text are provided
solely for their disclosure prior to the filing date of the present application. Nothing
herein is to be construed as an admission that the inventors are not entitled to

antedate such disclosure by virtue of prior disclosure.

[8066] The term “microorganism” includes prokaryotic and eukaryotic microbial
species from the Domains Archaea, Bacteria and Eucarya, the latter including yeast
and filamentous fungi, protozoa, algae, or higher Protista. The terms “microbial
cells" and “microbes” are used interchangeably with the term microorganism,
{O067} The term “genus” is defined as a taxonomic group of related species
according to the Taxonomic Outline of Bacteria and Archaea (Garrity, G.M., Lilburn,
T.G., Gole, J.R., Harrison, S.H., Euzeby, J., and Tindall, B.J. (2007) The Taxonomic
Outline of Bacteria and Archaea. TOBA Release 7.7, March 2007. Michigan State
University Board of Trustees. [hitp:/Avww.taxonomicoutline.org/)).
{0068} The term “species” is defined as a collection of closely related organisms
with greater than 97% 16S ribosomal RNA sequence homology and greater than
70% genomic hybridization and sufficiently different from all other organisms so as to
be recognized as a distinct unit.

[60698] The terms “recombinant microorganism,” “modified microorganism” and
“recombinant host cell” are used interchangeably herein and refer to microorganisms
that have been genetically modified to express or over-express endogenous
polynucieotides, or to express heterologous polynucleotides, such as those included
in a vector, or which have an alteration in expression of an endogenous gene. By
“alteration”it is meant that the expression of the gene, or level of a RNA molecule or
equivalent RNA molecules encoding one or more polypeptides or polypeptide
subunits, or activity of one or more polypeptides or polypeptide subunits is up
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regulated or down regulated, such that expression, level, or activity is greater than or
jess than that observed in the absence of the alteration. For example, the term "alter"
can mean “inhibit,” but the use of the word “alter” is not Hmited to this definition.

[0070] The term “expression” with respect to a gene sequence refers to
transcription of the gene and, as appropriate, translation of the resulting mRNA
transcript to a protein. Thus, as will be clear from the context, expression of a
protein results from transcription and translation of the open reading frame
sequence. The level of expression of a desired product in a host cell may be
determined on the basis of either the amount of corresponding mRNA that is present
in the cell, or the amount of the desired product encoded by the selected sequence.
For example, mRNA transcribed from a selected sequence can be quantitated by
qRT-PCR or by Northern hybridization (see Sambrook et ai., Molecular Cloning: A
Laboratory Manual, Cold Spring Harbor Laboratory Press (1989)). Protein encoded
by a selected sequence can be quantitated by various methods, e.g., by ELISA, by
assaying for the biological activity of the protein, or by employing assays that are
independent of such activity, such as western blotting or radioimmunoassay, using
antibodies that recognize and bind the protein. See Sambrook ef a/., 1989, supra.
The polynucleotide generally encodes a target enzyme involved in a metabolic
pathway for producing a desired metabolite. i is understood that the terms

“recombinant microorganism" and “recombinant host cell" refer not only te the
particular recombinant microorganism but to the progeny or potential progeny of
such a microorganism. Because certain modifications may occur in succeeding
generations due to either mutation or environmental influences, such progeny may
not, in fact, be identical fo the parent cell, but are still included within the scope of the
term as used herein.

{0071} The term “wild-type microorganism” describes a cell that occurs in nature,
i.e. a cell that has not been genetically modified. A wild-type microorganism can be
genetically modified to express or overexpress a first target enzyme. This
microorganism can act as a parental microorganism in the generation of a
microorganism modified to express or overexpress a second target enzyme. In turn,
the microorganism modified to express or overexpress a first and a second target
enzyme can be modified to express or overexpress a third target enzyme.
[0072} Accordingly, a “parental microorganism” functions as a reference cell for
successive genetic modification events. Each modification event can be

accomplished by introducing a nucleic acid molecule in to the reference cell. The

introduction facilitates the expression or overexpression of a target enzyme. it is
understood that the term “facilitates” encompasses the activation of endogenous
polynucleotides encoding a target enzyrne through genetic modification of @.g9., a
promoter sequence in a parental microorganism. It is further understood that the
term “facilitates” encompasses the introduction of heterologous polynucleotides
encoding a target enzyme in to a parental microorganism
{0073} The term “engineer” refers to any manipulation of a microorganism that
results in a detectable change in the microorganism, wherein the manipulation
includes but is not limited to inserting a polynucleotide and/or polypeptide
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heterologous to the microorganism and mutating a polynucleotide and/or polypeptide
native to the microorganism.
{0074} The term “mutation” as used herain indicates any modification of a nucleic
acid and/or polypeptide which results in an altered nucleic acid or polypeptide.
Mutations include, far example, point mutations, deletions, or insertions of single or
multiple residues in a polynucleotide, which includes alterations arising within a
protein-enceding region of a gene as well as alterations in regions outside of a

protein-encoding sequence, such as, but not limited to, regulatory or promoter
sequences. A genetic alteration may be a mutation of any type. For instance, the
mutation may constitute a point mutation, a frame-shift mutation, an insertion, or a
deletion of part or all of a gene. In addition, in some embodiments of the modified
microorganism, a portion of the microorganism genome has been replaced with a
heterologous polynucleotide. In some embodiments, the mutations are naturally-
occurring. In other embodiments, the mutations are the results of artificial selection

pressure. In stil other embodiments, the mutations in the microorganism genome are
the result of genetic engineering.
{0075} The term “biosynthetic pathway”, also referred to as "metabolic pathway”,
refers to a set of anabolic or catabolic biochemical reactions for converting one
chemical species into another. Gene products belong to the same “metabolic
pathway" if they, in parallel or in series, act on the same substrate, produce the
same product, or act on or produce a metabolic intermediate (e., metabolite}

between the same substrate and metabolite end product.
{O076} The term “heterologous” as used herein with reference to molecules and in

particular enzymes and polynucleotides, indicates molecules that are expressed in

an organism other than the organism from which they originated or are found in
nature, independently of the level of expression that can be lower, equal or higher
than the level of expression of the molecule in the native microorganism.
{0077} On the other hand, the term “native” or “endogenous” as used herein with
reference to molecules, and in particular enzymes and polynucleotides, indicates
molecules that are expressed in the organism in which they originated or are found
in nature, independently of the level of expression that can be lower equal or higher

than the level of expression of the molecule in the native microorganism. {t is
understood that expression of native enzymes or polynucleotides may be modified in

recombinant microorganisms.
{O078}] The term “feedstock” is defined as a raw material or mixture of raw
materials supplied to a microorganism or fermentation process from which other

products can be made. For exampis, a carbon source, such as biomass or the

carbon cornpounds derived from biomass are a feedstock for a microorganism that
produces a biofuel in a fermentation process. However, a feedstock may cantain
nutrients other than a carbon source.

[0079] The term “substrate” or “suitable substrate” refers to any substance or
compound that is converted or meant to be converted into another compound by the

action of an enzyme. The term includes not only a single compound, but also
combinations of compounds, such as solutions, mbctures and other materials which
contain at least one substrate, or derivatives thereof. Further, the terrn “substrate”
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encompasses not anly compoundsthat provide a carbon source suitable for use as a
starting material, such as any biomass derived sugar, but also intermediate and end
product metabolites used in a pathway associated with a recombinant
microorganism as described herein.

fO080} The term “C2-compound" as used as a carbon source for engineered
yeast microorganisms with mutations in all pyruvate decarboxylase (PDC)} genes
resulting in a reduction of pyruvate decarboxylase activity of said genes refers to
organic compounds comprised of two carbon atoms, including but not limited to
ethanol and acetate.

f0081} The term “fermentation” or “fermentation process" is defined as a process
in which a microorganism ts cultivated in a culture mediurn containing raw materials,
such as feedstock and nutrients, wherein the microorganism converts raw materials,
such a8 a feedstock, into products.
{0082} The term “volumetric productivity” or “production rate” is defined as the
amount of product formed per volume of meditwn per unit of time. Volumetric
productivity is reported in gram perliter per hour (g/L/h).
{0083} The term “specific productivity” or “specific production rate” is defined as
the amount of product farmed per volume of medium per unit of time per amount of
celis. Volumetric productivity is reported In gram or milligram per liter per hour per
OD (g/L/nfOD).

{@084] The term ‘yield’ Is defined as the amount of product obtained per unit
weight of raw material and may be expressed as g product per g substrate (g/g).
Yield may be expressed as a percentage of the theoretical yield. “Theoretical yield”
is defined as the maximum amount of product that can be generated per a given
amount of substrate as dictated by the stoichiometry of the metabolic pathway used
to make the product. For example, the theoretical yield for one typical conversion of
glucose to isobutanol is 0.41 g/g. As such, a yield of isabutanol from glucose of 6.39
g/g would be expressed as 95% of theoretical or 95% theoretical yield.
{0085} The term “tter’ is defined as the strength of a solution or the concentration
of a substance in solution. For example, the titer of a biofuel in a fermentation broth

is described as g of biofuel in solution perliter of fermentation broth (g/L).
{0086} “Aerabic conditions” are defined as conditions under which the oxygen
concentration in the fermentation medium is sufficiently high for an aerobic or
facultative anaerobic microorganism to use as a terminal electron acceptor.
[0087] in contrast, “anaerobic conditions” are defined as conditions under which
the oxygen concentration in the fermentation medium is too low for the

microorganism to use as a terminal electron acceptar. Anaerobic conditions may be
achieved by sparging a fermentation medium with an inert gas such as nitrogen until
oxygen is no longer available to fhe microorganism as a terminal electron acceptor.
Alternatively, anaerobic conditions may be achieved by the microorganism
consuming the available oxygen of the fermentation until oxygen is unavailable to the
microorganism as a terminal electron acceptor.

[0088] “Aerobic metabolism’ refers to a biochemical process in which oxygen is
used as a terminal electron acceptor to make energy, typically in the form of ATP,
from carbohydrates. Aerobic metabolism occurs e.g. via glycolysis and the TCA
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cycle, wherein a single glucose molecule is metabolized completely into carbon
dioxide in the presence of oxygen.
[0089] in contrast, “anaerobic metabolism” refers to a biochemical process in
which oxygen is not the final acceptor of electrons contained in NADH. Anaerobic
metabolism can be divided into anaerobic respiration, in which compounds other
than oxygen serve as the terminal electron acceptor, and substrate level
phosphorylation, in which the electrons from NADH are utilized to generate a
reduced product via a “fermentative pathway.”
f[O690] in “fermentative pathways”, NAD(P)H donates its electrons to a molecule
produced by the same metabolic pathway that produced the electrons carried in
NAD(P)H. For example, in one of the fermentative pathways of certain yeast strains,
NAD(P)H generated through glycolysis transfers its electrons to pyruvate, yielding
ethanol. Fermentative pathways are usually active under anaerobic conditions but
may also occur under aerobic conditions, under conditions where NADHis not fully
oxidized via the respiratory chain. For example, above certain glucose
concentrations, Crabtree positive yeasts produce large amounts of ethanol under
aerobic conditions.

{0097} The term “byproduct” means an undesired product related to the
production of a biofuel or biofuel precursor. Byproducts are generally disposed as
waste, adding cost to a production process.
[G092] The term “*non-fermenting yeast” is a yeast species that fails to
demonstrate an anaerobic metabolism in which the electrons from NADH are utilized

to generate a reduced product via a fermentative pathway such as the production of
ethanol and CO; frorn glucose. Non-fermentative yeast can be identified by the
“Durham Tube Test” GLA. Barnett, RW. Payne, and D, Yarrow. 2000. Yeasts
Characteristics and identification. 3% edition. p. 28-29. Cambridge University Press,
Cambridge, UK.) or by monitoring the production of fermentation productions such
as ethanol and CO.

[0093] The term “polynucleotide” is used herein interchangeably with the term
“nucleic acid" and refers to an organic polymer composed of two or more monomers
including nucleotides, nucleosides or analogs thereof, including but not fimited to
single stranded or double stranded, sense or antisense deoxyribonucleic acid (DNA)
of any length and, where appropriate, single stranded or double stranded, sense or
antisense ribonucleic acid (RNA) of any length, including siRNA. The term
“nucleotide” refers ta any of several compounds that consist of a ribose or

deoxyribose sugar joined to a purine or a pyrimidine base and to a phosphate group,
and that are the basic structural units of nucleic acids. The term “nucleoside” refers

to a compound (as guanosine or adenasine) that consists of a purine or pyrimidine
base combined with deoxyribose or ribose and is found especially in nucleic acids.
The term “nucleotide analog” or “nucleoside analog” refers, respectively, to a
nucisotide or nucleoside in which one or more individual atoms have been replaced
with a different atom or with a different functional group. Accordingly, the term
polynucleotide includes nucleic acids of any length, DNA, RNA, analogs and
fragments thereof. A polynucleotide of three or more nucleotides is also called
nucleotidic oligomer or oligonucleotide.
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{0094}=it is understood that the polynucleotides described herein Include “genes*
and that the nucleic acid molecules described herein include "vectors" or “plasmids.”
Accordingly, the term “gene", also called a “structural gene” refers to a
polynucleotide that codes for a particular sequence of amino acids, which comprise
all or part of one or more proteins or enzymes, and may include regulatory (non-
transcribed) DNA sequences, such as promoter sequences, which determine for
example the conditions under which the gene is expressed. The transcribed region
of the gene may include untranslated regions, including introns, 5’-untranslated
region (UTR), and 3'-UTR, as well as the coding sequence.
{0095} The term “operon” refers to two or more genes which are transcribed as a
single transcriptional unit from a common promoter. in sore embodiments, the
genes comprising the operon are contiguous genes. H is understood that
transcription of an entire operon can be modified (Le., increased, decreased, or
aliminated) by modifying the common prometer. Altematively, any gene or
combination of genes in an operon can be modified to alter the function or activity of
the encoded polypeptide. The modification can result in an increase in the activity of
the encoded polypeptide. Further, the modification can impart new activities on the
encoded polypeptide. Exemplary new activities include the use of alternative

substrates and/or the ability to function in alternative environmental conditions.

[G086] A “vector” is any means by which a nucleic acid can be propagated and/or
transferred between organisms, cells, or cellular components. Vectors include
viruses, bacteriophage, pro-viruses, plasmids, phagemids, transposons, and artificial
chromosomes such as YACs (yeastartificialchromosomes), BACs (bacterialartificial
chromosomes), and PLACs (plant artificlal chromosomes), and the like, that are
“episomes,” that is, that replicate aufonomously or can integrate into a chromosome
of a host cell A vector can also be a naked RNA polynucleotide, a naked DNA
polynuciectide, a polynucleotide composed of both DNA and RNA within the same
strand, a poly-lysine ~conjugated DNA or RNA, a peptide-conjugated DNA or RNA, a
liposome-conjugated DNA,or the like, that are not episomal in nature, or it can be an
organism which comprises one or more of the above polynucleotide constructs such
as an agrobacterium or a bacterium.

{fO087] “Transformation” refers to the process by which a vector is introduced into

a host cell. Transformation (or transduction, or transfection), can be achieved by any
one of a number of means Including chemical transforrnation (e.g. ithium acetate
transformation), electroporation, microinjection, biolistics (or particle bombardment-
mediated delivery), or agrobacterium mediated transformation.

[0098] The term “enzyme” as used herein refers to ary substance that catalyzes
or promotes one or more chemical or biochemical reactions, which usually includes
enzymes totally or partially cormposed of a polypeptide, but can include enzymes
composed of a different molecule including polynucleotides.
{80SS} The term “protein,” “peptide,” or “polypeptide” as used herein indicates an

organic polymer composed of two or more amino acidic monomers and/or analogs
thereof. As used herein, the term “amino acid” or “amino acidic monomer’ refers to

any natural and/or synthetic amino acids including glycine and both D or L optical
isomers. The term “amino acid analog” refers to an amino acid in which one or more
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individual atorms have been replaced, either with a different atom, or with a different
functional group. Accordingly, the term polypeptide includes amino acidic polymer of
any length Including full length proteins, and peptides as well as analogs and
fragments thereof. A polypeptide of three or more amino acids is also called a protein
oligomeror oligopeptide

[90100] The term “homolog,” used with respect to an original enzyme or gene of a
first family or species, refers to distinct enzymes or genes of a second family or
species which are determined by functional, structural or genomic analyses to be an
enzyme or gene of the second family or species which corresponds to the original
enzyme or gene of the first family or species. Most often, homologs will have
functional, structural or genomic similarities. Techniques are known by which

homologs of an enzyme or gene can readily be cloned using genetic probes and
PCR. Identity of cloned sequences as homolog can be confirmed using functional
assays and/or by genomic mapping of the genes.
[80107] A protein has “homology” or is “homologous” to a second protein if the

amino acid sequence encoded by a gene has a similar amino acid sequence to that
of the second gene. Alternatively, a protein has homology to a second protein if the
two proteins have “similar” amino acid sequences. (Thus, the term “homologous
proteins" is defined to mean that the two proteins have similar amino acid

sequences).

[00102] The term “analog” or “analogous” refers to nucisic acid or protein
sequences or protein structures that are related to one another in function only and
are not from common descent or do not share a common ancestral sequence.
Analogs may differ in sequence but may share a similar structure, due to convergent
evolution. For example, two enzymes are analogs or analogous if the enzymes
catalyze the same reaction of conversion of a substrate fo a product, are unrelated in
sequence, and irrespective of whether the two enzymes are related in structure.

Cyiosolically Active Dihydroxvacid Dehydratases

Microorganisms Comprising the Same

[00103] The present inventors describe herein cytosolically active dihydroxyacid
dehydratases (DHADs} and their use in the production of various beneficial

metabolites, such as isobutanol and 2-methyl-1-butanol. Biosynthetic pathways for
the production of isobutanol and 2-methyl-1-butanol, are described by Atsumi ef ai.
{Atsumi ef af, 2008, Nature 451: 86-89). In these biosynthetic pathways, DHAD
catalyzes the conversion of 2,3-dihydroxyisovalerais to 2-ketoisovalerate, and 2,3-

dihydroxy-3-methylvalerate to 2Z-keto-3-methyivarate, respectively. Using a
combination of genetic selection and biochemical analyses, the present inventors
have identified a number of DHAD homologs that have activity In the cytosol.
Cytosolic DHAD activity is a highly desirable characteristic, especially for the
production of isobutanol since the ideal biocatalyst (e.g. recombinant microorganism)
wil have the entire isobutanol pathway functionally expressed in the same
compartment (e.g. preferably in the cytosol). In addition, this localization allows the

pathway to utilize pyruvate and NAD(P)H that is generated in the cytosol by
glycolysis and/or the pentose phosphate pathway without the need for transfer of
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these metabolites to an alternative compartment (i.e. the mitochondria).
{00104] As used herein, the term “cytosolically active” or “active in the cytosol”
means the enzyme exhibits enzymatic activity in the cytosol of a eukaryotic
organism. Cytosolically active DHAD enzymes may further be additionally and/or
independently characterized as DHAD enzymes that generally exhibit a specific
cytosolic activity which is greater than the specific mitochondrial activity. In certain
respects, “cytosolically active” DHAD enzymes of the present invention exhibit a ratio
of the specific activity of the mitochondrial fraction over the specific activity of the
whole cell fraction of less than 1, as determined by the method disclosed in Example
4 herein.

{[O0105] As used herein, the term “cytosolically localized” or “cytosolic localization’
means the enzymeis localized in the cytosol of a eukaryotic organism. Cytosolically
localized DHAD enzymes may further be additionally and/or independently
characterized as DHAD enzymes that exhibit a cytosolic protein level which is
greater than the mitochondrial protein level.

identificationof Cytosolically Active DHADs

{80106] Among the many strategies for identifying cytosolically active DHADs, the
present inventors performed multiway-~protein alignments between several DHAD
homologs. Using this analysis, a protein motif was identified that is unique to the
subset of DHAD homologs exhibiting cytosolically activity. This protein motif,
POUA)AXXGXU/LIXIL (SEQ ID NO: 19}, was found in DHAD homologs demonstrating
positive cytosolic activity. Therefore, in one embodiment, the present invention

provides DHAD enzymes comprising the amino acid sequence PU/LIXXXGX(/L)XIL
(SEQ ID NO: 19), wherein X is any amino acid, and wherein said DHAD enzyme
exhibits the ability fo convert 2,3-dihydroxyisovalerate to ketoisovalarate in the
cytosol. DHAD enzymes harboring this sequence include those derived from L.
lactis, Grammeila forsetii, Acidobacteria bacterium Elin345, Saccharopolyspora
erythraea, Yarrowia iipolytica, Francisella tularensis, Arabidopsis—thaliana,
Thermotoga petrophila, and Victivailis vadensis. Also encornpassed herein are
DHAD enzymes that comprise a motif that is at least about 70% similar, at least
about 80% similar, or at least about 90% similar to the motif shown in SEQ 1D NO:

49.

[00107] As described herein, an even more specific version of this motif has been
identified by the present inventors. Thus, in a further embodiment, the present
invention provides DHAD enzymes comprising the amino acid sequence
PIKXAGA(ULIAIL (SEQ ID NO: 20), wherein X is any amino acid, and wherein said
DHAD enzyme exhibits the abilify to convert 2,3-dihydroxyisovalerate to
ketoisovalerate in the cytosel. DHAD enzymesharboring this sequence include
those derived from L. lactis, Grammella forsetii, Acidobacteria bacterium Eflin344,
Yarrowia fipolytica, Francisella tularensis, Arabidopsis thaliana, Thermotoga
petrophia, and Victivallis vadensis. Also encompassed herein are DHAD enzymes
that comprise a motif that is at least about 70%similar, at least about 80%similar, or
atleast about 90%similar to the motif shown in SEQ ID NO: 20.
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{00108] As noted above, one such cytosolically active DHAD identified herein is
exemplified by the L. laciis DHAD amino acid sequence of SEQ ID NO: 8 whichis
encoded by the L. /actis #vD gene. As described herein, the present inventors have
discovered that yeast strains expressing the cytosolically active L. lactis ilvD (DHAD)
exhibit higher isobutanol production than yeast strains expressing the S. cerevisiae
iLV3 (DHAD), even when the /LV3 from S. cerevisiae is truncated at its N-terminus

to remove a putative mitochondrial targeting sequence. In addition to the use and
identification of the cytosolically active DHAD homolog from L. factis, the present
invention encompasses a number of different strategies for identifying DHAD
enzymes that exhibit cytosolic activity and/or cytosolic jocalization, as well as
methods for modifiying DHADs to increase their ability to exhibit cytosolic activity
and/or cytosolic localization.

{00709] In various embodiments described herein, the DHAD enzymes may be
derived from a prokaryotic organism. In one embodiment, the prokaryotic organism
is a bacterial organism. in another embodiment, the bacterial organism is
Lactococcus factis. In a specific embodiment, the DHAD enzyme from L. Jactis
comprises the amino acid sequence of SEQ ID NO: 9. In other embodiments, the
bacterial organisms are of the genus Lactococcus, Grammeila, Acidobacteria,
Francisella, Thermotoga and Victivallis.

[00716] In alternative embodiments described herein, the DHAD enzyme may be
derived from a eukaryotic organism. In one embodiment, the eukaryotic organism is
a fungal organism. As described herein, the present inventors have found that in
general, an enzyme from a fungal source is more likely to show activity in yeast than
a bacterial enzyme expressed in yeast. In addition, homologs that are normally
expressed in the cytosol are desired, as a normally cytoplasmic enzymeis likelyto
show higher activity In the cytosol as compared fo an enzyme that is relocalized to
the cytosol from other organelles, such as the mitochondria. Fungal homologs of
various isobutano!l pathway enzymes, including DHAD, are often localized to the
mitochondria. The present inventors have found that fungal homologs of DHAD that
are cytosolically localized will generaily be expected to exhibit higher activity in the
cytosol of yeast than those of wild-type yeast strains. Thus, in one embodiment, the
present invention provides fungal DHAD homologs that are cytosolicafly active
and/or cytosolically localized.

[00711] in addition, the present inventors tested several different DHAD homologs
using biochemical assays. Among the DHAD homologs showing superior cytosolic
activity include the S. cerevisiae iv3AN (e.g. the S. cerevisiae DHAD with N-terminal
deletions), the Lactococcus lactis DHAD, DHAD from Grammella, DHAD from
Acidobacteria, and the Saccharopolyspora DHAD.
{00112} As described herein, the E. calf IlvD protein comprises the sequence
VERSACPTCGSC (SEQ ID NO. 35), which further comprises the 4Fe-4S cluster-
binding motif CXXCXXC (SEQ ID NO. 36). The present inventors have observed the
following pattern with respect to cytosolic activity in yeast: enzymes with either one
of the following two-cysteine containing motifs exhibit activity in the yeast cytosol: (1)
CPGXGXC (SEQ ID NO: 37), for example, CPGXG{A/S)C (SEQ ID NO: 38); and 2)
CAXXPGXGXC (SEQ ID NO: 39). Accordingly, in ane embodiment, the invention
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provides DHAD enzymes comprising the amino acid sequence CPGXGXC (SEQ ID
NO: 37), wherein X is any amino acid, and wherein said DHAD enzyme exhibits the
ability to convert 2,3-dihydroxyisovalerate to ketoisovalerate in the yeast cytosol. In
another embodiment, the invention provides DHAD enzymes comprising the amino
acid sequence CPGXG(A/SIC (SEQ ID NO: 38), wherein X is any amino acid, and

wherein said DHAD enzyme exhibits the ability to convert 2,3-dihydroxyisovalerate to
ketoisovalerate in the yeast cytosol. In yet another embodiment, the present
invention provides DHAD enzymes camprising the amino acid sequence
OAAKPGXGXC (SEQ ID NO: 39), wherein X is any amino acid, and wherein said
DHAD enzyme exhibits the ability to convert 2,3-dihydroxyisovalerate to
ketoisovalerate in the yeast cytosol. Also encompassed herein are DHAD enzymes
that comprise a motif that is at least about 70% similar, at least about 80° similar, or
at least about 90%similar to the motif shown in SEQ ID NOs: 37-39.

[00113] in various embodiments described herein, the DHAD enzyme may be a
native protein. Also encompassed by the invention are madified (e.g. mutated) and

natural variants of said native proteins. For example, said variant DHAD may be
derived from a natural protein by an amino acid substitution. In additional
embodiments, the DHAD enzyme may be a chimeric protein.

Removal and/or Modification of N-Terminal Mitochondrial Targeting Sequences
[00114] Among the mechanisms for cytosolic localization of DHAD enzymes
described herein involves the removal and/or modification of N-terminal
mitochondrial targeting sequences (MTS}. Nuclear genomeé-encoded proteins
destined to reside in the mitochondria often contain a Mitochondrial Targeting
Sequence (MTS) whichis often but not exclusively found at the N-terminal end of the —
protein. The MTS is recognized by a set of proteins collectively known as
mitochondrial import machinery. Following recognition and import, the MTS is then
physically cleaved off of the imported protein. In eukaryotes, homologs of two of the
isobutanol pathway enzymes, ketol-acid reductoisomerase (KARI, e.g. S. cerevisiae
iL V5) and dihydroxy acid dehydratase (DHAD, e.g. S. cerevisiae ILV3), are predicted
te be mitochondrial, based upon the presence of an N-terminal MTS as well as

several in vivo functional and mutational studies (see e.g., Omura, F.. Applied
Genetics and Mofecular Biotechnology (2008), 78:503-513). As described herein, the
present inventors have designed DHADs, whereby the predicted MTS is removed or
modified. A computer algorithm for identifying the predicted MTS can be found at

the MITOPROT website: hitp-//mipshelmholtz-muenchen.de/cgi-
bin/proj/medgen/mitofitter.

[004715] One example of an enzyme normally targeted to the mitochondria is the
native S. cerevisiae DHAD. The native S. cerevisiae DHAD, encoded by /LV3, is
involved in valine biosynthesis, and is thought to be targeted to the mitochondria by
an N-terminal mitochondrial targeting sequence (MTS). However, for the purpose of
isobutanol production, DHAD activity is required in the cytosol where the remainder

of the pathway is expressed. To generate a cytosolic llv3, the present inventors
performed a series of experiments in which amino acids were removed from the N-

terminus of native S. cerevisiae {LVS to disrupt the MTS. As described in Example
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10, IN@GAN19 and 23 exhibited cytosolic DHAD activity.
[O@116] Accordingly, in one embodiment, the present invention provides a modified
dihydroxyacid dehydratase (DHAD) enzyme having one or more amino acid
deletions at the N-terminus. in various embodiments described herein, the DHAD

enzyme may have at least about 5, 10, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 30

or more amino acid deletions at the N-terminus. In a preferred embodiment, the

modified DHAD enzyme comprising one or more amino acid deletions at the N-
terminus is derived from the S. cerevisiae llv3. As described herein, the advantage
of the S. cerevisiae Nv3 is that ft is a native yeast enzyme, which is generally
expected to exhibit regulatory advantages over the use of a heterologous protein. In
a specific embodiment, the modified DHAD has 19 amino acids deleted at the N-

terminus of the S. cerevisiae flva and may be encoded by the nucleic acid sequence
set forth in SEQ ID NO: 41. In yet another specific embodiment, the modified DHAD
has 23 amino acids deleted at the N-terminus of the S. cerevisiae llv3 and may be
encoded by the nucleic acid sequence set forth in SEQ 1D NO: 42.

Peptide Tags to Augment Cytosolic Localization of DHADs

[80117] in additional embodiments described herein, the mitochondrially imported
DHAD enzymes can be expressed as a chimeric fusion protein to augment cytosolic
jtocalization. In one embodiment, the DHAD enzyme is fused to a peptide tag,
whereby said DHAD enzyrne exhibits increased cytosolic localization and/or
cytosolic DHAD activity In yeast as compared to the parental DHAD enzyme. in one

embodiment, the DHAD enzyme is fused to a peptide tag following removal of the N-
terminal Mitochondrial Targeting Sequence UMTS). In ons embodiment, the peptide
tag is non-cleavabie. in a preferred embodiment, the peptide tag is fused at the N-
terminus of the DHAD enzyme. Peptide tags useful in the present invention
preferably have the following properties: (1) they do nof significantly hinder the
normal enzymatic function of the DHAD; (2) they fold In such as a way as to block
recognition of an N-terminal MTS by the normal mitochondrial import machinery; (3)
they promote the stable expression and/or folding of the DHAD it precedes: (4)}they
can be detected, for example, by Western blotting or SDS-PAGE plus Coomassie

‘Staining to facilitate analysis of the overexpressed chimeric protein.
{O0118] Suitable peptide tags for use in the present invention include, but are not

limited to, ubiquitin, ubiquitin-like (UBL) proteins, myc, HA-tag, green fluorescent
protein (GFP), and the maltose binding protein (MBP). Ubiquitin, and the Ubiquitin-
like protein (Ub?s) offer several advantages. For instance, the use of Ubiquitin or
similar Ubl’s (e.g, SUMO) as a solubility- and expression-enhancing fusion partner
has been well documented (see, for example: Ecker, D.J. ef al., Journal of Biological
Chemistry (1989), 264(5): 7715-7719; Marblestone et al., Protein Science (2006),
15: 182-189} . In fact, in S.cerevisiae, several ribosomal proteins are expressed as
C-terminal fusions to ubiquitin. Following translation and protein folding, ubiqutin is
cleaved from its co-expressed partner by a highly specific ubiquitin hydrolase, which
recognizes and requires the extreme C-terminal Gly-Gly motif present in ubiquitin
and cleaves immediately following this sequence; a similar pathway removes Ubi
proteins from their fusion partners.
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{00119} The invention described herein provides a method to re-localize a normally
mitochondrial protein or enzyme by expressing it as fusion with an N-terminal, non-

cleavable ubiquitin or ubiquitin-like molecule. in doing so, the re-targeted enzyme
enjoys enhanced expression, solubility, and function in the cytosol. In another
embodiment, the sequence encoding the MTS can be replaced with a sequence
encoding one or more copies of the c-myc epitope tag (amino acids EQKLISEEDL,
SEQ ID NO: 18), which will generally not target a protein into the mitochondria and
can easily be detected by commercially available antibodies.

Altering the lron-Sulfur Cluster Domain and/or Redox Active Domain

[00120] In general, the yeast cytosol demonstrates a different redox potential than
a bacterial cell, as well as the yeast mitochondria. As a result, isobutano! pathway
enzymes such as DHAD which exhibit an iron sulfur (FeS}) domain and/or redox
active domain, may require the redox potential of the native environments to be

folded or expressed in a functional form. Expressing the protein in the yeast cytosol,
which can harbor unfavorable redox potential, has the propensity fo result in an
inactive protein, even if the protein is expressed. The present inventors have
identified a numberof different strategies to overcome this problem, which can arise
when an isobutanol pathway enzyme such as DHAD which is suited to a particular
anvironment with 4 specific redox potential is expressed in the yeast cytosol.
[00121] In one embodiment, the present invention provides DHAD enzymesthat
exhibit a properly folded iron-sulfur cluster domain and/or redox active damain in the

cytosol. Such DHAD enzymes may either be native or heterologous DHAD
homologs or functional analogs or comprise a mutated or modified iron-sulfur cluster

domain and/or redox active domain, allowing for a DHAD enzyme to be expressed in
the yeast cytosol in a functional form. Thus, if an enzyme in the isobutanol
production pathway was identified that was fully soluble and active in the cytosol of
said recombinant microorganism, such enzyme can be used without addition of
chaperone proteins not already present in the cytoso! or without increased
expression of chaperone proteins already present in the cytosol. However, some
DHAD proteins may need the assistance of additional chaperones or increased
chaperone levels to exhibit optimal cytosolic activity.
{[@0%22] Therefore, in various embodiments described herein, the recombinant

microorganisms may further comprise a nucleic acid encoding a chaperone protein,
wherein said chaperone protein assists the folding of a protein exhibiting cytosolic
activity. Addition of the chaperone protein can lead to improved activity, solubility,
and/or carrect folding of the DHAD enzyme. In one embodiment, the chaperone may
be a native protein, in another embodiment, the chaperone protein may be an
exogenous protein. In some embodiments, the chaperone protein may be selected
from the group consisting of: endaplasmic reticulum oxidoreductin 1 (Ero,
accession no. NP_013576.1), Including variants of Erot that have been suitably
altered to reduce or prevent its norma! localization to the endoplasmic reticulury
thioredoxins (which includes Trx1, accession no. NP_013144.1; and Trx2, accession
no. NP_011725.14), thioredoxin reductase (Trri, accession no. NP_010640.1);
glutaredoxins (which includes Grx1, accession no. NP_009895.1; Grx2, accession
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no. NP_O10801.1; Gn, accession no. NP_O010383.1: Grx4, accession no.
NP_O1104.1: Grxd, accession no. NP_015266.1; Grx6, accession no, NP_010274.1;
Grx7, accession no. NP_009570.1; Grx8, accession no. NP_013468.1): glutathione
reductase Girt (accession no. NP_015234.1); Jac? (accession no. NP_011497.1),
including variants of Jaci that have been suitably altered to reduce or prevent its
normal mitochondrial localization; HspG0 and Hsp10 proteins (e.g., yeast Hsp 60 and
Hsp10 proteins, or other eukaryotic Hsp60 and Hsp10 homologs), bacterial
chaperonin homelags (e.g., GroEL and GroES proteins from Lactoceccus lactis},
homologs or active variants thereof, and combinations thereof.
{00123} As described herein, it is preferred that the DHAD enzymes are properly
assembled and folded, thus allowing for said DHADs to exhibit maximal activity in
the cytosol. In yeast, the DHAD Iiv3 is involved In biosynthesis of the amino acids
leucine, isoleucine and valine. {v3 is typically localized to the mitochondria, where
the chaperonin proteins Hsp60 and Hsp10 aid in the proper folding of the protein
(Dubaquie ef af The EMBO Journal 1998 17: 5868-5876). In wild type yeast cells,
Hv3 is found in the soluble fraction of cell lysates. in extracts from an Asp60
temperature-sensitive mutant, at the non-permissive temperature, there is no
detectable soluble jlv3. All of the protein is found in the insoluble fraction, in a
presumably inactivated state. In an hsp70 temperature-sensitive mutant, at the non-

permissive temperature, about half of the [lv3 is found in the insoluble portion,
indicating that Hsp710 is also important for proper folding of llv3, but that Hsp60 js
required. (Dubaquie ef. af, The EMBO Journal 1998 17: 5868-5876).
{00124] Thus, in one embodiment of the present invention, wherein the yeast
DHAD encoded by /LV3 gene is used in the cytosol of a isobutanol-producing
recombinant microorganism (e.g., a yeast microorganism), Hsp60 and/or Hsp10 from
the same yeast, homologs thereaf from other microorganisms, or active variants
thereof can be overexpressed in said microorganism to increase the activity,
solubility, and/or correct folding of DHAD encoded by /LV3 gene to increase the
productivity, titer, and/or yield of isobutanol produced. Alternatively, if said
microorganism is a yeast and it naturally expresses chaperonin proteins homologous
to Hsp60 and/or Hsp10 in its cytosol, DHAD encoded by /LV3 can be expressed in
said yeast without the overexpression of the Hsp60 and/or the Hsp10 proteins. In
another embodiment, wherein the DHAD derived from an organism other than yeast
is used for isobutano!l production, chapsronin homologs, or active variants thereof
derived from said non-yeast organism or related non-yeast organism can be
overexpressed together with the DHAD derived from said non-yeast organism. In
one embodiment, said non-yeast organism is an eukaryotic organism. in another
embodiment, said non-yeast organism is a prokaryotic organism. in a further
embodiment, said non-yeast organism is a bacterium (¢.g., E. coli., or Lactococcus
lactis). For example, the Lacfococcus factis GroEL and GroES chaperonin proteins
are expressed in the yeast cytosol in conjunction with the HvD from Lactococcus
lactis. Overexpression of these genes may be accomplished by methods as
described herein.

{00125} Also disclosed herein are recombinant microorganisms comprising one or
more genes encoding an iron-sulfur cluster assembly protein. lron-sulfur cluster
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assembly for insertion into yeast apo-iron-sulfur proteins begins in yeast
mitochondria. To assemble in yeast the active iron-sulfur proteins containing the
cluster, aither the apo-iron-sulfur protein is imported into the mitochondria from the

cytosol and the iron-sulfur cluster is inserted into the protein and the active protein
remains localized in the mitochondria; or the iron-sulfur clusters or precursors thereof
are exported from the mitochondria to the cytosol and the active protein is

assembied in the cytosol or other cellular compartments.
[86126] Targeting of yeast mitochondrial iron-sulfur proteins or non-yeast iron-
sulfur proteins to the yeast cyfoso! can result in such proteins not being properly
assembled with their iron-sulfur clusters. This present invention overcomes this

problem by co-expression and cytosolic targeting In yeast of proteins for iron-sulfur

cluster assembly and cluster insertion into apo-iron-sulfur proteins, including iron-
sulfur cluster assembly and insertion proteins from organisms other than yeast,
together with the apo-iron-sulfur protein to provide assembly of active iron-sulfur
proteins in the yeast cytosol.

[00127] In some embodiments, the present invention provides methods of using
Fe-S cluster containing protein in the eukaryotic cytosol for improved isobutanol

production in a microorganism, comprising overexpression of a Fe-S  cluster-

containing protein in the isobutanol production pathway in an microorganism. In a
preferred ernbodiment, said microorganism is a yeast microorganism. in one
embodiment, said Fe-S cluster-containing protein is a endogenous protein. in

another embodiment, said Fe-S cluster-containing protein is an exogenousprotein.
in one embodiment, said Fe-S cluster-containing protein is derived from a eukaryotic
organism, In another embodiment, said Fe-S cluster-containing protein is derived

from a prokaryotic organism. In one embodiment, sald Fe-S cluster-containing
protein is DHAD. [In one embodiment, said Fe-S cluster is a 2Fe-2S cluster. In
another embodiment, said Fe-S cluster is a 4Fe-45 cluster.

{00128] AH known DHAD enzymes contain an iron sulfur cluster, which is
assembled in vivo by a multi-component pathway. DHADs contain one of at least
two types of iron sulfur clusters, a 2Fe-2S cluster as typified by the spinach enzyme
{Flint and Emptage, J8C 1988 263(8)}: 3558) or a 4Fe-45 cluster as typified by the E.
coli enzyme (Flint ef. al, JBC 1993 268(20): 14732). In eukaryotic cells, iron-sulfur
cluster proteins can be found in either the cyloso! or, more commonly, in the

mitochondria. Within the mitochondria, a set of proteins, collectively similar to the
iSC and/or SUF systems of E.co/f, are present and participate in the assembly,
maturation, and proper insertion of Fe-S clusters into mitochondrial target proteins.
(Lil and Muhlenhoff, Ann. Rev. Biochem. 2008 77: 669). in addition, a cytosolic
iron sulfur assembly system is present and is collectively termed the CIA machinery.

The CIA system promotes proper Fe-S cluster maturation and loading into
cytosolically-localized iron sulfur proteins such as Leut. Importantly, function of the
CIA system is dependent on a critical (but still uncharacterized) factor exported from
the mitochondria. In the yeast S.cerevisiae, the native DHAD, encoded by /L V3, is a

mitochondrially-iocalized protein, where it is presumably properly recognized and
activated by Fe-S cluster insertion by the endogenous machinery. Accordingly,
ectopic expression of a DHAD in the yeast cytosol might be not expected to be
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functional due to its presence in a non-native compartment and the concomitant lack
of appropriate Fe-S cluster assembly machinery.
[00129] The E. coli DHAD (encoded by JvD) is sensitive to oxygen, becoming
quickly inactivated when isclated under aerobic conditions (Flint ef. af, JBC 1993
268(20). 14732, Brown ef. af. Archives Biochem. Biophysics 1895 319(1}: 10).
thought that this oxygen sensitivity is due to the presence of a labile 4Fe-4S cluster,

which is unstable in the presence of oxygen and reactive oxygen species, such as
oxygen radicals and hydrogen peroxide. in yeast and other eukaryotes, the
mitochondrial environment is reducing, Le. it is a low oxygen environment, in contrast
to the more oxygen-rich environment of the cytosol. The redox state of the cytosolis
thus expected to be a problem for expressing mitochondrially localized DHADs,
which are natively located in the mitochondria, or in expressing DHADs from many
bacterial species which typically have an intracellular reducing environment. The
spinach DHAD has been shown to be more oxygen resistant than the E. colf enzyme
in in vitro assays (Flint and Emptage, JBC 1988 263(8):3558), which may be due to
its endogenous localization to the plastid, where it would normally encounter a
relatively high-oxygen environment. It has been suggested that DHADs with 2Fe-2S

clusters are inherently more resistant to oxidative damage and they are therefore an
attractive possibility for inclusion in the cytosolically localized isobutanol pathway.
[804130] An additional complication to the oxygen sensitivity of DHADs is that the
iron sulfur clusters must be properly assembled and inserted into the enzyme such
that an active enzyme results. There are several types of machinery that produce
iron sulfur clusters and properly assemble them into proteins, including the NIF
system found in bacteria and in some eukaryotes, the ISC system found in bacteria
and mitochondria, the SUF system found in bacteria and plastids, and the CIA
system found in the cytosol of sukaryotes.

' [00134] Thus, the methods of using Fe-S cluster in the eukaryotic cytosal for
improved enzymatic activity in isobutanol production pathway as described above
may further comprise the co-expression a heterclogous Fe-S cluster-containing
DBHAD with the NIF assembly system in the yeast cytosol to aid in assembling said
heterologous DHADs. The NIF system found in the parasite Entamoeba histolytica
has been shown to complement the double deletion of the E. coli ISC and SUF

assembly systems (All et. al. JBC 2004 279(16)}: 16863). The critical components of
the Entamoeba assembly system comprise only two genes, NifS and NifU. In one
embodiment, these two components are overexpressed in the yeast cytosol to
increase activity and/or stability of cyfosolic DHADs. in one embodiment, the NIF

system is the —. hisoilytica NIF system; in another embodiment, the NIF system is
from other organisms (e.g. Lactococcus factis). An advantage of using the E.
hisotlytica assembly system is that it has already been demonstrated to work in a
heterologous organism, E. coli.

{00132] A 2Fe-25 cluster-containing DHAD can be used in the present invention.
In one embodiment, the 2Fe-2S cluster DHADs includes all known 2Fe-2S cluster

dehydratase enzymes identified biochemically. In another embodiment, the 2Fe-2S
cluster DHADsinclude those predicted to be 2Fe-2S cluster dehydratases containing
some version of the consensus motif for 2Fe-2S cluster proteins, e.g., the motif
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OXgGR2OX-a9G (SEQ ID NO: 40, Lill and Muhlenhoff, Ann. Rev. Biochem 2008 77:

669). For example, based on the extremely highly conserved DHAD gene
sequences shared amongst plant species, the Inventors have synthesized a likely

2Fe-28 DHAD from Arabidopsis (and rice, Oryza sativa japonica) which can be used
to improve isobutanal production fn vivo in the cytosolic isobutanol pathway.
{00133] Alternatively, a DHAD may be determined to be a 2Fe-2S protein or a 4Fe-

45 protein based on a phylogenetic free, such as Figure 2, below. Sequences not
present on the example phylogenetic tree disclosed here could be added to the tree
by one skilled in the art. Furthermore, once a new sequence was added fo the
DHAD phylogenetic tree, one skilled in the art may be able fo determineif it is a 2Fe-

25 or a 4Fe-4S cluster containing protein based on the phylogenetic relationship to
known 2Fe-25 or a 4Fe-4S cluster containing DHADs.
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Figure 2. Phylogenetic tree of DHAD proteins. Numbers at nodes indicate bootstrap
values. Ec\ilvD is a known 4Fe-4S DHAD enzyme from Escherichia cali.

[00734] [In another embodiment, a 4Fe-4S cluster-containing DHAD could
substitute for the 2Fe-25 cluster-containing DHAD in the cytosol. In one
embodiment, said 4Fe-4S cluster DHAD is engineered to be oxygen resistant, and
therefore more active in the cytosol of cells grown under aerobic canditions.
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{007135} In one embodiment of this invention, the apo-iron-sulfur protein DHAD
enzyme encoded by the £. col/ iivD gene is expressed in yeast together with E. coff
iron-sulfur cluster assembly and insertion genes comprising either the cyaY, iscS,
iscU, iscA, hscB, hscA, fdx and isuX genesor the sufA, sufB, sufC, sufD, sufS and
sufE genes. This strategy allows for both the apo-iron-sulfur protein (DHAD} and the
iron-sulfur cluster assembly and insertion components (the products of the ise or suf

genes) to come from the same organism, causing assembly of the active DHAD iron-

sulfur protein in the yeast cytosol. As a modification of this embodiment, for those E.
col iron-sulfur cluster assembly and insertion components that localize to or are
predicted to localize to the yeast mitochondria upon expression in yeast, the genes
for these components are engineered fo eliminate such targeting signals to ensure
localization of the components in the yeast cytoplasm. Thus, in some embodiments,
one or more genes encoding an iron-sulfur cluster assembly protein may be mutated
or modified to remove a signal peptide, whereby localization of the product of said
one or more genes to the mitochondria is prevented. In certain embodiments, it may
be preferable to overexpress one or more genes encoding an iron-sulfur cluster
assembly protein.

[00136] in additional embodiments, iron-sulfur cluster assembly and insertion
components from other than &. coli can be co-expressed with the E. cali DHAD
protein to provide assembly of the active DHAD iron-sulfur cluster protein. Such iron-
sulfur cluster assembly and insertion componentsfrom other organisms can consist

of the products of the Helicobacter pylori nifS and nifU genes or the Entamoeba
histolytica nifS and nifU genes. As a modification of this embodiment, for those non-
&. coli iron-sulfur cluster assambly and insertion components that localize to or are
predicted to localize to the yeast mitochondria upon expression in yeast, the genes
for these components can be engineered to eliminate such targeting signals to
ensure localization of the components in the yeast cytoplasm.

[00137] As a further modification of this embodiment, in addition to co-expression
of these proteins in aerobically-grown yeast, these proteins may be co-expressed in
anaerobically-grown yeast to lower the redox state of the yeast cyfoplasm to improve
assembly of the active iron-sulfur protein.
fO07138] Jn another embodiment, the above iron-sulfur cluster assembly and
insertion components can be co-expressed with DHAD apo-iron-sulfur enzymes
other than the £. coff IivD gene product to generate active DHAD enzymes in the

yeast cytoplasm. As a modification of this embodiment, for those DHAD enzymes
that localize to or are predicted to localize to the yeast mitochondria upon expression

in yeast, then the genes for these enzymes can be engineered to eliminate such
targeting signals to ensurelocalization of the enzymes in the yeast cytoplasm.
[00139] in addiional embodiments, the above methods used to generates active
BHAD enzymes localized to yeast cyfoplasm may be combined with methods to
generate active acetolactate synthase, KARI, KIVD and ADH enzymes in the same
yeast for the production of isobutanal by yeast.
[00440] In another embodiment, production of activeiron-sulfur proteins other than
DHAD enzymesin yeast cytoplasm can be accomplished by co-expression with fron-
sulfur cluster assembly and insertion proteins fram organisrns other than yeast, with
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proper targeting of the proteins to the yeast cytoplasm if necessary and expression
in anaerobically growing yeast if needed to improve assembly of the active proteins.
[00141] In another embodiment, the iron-sulfur cluster assembly protein encoding
genes may be derived from eukaryotic organisms, including, but not limited to yeasts
and plants. In one embodiment, the iron-sulfur cluster protein encoding genes are
derived from a yeast organism, including, but not limited to S. cerevisiae. In specific
embodiments, the yeast-derived genes encoding iron-sulfur cluster assembly
proteins are selected from the group consisting of Cfid1 (accession no.
NP_012263.1}, Nbp35 (accession no. NP_011424.1), Nart {accession no.
NP_014159.1), Ciat (accession no. NP_010553.1), and homologs or variants
thereof. In a further embodiment, the iron-sulfur cluster assembly protein encoding
genes may be derived from plant nuclear genes which encode proteins translocated

to chioroplasts or plant genes found in the chloroplast genomeitself.
00142] in certain embodiments described herein, it may be desirable to reduce or
eliminate the activity and/or proteins levels of one or more iron-sulfur cluster

containing cytosolic proteins. This modification increases the capacity of a yeast to
incorporate [Fe-S] clusters into cytosolically expressed proteins wherein said
proteins can be native proteins that are expressed in a non-native compartment or
heteralogous proteins. This is achieved by deletion of a highly expressed native
cytoplasmic [Fe-S}dependent protein. More specifically, the gene LEU? is deleted
coding for the 3-isopropyimalate dehydratase which catalyses the conversion of 3-
isopropylmalate into 2-lsopropylmaleate as part of the leucine biosynthetic pathway
in yeast. Leutp contains an 4Fe-4S cluster which takes part in the catalysis of the
dehydratase. Some DHAD enzymes also contain a 4Fe-4S cluster involved in its

dehydratase activity. Therefore, although the two enzymes have different substrate
preferences the process of incorporation of the Fe-S cluster is generally similar for
the two proteins. Given that Leutp is present in yeast at 10000 molecules per cell
(Ghaemmaghami S. ef af Nature 2003 425: 737), deletion of LEU? therefore

ensures that the cell has enough spare capacity to incorporate [Fe-S] clusters into at
least T0000 molecules of cyfosolically expressed DHAD. Taking into account the
specific activity of DHAD (£. colf DHAD is reported to have a specific activity of 63
U/mg (Flint, D.H. et al, JBC 1993 268: 14732), the LEUdeletion yeast strain would
generally exhibit an increased capacity for DHAD activity in the cytosol as measured
in cell lysate.

[00143] in alternative embodiments, it may be desirabie to further overexpress an
additional enzyme that converts 2,3-dihydroxyisovalerate to ketoisovalerate in the
cytosol. [in a specific embodiment, the enzyme may be selected from the group
consisting of 3-iscpropyimalate dehydratase (Leutp) and imidazolegiycerol-
phosphate dehydrogenase (His3p) or other dehydratases listed in Table 1.

 : Species

_dgob _E. coli __D-galactonate 2.0 8ES |
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fa0744] Because DHAD activity is limited in the cytosol, alternative dehycratases
that convert dihydroxyisevalerate (DHIV) to 2-ketoisovalerate (KIV) and are
physiologically localized to the yeast cytosol may be utilized. Leutp and His3p and
other enzymes encoded by genes listed in Table 1 are dehydratases that potentially
may exhibit affinity for DHIV. Leutp is an Fe-S binding protein that is involved in
leucine biosynthesis and is also normally localized to the cytosol. His3p is involved
in histidine biosynthesis and is similar to Leuitp, it is generally localized to the cytoso!
or predicted to be localized to the cytosol. This modification overcomes the problem
of a DHADthatis limiting isobutanol production in the cytosol of yeast. Theuse of
an alternative dehydratase that has activity in the cytosol with a low activity towards
DHIV may thus be used in place of the DHAD in the isobutanol pathway. As
described herein, such enzyme may be further engineered to increase activity with
DHIV,

increased Mitochondrial Export of Essential Components for iron Sulfur Protein

Assembly in the Cytosol
[007145] As noted herein, the third step in the engineered isobutano! pathwayis the
conversion of dihydroxyisovalerate (DHIV) fo kefosisovalerate (KIV) by a
dihydroxyacid dehydratase (DHAD). DHADs often require iron sulfur clusters for
activity, and the native yeast DHAD acquires its iron sulfur cluster via the
mitochondria ISC machinery, remaining within the mitochondria as an active
enzyme. However, jsobutanal production by the engineered pathway requires DHAD
to be functionally expressed within the cytosol, and such a DHAD presumably
requires iron sulfur clusters to be added in the cytoso!. One of the inventions
disclosed herein addresses possible genstic or chemical approaches to increase the
functional activity of cytosol DHADs. The present invention provides ways to
increase the export of an essential compound that is generated in mitochondria,
thereby increasing the amount of the compound available for use by the cytosolic
iron sulfur assembly machinery (e.g. CIA) to effectively increase the functiona!
expression of cytosolic DHADs.

   

Overexpressing Mitochondrial lron Sulfur Cluster GSC) Machinery
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{[G0146] Synthesis of the compound generated within the mitochondrial matrix that
is essential for iron sulfur protein assembly in the cytosol requires the mitochondrial
yeast iron sulfur cluster assembly proteins Nfst, Isd11, isul, Nfut, Yaht, Arhi, Yfht,

Ssqi, Jact, Mge1t and Grx5 (reviewed in Lil and Muhlenhoff, Ann. Rev. Biochem.
2008 77: 669and Lil, Nature 460: 831 2009). Tofaciliate increased production of the
essential compound, the present invention provides recombinant microorganisms
that have been engineered to overexpress one or more of the mitochondrial iron
sulfur cluster assembly proteins involved in its synthesis. [n various embodiments
described herein, the mitochondrial iron sulfur cluster assembly proteins may be
selected from the group consisting of the Nfs1, Isd11, Isu1, Nfut, Yah?, Arht, ¥f_h4,
Ssqi, Jaci, Mge1 and Grx5 proteins from S. cerevisiae or homologs thereof. Such
manipulations can increase the export of the essential cormpound out of the
mitochondria to increase the amount available for use by the cytosolic iron sulfur
assembly machinery (e.g. CIA) fo effectively Increase the functional expression of
cytosolic DHADs.

[00447] The compound generated within the mitochondrial matrix that is essential
for Iron sulfur protein assembly in the cytosol is subsequently exported through the
ABC transporter, Atm, and is chaperoned across the intermembrane space of the
mitochondria to the cytosol by Erv1 (reviewed in Lil Annual Review of Biochemistry
2008), Sc_BAT1 was identified as a third putative component of the compound’s
mitochondrial export machinery by a genetic selection of suppressors of a Sc_atm?

temperature sensitive allele (Kispal ef al, 1996, JBC, 271:24458-24464). it is also
suggested that a further strong indication for a direct functional relationship between
Aimip and Batip is the leucine auxotrophy associated with the deletion of the ATMT
gene.

[00148] To faciliate export of the essential compound, the present invention
provides recombinant microorganisms that have been engineered to overexpress

“one or more mitochondrial export proteins. In varlous embodiments described

herein, the mitochondrial export protein may be selected from the group consisting of
the S. cerevisiae ATM7, the S. cerevisiae ERV1, and the S. cerevisiae BATT, or

homologs thereof. Such manipulations can increase the export of the essential
compound out of the mitochondria to increase the amount available for use by the
cytosolic iron sulfur assembly machinery (e.g. CIA) to effectively increase the
functional expression of cytosolic DHADs.

increasing Inner Milochondrial Membrane Electrical Potential

fo0149] In one embodiment, the present invention provides recombinant
microorganisms that have further been engineered to increase inner mitochondrial
membrane potential, AY‘’y. As described herein, although yeast cells require a
function mitochondrial compartment, they are viable without the mitochondrial
genome (miDNA). However, loss of mtDNA has been linked to destabilization of the
nuclear genome (Veatch ef af, 20098, Cel, 137(7}:1179-1181). Nuclear genome
stability was restored in yeast lacking mtDNA when a suppressor mutation (ATP1-
177) was introduced (Veatch ef af, 2009, Cell, 137(7):1178-1181, Francis ef al,,
2007, « Bioenerg. Biomembr. 39(2):149-157). The mutation has been shown to
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increase ATP hydrolysis activity of the mitochondrial ATP synthase, and similar
mutations in the ATP synthase complex have also been shown to increase the
electrical potential across the inner membrane of mitochondria, AWny, in cells lacking
miDNA (Smith ef af, 2005, Euk Cell, 4(12):2057-2065; Kominsky et af, 2002,
Genetics, 162:1595-1604). Generation of AWy is required for efficient import of
proteins into the mitochondrial matrix, including those involved in assembly and
export of a complex required for the assembly of iron sulfur clusters into proteins in
the cytosol. The link between AW, and iron sulfur cluster assembly in the cytosolis
supported by microarray data that indicate that the transcriptional profile of cells
lacking mtDNA (decreased AY;,) is similar to yeast grown under iron depletion
conditions (Veatch et a/., 2009, Cell, 137(7)-1178-1181}. Introduction of the ATP7-
7177 suppressor mutation restores the transcriptional profile to one resembling a wild-
type cell's transcriptional profile (Veatch ef af, 2009, Cel, 137(7):1179-1181). Taken
together, these data indicate that AW. must be sufficient to support assembly of
cylosolic iron sulfur proteins, particularly those involved in nuclear genome stability
(Veatch et al., Ceff 2009, 137(7}:1247-1258).
{00150} Thus, the present invention aims to generate the highest possible AW, in a
yeast with an intact mitochondrial genome, allowing for the maximization the export
of the complex required for assembly of cytosolic iron sulfur proteins, which can in
turn increase the amount available for use by the cytosolic iron sulfur assernbly
machinery (e.g. CIA) to effectively increase the functional expression of cytosolic
DHADs. AWy can be maximized several different ways, including, but not limited to:
(1) introducing mutations in the mitochondrial ATP synthase complex that increase
ATP hydrolysis activity, or active variants thereof; (2) Overexpressing an ATP/ADP
carrier protein that leads to an increase ATP*import into the mitochondrial matrix in
exchange for ADP*, contributing to generation of AWy; (3) Removal and/or
overexpression of additional gene(s) involved in generation of Ay; and (4) Addition
of chemical reagents that lead to an increase in AWy.

{00151} in varicus embodiments described herein, the recombinant microorganism
may comprise a mutation in the mitochondrial ATP synthase complex that increases
ATP hydrolysis activity. In one embodiment, said mutant mitochondrial is an ATP

synthase which can increase ATP hydrolysis activity is from a eukaryotic organism
{e.g., a yeast ATP1, ATP2, ATP3). In another embodiment, said mutant
mitochondrial ATP synthase is from a prokaryotic organism (e.g., bacteria). Non-
limiting examples of said mutant mitechondrigl ATP. synthase. include, mutant
ATPase from the ATP1-117 strain in Francis et al, J Bioenerg Biornembr, 2007,
39(2): 127-144), a mutant ATPase from the afp2-227 strain in Smith et al., 2005, Euk
Cell, 4(12):2057-2065, or a mutant ATPase from the yme7 strain in Kominskyef al,
2002, Genetics, 162:1595-1604}, [In another embodiment, active variants, or

homologs of the mutant mitochondrial ATP synthases described above can be
applied. In one embodiment, an ATP synthase having a homology to any of ATP 1,
ATP2, and ATPS of at least about 76%, at least about 80%, or at feast about 90%

similarity can be used for a similar purpose.

{00152} In one embodiment, the inner mitochondrial membrane electrical potential
can be increased by overexpressing an ATP/ADP carrier protein. Overexpression of
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the ATP/ADP carrier protein increases ATP* import into the mitochondrial matrix in
exchange for ADP*. Non-limiting examples of ATP/ADP carrier proteins include the
S. cerevisiae_AAC1 or the S. cerevisiae_AAC3, and active variants or homologs
thereof. In one embodiment, an ATP/ADP carrier protein having a homology to either
the S. cerevisiae_AAC1 or S. cerevisiae_AAC3 of at least about 70%, at least about
80%, or at least about 90%similarity can be used for a similar purpose.
[00153] In another embodiment, the inner mitochondrial membrane electrical

potential can be increased by removal and/or overexpression of additional gene(s)
involved in the generation of AWy. A person skilled in the art will be familiar with
proteins encoded by such genes. Non-limiting examples include the protein
complexes in the mitochondrial electron transport chain which are responsible for
establishing H” ions gradient. For examples, complexes on the inner membrane of
mitochondria that are involved in conversion of NADH to NAD* (Complex I, NADH
dehydrogenase), succinate to fumarate (Complex H, cytochrome be, complex), and
oxygen fo water (Complex IV, cytochrame c oxidase), which are responsible for the
transfer of H® ions. In another embodiment, enzymes in the citric acid cycle in the
matrix of mitochondria can be overexpressed to increase NADH and succinate
production, such that more H" ions are available. These enzymes include, citrate
synthase, aconitase, isocitrate dehydrogenase, a-Ketoglutarate dehydrogenase,
succinyl-CoA synthetase, succinate dehydrogenase, fumarase, and malate
dehydrogenase.

[00154] In another embodiment, the inner mitochondrial membrane electrical

potential can be increased by the addition of chemical reagents that lead to an
increase in AWy. In one embodiment, said chemical reagents are substrates in the
citric acid cycle in the matrix of mitochondria, wherein when added into the culture,

more NADH and succinate can be produced which in turn increase AWy in the
mitochondria. Non-limiting examples of said substrates include, oxaloacetate, acetyl
CoA,citrate, cis-Aconitate, isocitrate, oxalosuccinate, a-Ketoglutarate, succinyl-CoA,
succinate, fumarate and L-Malate.

Enhancing DHAD Activity by Altering ART/Aft2 Activity and/or Expression
{600155} The present inventors have found that altering the expression of the AFT?
and/or AFT2 genes of S$. cerevisiae surprisingly increases DHAD activity and
contributes to increased isobutanoltiter, productivity, and yield in strains comprising
DHAD as part of an isobutanol-producing metabolic pathway.
[00156] Without being bound by anytheory,it is believed that altered expression of
the AFT? and/or AFT2 genes enhances cellular iron availability, which leads to an
improvementin the activity of the iron-sulfer (FeS) cluster-containing protein, DHAD.
The observation that increased expression of AFT? and AFT2 improves DHAD
activity is surprising, particulary in light of recently published findings by Ihrig ef af.
(2010, Eukaryotic Cell 9: 460-471). Notably, Ihrig ef af. observed that the increased
expression of Aftt in S. cerevisiae had fittle to no effect on the activity of another FeS
cluster-containing protein, Leut (Gsopropylmalate isomerase of the leucine
biosynthesis pathway). In contrast to observations made by thrig ef al. with respect
fo the FeS protein, Leul, the present inventors unexpectedly observed that
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increased expression of Aftt and/or Aft2 resulted in a significant increase in the
activity of DHAD, also a Fe/S protein. Moreover, in strains comprising DHAD as part
of an isobutanol-producing metabolic pathway, the increased expression of Aft

produced significant increases in isobutanol titer, productivity, and yield.
[00157] As noted above, without being bound by any theory, it is believed that the
increased expression of AFT? and/or AFT2 enhances cellular iron availability, which

concomitantly improves DHAD activity. Alternatively, the increase in DHAD activity

may be attributed in part fo an increase in DHAD expression, as mediated by Aft
and/or Aft2 or one of the proteins regulated by Aff1 and/or Aft2.
{00158] AFT? and AFT2 encode for the transcription factors, Aftl and Aft2

(“activator of ferrous transport’), respectively, in S. cerevisiae. lt is believed that Aftt
and Aft2 in wild-type S. cerevisiae activate gene expression when iron is scarce.
Consequently, strains lacking both Aft? and Afi2 exhibit reduced expression of the
iron reguion. As with many other paralogous genes, AFT? and AFT2 code for

profeins that have significant regions of identty and overlapping functions. The

DNA-binding domain of each protein is in a highly conserved N-terminal region, and
@ conserved cysieine-to-phenylalanine mutation in either protein generates a factor
that activates the high expression of the iron reguion irrespective of iran
concentrations.

[00159] In yeast, homeostatic regulation of iron uptake occurs (Eide ef a/., 1992, 4
Biol Chem, 287: 20774-81). tron deprivation induces activity of a high affinity iron

uptake system. This induction is mediated by increased transcript levels for genes
involved in the iron uptake system, and AFT7 is hypothesized to play a critical role in
this process (CYamaguchi-lwai et af, 1995, The EMBO Journal 14: 1231-9).

Yamaguchi-lwai et af observed that mutant strains lacking AFT7, due to gene
deletion, are unable to induce the high-affinity iron uptake system. On the other
hand, mutant strains carrying the AFT? UP allele exhibit a gain-of-function phenotype
in which iron uptake cannot be repressed by available iron in the environment. The
AFT1” and AFT2”" alleles described above act as gain of function point mutations.
AFT?’ is due to the mutation Cys*'Phe (Rutherford ef af, 2005, Journal of
Biological Chemistry 281: 10135-40). AFT2“" is due to the mutation Cys'’’Phe
(Rutherford et al., 2001, PNAS 98: 14322-27).
[00160] There are clear phenotypic differencesin strains that separately lack AFT?

or AFT2. An aff? null strain exhibits low ferrous iron uptake and grows poorly under

low-iron conditions or on a respiratory carbon source. No phenotype has been
attributed to an aft2 null strain. An aft? aft2 double null strain is, however, more

sensitive to low-iron growth than a single afff null strain, which is consistent with the

functional similarity of these factors. The partial redundancy of these factors allows
AFT2 to complement an aff7 null strain when it is overexpressed from a plasrnid.
Theproperties of ANT and AR2 that distinguish thern from each other have not been
fully elucidated. Both factors mediate gene regulation via an iron-responsive element
that contains the core sequence 5’-CACCC-3’. Without being bound to any theory, i
is likely that sequences adjacent to this element influence the ability of each factor to
mediate regulation via a particular iron-responsive element. The differential
regulation of individual genes by Aftt and Aft2 resulls in each factor generating a
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distinct global transcriptional profile (Table 2) (Rutherford ef al, 2004, Eukaryotic
Cell 3: 1-13: Conde e Silva ef a/., 2009, Genetics 183: 93-106).

Table 2: Genes Regulated by Metal-Responsive Transcription FactorsaaaRARDRSARARSARGRRRRRRREDDEEaDERDDianna:iseasoeanaeeananannntesaamaeanananmeseeeeemmeamammeaamemamemnmammmmmmamennmmnamnmmtnemee
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{[G0167] in S. cerevisiae, the Affi regulon consists of many genes that are involved
in the acquisition, compartmentatization, and utilization of iron. These include genes
involved in iron uptake (FET3, FTRT, and FRET, FRE2), siderophore uptake (ARNT-
4 and FIT?-3), iron transport across the vacuole membrane (FTH7), and iron-sulfur
cluster formation USU7 and iSU2). Aftt binds to a conserved promoter sequencein
an jiron-dependent manner and activates transcription under low-iron conditions.
The Aft2 regulator controls the expression of several distinct genes (Table 2)
(Rutherford ef af, 2004, Eukaryotic Ceif 3: 1-13). The initial step in iron acquisition
requires reduction of ferric iron chelates in the environment by externally directed
reductases encoded by the FRET and FRE2Z genes, thereby generating the ferrous
iron substrate for the transport process (Dancis ef af, 1992, PNAS 89: 3869-73;

-Georgatsou and Alexandraki, 1994, Mol. Cell, Biol. 14: 3065-73). FETS encodes a
multi-copper oxidase (Askwith ef af, 1994, Ceif 76: 403-10; De Silva ef af, 1995, J.

Biol. Chem, 270: 1098-1101) that forms a molecular complex with the iron permease
encoded by FTR7. This complex, located in the yeast plasma membrane, mediates

the high-affinity transport of iron into the cell (Stearman ef ai, 1996, Science 271:
1552-7). AFT genes may be found in fungal strains other than S. cerevisiae. For
example, in A. lactis, a homolog of the S. cerevisiae AFT1 has been found and
designated KIAFT (Conde e Silva ef al., 2008, Genetics 183: 93-106). In this fungi,
KIAft has been found to activate transcription of genes requiated by Aftt in S.
cerevisiae. Thus, altering the regulation, activity, and/or expression of AFT homologs
in fungal strains other than S. cerevisiae, is also within the scope of this invention. A
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person skilled in the art will be able to utilize publicly available sequences to
construct relevant recombinant microorganisms with altered expression of AFT
homologs. A listing of a representative number of AFT homologs known in the art
and useful in the construction of recombinant microorganisms with increased DHAD
activity and/or isobutanol titer, productivity, and/or yield are listed in Table 3. One
skilled in the art, equipped with this disclosure, will appreciate other suitable
homologs for the generation of recombinant microorganisms with increased DHAD
activity.

Table 3: Representative Aft Homologs of Fungal Origin

 
 
 

|Zygosaccharomyces
: roux

bEOeCee nee rere mere dene AERREE

Vanderwaliozyma
| polyspora

 
 

| thermofolerans XP_002556067.1
 

{00162} Without being bound by any theory, it is believed that increasing the
expression of the gene AFT? will modulate the amount and availability of iron in the
host cell. Since Afti activates the expression of target genes in response to
changes in iron availability, overexpression of AFT? increases the machinery to
import more iron into the cytosol and/or mitochondria. A person skilled in the art,

equipped with this disclosure, will appreciate suitable methods for increasing the
expression (i.e. overexpression) of AFT?. For instance, in one embodiment, AFT? or
homolog thereof may be overexpressed from a plasmid. In another embodiment,
one or more copies of the AFT? gene or a homolog thereof is inserted into the
chromosome under the control of a constitutive promoter. In another embodiment,

the native Aftt or hamoiog thereof may be replaced with a mutant varsion that is

constitutively active. in one embodiment, the native Aftt is replaced with a mutant

version that comprises a modification or mutation at a position corresponding to
amino acid cysteine 291 of the S. cerevisiae Aft! (SEQ 1D NO: 56). In an exemplary
embodiment, the cysteine 291 residue of the native S. cerevisiae Aft? (SEQ ID NO:
58} or homolog thereof is replaced with a phenylalanine residue.
fO07163] As will be understood by one of ordinary ski in the art, modified Aftt

proteins and homologs thereof may be obtained by recombinant or genetic
engineering techniques fhat are routine and well-known in the art. For example,
mutant Afftt proteins and homologs thereof, can be obtained by mutating the gene or
genes encoding Aftt or the homologsof interest by site-directed mutagenesis. Such
mutations may include point mutations, deletion mutations and insertional mutations.
For example, one or more point mutations (e.g., substitution of one or more amino
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acids with one or more different amino acids) may be used fo construct mutant Aft

proteins of the Invention. The corresponding cysteine position of Aftt homologs may
be readily identified by one skilled in the art. Thus, given the defined region and the
examples described in the present application, one with skill in the art can make one
or a number of modifications which would result in the constitutive expression of
Aft.

{[G0164] Without being bound by any theory, it is believed that increasing the

expression of the gene AFT2 will modulate the amount and availability of lran in the
host cell, AFT2 overexpression is predicted to result in increased expression ofthe
machinery to import more iron into the cyfosol and/or mitochondria. A person skilled
in the art, equipped with this disclosure, will appreciate suitable methods for
increasing the expression {1e. overexpression) of AFT2. For instance, in one
ambodiment, AFT2 or homolog thereof may be overexpressed from a plasmid. [n

another embodiment, one or more copies of the AFT2 gene or a homolog thereof is
inserted into the chromosome under the control of a constiutive promoter. In

another embodiment, the native Aft2 or homolog thereof may be replaced with a
mutant version that is constitutively active. in one embodiment, the native Aft is
replaced with a mutant version that comprises a modification or mutation at a

position corresponding to amine acid cysteine 187 of the S. cerevisiae Aft2 (SEQ ID
NO: 58). In an exemplary embodiment, the cysteine 187 residue of the native S.
cerevisiae Aft2 (SEQ ID NO: 58) or homolog thereof is replaced with a phenylalanine
residue.

[00165] As wil be understood by one of ordinary skill in the art, modified Aft2
proteins and homologs thereof may be obtained by recombinant or genetic

engineering techniques that are routine and well-known in the arn. For example,

mutant Aft2 proteins and hamologs thereof, can be obtained by mutating the gene or
genes encoding Aft2 or the hamologs of interest by site-directed. Such mutations
may include point mutations, deletion mutations and insertional mutations. For

example, one or more point mutations (e.g., substitution of one or more amino acids
with one or more different amino acids) may be used to construct mutant Aft2
proteins of the invention. The corresponding cysteine position of Aft2 homologs may

be readily identified by one skilled in the art. Thus, given the defined region and the
examples described in the present application, one with skill in fhe art can make one

or a number of madifications which would result in the constitutive expression of
Aff2.

[00166] [In various exemplary embodiments, increasing the expression of both
AFT? and AFT2 will increase DHAD activity and/or isobutanoil titer, productivity,

and/or yield.

{00167} Embodiments in which the regulation, activity, and/or expression of AFT?
and/or AFT2 are altered can also be combined with increases in the extracellular iron

concentration to provide increased iron in the cytosol and/or mitochondria of the ceil.
Increase in iron in either the cytosol ar the mitochondria by this method appears to

make iron more available for the FeS cluster-containing protein, DHAD. Without
being bound by any theory, it is believed that such an increase in iron leads to a
corresponding increase in DHADactivity.
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[00168] As described herein, the increased activity of DHAD in a recombinant
microorganism is a favorable characteristic for the production of isobutanol. Without
being bound by any theory, it is believed that the increase in DHAD activity as
observed by the present inventors results from enhanced cellular iron levels as
mediated bythe altered regulation, expression, and/or activity of AFT7 and/or AFT2.
Thus, in various embodiments described herein, the present invention provides
recombinant microorganisms with increased DHAD activity as a result of alterations
in AFT? and/or AFT2 regulation, expression, and/or activity. In one embodiment, the
alteration in AFT? and/or AFT2 requiation, expression, and/or activity increases the
activity of a cytosolically-localized DHAD. In another embodiment, the alteration in

AFT? and/or AFT2 regulation, expression, and/or activity increases the activity of a
mitochondrially-localized DHAD.

[00169] While particularly useful for the biosynthesis of isobutanol, the altered
regulation, expression, and/or activity of AFT? and/or AFT2 is also beneficial to any
other fermentation process in which increased DHAD activity is desirable, including,
but not limited to, the biosynthesis of isoleucine, valine, leucine, pantothenic acid
(vitamin B5), 1-butanol, 2-methyl-1-butanol, and 3-methyl-1-butanol.
[00170] As described herein, the present inventors have also observed increased

isobutanol titers, productivity, and yields in recombinant microorganisms exhibiting
increased expression of AFT? andfor AFT2. Without being bound by any theory,it is
believed that the increases in isobutanol titer, productivity, and yield are due to the
observed increases in DHAD activity. Thus, in one embodiment, the present
invention provides a recombinant microorganism for producing isobutanol, wherein
said recombinant microorganism comprises an isobutanol producing metabolic
pathway, and wherein the expression of AFT? or a homolog thereofis increased. In
another embodiment, the present invention provides a recombinant microorganism
for producing isobutanol, wherein said recombinant microorganism comprises an
isobutanal producing metabolic pathway, and wherein the expression of AFT2 or a
homolog thereof is increased. in yet another embodiment, the present invention
provides a recombinant microorganism for producing isobutanol, wherein said
recombinant microorganism comprises an isobutanol producing metabolic pathway,
and wherein the expression of AFT? and AFTe2 or homologs thereofis increased.
[00171] In alternative embodiments, nucleic acids having a homology to AFT?
and/or AFT2 of at least about 50%, of af least about 60%, of at least about 70%, at
least about 80%, or at least about 90%similarity can be used for a similar purpose.
[00172] in one embodiment, the present invention provides a recombinant
microorganism for producing isobutanol, wherein said recombinant microorganism
comprises an isobutanol producing metabolic pathway, and wherein the activity of
Aft? or a homolog thereof is increased. in another embodiment, the present
invention pravides a recombinant microorganism for producing isobutanol, wherein
said recombinant microorganism comprises an jisobutano!l producing metabolic
pathway, and wherein the activity of Aft2 or a homolog thereof is increased. In yet
another embodiment, the present invention provides a recombinant microorganism
for producing isobutanol, wherein said recombinant microorganism comprises an
isobutanol producing metabolic pathway, and wherein the activity of Ail and Aft2 or
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homologs thereofis increased.
[00173] In alternative embodiments, proteins having a homology to Aft1 and/or
Afi2 of at least about 50%, of at least about 60%, of at least about 70%, at least

about 80%, or at least about 90% similarity can be used for a similar purpose.
{00174] Overexpression of the AFT? and AFT2 genes may be accomplished by
any number of plasmid vectors that function in yeast. In exemplary embodiments,
the expression of AFT], AFT2, and/or homologous genes may be increased by
overexpressing the genes on a CEN plasmid. In one embodiment, AFT? or a
homolog thereof is overexpressed on a CEN plasmid. In another embodiment, AFT?
or a homolog thereof is overexpressed on a CENplasmid. In yet another
embodiment, AFT? and AFT2 or homologs thereof are overexpressed on a CEN
plasmid. In further embodiments, expression of genes from single or multiple copy
integrations into the chromosome of the cell may be useful. Use of a number of
constitutive promoters, such as TDH3, TEF1, CCW12, PGK1, and ENO2, may be
utilized. Different levels of expression of the genes may be achieved by using
promoters with different levels of activity, sither in single or multiple copy integrations
or on plasmids. An example of such a group of promoters is a series of truncated
POCT promoters designed to provide different strength promoters. Alternatively
promoters that are active under desired conditions, such as growth on glucose, may
be used. For example a promoter from one of the glycolytic genes, the PDC7
promoter, and a promoter from one of the ADH genes in S. cerevisiae may all be
useful, Also, embadiments are exemplified using the yeast S. cerevisiae. However,
other yeasts, such as those from the genera listed herein may also be used.
[00175] As described above, the transcription factors Aft] and Aft2 requiate genes
involved in the acquisition, compartmentalization, and utilization of iron. Thus, in
additional aspects, the present invention provides methods of increasing DHAD
activity and/or isobutanol titer, productivity, and yield as a result of alterations in the
regulation, expression, and/or activity of genes regulated by Aftt and Aft2. In one
embodiment, the gene(s) regulated by Afit and Aft2 is selected from the group

. consisting of FETS, FET4, FET5, FIR1, FTH1, SMF3, MRS4, CCC2, COT?, ATX,
FRET, FRE2, FRE3, FRE4, FRES, FRE6, FIT1, FIT2, FIT3, ARNT, ARN2, ARNS3.,
ARN4, ISU7, i8U2, TISt1, HMXT, AKRI, PCLS, YOR387C, YHLO35C, YMRO34C,
ICY¥2, PRY1, YDL124W, BNA2, ECM4, LAP4, YOLO83W. YGR146C, BIOS,
YDR271C, OYES, CTHI, CTH2, MRS3, HSP26, YAP2, YOR225W. YKR1T04W.

YBROT2C, and Y¥MRO47C or a homolog thereof.
[00176] As described herein, the present inventors have observed increased

isobutanol titers, productivity, and yields in recombinant microorganisms exhibiting
increased expression of the transcription factors AFT? and/or AFT?2, which regulate
the expression of genes involved in the acquisition, compartmentalization, and
ulllization of iron. Thus, in one embodiment, the present invention provides a
recombinant microorganism for producing isobutanol, wherein said recombinant
microorganism comprises an isobutanol producing metabolic pathway, and wherein
the alterations in the regulation, expression, and/or activity of one or more genes
selected from the group consisting of FET3, FET4, FETS, FTR1, FTH1, SMF3,
MRS4, CCC2, COT1, ATXT, FRET, FRE2, FRE3, FRE4, FRES, FREG, FIT1, FIT2,
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FIT3, ARNT, ARN2, ARNS, ARN4, ISU1, iSU2, TIST?, HMX1, AKR1, PCL5,

YORS8?C, YHLOSSC, YMRO3B4C, iCY¥2, PRYI, YDL124W. BNA2, ECM4, LAP4,
YOLO838W, YGR146C, BIlO5, YDR27IC, OYE3, CTH1, CTH2, MRS3, HSP26,

YAP2, YOR2Z25W, YKRIO4W, YBROT2C, and YMRO41C or a homolog thereof is
increased. In another embodiment, the present invention provides a recombinant
microorganism for producing isobtutanol, wherein said recombinant microorganism
comprises an isobufanol producing metabolic pathway, and wherein the expression
of one or more genes selected fram the group consisting of FETS, FET4, FETS,
FIR, FTH1, SMF3, MRS4, CCC2, COTT, ATX], FRE1, FRE2, FRE3, FRE4, FRES,
FREG6, FITT, FiT2, FITS, ARNT, ARN2, ARN3, ARN4, ISUT, [SU2, TIS1T, HMX1,

AKR1, PCL5, YOR387C, YHLOSSC, YMRO34C, ICY2, PRYT, YDL124W, BNA2,
ECM4, LAP4, YOLO&83W, YGRIT46C, BIOS, YOR271C, OYE3, CTHT, CTH2, MRSS,

HSP26, YAP2, YOR225W, YKRT104W, YBRO12C, and YMRO47C or a homolog
thereof is reduced or deleted.

[00177] As would be understood by persons skilled in the art, the reduction or
deletion in the expression and/or activity of AFT? and AFT2 may be appropriate in
certain circumstances. importantly, as transcription factors, Affi and Aft2, can
exhibit both positive and negative regulatory effects on genes within their reguion.
Therefore, decreasing the expression and/or activity of ART and Afte may allow
either derepression of a target gene or an increase in target gene activity or a
decrease in target protein expression or activity, either of which may increase DHAD
activity and subsequently isobufanol titers, productivity, and yields. Thus, in one
embodiment, the present Invention provides a recambinant microorganism for
producing isobutanol, wherein said racombinant microorganism comprises an
isobutanol producing metabolic pathway, and wherein the expression of AFT? or a
homolog thereof is reduced or deleted. in another embodiment, the present
invention provides a recombinant microorganism for producing isobutanol, wherein
said recombinant microorganism comprises an isobutanol producing metabolic
pathway, and wherein the expression of AFT2 ar a homolog thereof is reduced or
deleted. In yet another embodiment, the present invention provides a recombinant

microorganism fer producing isobutanol, wherein said recornbinant microorganism
comprises an isobutanol producing metabolic pathway, and wherein the expression
of AFT? and AFT2 or homologs thereof is reduced or deleted.

Enhancing DHAD Activity by Increased GRX3/GRX4 Activity and/or Expression
[00178] As described herein, increasing the expression of the genes GRX3 and/or
GRX4 will modulate the amount and availability of iron in the yesat cytosol or
mitochondria. Alternatively, deletion or attenuation of the genes GRX3and/or GRX4

will modulate the amount and availability of iron in the yeast cytosol! or mitochondria.
{00179} Grx3 and Grx4 are monothiol glutaredoxins that have been shown to be

involved in cellular Fe content modulation and delivery in yeast. Glutaredoxins are
glutathione-dependent thiol-disulfide oxidoreductases that function in maintaining the
cellular redox homeostasis. S. cerevisiae has two dithio!l glutaredoxins (Grx1 and
Grx2) and three monothicl glutaredoxins (Grx3, Grx4, and Grx5). The monaothiol
glutaredoxins are believed to reduce mixed disulfides formed between a protein and
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glutathione in a process known as deglutathionylation. In contrast, dithiol
qluiaredoxins can participate in deglutathionylation as well as In the direct reduction
of disulfides. Grx5, the most studied monothiol glutaredoxin, is localized to the
mitochondrial matrix, where it participates in the maturation of Fe-S clusters. Grx3
and Grx4 are predominantly localized to the nucleus. These proteins can substitute
for Grx5 when overexpressed and targeted to the mitochondrial matrix: no
information on their natural function has been reported. in addition to the reported
interaction between Grx3 and Af, iron inhibition of Aft1 requires glutathione. It has
been shown that iron sensing is dependent on the presence of the redundant Grx3
and Grx4proteins. One report indicated that removal of both Gn and Grx4

resulted in constitutive expression of the genes regulated by ART/Aft2. This result
suggested that the cells accumulated Fe at levels greater than normal.in one
embodiment, Grx3 is overexpressed from a plasmid or by inserting multiple copies of
the gene into the chromosome under the control of a constitutive promoter.
f00180] in another embodiment, Grx4 is overexpressed from a plasmid or by
inserting multiple copies of the gene into the chromosome under the control of a
constitutive promoter. In another embodiment, Grx3 and Grx4 are overexpressed
from a plasmid or by inserting multiple copies of the geneinto the chromosame
under the control of a constitutive promoter. In another embodiment, Grx3, Grx4, ar
Grx3 and Grx4 are deleted or attenuated. In another embodiment, Grx3 and Aft1 are

overexpressed from a plasmid or by inserting multiple copies of the gene into the
chromosome under the control of a constitutive promoter. In another embodiment,
Grx4 and Afftare overexpressed from a plasmid or by inserting multiple copies of the
gene into the chromosome underthe control of a constitutive promoter. In another
embodiment, Grx3 and Aft2 are overexpressed from a plasmid or by inserting
multiple copies of the gene into the chromosome under the contro! of a constitutive
promoter. In another embodiment, Grx4 and Aft2 are overexpressed from a plasmid
or by inserting multiple copies of the gene into the chromosome under the contro} of
a constitufive promoter. These embodiments can also be combined with increases

in the extracellular iron concentration fo provide increased iron in the cytosol or
mitochondria of the cell. One or both of:Aft, Aft2 is overexpressed either alone orin
combmation with: Grx3 or Grx4. Such overexpression can be accornplished by
plasmid or by inserting multiple copies of the gene Into the chromosome under the
control of a constitutive promoter.

fO0781] Thus, the present invention provides methods of increasing iron
concentration and availability in the yeast cytosol or mitochondria to increase the

amount of functional iron-sulfur cluster-containing proteins in the yeast cytosol or
mitochondria. As noted above, genes that can modulate the arnount and availability
of iron in the cytosol include the genes GRX3 and GRX4. Alternatively, deletion or
attenuation of the genes GRX3 and/or GRX4 will increase the amount of iron within

the yeast celis.

[80782] Accordingly, in one embodiment, the present invention provides
recombinant microorganisms that have further been engineered to overexpress one
or more genes selected from the group consisting of GRXG and GRX4, or homologs
thereof. In an alternative embodiment, the present invention provides recombinant
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microorganisms that have been engineered to delete and/or attenuate one or more
genes selected from the group consisting of GRXS and GRX4, or homologs thereof.
In alternative embodiments, proteins having a homology to any one of GRX? and
GRX4 of at least about 70%,at least about 80%, or at least about 90%similarity can
be used for a similar purpose.

   Enhancing Cytosolic DHADs Activity by Increasing Cytoso! Sulfur Levels

{60183] The present invention also describe methods of increasing the levels of
sulfur-containing compounds within yeast cells, including the amino acid cysteine,
such that this sulfur is more available for the production of iron-sulfur cluster-
containing proteins in the yeast cytosal or mitochondria. Specifically, by Increasing
the concentration of sulfur-containing compounds in the cell such, the activity of a
functional DHAD is enhanced in the yeast cytosol or mitochondria.
{o0184}] Accordingly, the present invention provides recombinant microorganisms
that have been engineered to overexpress one or more genes to increase
biosynthesis of cysteine or uptake of exogenous cysteine by the cell in order to
increase the amount and availability of sulfur-containing compounds for the
production of active iron-sulfur cluster-containing proteins in the yeast cytosol or
mitochondria. In one embodiment, the recombinant microorganisms have been
engineered to increase the expression of one cr more proteins fo increasecysteine
biosynthesis by the cell, including, but not limited to METS, METT4, MET16, MET?10.

METS, MET1, METS, MET2, MET17, HOM3, HOM2, HOM6, CYS3, CYS4, SUL1,
SUL2, active variants thereof, homologs thereof, and combination thereof, to
increase cysteine biosynthesis by the cell. In another embodiment, the recombinant

microorganisms have been engineered to increase the expression of one or more
transport proteins, including, but not limited to YCT?, MUP7, GAPT, AGP1, GNP,
BAP1, BAP2, TATT, active variants thereof, homologs thereof, and combination
thereof,

{60185} As noted above, increasing uptake of exogenous cysteine by the cell will
increase the amount and availability of sulfur-cantaining compounds for the
production of active iron-sulfur cluster containing proteins in the cytosol or
mitochondria of the cell. Addition of increased exogenous cysteine to yeast cells,
separately froam or in addition to increased expression of the transport protein-
encoding genes as described above, can also increase the level and availability of
sulfur-containing cornmpounds within thecell such that the sulfur is more available for

the production of iron-sulfur ciuster-containing proteins in the cell cytoso! or
mitochondria.

[00186] Sulfur is a necessary elementfor the biogenesis of lron-sulfur cluster (FeS
cluster)-containing protein jn vive. Sulfur is a component of the FeS clusters that are
incorporated into such proteins and is also a component of compounds such as
glutathiones, which are essential for FeS cluster biogenesis in many organisms as
well as being involved in cellular redox homeostasis. The direct source of the sulfur

for these processes in many organismsis the amino acid cysteine. The sulfur from
cysteine is mobilized into FeS clusters during FeS cluster biogenesis using cysteine
desulfurase proteins identified in many organisms such as IscS, SufS (together with
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SufE), NifS and Nfst (together with Isd11). Additionally, glutathione biosynthesis
requires cysteine.

[00187] increased expression of Fe-S cluster-containing proteins in organisms
such as the budding yeast Saccharomyces cerevisiae results in an increased
demand for sulfur, in the form of cysteine, in the cell. Such an increased demand for

cysteine may possibly be met by natural induction of the endagenous cysteine
blosynthetic pathway but maximal natural induction of this pathway may be
insufficient to provide enough cysteine for the proper assemble and maintenance of
increased levels of FeS cluster-containing proteins in the cell. Such cells with an
increased demand for cysteine may also induce cysteine and/or sulfate transport
pathways to bring in exogenous cysteine for or sulfate, which is the sulfur donor for
cysteine biosynthesis. However, maximal natural induction of these transport
systems may also be insufficient to meet the sulfur requirement of such cells.
[90188] Assembly of active FeS cluster-containing proteins in the native yeast
cytosol requires the production and export to the cytosol by the mitochondria of an
unidentified sulfur-containing compound derived from the mitochondrial FeS cluster
biogenesis pathway and the amino acid cysteine and requiring glutathione for export.
Overexpression of an FeS cluster-containing protein in the yeast cytosol or the
localization of a previously non-cytosolic FeS cluster-containing protein to the yeast
cytosol may result in the decreased availability of this unidentified sulfur-containing
compound in the yeast cytosol and low activity of the cylosolic FeS cluster-
containing protein or proteins. Increased availability of cysteine to the cell may
prevent this limitation by providing increased sulfur for the biosynthesis of this
compound and sufficient glutathione for its export from the mitochondria.

{[G07189}] Sulfur for the assembly of FeS cluster-containing proteins expressed in the
yeast cytosol may also be provided by localization of cysteine desulfurase proteins to
the yeast cytosol. Expression of such proteins in the yeast cytosol may result in an
increased demand for cysteine by such cells, especially in the cytosol. Additionally,
damage to the FeS cluster of FeS cluster-containing proteins expressed in the yeast
cytosol, due to the oxic nature of fhe yeast cytosol or due to reactive oxygen or
nitrogen species, may require additional sulfur derived from cysteine for repair or
regeneration of the damaged clusters. As well, additional sulfur derived from

cysteine may modulate the redox balance of the yeast cytosol through the production
of increased levels of compounds such as glutathione which may positively affect the
assembly or activity of FeS cluster-containing proteins in the yeast cytosol.
{O0190] Increased cellular sulfur in the form of cysteine can be provided by
increasing the biosynthesis of cysteine in the cell or by increasing cellular uptake of
exogenous cysteine. Increasing the cellular level of cysteine in these ways is
expected to increase the level of other sulfur-containing compounds in the cell that
derive their sulfur from cysteine or the cysteine biosynthesis pathway. Cysteine
biosynthesis in S. cerevisiae involves the uptake of exogenous sulfate by transport
proteins encoded by the SUL? and/or SUL2 genes and the action of the proteins
encoded by the METS, METI4, MET16, MET1IO, METS, METI, METS, MET2,

METI7, HOM3, HOM2, HOM6, CYS4 and CYS4 genes. Exogenous cysteine is
taken up into S. cerevisiae by the high-affinity transport system encoded by the
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YCT? gene but also by the broader-specificity transport proteins encoded by the
MUP1, GAPT, AGPT, GNP1, BAPT, BAP2, TAT? and TAT2 genes.
[00194] Thus, the present invention present methods to increase the levels of
sulfur-containing compounds within the yeast cytosol and/or mitochondria, such that
sulfur is more available for the production of fron-sulfur cluster-containing proteins in
the cytosol or mifochondria. [In one embodiment, the levels of sulfur-containing
compounds within the yeast cytosol and/or mitochondria are increased. In another

embodiment, an increase in sulfur-containing compounds in the yeast cytosol! or
mitochondria leads to an increase in activity of a cytosolically expressed FeS cluster-
containing protein DHAD, which catalyzes the reaction of 2,3-dihydroxyisovalerate to
2-ketoisovalerate. In another embodiment, an increase in sulfur-containing
compounds in the yeast cytosol or mitochondria leads to an increase in activity of a
cytosolically expressed DHAD. in another embodiment, an increase in sulfur-

containing compounds in the yeast cytosol and/or mitochondria leads to an increase
in activity of a cytosolically expressed DHAD and a subsequent increase in the

productivity, titer, and/or yield of isobutanal produced by the DHAD-containing
strain. In another embodiment, an increase in sulfur-containing compounds in the

yeast cytosol or mitochondria leads to an increase in activity of a mitochonerially

expressed FeS ciuster-containing protein DHAD, which catalyzes the reaction of 2,3-
dihydroxyisovalerate to 2-ketoisovalerate. in another ernbodiment, an increase in
sulfur-containing compounds in the yeast cytosol or mitochondria leads to an

increase in activity of a mitochondrially expressed DHAD. In another embodiment,

an increase in sulfur-containing compounds in the yeast cytosol and/or mitochondria
leads to an increase in activity of a mitochondrially expressed DHAD and a

subsequent increase in the productivity, titer, and/or yield of isobutanol produced by
the DHAD-containing strain.
[80192] [in another embodiment, the genes YCT?, MUP1, GAPT, AGP1, GNPT,
BAP1, BAP2, TAT1, and TAT2, active variants thereof, homologs thereof or
combination thereof are overexpressed from a plasmid or by inserting multiple
copies of the gene or genes into the chromosome under the contro! of a constitutive

promoter. This embodimert can also be combined with providing increased
extracellular cysteine to the yeast cells to provide increased sulfur-containing
compounds in the cytosol and/or mitochondria of the cells. Overexpression of these
genes may be accomplished by methods as described above.

{00193} In another embodiment, providing increased extracellular cysteine to the
yeast cells in the absence of any additional engineered expression of transport
porteins wil provide increased sulfur containing compounds in the cytosol and/or
mitochondria of the cells for the irmproved production of active FeS cluster-containing
proteins in the yeast cytosol or mitochondria, which leads to increased isobutano!

productivity, titer, and/or yield by the cell,

Enhancing Cytosolic DHAD Activity by Mitigating Oxidative Species or Oxidative
stress

[00194] The present inventors also describe herein methods of pratecting enzymes
in an isobutanol production pathway (specifically DHAD} in a microorganism to
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increase jsobutano! production by mitigating oxidative species or oxidative stress
induced damage in the cytosol of sald microorganism. Non-limiting examples of
oxidative species include, nitric oxide (NO), reactivenitrogen species (RNS), reactive
oxygen species (ROS), hydroxyl radical species, organic hydroperoxide,
hypochiorous acids, and combinations thereof. As used herein, the phrase “reactive
oxygen species” or “ROS”refers to free radicals that contain the oxygen atom. ROS
are very small molecules that Include oxygen ions and peroxides and can be either
inorganic or organic. They are highly reactive due to the presence of unpaired
valence shell electrons. During times of environmental stress (e.g. UV or heat
exposure) ROS levels can increase dramatically, which can result in significant
damageto cell structures. This cumulates into a situation known as oxidative stress.

ROS are also generated by exogenous sources such as ionizing radiation.
{00195] Oxidative stress is caused by an imbalance between the production of
reactive oxygen and a biological system's ability to readily detoxify the reactive
intermediates or easily repair the resulting damage. All forms of life maintain a
reducing environment within their cells. This reducing environment is preserved by
enzymes that maintain the reduced state through a constant input of metabolic
energy. Disturbances in this normal redox state can cause toxic effects through the
production of peroxides and free radicals that damage all components of the cell,
including proteins, lipids, and DNA.

[00196] in chemical terms, oxidative stress is a large rise (becoming less negative)
in the cellular reduction potential, or a large decrease in the reducing capacity of the
cellular redox couples, such as glutathione. The effects of oxidative stress depend
upon the size of these changes, with a cell being able to overcome small
perturbations and regain its original state. However, more severe oxidative stress
can cause cell death and even moderate oxidation can trigger apoptosis, while more
intense stresses may cause necrosis.

[00197] A particularly destructive aspect of oxidative stress is the production of
reactive oxygen species, which include free radicals and peroxides, and/or other
reactive species. Some of the less reactive of these species (such as superoxide)
can be converted by oxidoreduction reactions with transition metals or other redex

cycling compounds (including quinones) into more aggressive radical species that
can cause extensive cellular damage. The major portion of long term effects is
imlicted by damage on DNA. Most of these oxygen-derived species are produced at
a low level by normal aerobic metabolism and the damage they cause to cells is
constantly repaired. However, under the severe levels of oxidative stress that cause

necrosis, the damage causes ATP depletion, preventing controlled apoptotic death
and causing the cell to simply fall apart. Non-limiting example of oxidants include,
superoxide anion (*O>-, formed in many autoxidation reactions and by the electron
transport chain}, hydrogen peroxide (HeOs, formed by disputation of *O2- or by direct
reduction of Os) , organic hydroperoxide (ROOH, formed by radical reactions with
cellular components such as lipids and/or nucleobases), oxygen centered organic
radicals (e.g., RO+ alkoxy and ROO», peroxy radicals, formed in the presence of
oxygen by radical addition to double bonds or hydrogen abstraction), hypochlorous
acid (HOC!, formed from H2eO, by myeloperoxidase, and peroxynitrite (ONOO-,

Fage 49 of 179
SABRTS VEC



tty. Docket No. GEVO-041/07US

formed in a rapid reaction between *O2- and NO+).
[00198] Biological defenses against oxidative damage include protective proteins
that remove reactive oxygen species, molecules that sequester metal ions, and
enzymes that repair damaged cellular components. Oxidative stress can be defined
as 2 disturbance in the prooxidant-antioxidant balance in favor of prooxidants. One
such class of prooxidants are reactive oxygen species, or ROS. ROS are highly
reactive species of oxygen, such as superoxide (02°), hydrogen peroxide (H2Obs),
and hydroxyl radicals (OH:), produced within the cell, usually as side products of
aerobic respiration. By some reports, as much as 2%of the oxygen that enters the
respiratory chain is converted to superoxide through a one-electron reduction of
oxygen. A small amount of superoxide radical is always released from the enzyme
when oxygen is reduced by slectron carriers such as flavoproteins or cytochromes.
This is because the electrons are transferred to oxygen one at a time. The hydroxyl
radical and hydrogen peroxide are derived from the superoxide radical.
[G0199] Many microbes possess native enzyrnes to detoxify these ROS. One
example of such a system is superoxide dismutase (SOD) plus catalase. SOD
catalyzes a reaction where one superoxide radical transfers its extra electran to the

second radical, which is then reduced to hydrogen peroxide, Catalase catalyzes the
transfer of two electrons from one hydrogen peroxide molecule fo the second,
oxidizing the first to oxygen and reducing the second to two molecules of water. If
the hydrogen peroxide is not disposed of, then it can oxidize transition metals, such

as free iron{tf) in the Fenton reaction, and form the free hydroxy! radical, OH-. No
known mechanisms exists to detoxify hydroxyl radicals, and thus protection from
toxic forms of oxygen must rely on sliminating superoxide and hydrogen peroxide.
fO0200] In yeast, to counteract damage of oxidative stress, there are several
antioxidant systems with an apparent functional redundancy. For example, there are
detoxifying enzymes such as catalases, cytochrome c peroxidase, glutathione
peroxidases, glylaredoxins and peroxiredoxins, and many isoforms in distince
cellular compartments (Jamieson ef af, 1998, Yeast. 14:1511-1527; Grant et al,
2001, Mol Microbiol 39:533-541; Collinson ef af, 2003, 4 Biol Chem. 278:22492-

22497; Park ef af, 2000, J. Biol, Chem. 275:5723-5732).
[00201] As described above, an enzyme involved in the isobutanol production
pathway, dihydroxyacid dehydratase (DHAD), contains an iron-sulfur (FeS) cluster
domain. This iron-sulfur (FeS) cluster domain is sensitive to damage by ROS, which
can lead to inactive enzyme. Both 2Fe-2S and 4Fe-4S DHAD enzymes may be
susceptible to inactivation by ROS, however direct evidenceexists for inactivation of
4Fe-4S cluster containing proteins, such as homoaconitase and isopropylmalate
dehydratase in yeast and DHAD and fumarase from E. cofi. Therefore, to achieve a

functional DHAD expressed in the yeast cytosol in an environment where a
substantial amount of ROS may exist from respiration, it may be beneficial to protect
the DHAD enzymefrom ROS inactivation or oxidative stress through expression of
on or more enzymes that reduce or eliminate ROS from the cell.

[00202] To mitigate the potential harmful effects of reactive oxygen species (ROS)
or oxidative stress on DHADin the yeast cytosol, the present inventors have devised
several strategies to protect or repair the DHAD from ROS damage. in various
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embodiments described herein, the invention provides recombinant microorganisms
that have been engineered to express one or more proteins in the cytosol that
reduce the concentration of reactive oxygen species (ROS)in said cytosol.
[00203] In one embodiment, enzymes that reduceor eliminate the amount of ROS
in the cytosol! are expressed and targeted to the yeast cytosol. Specifically, enzymes
such as catalase, superoxide dismutase (SOD), cytochrome c peroxidase,
glutathione peroxidases, glytaredoxins, peroxiredoxins, metallothioneins, and

methionine sulphoxide reductases, or any isoforms thereof are expressed, such that
they lead fo reduction in ROS such as hydrogen peroxide, superoxide, peroxide
radicals, and other ROSin the yeast cytosol.
[60204] In one embodiment, a catalase is expressed to reduce the concentration of
ROS in the cytosol. In another embodiment, a superoxide dismutase (SOD) is
expressed ta reduce the concentration of ROS in the cytosol. Usually, microbes that
grow by aerobic respiration possess one or both of SOD and catalase. For
exampie, the bacterium &. cofi and the yeast Saccharomyces cerevisiae each
possesses at least one native SOD and catalase (e.g, SOD1 or SOD2 from yeast).
in E. coli, the genes kafG and kafE encode catalase enzymes, and the genes sodA,
sodB and sodC encode SodA, SodB, and SodC supsroxide dismutase enzymes.
respectively. In S. cerevisiae, the genes CTT? and CTA? encode catalase CTT4
and CTA enzymes, and the genes SOD? and SOD? encode SOD1 and SOD?

superoxide dismutase enzymes. Many other organisms posess catalase and SOD

enzymes and these genes may also be useful for reduction of ROS in the yeast
cytosol. in one embodiment, SOD homologs from species other than E. coli or yeast
can be expressed in yeast cytosol to reduce oxidative stress. In one embodiment,

said other species is a plant or a fungus. For example, SOD1 from N. crassa
(fungus) may be functionally expressed in the yeast cytosol. In various
embodiments described herein, active variants or homologs of the above-described
catalases and SODs can be functionally expressed in the yeast cytosol. In another
embodiment, protein having a homology to any one of the catalases or SODs
described above possessing at least about 70%, at least about 80%, or at least
about 90%similarity can be functionally expressed in the yeast cytosol.
[00205] In one embodiment, the catalase genes from E. coli are expressed in and
targeted to the cytosol of yeast to reduce the amount of ROS and increase the

activity of DHAD also expressed in and targeted to the yeast cytosol. In another
embodiment, the catalase genes from S. cerevisiae are overexpressed in and
targeted to the cyiosol of yeast to reduce the amount of ROS and increase the

activity of DHAD also expressed in and targeted to the yeast cytosol. In one
embodiment, the SOD genes from E. colj are expressed in and targefed fo the
cytosol of yeast to reduce the amount of ROS and increase the activity of DHAD also
expressed in and targeted to the yeast cytosol. in another embodiment, the SOD
genes from S. cerevisiae are expressed in and targeted to the cytosol of yeast to
reduce the amount of ROS and increase the activity of DHAD also expressed in and
targeted to the yeast cytosol. in another embodiment, promoters of native genes are
altered, such that the level of SOD or catalase in the S. cerevisiae cytosol is
increased. In yet another embodiment, expression of SOD or catalase in the yeast
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cytosol is mediated by a plasmid. in yet another embodiment, expression of SOD or
catalase in the yeast cytosol is mediated by expression of one or more copies of the
gene from the chromosome. Other homologs of catalase or SOD may be identified
by one skilled in the art through tools such as BLAST and sequence alignment.
These other homologs may be expressed in a similar manner described above ta
achieve a functional catalase or SOD in the yeast cytosol.
[00206] In another embodiment, a methionine sulphoxide reductase enzyme is
expressed to reduce the amount of ROS and protect DHAD from ROS damage and
inactivation. In one embodiment, the methionine sulphoxide reductase may be
derived from a eukaryotic organism {e.g., a yeast, fungus, or plant}. In another
embodiment, the methionine sulphoxide reductases may be derived from a
prokaryotic organism (e.g., E. coff}. The principal enzymatic mechanism for
reversing protein oxidation acts on the oxidation product of just one amino acid
residue, methionine. This specificity for Met reflects the fact that Met is particularly
susceptible to oxidation compared with other amino acids. Methionine sulphoxide
reductases (MSRs) are conserved across nearly all organisms from bacteria to
humans, and have been the focus of considerable attention in recent years. Two
MSR activities have been characterized in the yeast Saccharomyces cerevisiae:
MsrA (encoded by MXR1) reduces the S stereaisomer of methionine sulphoxide
{(MetOQ), while MsrB (encoded by the YCLO33c ORF), which we term here MXR2)
reduces the R stereoisomer of MetO. Consistent with defence against oxidative
damage, mutants deficient In MSR activity are hypersensitive to pro-oxidants such
as HeOs, paraquat and Cr, while MSR overexpression enhances resistance. Besides
methionine residues, iron—sulphur (FeS) clusters are exquisitely ROS-sensitive
componenis of many cellular proteins. it has been reported that MSR activity helps
to preserve the function of cellular FeS clusters.

[00207] In one embodiment, the methionine sulphoxide reductase genes from S.
cerevisiae are expressed in and targeted to the cytosol] of yeast to reduce the
amount of ROS and increase the activity of DHAD also expressed in and targeted to
the yeast cytosol. Specifically, the S. cerevisiae methionine sulphoxide reductase
genes MsrA (encoded by MXRT) and MsrB (encoded by the YCLO33c ORF) are
expressed in and targeted to the cytosol of yeast to reduce the amount of ROS and
increase the activity of DHAD also expressed in and targeted to the yeast cytosol.
The resulting methionine sulphoxide reductase expressing strain will generally
demonstrate improved isobutanol productivity, titer, and/or yield compared to the
parental strain that does not comprise methionine sulphoxide reductase genes that
are expressed in and targeted to the cytosol. Methionine sulphoxide reductases
from other organisms, such as bacteria, may be identified by sequence homology
using tools such as BLAST and pairwise sequence alignments by one skilled in the
art,

f00208] [In yet ancther embodiment, expression or overexpression of glutathione
synthesis enzymes, for example GSH1, leads to Increased glutathione in the cell and
protection of the DHAD enzyme in the yeast cyfosol. In one embodiment, said
enzymes are derived from a bacteria {e.g., E. coli). in another ermdoiment, said
enzymes are derived from yeast (e.g., S.cerevisiae). in yet another embodiment,
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said enzymes are derived from a yeast species different from the yeast used for
isobutanol production.
[Q0209] In one embodiment, one or more metallothionein proteins are expressed in
the yeast cytosol to mitigate oxidative stress. Metaflothioneins are a family of
proteins found in many organisms including yeast and mammals. The biologic
function of metallothionein (MT) has been a perplexing topic ever since the discovery
of this protein. Many studies have suggested that MT plays a role in the homeostasis
of essential metals such as zinc and copper, detoxification of toxic metals such as
cadmium, and protection against oxidative stress. MT contains high levels of sulfur.
The mutual affinity of sulfur for transition metals makes the binding of these metals to
MYT thermodynamically stable. Under physiologic conditions, zinc-MT is the
predominant form of the metal-binding protein. However, other metals such as
copper (Cu) are also bound by MT. Oxidation of the thiolate cluster by a numberof
mild cellular oxidants causes metal! release and formation of MT-disulfide (or thionin
if all metals are released from MT, but this is unlikely to occur in vivo), which have
been demonstrated in vive. MT-disulfide can be reduced by glutathione in the
presence of selenium catalyst, restoring the capacity of the protein to bind metals

like Zn and Gu. This MT redox cycle may play a crucial role in MT biologic function.
it may link to the homeostasis of essential metals, detoxification of toxic metals and

protection against oxidative stress. In fact, MT has been shown to substitute for

superoxide dismutase in yeast cells in the presence of Cu to protect cells and
proteins from oxidative stress.

[00210] In one embodiment, said metailothuineins are derived from a eukaryotic
organism (e.g., a yeast, fungus, or plant). in another embodiment, said
metallothuineins are derived from a= prokaryotic organism ({e.g., EF. coli,
Mycobacterium tuberculosis). For exampise, the metallothionein genes CUPT-7 and
CUPT-2 encoding metallothionein CUPfrom S. cerevisiae, active variants thereof,

homologs thereof, or combination thereof are expressed in and targeted to the
cytosol of yeast to reduce the amount of ROS and increase the activity of DHAD also
expressed in and targeted to the yeast cytosol. In another embodiment, S.
cerevisiae metallothionein genes CUPT-1 and CUP1-2 are expressed in and
targeted to the cytosol of yeast to reduce the amount of ROS and increase the

activity of DHAD also expressed in and targeted to the yeast cytosol. In another
embodiment, Mycobacterium tuberculosis metallothionein gene MymT encoding
metallothionein is expressed in and targeted to the cytosol of yeast to reduce the
amount of ROS and increase the activity of DHADthat is also expressed in and
targeted to the yeast cytosol. in another embodiment, Synechococcus PCC 7942
metallothionein gene SmftA is expressed in and targeted to the cytosol of yeast to
reduce the amount of ROS and increase the activity of DHAD that is also expressed
in and targeted to the yeast cytoscl. The resulting metallothionein expressing strain
has improved isobutanol productivity, titer, and/or yield compared to the parental
strain. Metaliothioneins from other organisms, such as bacteria, may be identified by
sequence homology using tools such as BLAST and pairwise sequence alignments
by one skilled in the art.

[00271] In another embodiment, one or more proteins in the thieredoxin system
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and/or the glutathione/giutaredoxin system, active variants thereof, homologs
thereof, or combination thereof are expressed in the yeast cytosol to mitigate
oxidative stress. In one embodiment, said proteins in the thioredoxin system and/or
the glutathione/glutaredoxin system are derived from a eukaryotic organism (e.g., a
yeast, fungus, or plant). [in another embodiment, said said proteins in the
thioredoxin system and/or the glutathione/glutaredoxin system are derived from a
prokaryotic organism (eg., E.  coff). The thioredoxin system and=the
glutathione/glutaredoxin system help maintain the reduced environment ofthe cell
and play significant roles in defending the cell against oxidative stress. Glutathione
is the major protective small molecule against oxidative stress in Saccharomyces
cerevisiae. Glutathione, the tripeptide y-glutamyi-cysteinyl-glycine, makes up the
major free thiol pool present in millimolar concentrations in aerobic cells. The

biosynthesis of glutathione requires y-glutamyl cysteine synthase (termed Gship)
glutathione synthase (Gsh2p) and ATP. Glutathione is essential for viability of yeast
but not of bacteria such as E. coli. Yeast cells lacking Gship (genotype gsh7A) are
able to survive in the presence of an external source of glutathione. Deletion of the
GSH1 gene encoding the enzyme that catalyzes the first step of glutathione
biosynthesis leads to growth arrest, which can be relieved by either glutathione or
reducing agents such as dithiothreitol. Evidence suggests that glutathione, in
addition to its protective role against oxidative damage, performs a novel and
specific function in the maturation of cytosolic Fe/S proteins. Therefore, increasing
the levels of glutathione in the yeast cytosol is predicted to protect or increase the
steady-state levels of active FeS cluster containing proteins expressed in the yeast
cytosol. Specifically, increasing glutathione within the yeast cytosol may increase
the amount of active DHAD enzyme expressed in the yeast cytosol, thereby leading
to an increase in the titer, productivity, and/or yield of isobutanol produced from the
pathway within which DHADparticipates (e.g. the isobutano! pathway in Figure 1).
[90212] Thioredoxins and glutaredoxins are small heat-stable proteins with redox
active cysteines that facilitate the reduction of other proteins by catalyzing cysteine
thiol-disulfide exchange reactions. The glutathione/glutaredoxin system consists of
glutaredoxin, glutathione (produced by glutathione synthase), glutathione reductase
and NADPH (as an electron donor). Thus, to increase the effective levels of
available glutathione, one or a combination of each of the following enzymes is
functionally overexpressed in the yeast cytosol: glutaredoxin (encoded in
S.cerevisiae by GRX2, GRX4, GRX6, and GRX7)}, glutathione reductase (encoded in
S.cerevisiae by GLR7); and glutathione synthase (encoded in S. cerevisiae by GSHT
and GSHe2). [In one embodiment, homologs thereof, active variants thereof, or
combination thereof can be expressed in the yeast cytosol to mitigate oxidative
stress.

[00213] In another embodiment, the y-glutamyl cysteine synthase and glutathione
synthase genes from S. cerevisiae are expressed in and targeted to the cytoso! of
yeast to increase the amount of glutathione and increase the activity of DHAD also
expressed in and targeted to the yeast cytosol. in another embodiment, S.
cerevisiae y-glutamyl cysteine synthase and glutathione synthase genes Gsh7 and
Gsh2 are expressed in and targeted to the cytosol of yeast to increase the amount of
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glutathione and increase the activity of DHAD also expressed in and targeted to the
yeast cytosol. The resulting y-glutamyl cysteine synthase and glutathione synthase
expressing strain has improved isobutanol productivity, tifer, and/or yield compared
to the parental strain. Homologous genes encoding ;glutamyl cysteine synthase
and glutathione synthase from other organisms, such as other yeast strains, may be
identified by sequence homology using tools such as BLAST and pairwise sequence
alignments by one skilled in the art.

[00214] Thioredoxins contain two conserved cysteines that exist in either a
reduced form as in thioredoxin-(SH}e} oar In an oxidized form as in thioredoxin-S-)}
when they form an intramolecular disulfide bridge. Thioredoxins donate electrons
from their active center dithiol fo protein disulfide bonds (Protein-Sz) that are then
reduced to dithiols (Protein-(SH)z). The resulting oxidized thioredoxin disulfide is
reduced directly by thioredoxin reductase with electrons donated by NADPH. Hence
the thioredoxin reduction system consists of thioredoxin, thioredoxin reductase, and
NADPH. Oxidized glutaredoxins, on the other hand, are reduced by the tripeptide
glutathione (gamma-Glu-Cys-Gly, known as GSH) using electrons donated by
NADPH. Hence the glutathione/glutaredoxin system consists of glutaredoxin,
glutathione, glutathione reductase and NADPH.

f00215] S. cerevisiae contains a cytoplasmic thioredoxin system comprised of the
thioredoxins Trx1p and Trx2p and the thioredoxin reductase Trrip, and a complete
mitochondrial thioredoxin system comprised of the thioredoxin Trx3p and the
thioredoxin reductase Trr2p. Evidence suggests that the cytoplasmic thioredoxin
system may have overlapping function with the glutathione/glutaredoxin system.
The mitochondrial thioredoxin system, on the other hand, does not appear to be able
to substitute for either the cytoplasmic thioredoxin or glutathione/glutaredoxin
systems. Instead, the mitochondrial thioredoxn proteins, thioredoxin (Trx3p) and
thioredoxin reductase (Trr2p) have been implicated in the defense against oxidative
stress generated during respiratory metabolism.

[60216] Overexpression of the essential cytosolic functional components of the
thioredoxin system is thus predicted to Increase the amount of bioavailable cytosolic
thioredoxin, resulting in a significant increase in cellular redox buffering potential and

_ concomitant increase in stable, active cytosolic FeS clusters and DHAD activity.
Thus, one or more of the following genes are expressed either singly or in
combination, thereby resulting in a functional increase in available thioredoxin: a
thioredoxin (encoded in S.cerevisiae by TRXT and TRX2) and a_ thioredoxin.
reductase (encoded in S.cerevisiae by TRR1). Separately, or in combination with
the aforementioned genes, the mitochondrial thioredoxin system (encoded by
thioredoxin gene FRX and thioredoxin reductase gene TRR2) are overexpressed,
and, although functional in the mitochondria, provide an added or synergistic effect
on FeS cluster assembly or stability, as assayed by increased DHAD activity and/or
output of isobutanol in a fermentation. Overexpression of these genes may be
accomplisned by methods as described above. in one embodiment, active variants

of any one of the aforementioned thioredoxins or thioredoxin reducatses, homologs
thereof, or combination thereof are expressed in the yeast cytosol to mitigate
oxidative stress.
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Enhancing Cytosolic DHAD Activity by Mitigating Stress Mediated by Reactive
Nitrogen Species (RNS)

[O0217] Nitric oxide and reactivenitrogen species are highly reactive, short-lived
molecules that can be generated during periods of cellular stress. The exact
mechanisms bywhich these molecules are created, or their downstream targets, is
net completely understood and fs the subject of intense investigation. However, the
functional groups present in many proteins -- for example, FeS clusters -- are readily
attacked and inactivated by NO/RNS. Loss of these labile functional groups usually
results in an inactive enzyme.

[00218] Nitric oxide and reactive nitrogen species are highly reactive, short-lived
molecules that can be generated during normal cellular function, respiration, and
during periods of cellular or redox stress. RNS are produced in eukaryotic cells
starting with the reaction of nitric oxide (*NO} with superoxide (O2+-) to form
peroxynitrite (ONOO-):

*NO (nitric oxide) + O2+- (super oxide) - ONOO- (peroxynitrite)

{G0219] Peroxynitriteitself is a highly reactive species which can directly react with
various components of the cell. Alternatively peroxynitrite can react with other
molecules to form additional types of RNS including nitrogen dioxide (NOs) and
dinitrogen trioxide (N2O3) as well as other types of chemically reactive radicals.
important reactions invalving RNS include:

ONOO- + H+ — ONOOH (peroxynitrous acid) -> -NQz (nitrogen dioxide} + -OH
(hydroxyl radical)

ONOQO~ + COs (carbon dioxide) ~ ONOOCO-2-~ (nitrosoperoxycarbonate)

ONOOCO.— -— *NOz (nitrogen dioxide) + O=C(O-jO- (carbonate radical)

*NO + *+NOo is in equilibrium with NoOs. (dinitragen trioxide)

{60220] NO exhibits other types of interaction that are candidates for mediating
aspects of its physiological action. Notably, in a process known as nitrosylation, or
nitrosation, NO can modify free sulfydryl (thiol) groups of cysteines in proteins to
produce nitrosothiols, SNOs. Transfer of the NO adduct from one sulfydryl to
another transnitrosylation) is likely to play a signal transduction role (reviewed in
Stamler ef a/,2001). Study of this post-translational modification, which is proposed
ta be a widespread mediator of signaling, is a relatively new field, and the list of
proteins that are modified through nitrosylation is expanding rapidly. Because NO is
highly reactive, transport of an NO signal in tissues can be facilitated through
reaction with glutathione and movement of the resulting S-nitrosoglutathione
(GSNO), which can subsequently signal by modifying thiol groups on target proteins
by transnitrosyiation (Lipton ef af, 2001; Foster et al, 2003). The discovery of
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GSNO reductase (SSNOR), which reduces GSNO to restore GSH and to eliminate
the NO adduct as NH® (Jensen ef a/., 1998), revealed the importance of the contro!
of this NO metabolite.

{00221] The exact mechanisms by which the aforementioned molecules are
generated, or their downstream targets, are not completely understood and are the
subject of intense investigation. However, the functional groups present in many
proteins -- for example, FeS clusters -- are readily attacked by NO/RNS. The
enzyme dihydroxyacid dehydratase (DHAD) contains an iron-sulfur (FeS) cluster
cofactor that is sensitive to damage by NO or RNS, As an example of the biological
sensitivity of this class of enzyme to attack by NO/RNS, inactivation of the E.coli

DHAD (encoded by ivD) and subsequent bacterial cell death resulting from
macrophage-generated NO is a major component of the mammalian humoral
immune response.

[00222] The present invention provides methods of mitigating the potentially
harmful effects of oxidative and nitrosative stress (e.g., NO and/or or RNS) on
enzymes involved in the production of isobutanol in the yeast cytosol. Specifically,
the enzyme dihydroxyacid dehydrafiase (DHAD) contains an iron-sulfur (Fe-S} cluster
that is sensitive to damage by NO and/or RNS, leading to inactive enzyme.
strategies of mitigating such harmful effects Include, but are not limited to, increasing
repair of iron-sulfur clusters damaged by oxidative and nitrosative stress conditions:

reducing nitric oxide levels by introduction of a nitric oxide reductase (NOR) activity
in the cell; reducing the levels of SNO’s by overexpression of a GSNO-reductase:; or
combination thereof.

[00223] Strategies disclosed herein are intended to protect or repair DHAD from
NO/RNS damage. Accordingly, in one embodiment, the present invention provides
recombinant microorganisms that have been engineered to express one or more
enzymes in the cytosol that reduce the concentration of reactive nitrogen species
{RNS} and/or nitric oxide in said cytosol.
fOO224] In one embodiment, the present invention provides recombinant
microorganisms that have been engineered to express a nitric oxide reductase that
reduce the concentration of reactive nitrogen species (RNS) and/or nitric oxidein
said cytosol. To reduce nitric oxide levels in the yeast cytosol, one or more nitric
oxide reductases (NORs)or active variants thereof can be introduced into the cell by
overexpression. Genes present in several microbial species have been shown to

encode a nitric oxide reductase activity. For example, in E.coli the gene for a
flavorubredoxin, norV, encodes a flavo-diiron NO reductase that is one of the most

highly induced genes when £. coli cells are exposed to NO or GSNO. Previous work

has identified a gene present in the microbe Fusarium axysporum as encoding a
cytochrome P-450 S5A1 (P-450dNIR) that encodes a nitric oxide reductase

(Nakahara et al, 1993. J. Biol, Chem, 268:8350-8355). When expressed in a
eukaryotic cell, this gene product appears to be cytosolically localized and exhibits
effects consistent with its reducing intracellular NO levels (Dijkers et af, 2009,
Molecular Biology of the Cell, 20: 4083-4090). Thus, in one embodiment, homologs
of any above-described nitric oxide reductases, active variants thereof, or

combinations thereof are expressed in the yeast cytosal to mitigate nitric oxide.
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{00225] In contrast to E. coli and F. oxysporum, S. cerevisiae jacks an endogenous
NORactivity (and no homoiogs of sither NOR protein is found in the S. cerevisiae
genome). Thus, to provide such an activity, the F. oxysporum NOR gene is
synthesized or amplified from genomic DNA, or the E. coli norV gene is amplified
from genomic DNA, and either (or both) cloned into a suitable yeast expression
vector. Such a vector could either be high copy (¢.g., 2micron origin) or low copy
(CEN/ARSH), or a single or multiple copies of the gene could be stably integrated
into the genome of a host organism, specifically a yeast containing a cytosolic
isobutanol pathway. In each case, methods to clone a gene into a plasmid so that it
is expressed at a desired level under the control of a known yeast promoter
(including those steps required to transform a host yeast cell) are well known to
those skilled in the art. In those cases where the NOR gene is expressed from an
episomal plasmid, it can be advantageous fo simultaneous overexpress a desired
DHAD gene, either from the same or frorn another plasmid, thereby allowing one to
assay the resulting output in DHAD activity. Similar approaches are undertaken to

express the NOR gene in the presence of a plasmid(s) encoding an isobutanol
production pathway, where the resuls of NOR expression are manifested in changes
in isobutanol productivity, titer, or yield. {tis understood by one skilled in the art that
expression of all genes, both NOR and genes encoding the isobutanol pathway may
be integrated into the genome of a host organism in a single or multiple copies of the
gene(s), specifically a yeast containing a cytosolic isobutanol pathway.
[00226] in another embodiment, the present invention provides recombinant
microorganisms that have been engineered to express a glutathione-S-nitrosothiol
reductase (GSNO-reductase) that reduces the concentration of reactive nitrogen
species (RNS) and/ornitric oxide in said cytosol. To reduce the levels of SNO’s, one
or more GSNO-reductases or active variants thereof can beintroduced into the cell

by overexpression. In 3. cerevisiae, the gene SFAT has been shown to encode a
formaidehyde dehydrogenase that possesses GSNO reductase activity (Liu ef al,
2001, Nature 470:490-494), Sfatp is a member of the class HI alcohol

dehydrogenases (EC:1.1.1.284), which are bifunctional enzymes containing both
alcohol dehydrogenase and glutathione-dependent formaldehyde dehydrogenase
activities. The glutathione-dependent formaldehyde dehydrogenase activity of Sfaip
is required for the detoxification of formaldehyde, and the alcohol dehydrogenase
activity of Sfatp can catalyze the final reactions in phenylalanine and tryptophan
degradation. Sfatp is also able to act as a hydroxymethylfurfural (HMF) reductase
and catabolize HMF, a compound formed in the production of certain biofuels. Sfaip
has been localized to the cytoplasm and the mitochondria, and can act on a variety
of substrates, including S-hydroxymethyiglutathione, phenylacetaidehyde, indole
acetaldehyde, octanol, 10-hydroxydecanoic acid, 12-hydroxydodecanoic acid, and S-
nitrosogiutathione.
[00227] Sfai protein levels are reported as being low-to-moderate from proteome-
wide analyses (Ghaemmaghami ef a/l., 2003, Nature 425(6959):737-41). Thus, in
an analagous fashion to the approach described for overexpression of NOR, the
gene SFAT is overexpressed, thereby decoupling it from its normal regulatory control
and permitting significant increase in Sfat activity in the cell, which results in
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measureabie increases in DHAD activity and/or fermentation cutput, as described
above. Overexpression of these genes may be accomplished by methods as
described above. in ane embodiment, homologs of SFA7, active variants thereof, or

combinations thereof are expressed in the yeast cytosol to mitigate stresses brought
on by reactive nitrogen species.
[00228] In additional embodiments, alternative enzymes may be expressed and
targeted to the yeast cytosol containing the isobutanol pathway to mitigate the
effects of reactive nitrogen species. Specifically, the enzyme YtfE encoded by E.coff
ytE, homologs thereof, active variants thereof, may be expressed, such that they
lead to reduction in NO/RNS in the yeast cytosol and/or a concomitant increase in
DHAD function. Such an increase is detected by in vitro assay of DHAD activity,
and/or by an increase in productivity, titer, or yield of isobutanol produced by
isobutanol pathway-containing cells.

[Q@0229] To increase repairment of iron-sulfur clusters, in one embodiment, the
gene yifE from E.caii is expressed in the yeast cytosol which contains a functional
isobutanol pathway and DHAD such that DHAD activity and/or isobutanol
productivity, titer, or yield are increased from the yeast cells. In E. coli, the gene yifE
has been shown to play an important role in maintaining active Fe-S clusters. A
recent report (Justino et al., (2009). Escherichia coli Di-iron YtfE protein is
necessary for the repair of stress-damaged lron-Sulfur Clusters. JBC 282(14):
10352-70359) showed that AyifE strains have several phenotypes, including
enhanced susceptibility to nitrosative stress and are defective in the activity of
several iron-sulfur-containing proteins. For example, the damage of the [4Fe-4Sf*
clusters of aconitase B and furnarase A caused by exposure to hydrogen peroxide
and nitric oxide stress occurs at higher rates in the absence of yif—. The yifE null
mutation also abolished the recovery of aconitase and fumarase activities, which is

observed in wild type — coli once the stress is scavenged. Notably, upon the
addition of purified holo-YH#E protein to mutant cell extracts, the enzymatic activities
of fumarase and aconitase were fully recovered, and at rates similar to the wild type
strain. Thus, YUE is critical for the repair of iron-sulfur clusters damaged by oxidative
and nitrosative stress conditions, and presents an attractive candidate for
overexpression in a host cell that normaily lacks this activity, such as S. cerevisiae,

where Fe-S cluster proteins are also being overexpressed as part of the isobutano!
pathway.

[80230] To provide such an activity, the E.coli yifE gene can be amplified from
genomic DNA by PCR with appropriate primers, and cloned into a suitable yeast
expression vector, Such a vector could either be high copy (e.g., 2micron origin) or
low copy (CEN/ARSH), or a single or multiple capies of the gene could be stably
integrated into the genome of a host organism. in each case, methods to clone a

gene into a plasmid so that it is expressed at a desired jevel under the control of a
known yeast promoter (including those steps required to transform a hast yeast cell}
are well known to those skilled in the arf. In those cases where the yifE gene is
expressed from an episomal plasmid, it can be advantageous to simultaneous
overexpress a desired DHAD gene, either from the same or from another plasmid,
thereby allowing one to assay the resulting output In DHADactivity. Similar
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approaches are undertaken to express the yifE gene in the presence of a plasmid{s)
encading an isobutanol production pathway, where the results of yfE expression are
manifested in changes in isobutanol productivity, titer, or yield. More specifically,
yifE is expressed in the yeast cytosol which containsa functional isobutanol pathway
and DHAD such that DHAD activity and/or isobutanol productivity, titer, or yield are
increased from the yeast cells.

{00237] [n addition, functional homologs of E.coff ytfE have been identified and
characterized. For example, genes from two pathogenic prokaryotes—scdA from
Staphylococcus aureus, and dnrN from Neisseria gonorrhoeae, have been shawn to
have properties similar to that of yifE (Overton, T.W., et al (2008). Widespread
distribution in pathogenic bacteria of di-iron proteins that repair oxidative and
nitrosative damage to iron-sulfur centers. J. Bacteriofogy 190(6): 2004-2013). Thus,

similar approaches to overexpress either of these genes are employed, as described
fer E.coli yifk, above. Overexpression of these genes may be accomplished by
methods as described above.

Mitochondrially Localized DHAD for Isobutanal Production

[00232] In another aspect, the presenti invention provides a method for utilizing
mitochondrially localized DHAD for isobutanol production by a recombinant
microorganism. in an embodiment accarding to this aspect, a mitochondrially
localized DHAD is used in conjunction with other pathway components that are
cytosolically localized to produce isobutanol by a recombinant microorganism.
[00233] As described herein, the enzyme DHAD catalyzes the conversion of 2,3-
dihydroxyisovalerate to ketoisovalerate, the third step in the recombinant isobutanol

production pathway. Al known DHAD enzymes contain an iron sulfur cluster, which
is assembled in vive by a multi-component pathway. In eukaryotic cells, the DHAD

enzymes are assembled within intracellular compartments that are separate from the
cytosol. In yeast, the DHAD Hv3 is involved in biosynthesis of the amino acids
leucine, isoleucine and valine. Ilv3 is Jocalized to the mitochandria and is assembled

there by a set of proteins collectively called [SC proteins (Lil and Muhlenhoff, Ann.
Rev. Biochem 2008 77:669). The &. coli DHAD (encoded by #vD) is sensitive to
oxygen, becoming quickly inactivated when isclated under aerobic conditions (Flint
ef. al. JBC 1993 268(20):14732; Brown ef af. Archives Biochem. Biophysics 1995
319(1):10). This oxygen sensitivityis likely due to the presence of a labile iron sulfur
{Fe-S) cluster, which is unstable in the presence of oxygen and oxygen radicals. In
yeast and other eukaryotes, the mitochodrial environment is reducing, i.e. it is a low
oxygen environment, in contrast to the more oxygen-rich environment of the cytosol.
The redox state of the cytosol is thus expected fo be a problem in expressing
mitochondrially localized DHADs, which are natively located in the mitochondria, or

in expressing DHADs from many bacterial species which typically have an
intracellular reducing environment. Accordingly, expression of a DHAD in the yeast
cytosol might be not be expected fo result in a functional DHAD due to its presence

in a non-native compartment and the concomittant lack of appropriate Fe-S cluster
assembly machinery.

[00234] Because of the problems associated with cytosolic expression of DHAD,
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the present inventors further provide a method for allowing the DHAD component of
the isobutano] production pathway to remain or be localized in the mitochondria,

where the folding, assembly, solubility and therefore enzymatic activity is maximal.

Localization of a non-native DHADto the mitochondria can be achieved by designing
PCR primers to amplify the majority of the coding sequence for the DHAD that
include a known N-terminal mitochondrial targeting sequence. This embodiment

utilizes an organic acid transporter that efficiently transports DHIV, produced by a
cytosolically localized KARI, into the mitochondria where it can act as the substrate
for the DHAD reaction. The product of the DHAD reaction, KIV, is subsequently
transported out of the mitochondria by a second transporter or, in the alternative,

may be converted to valine by the enzyme Batl. Valine is efficiently transported out
of the mitochondria, and can be converted back to KIV by the cytosolically localized
enzyme Bat2.

{00235} This embodiment utilizes one or more DHIV-specific transporters capable
of moving organic acids into the mitochondrial compartment from the cytosol. To

improve DHIV-transport from the cytosol into the mitochondria, the following genetic
selection scheme can be combined with either whole genome mutagenesis to

identify mutations which now allow or increase the desired DHIV transport or with

directed evolution using a transport protein as a starting point.
[00236] The native v5 enzyme (KARI), which produces DHIV in the mitochondria,
catalyzes one of the steps in the synthesis of the amino acid valine. Normally the,

livS enzyme (DHAD) next converts the DHIV to KIV which is then converted to
valine. Cells jacking HvS activity are valine auxotrophs since they cannot produce
DHIV.

[00237] Yo select for mutations that improve the transport of DHIV into the

mitochondria, it is first necessary to generate a strain that produces DHIV in the

cytosal. Cytosolic DHIV production is achieved by expressing the first two proteins
of the isobutano! pathway (ALS and KARI)in the cytosol in a s-yeast strain harboring
a mutant v5 gene (illustrated in Figure 2). However, without a functional KARI
enzyme in the mitochondria, these strains are valine auxotrophs because the DHIV

produced in the cytosol is not converted to KIV (and therefore valine) due to the lack

of cytosolic DHAD activity. Transporters that move the DHIV from the cytosal into
the mitochondria, where the native Ilv3 supplies abundant DHAD activity, allow the

cells fo grow in the absence of valine. Further mutagenesis may be applied to the
transporters with a screen for more efficient iscbutanol production, by using the

transporter in conjunction with the other pathway components. Alernatively, the
production of the ilv3 protein is reduced by engineering a yeast with lower

expression of the native Hv3 and the selection fsfurther utilized for a transporter that
increases the concentration of DHIV in the mitochondria. A KIV specific transporter

is obtained using a screen for isobutanol production. Alternatively, the native valine
transporter, Bap, is used to transport the valine out of the mitochondria where it is

converted back to KIV by the native Bat2 protein. In one embodiment, Batt, Bate,

and Bap3 may be overexpressed to make this process moreefficient.
{80238} In various embodiments according to this aspect, it may be necessary to
overexpress one or more accessary proteins described above. Notably, the following
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accessory proteins would have utility in assisting the mitochondrially localized DHAD
to have maximal folding, assembly, solubility and therefore enzymatic activity: Erot,
Trxt, Trx2, Trr1, Grxt, Grx2, Grx3, Gre, Grx5, Grx6, Grx7, Grx8 Giri, Jacl, Hsp10,
Hsp60, GroEL, and GroES and homologsor variants thereof; Cyay, iscS, IscU, IscA,
HscB, HscA, Fdx, IsuxX, SufA, SufB, SufC, SufD, SufS, SufE, ApbC, NifS, NifU and
homologs or variants thereof; Gsh1, Gsh2 and homologs or variants thereof; Trx3
and Trr2 and homologs or variants thereof. Localization to the mitochondria of any
of these accessory proteins that are not typically localized to the mitochondria can be
achieved by designing PCR primers to amplify the majority of the coding sequence
for the protein that include a known N-terminal mitochondrial targeting sequence and
expression of the amplified construct in the yeast host organism.
[00239] Also disclosed herein are recombinant microorganisms comprising one or
more genes encoding an iron-sulfur cluster assembly protein for increased activity of
DHAD localized to the mitochondria. All known DHAD enzymes contain an iron sulfur
cluster, which is assembled in vivo by a multi-component pathway. Within the
mitochondria, a set of proteins, collectively similar to the ISC and/or SUF systems of
E.coli, are present and participate In the assernbly, maturation, and proper insertion
of Fe-S clusters into mitochondrial target proteins. (LIN and Muhlenhoff, Ann. Rev.
Biochem. 2008 77: 669). To faciliate increased assembly and insertion of iron sulfur
clusters into DHAD localized to the mitochondria, and thus improved enzymatic
activity of DHAD localized to the mitochondria, the present invention provides
recombinant microorganisms that have been engineered to overexpress one or more
of the mitochondrial iron sulfur cluster assembly proteins involved in activation and
maturation of DHAD localized to the mitochondria. In various embodiments

described herein, the mitochondrial iron sulfur cluster assembly proteins may be
selected from the group consisting of the Nfs1, isd11, Isut, Nfui1, Yahi, Arh, Yfhi,
ssqi, Jac1, Mget, Grx5, isat, isa2, lba57 and Ind1 proteins from S. cerevisiae or

homologs thereof. Such manipulations can increase the enzymatic activity of
expressed or overexpressed DHAD localized to the mitochondria.

The Microorganism in General
[60240] Native producers of 1-butanol, such as Clostridium acetobutylicum, are
known, but these organisms also generate byproducts such as acetone, ethanol, and
butyrate during fermentations. Furthermore, these microorganisms are relatively
difficult to manipulate, with significantly fewer tools available than in more commonly
used production hosts such as 5S. cerevisiae or E. coll. Additionally, the physiology
and metabolic regulation of these native producers are much less well understood,

impeding rapid progress towards high-efficiency production. Furthermore, no native
microorganisms have been identified that can metabolize glucose into isobutancl in
industrially relevant quantities.
[00241] The production of isobutano!l and other fusel alcohols by various yeast
species, including S. cerevisiae is of special interest to the distillers of alcoholic

beverages, for whom fusel alcohols constitute often undesirable off-notes.

Production of isobutanol in wild-type yeasts has been documented on various growth
media, ranging from grape must from winemaking (Romano, ef af, Metabolic
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diversity of Saccharomyces cerevisiae strains from spontaneously fermented grape
musts, Werld Joural of Microbiology and Biotechnology. 19:311-315, 2003), in
which 12-219 mg/L. isobutanol were produced, to supplemented minimal media
(Oliviera, ef af. (2005) World Journal of Microbiology and Biotechnology 21:1569-
1576), producing 16-34 mg/L isobutanol. Work from Dickinson, ef af. (J Biol Chem.
2/2(43).26871-8, 1997) has identified the enzymatic steps utilized in an endegenous
5. cerevisiae pathway converting branch-chain amino acids (e.g., valine or leucine)
to isobutanol.

{00242} Recombinant microorganisms provided herein can express a plurality of
heterologous and/or native target enzymes involved in pathways for the production of
isobutanal from a suitable carbon source.

[00243] Accordingly, “engineered” or "modified" microorganisms are produced via
the introduction of genetic material Into a host or parental microorganism of choice
and/or by modification of the expression of native genes, thereby modifying or
altering the cellular physiology and biochemistry of the microorganism. Through the
introduction of genetic material and/or the modification of the expression of native
genes the parental microorganism acquires new properties, e.g. the ability to
produce a new, or greater quantities of, an intracellular metabolite. As described

herein, the introduction of genetic material info and/or the modification of the
expression of native genes in a parental microorganism results in a new or modified
ability to produce isobutanocl. The genetic material introduced into and/or the genes
modified for expression in the parental microorganism contains gene(s), or parts of
genes, coding for one or more of the enzymes involved in a biosynthetic pathway for
the production of isobutanol and may also include additional elements for the
expression and/orrequiation of expression of these genes, e.g. promoter sequences.
[60244] In addition to the Introduction of a genetic material into a host or parental
microorganism, an engineered or modified microorganism can also include
alteration, disruption, deletion or knocking-out of a gene or polynucleotide to alter the
cellular physiology and biochemistry of the microorganism. Through the alteration,
disruption, deletion or knocking-out of a gene or polynucleotide the microorganism
acquires new or improved properties (e.g., the ability to produce a new metabolite or
greater quantities of an intracellular metabolite, improve the flux of a metabolite
down a desired pathway, and/or reduce the production of byproducts).
{00245} Recombinant microorganisms provided herein may also produce
metabolites in quantities not available in the parental microorganism. A “metabolite"
refers to any substance produced by metabolism or a substance necessary for or

_ taking part in a particular metabolic process. A metabolite can be an organic
compound that is @ starting material (e.g., glucose or pyruvate}, an intermediate
{e.g., 2-ketoisovalerate), or an end product (e.g., isobutanol) of metabolism.
Metabolites can be used to construct more complex molecules, or they can be
broken down into simpler ones. Intermediate metabolites may be synthesized from
other metabolites, perhaps used to make more complex substances, or broken down
into simpler compounds, often with the release of chemical energy.
[00246] Exemplary metabolites include glucose, pyruvate, and isobutanol. The
metabolite isobutanol can be produced by a recombinant microorganism which
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expresses or overexpresses a metabolic pathway that converts pyruvate to
isobutanol. An exemplary metabolic pathway that converts pyruvate to isobutanol
may be comprised of an acetohydroxy acid synthase (ALS), a ketolacid

reductoisomerase (KARI), a dihyroxy-acid dehydratase (DHAD), a 2-keto-acid
decarboxylase (KIVD), and an alcohol dehydrogenase (ADH).
[00247] Accordingly, provided herein are recombinant microorganisms that
produce isobutano] and in some aspects may include the elevated expression of
target enzymes such as ALS, KARI, DHAD, KIVD, and ADH
[00248] The disclosure identifies specific genes useful in the methods,
compositions and organisms of the disclosure; however it will be recognized that
absolute identity to such genes is not necessary. For example, changes in a
particular gene or polynucleotide comprising a sequence encoding a polypeptide or
enzyme can be performed and screened for activity. Typically such changes
comprise conservative mutation and silent mutations. Such modified or mutated

polynuciesotides and polypeptides can be screened for expression of a functional
enzyme using methods knownin the art.

[00249] Due to the inherent degeneracy of the genetic code, other polynucleotides
which encede substantially the same or functionally equivalent polypeptides can aiso
be used to clone and express the polynucleotides encoding such enzymes.
[G0256] As will be understoad by those of skill In the art, it can be advantageous fo
modify a coding sequence to enhance its expression in a particular host. The
genetic code is redundant with 64 possible codons, but most organismstypically use
a subset of these codons. The codons that are utiized most often in a species are
called optimal codons, and those not utilized very often are classified as rare or low-
usage codons. Codons can be substituted to reflect the preferred codon usage of
the host, a process sometimes called “codon optimization" or "controlling for species
codon bias."

[00251] Optimized coding sequences containing codons preferred by a particular
prokaryotic or eukaryotic host (see also, Murray ef af. (1989) Nucl. Acids Res.
17:477-508) can be prepared, for example, to increase the rate of translation orto

produce recombinant RNA transcripts having desirable properties, such as a longer
half-life, as compared with transcripts produced from a nan-aptimized sequence.
Translation stop codons can also be modified to reflect host preference. For
example, typical stop codons for S. cerevisiae and mammals are UAA and UGA,

_ respectively. The typical stop codon for monocotyledanous plants is UGA, whereas
insects and E. coli commonly use UAA as the stop codon (Dalphin ef a/. (1996) Nucl.
Acids Res. 24: 216-218). Methodology for optimizing a nucleotide sequencefor
expression in a plant is provided, for example, in U.S. Pat. No. 6,015,891, and the
references cited therein.

{00252} Those of skill in the art will recognize that, due to the degenerate nature of
the genetic code, a variety of DNA compounds differing in their nucleotide
sequences can be used to encode a given enzyme of the disclosure. The native

DNA sequence encoding the biosynthetic enzymes described above are referenced
herein merely to iJustrate an embodiment of the disclosure, and the disclosure

includes DNA compounds of any sequence that encode the amino acid sequences
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of the polypeptides and proteins of the enzymes utilized in the methods of the
disclosure. in similar fashion, a polypeptide can typically tolerate one or more amino
acid substitutions, deletions, and insertions in its amino acid sequence without loss
or significant loss of a desired activity. The disclosure includes such polypeptides
with different amino acid sequences than the specific proteins described herein so
long as they modified or variant polypeptides have the enzymatic anabolic or
catabolic activity of the reference polypeptide. Furthermore, the amino acid
sequences encoded by the DNA sequences shown herein merely illustrate
embodiments of the disclosure.

[00253] In addition, homologs of enzymes useful for generating metabolites are
encompassed by the microorganisms and methods provided herein.
[00254] As used herein, two proteins (or a region of the proteins) are substantially
homologous when the amino acid sequences have at least about 30%, 40%, 50%
60%, 65%, 7O%, 75%, 80%, 85%, 90%, 91%, 92%, 93%, B4%, 95%, GH%, 97%,
98%, or 99% identity. To determine the percent identity of two amino acid
sequences,or of two nucleic acid sequences, the sequences are aligned for eptimal
comparison purposes (@.g., gaps can be introduced in one or both of a first and a

second amino acid or nucleic acid sequence for optimal alignment and non-
homologous sequences can be disregarded for comparison purposes). In one
embodiment, the length of a reference sequence aligned for comparison purposesis
at least 30%, typically at least 40%, more typically at least 50%, even moretypically
at jeast 60%, and even more typically at least 70%, 80%, 90%, 100%of the length of
the reference sequence. The amino acid residues or nucleotides at corresponding
amino acid positions or nucleotide positions are then compared. When a position in
the first sequence is occupied by the same amino acid residue or nucleotide as the
corresponding position in the second sequence, then the molecules are identical at

that position (as used herein amino acid or nucleic acid "identity" is equivalent to
amino acid or nucleic acid “homology”). The percent identity between the two
sequences is a function of the number of identical positions shared by the
sequences, taking into account the number of gaps, and the length of each gap,
which need to be Introduced for optimal alignment of the two sequences.
[00255] When “homologous” is used in reference to proteins ar peptides, it is
recognized that residue positions that are not identical often differ by conservative
amino acid substitutions. A “conservative amino acid substitution” is one in which an

amino acid residue is substituted by another amino acid residue having a side chain
(R group) with similar chemical properties (e.g.. charge or hydrophobicity). in
general, a conservative amino acid substitution will not substantially change the
functional properties of a protein. in cases where two or more amino acid sequences
differ from each other by conservative substitutions, the percent sequence identity or
degree of homology may be adjusted upwards to correct for the conservative nature
of the substitution. Means for making this adjustment are well known to those of skill
in the art (see, e.g., Pearson W.R. Using the FASTA program to search protein and
DNA sequence databases, Methods in Molecular Biology,1994, 25:365-89, hereby
incorporated herein by reference).
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f00256] The following six groups cach contain amino acids that are conservative
substitutions for one another: 1} Serine (S), Threonine (1); 2) Aspartic Acid (D),
Glutamic Acid (E); 3) Asparagine (N), Glutamine (Q); 4) Arginine (R), Lysine (kK); 5)
isoleucine (1), Leucine (L), Methionine (M), Alanine (A), Valine (V), and 6)
Phenylalanine (F), Tyrosine (Y), Tryptophan (VW).
[00257] Sequence homology for polypeptides, which is also referred to as percent
sequence identity, is typically measured using sequence analysis software. See,
e.g., the Sequence Analysis Software Package of the Genetics Computer Group
(GCG), University of Wisconsin Biotechnology Center, 910 University Avenue,
Madison, Wis. 53705. Protein analysis software matches similar sequences using
measure of homology assigned to various substitutions, deletions and other
modifications, including conservative amino acid substitutions. For instance, GCG
contains programs such as "Gap" and "Bestfit” which can be used with defautt

parameters to determine sequence homology or sequence identity between closely
related polypeptides, such as homologous polypeptides from different species of
organisms or between a wild type protein and a mutant protein thereof. See, e.g.,
GCG Version 6.1.

fO0258] A typical algorithm used comparing a molecule sequence to a database
containing a large number of sequences from different organisms is the computer
program BLAST (Altachul, S.F., ef af. (1990) “Basic local alignment search tool.” J.
Mol. Biol. 215:403-410; Gish, W. and States, D.J. (1993) “Identification of protein
coding regions by database similarity search.” Nature Genet. 3:266-272; Madden,
Y.L., et af, (1996) “Applications of network BLAST server” Meth. Enzymol. 266:131-
141; Altschul, S.F., ef af. (1997) “Gapped BLAST and PSI-BLAST: a new generation
of protein database search programs.” Nucleic Acids Res. 25:3389-3402; Zhang, J.
and Madden, T.L. (1997) “PowerBLAST: A new network BLAST application for
interactive or automated sequence analysis and annotation.” Genome Res. 7:649-
656), especially blastp or tbhlastn (Altschul, S.F., et af. (4997) “Gapped BLASTand
PSI-BLAST: a new generation of protein database search programs.” Nucleic Acids
Res. 25:3389-3402). Typical parameters for BLASTp are: Expectation value: 10
(default); Filter: seg (default) Cost to open a gap: 14 (default); Cost to extend a gap:
1 (default); Max. alignments: 100 (default; Word size: 11 (default) No. of
descriptions: 100 (default); Penalty Matrix: BLOSUM62.
[00259] When searching a database containing sequences from a large numberof
different organisms, it is typical to compare amino acid sequences. Database
searching using amino acid sequences can be measured by algorithms other than
blastp known in the art. For instance, polypeptide sequences can be compared using
FASTA, a program in GCG Version 6.1. FASTA provides alignments and percent
sequence identity of the regions of the best overlap between the query and search
sequences (Pearson, W.R. £1990) “Rapid and Sensitive Sequence Comparison with
FASTP and FASTA" Meth. Enzymol. 183:63-98). For example, a percent sequence
identity between amino acid sequences can be determined using FASTA with its
default parameters (a word size of 2 and the PAM250 scoring matrix), as provided in
GCG Version 6.1, hereby incorporated herein by reference.
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{00260] The disclosure provides recombinant microorganisms comprising a
biochemical pathway for the production of isobutanol from a suitable substrate at a
high yield. A recombinant microorganism of the disclosure comprises one or more
recombinant polynucleotides within the genome of the organism or external to the
genome within the organism. The microorganism can comprise a reduction in

expression, disruption or knockout of a gene foundin the wild-type organism and/or
introduction of a heterologous polynucleotide and/or expression or overexpression of
an endogenous polynucleotide.

{60261} [In one aspect, the disclosure provides a recombinant microorganism
comprising elevated expression of at least one target enzyme as compared to a

parental microorganism or encodes an enzyme not found in the parental organism.
in another or further aspect, the microorganism comprises a reduction in expression,
disruption or knockout of at least one gene encoding an enzyme that competes with
a metabolite necessary for the production of isobutanol. The recombinant

microorganism produces at least one metabolite involved in a biosynthetic pathway
for the production of isobutanol. in general, the recombinant microorganisms
comprises af least one recombinant metabolic pathway that comprises a target
enzyme and may further include a reduction in activity or expression of an enzymein
a competitive biesynthetic pathway. The pathway acts to modify a substrate or
metabalic intermediate in the production of isobutanol. The target enzyme is
encoded by, and expressed from, a polynucleotide derived from a suitable biological
source. In some embodiments, the polynucleotide comprises a gene derived from a
prokaryotic or eukaryotic source and recombinantly engineered into the
microorganism of the disclosure. [in other embodiments, the polynucleotide

comprises a gene that is native fo the host organism.

[80262] itis understood that a range of microorganisms can be modified to include
a recombinant metabolic pathway suitable for the production of iscbutanol. fn

various embodiments, microorganisms may be selected from yeast microorganisms.
Yeast microorganisms for the production of isobutanol may be selected based on
certain characteristics:

[G0263}] One characteristic may include the property that the microorganism is
selected to convert various carbon sources into isobutanol. The term “carbon

source” generally refers to a substance suitable to be used as a source of carbon for

prokaryotic or eukaryotic cell growth. Carbon sources include, but are not limited to,

biomass hydrolysates, starch, sucrose, cellulose, hemicellulose, xylose, and lignin,
as well as monomeric components of these substrates. Carbon sources can
comprise various organic cornpounds in various forms, including, but not limited to
polymers, carbohydrates, acids, alcohols, aldehydes, ketones, amino acids,
peptides, etc. These include, for example, various monosaccharides such as

glucose, dextrose (D-glucose), maltose, oligosaccharides, polysaccharides,
saturated or unsaturated fatty acids, succinate, lactate, acetate, ethanol, etc. or

mixtures thereof. Photosynthetic organisms can additionally produce a carbon

source as a product of photosynthesis. In some embodiments, carbon sources may
be selected from biomass hydrolysates and glucose. The term “biomass” as used
herein refers primarily to the stems, leaves, and starch-containing portions of green
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plants, and is mainly comprised of starch, lignin, cellulose, hemicellulose, and/or
pectin. Biomass can be decomposed byeither chemical or enzymatic treatment to
the monomeric sugars and phenols of which it is composed (Wyman, C.E. 2003
Biotechnological Progress 19:254-62). This resulting material, called biomass
hydrolysate, is neutralized and treated to remove trace amounts of organic material
that may adversely affect the biocatalyst, and is then used as a feed stock for
farmentations using a biocatalyst.
[00264] Accardingly, in one embodiment, the recombinant microorganism herein
disclosed can canvert a variety of carbon sources to products, including but not
limited to glucose, galactose, mannose, xylose, arabinose, lactose, sucrose, and
mixtures thereof.

f00265] The recombinant microorganism may thus further include a pathway for
the fermentation of isobutanol from five-carbon (pentose) sugars including xylose.
Most yeast species metabolize xylose via a complex route, in which xylose is first
reduced to xylitol via a xylose reductase (XR} enzyme. The xylitol is then oxidized to
xylulose via a xylitol dehydrogenase (XDH) enzyme. The xylulose is then
phosphorylated via an xylulokinase (XK} enzyme. This pathway operates inefficiently
in yeast species because it introduces a redox imbalance in the cell. The xylose-to-
xylitol step uses NADH as a cofactor, whereas the xylitol-to-xylulose step uses
NADPHas a cofactor. Other processes must operate to restore the redox imbalance
within the cell. This offen means that the organism cannot grow anaerobically on
xylose or other pentose sugar. Accardingly, a yeast species that can efficiently
ferment xylose and other pentose sugars into a desired fermentation product is
therefore very desirable.

[00266] Thus, in one aspect, the recombinant is engineered to express a functional
exogenous xylose isomerase. Exogenous xylose isomerases functional in yeast are
known in the art. See, e.g., Rajgarhla ef al, US20060234364, which is herein
incorporated by reference in its entirety. In an embodiment according to this aspect,
the exogenous xylose isomerase gene is operatively linked to promoter and
terminator sequences that are functional in the yeast cell. In a preferred
embodiment, the recombinant microorganism further has a deletion or disruption of a
native gene that encodes for an enzyme (e.g. XR and/or XDH) that catalyzes the
conversion of xylose to xylitol. in a further preferred embodiment, the recombinant

microorganism aiso contains a functional, exogenous xylulokinase (XK) gene
operatively linked to promoter and terminator sequences that are functional in the
yeast cell. In one embodiment, the xylulokinase (XK) gene is overexpressed.
[00267] In one embodiment, the microorganism has reduced or no pyruvate
decarboxylase (PDC) activity. PDC catalyzes the decarboxylation of pyruvate to
acetaldehyde, which is then reduced to ethanol by ADH via an oxidation of NADH to

NAD+. Ethanol production is the main pathway to oxidize the NADH from glycolysis.
Deletion of this pathway increases the pyruvate and the reducing equivalents
(NADH) available for the isobutanol pathway. Accordingly, deletion of POC genes
can further increase the yield of isobutanol.

[O0268] in another embodiment, the microorganism has reduced or no glycerol-3-
phosphate dehydrogenase (GPD) activity. GPD catalyzes the reduction of
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dihydroxyacetone phosphate (DHAP) to glycerol3-phosphate (GSP) via the
oxidation of NADH to NAD+. Glycerol is then produced from G3P by Glycerol-3-
phosphatase (GPP). Glycerol production is a secondary pathway to oxidize excess
NADH from glycolysis. Reduction or elimination of this pathway would increase the
pyruvate and reducing equivalents (NADH) available for the isobutanol pathway.
Thus, deletion of GPD genes can further increase the yield of isobutanol.
[00268] In yet another embodiment, the microorganism has reduced or no PDC
activity and reduced or no GPD activity.
[00270] In one embodiment, the yeast microorganisms may be selected fram the
“Saccharomyces Yeast Clade”, defined as an ascomycetous yeast taxonomic class
by Kurtzman and Robnett in 1998 Cldentification and phylogeny of ascomycetous
yeast from analysis of nuclear large subunit (265) ribosomal BNA partial
sequences.” Antonie van Leeuwenhoek 73: 331-371, See Figure 2 of Leeuwenhoek

reference). They were able to determines the relatedness of approximately 500 yeast
species by comparing the nucleotide sequence of the D1/D2 domain at the 5’ end of

the gene encoding the large ribosomal subunit 26S. In pair-wise comparisons of the
D1/D2 nucleotide sequences of S. cerevisiae and of the two most distant yeast from
this Saccharomyces yeast clade, K. lactis and K. marxianus, share greater than 80%
identity.

{00271} The term “Saccharomyces sensu stricto” taxonomy group is a cluster of
yeast species that are highly related to 5S. cerevisiae (Rainieri, S. et af 2003.
Saccharomyces Sensu Stricto: Systematics, Genetic Diversity and Evolution. J.
Biosci Bioengin 96(1}1-9. Saccharomyces sensu stricto yeast species include but
are not limited to S. cerevisiae, S. cerevisiae, S. kudriavzevii, S. mikatae, S.

bayanus, S. uvarum, S. carocanis and hybrids derived from these species (Masneuf
ef al. 1998. New Hybrids between Saccharomyces Sensu Siricto Yeast Species
Found Among Wine and Cider Production Strains. Yeast 7(1}61-72 ).
[00272] An ancient whole genome duplication (WGD) event occurred during the
evolution of the hemiascomycete yeast and was discovered using comparative
genomic tools (Kellis ef ai 2004 “Proof and evolutionary analysis of ancient genome
duplication in the yeast S. cerevisiae.” Nature 428:617-624. Dujon et a/ 2004
“Genome evolution in yeasts.” Nature 430:35-44. Langkjaer ef af 2003 “Yeast
genome duplication was followed by asynchronous differentiation of duplicated
genes.” Nature 428:848-852. Wolfe and Shields 1997 “Molecular evidence for an

ancient duplication of the entire yeast genome.” Nature 387:708-713.} Using this
major evolutionary event, yeast can be divided into species that diverged from a

common ancestor following the WGD event (termed “post-WGD yeast” herein) and
species that diverged from the yeast lineage prior to the WGD event (termed “pre-
WiSD yeast” herein).

[00273] Accordingly, in one embodiment, the yeast microorganism may be
selected from a post-WGD yeast genus, including but not limited to Saccharomyces
and Candida. The favored post-VVGD yeast species include: S. cerevisiae, S.
uvarum, S. bayanus, S. paradoxus, S. castelli, and C. giabrata.
[90274] in another embodiment, the yeast microorganism may be selected from a
pre-whole genome duplication (pre-WGD) yeast genus including but not limited to
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Saccharomyces, Kluyveromyces, Candida, Pichia, issatchenkia, Debaryomyces,
Hansenula, Yarrowia and, Schizosaccharomyces. Representative pre-WGD yeast
species include: S. kluyveri, K. thermotolerans, K. marxianus, K. waltii, K. lactis, C.
tropicalis, P. pastoris, P. anomala, P. stipitis, |. orientalis, |. occidentalis, | scutulata,
D. hansenii, H. anomaia, Y. lipalytica, and S. pombe.
[00275] A yeast microorganism may be either Crabiree-negative or Crabtree-
positive. A yeast cell having a Crabtree-negative phenotype is any yeast cell that
does not exhibit the Crabtree effect. The term "Crabtree-negative" refers to both
naturally occurring and genetically modified organisms. Briefly, the Crabtree effectis
defined as the inhibition of oxygen consumption by a microorganism when cultured
under aerobic conditions due to the presence of a high concentration of glucose
(e.g., 50 g-glucose L). In other words, a yeast cell having a Crabtree-positive
phenotype continues to ferment irrespective of oxygen availability due to the
presence of glucose, while a yeast cell having a Crabtree-negative phenotype does
not exhibit glucose mediated inhibition of oxygen consumption.
[60276] Accordingly, in one embodiment the yeast microorgnanism may be
selected from yeast with a Crabtree-negative phenotype including but not limited to
the following genera: Kluyveromyces, Pichia, Issatchenkia, Hansenula, and Candida.
Crabtree-negative species include but are not limited to: K. lactis, K. marxianus, P.
anomala, P. stipitis, 1. orientalis, i. occidentalis, L scutulata,, H. anormala, and C.
utilis.

[00277] In another embodiment, the yeast microorganism may be selected from a
yeast with a Crabtree-positive phenotype, including but not limited to
Saccharomyces, Kluyveromyces, Zygosaccharomyces, Debaryomyces, Pichia and
Schizosaccharomyces. Crabtree-paositive yeast species include but are not limited
to: S$. cerevisiae, S. uvarurn, S. bayanus, S. paradoxus, S. castelli, S. kluyveri, K.
thermotolerans, C. glabrata, Z. bailli, Z. rouxii, D. hansenii, P. pastorius, and S.
pombe.

[00278] Another characteristic may include the property that the microorganism is
that it is non-ferrnenting. In other words, it cannot metabolize a carbon source

anaerobically while the yeast is able to metabolize a carbon source in the presence
of oxygen. Nonfermenting yeast refers to both naturally occurring yeasts as well as
genetically modified yeast. During anaerobic fermentation with fermentative yeast,
the main pathway to oxidize the NADH from glycolysis is through the production of
ethanol. Ethanol is produced by alcohol dehydrogenase (ADH) via the reduction of
acetaldehyde, which is generated from pyruvate by pyruvate decarboxylase (PDC).
In one embodiment, a fermentative yeast can be engineered to be non-fermenative
by the reduction or elimination of the native PDC activity. Thus, most of the pyruvate
produced by glycolysis is nat consumed by PDC and is available for the isobutanol

pathway. Deletion of this pathway increases the pyruvate and the reducing
equivalents available for the isobutano! pathway. Fermentative pathways contribute
to low yield and low productivity of iscbutanol. Accordingly, deletion of PDC may
increase yield and productivity of isobutanol.

{00279} [In some embodiments, the recombinant microorganisms may be
microorganisms that are non-fermenting yeast microorganisms, including, but not
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limited to thase, classified Into a genera selected fram the group consisting of
Tricosporon, Rhodotorufa, or Myxozyma.
[00280] In one embodiment, a yeast microorganism is engineered to convert a
carbon source, such as glucose, to pyruvate by glycolysis and the pyruvate is
converted to isobutano! via an engineered isobutanoi! pathway
(PCT/AUS2006/041602, PCT/US2008/053514, Atsumi ef af, Nature, 2008 Jan
3;451(7174).86-9). Alternative pathways for the production of isobutanol have been
described in international Patent Application No PCT/US2006/041602 and in
Dickinson ef a/., Journal of Biological Chemistry 273:25751-15756 (1998).
{00281] Accordingly, the engineered isobutanol pathway to convert pyruvate to
isobutanol can be comprised of the following reactions:

2 pyruvate -—> acetolactate + COQ,

acetolactate + NADPH —2,3-dihydroxyisovalerate + NADP*
2,3-dihydroxyisovalerate —> alpha-ketoisovalerate
aipha-ketoisovalerate — isobutyraldehyde + CO>

5. isobutyraldehyde +NADPH —> isobutanol + NADP

[00282] These reactions are carried out by the enzymes 1) Acetolactate Synthase
(ALS, EC4.1.3.18}, 2} Keto-acid Reducto-lsomerase (KARI, EC1.1.1.86), 3)
Dihydroxy-acid dehydratase (DHAD, EC4.2.1.9), 4) Keto-isovalerate decarboxylase
(KIVD, £C4.1.1.1), and 5) an Alcohol dehydrogenase (ADH, EC1.1.1.1 or 1.1.1.2)
(Figure 1}.

[00283] In another embodiment, the yeast microorganism is engineered to
overexpress these enzymes. For example, these enzymes can be encoded by
native genes. Altematively, these enzymes can be encaded by heterologous genes.
For example, ALS can be encoded by thea/sS gene of 8. subtilis, aisS of L. lactis, or
the iivK gene of K. pneumonia. For example, KARI can be encoded by the #vC
genes of E. coli, C. glulamicum, M. maripaludis, or Piramyces sp E2. For example,
DHAD can be encoded by the #vD genes of E. coli or C. glutamicum. For example,
KIVD can be encoded by the KivD gene of L. lactis. ADH can be encoded by ADH2,
ADHE6, or ADH? of S. cerevisiae.

[00284] The yeast microorganism of the invention may be engineered to have
increased ability to convert pyruvate to isobutanol. In one embodiment, the yeast
microorganism may be engineered to have increased ability to convert pyruvate to
isobutyraidehyde. [In another embodiment, the yeast microorganism may be
engineered to have increased ability to convert pyruvate to keto-isovalerate. In
another embodiment, the yeast microcrganism may be engineered to have
increased abilfy to convert pyruvate to 2,3-dihydroxyisovalerate. In another
embodiment, the yeast microorganism may be engineered to have increased ability
to canvert pyruvate to acetolactate.

f00285] Furthermore, any of the genes encoding the foregoing enzymes (or any
others mentioned herein (or any of the regulatory slements that control or modulate
expression thereof}) may be optimized by genetic/protein engineering techniques,
such as directed evolution or rational mutagenesis, which are known to those of
ordinary skill in the art. Such action allows those of ordinary skill in the art to
eptimize the enzymes for expression and activity in yeast.
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[00286] in addition, genes encoding these enzymes can be identified from other
fungal and bacterial species and can be expressed for the modulation of this
pathway. A variety of organisms could serve as sources for these enzymes,
including, but not Hmited to, Saccharomyces spp., including S. cerevisiae and S.
uvarum, Kluyveromyces spp., including K. fthermofolerans, K. lactis, and K.
marxianus, Pichia spp., Hansenula spp., including H. polymorpha, Candida spp..
Trichosporon spp., Yamadazyma spp., including Y. spp. sfipitis, Torulaspora
pretoriensis, Schizosaccharomyces spp., including S. pornbe, Cryptococcus spp.,
Aspergillus spp., Neurospora spp., or Ustilago spp. Sources of genes from
anaerobic fungi include, but not limited fo, Piromyces spp., Orpinomyces spp., or
Neocallimastix spp. Sources of prokaryotic enzymes that are useful include, but not
limited to, Escherichia. coli, Zyrnomonas mobilis, Staphylococcus aureus, Bacillus
spp., Clostridium spp., Corynebacterium spp., Pseudomonas spp., Lactococcus
spp., Enterobacter spp., and Safmanetia spp.

Methods in General

 
Any method can be used fo identify genes that encode for enzymes with
dihydroxyacid dehydratase (DHAD) activity. DHAD catalyzes the conversion of 2,3-
dihydroxyisovalerate to ketolsovalerate. Generally, genes that are homologous or
similar to a known DHAD gene, e.g. S. cerevisiae ILV3 (encoding for SEQ ID NO:
11} or L. lactis iivB (encoding for SEQ ID NO: 9) enzymes can be identified by
functional, structural, and/or genetic analysis. In most cases, homologous or similar
DHAD. genes and/or homologous or similar DHAD enzymes will have functional,
structural, or genetic similarities. Techniques known to those skilled in the art may
be suitable to identify homologous genes and homologous enzymes. Generally,
analogous genes and/or analogous enzymes can be identified by functional analysis
and will have functional similarities. Techniques known to those skilled in the art may
be suitable to identify analogous genes and analogous enzymes. For example, to
identify homologous or analogous genes, proteins, or enzymes, techniques may
include, but not limited to, cloning a DHAD gene by PCR using primers based on a
published sequence of a gene/enzymeor by degenerate PCR using degenerate
primers designed to amplify a conserved region among DHAD genes. Further, one
skilled in the art can use techniques to identify homologous or analogous genes,
proteins, or enzymes with functional homology or similarity. Techniques include
examining a cell or cell culture for the catalytic activity of an enzyme through in vitro
enzyme assays for said activity (e.g. as described herein or in Kiritani, K. Branched-

Chain Amine Acids Methods Enzymology, 1970), then isolating the enzyme with said
activity through purification, determining the protein sequence of the enzyme through
fechniques such as Edman degradation, design of PCR primers to the likely nucleic
acid sequence, amplification of said DNA sequence through PCR, and cloning of
said nucleic acid sequence. To identify homologous or similar genes and/or
homologous or similar enzymes, analogous genes and/or analogous enzymes or
proteins, techniques also include comparison of dafa concerning a candidate gene or
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enzyme with databases such as BRENDA, KEGG, or MetaCYC. The candidate

gene or enzyme may be identified within the above mentioned databases in
accordance with the teachings herein.

identification of PDC in a yeast microorganism

fO0287] Any method can be used to identify genes that encode for enzymes with
pyruvate decarboxylase (PDC) activity. PDC catalyzes the decarboxylation of
pyruvate to form acetaldehyde. Generally, homologous or similar PDC genes and/or
homologous or similar PDC enzymes can be identified by functional, structural,
and/or genetic analysis. In most cases, homologous or similar PDC genes and/or
homologous or similar PDC enzymes will have functional, structural, or genetic
similarities. Techniques known to those skilled in the art may be suitable to identify
hamologous genes and homologous enzymes. Generally, analogous genes and/or
analogous enzymes can be identified by functional analysis and will have functional

similarities. Techniques known to those skilled in the art may be suitable to identify
analogous genes and analogous enzymes. For example, to identify homologous or
analogous genes, proteins, or enzymes, techniques may include, but not limited to,
cloning a PDC gene by PCR using primers based on a published sequence of a
gene/enzyme or by degenerate PCR using degenerate primers designed to amplify a
conserved region among PDC genes. Further, one skilled in the art can use

techniques to identify homologous or analogous genes, proteins, or enzymes with
functional homology orsimilarity. Techniques include examining a cell or cell culture
for the catalytic activity of an enzyme through Jn vitro enzyme assays for said activity,
then isolating the enzyme with said activity through purification, determining the
protein sequence of the enzyme through techniques such as Edman degradation,
design of PCR primers to the likely nucieic acid sequence, amplification of said DNA
sequence through PCR, and cloning of said nucleic acid sequence. To identify
homologous or similar genes and/or homologous or similar enzymes, analogous
genes and/or analogous enzymes or proteins, techniques also include comparison of
data concerning a candidate gene or enzyme with databases such as BRENDA,
KEGG, or MetaCYC. The candidate gene or enzyme may be identified within the

above mentioned databases in accordance with the teachings herein. Furthermore,
PDC activity can be determined phenotypically. For example, ethanol production
under fermentative conditions can be assessed, A lack of ethanol production may be
indicative of a yeast microorganism with no PDC activity.

identification of GPD in a yeast microorganism

{80288} Any method can be used to identify genes that encode for enzymes with
glycero!-3-phosphate dehydrogenase (GPD) activity. GPD catalyzes the reduction of
dihydroxyacetone phosphate (DHAP} to glycerol-3-phosphate (G3P) with the
corresponding oxidation of NADH to NAD+. Generally, homologous or similar GPD
genes and/or homologous or similar GPD enzymes can be identified by functional,
structural, and/or genetic analysis. In most cases, homologous or similar GPD
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genes and/or homologous or similar GPD enzymes will have functional, structural, or
genetic similarities. Techniques known to those skilled in the art may be suitable to
identify homologous genes and homologous enzymes. Generally, analogous genes
and/or analogous enzymes can be identified by functional analysis and will have
functional similarities. Techniques known to those skilled in the art may be suitable
to identify analagous genes and analogous enzymes. For example, to identify
homologous or analogous genes, proteins, or enzymes, techniques may include, but
nai limited to, cloning a GPD gene by PCR using primers based on a published
sequence of a genefenzyme or by degenerate PCR using degenerate primers
designed to amplify a conserved region among GPP genes. Further, one skilled in

the art can use techniques to identify homologous or analogous genes, proteins, or

enzymes with functional homology or similarity. Techniques include examining a cell
or cell culture for the catalytic activity of an enzyme through in vitro enzyme assays

for said activity, then isolating the enzyme with said activity through purification,
determining the protein sequence of the enzyme through techniques such as Edman

degradation, design of PCR primers to the likely nucleic acid sequence, amplification
of said DNA sequence through PCR, and cloning of said nucleic acid sequence. To
identify homologous or similar genes and/or homologous or similar enzymes,

analogous genes and/or analogous enzymes or proteins, techniques also include
comparison of data concerning a candidate gene or enzyme with databases such as
BRENDA, KEGG, or MetaCYC. The candidate gene or enzyme may be identified

within the above mentioned databases in accordance with the teachings herein.
Furthermore, GPD activity can be determined phenotypically. For example, glycerol
production under fermentative conditions can be assessed. A lack of glycerol
production may be indicative of a yeast microorganism with no GPD activity.

Genetic insertions and deletions

[00288] Any method can be used to introduce a nucleic acid molecule into yeast
and. many such methods are weil known. For example, transformation and

electroporation are common methods for introducing nucleic acid into yeast cells.
See, e.g., Gietz ef al, Nucleic Acids Res. 27-69-74 (1992): Ito et al., J. Bacterol.
453:163-168 (1983); and Becker and Guarente. Adefhods in Enzymology 194:182-

487 (1991).
[60290] in an embodiment, the integration of a gene of interest into a DNA

fragment or target gene of a yeast microorganism occurs according to the principle
of homologous recombination. According to this embodiment, an integration

cassette containing a module comprising at least one yeast marker gene and/or the

gene to be integrated (internal madule) is flanked on either side by DNA fragments
homologous to those of the ends of the targeted integration sie (recombinogenic

sequences). After transforming the yeast with the cassette by appropriate methods,
a homologous recombination between the recombinogenic sequences may result in
the internal module replacing the chromosomal region in between the two sites of the

genome corresponding to the recombinogenic sequencesof the integration cassette.
(Orr-Weaveref al., Proc NaflAcad Sci U S A 78:6354-6358 (19814)
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{00281} In an embodiment, the integration cassette for integration of a gene of
interest into a yeast microorganism includes the heterologous gene under the control
of an appropriate promoter and terminator together with the selectable marker
flanked by recombinogenic sequences for integration of a heterologous gene into the
yeast chromosome. [in an embodiment, the heterologous gene includes an
appropriate native gene desired to increase the copy number of a native gene(s).
The selectable marker gene can be any marker gene used in yeast, including but not
limited to, H/S3, TRP7, LEU2, URA3, bar, ble, hph, and kan. The recombinogenic
sequences can be chosen at will, depending on the desired integration site suitable
for the desired application.

{00292] in another embodiment, integration of a gene Into the chromosome of the
yeast microorganism may occur via random integration (Kooistra, R., Hooykaas,
P J.J... Steensma, HY. 2004. Yeast 21: 781-792).
[00293] Additionally, in an embodiment, certain introduced marker genes are
removed from the genome using techniques well known to those skilled in the art.

For example, URAS marker loss can be obtained by plating URA3 containing cells in
FOA {5-fluoro-orotic acid} containing medium and selecting for FOA resistant
colonies (Boeke, J. et a/, 1984, Mol. Gen. Genet, 197, 345-47).

[oe2z94] The exogenous nucleic acid molecule contained within a yeast cell of the
disclosure can be maintained within that cell in any form. For example, exogenous
nucleic acid molecules can be integrated into the genome of the cell or maintained in

an episomal state that can stably be passed on Cinherited”) to daughter cells. Such
extra-chromosomail genetic elements (such as plasmids, efc.) can additionally
contain selection markers that ensure the presence of such genetic elements in
daughter cells. Moreover, the yeast cells can be stably or transiently transformed.
In addition, the yeast cells described herein can contain a single copy, or multipje
copies of a particular exogenous nucleic acid molecule as described above.

Reduction of enzymatic activity
[00295] Yeast microorganisms within the scope of the invention may have reduced
enzymatic activity such as reduced glycerol-3-phasphate dehydrogenase activity.

The term “reduced” as used herein with respect to a particular enzymatic activity
refers to a lower level of enzymatic activity than that measured in a comparable
yeast cell of the same species. The term reduced also refers to the elimination of
enzymatic activity than that measured in a comparable yeast cell of the same
species. Thus, yeast cells lacking glycerol-3-phosphate dehydrogenase activity are
considered fo have reduced glycerol-3-phosphate dehydrogenase activity since
most, if not all, comparable yeast strains have at least some glycerol-3-phosphate
dehydrogenase activity. Such reduced enzymatic activities can be the result of lower
enzyme concentration, lower specific activity of an enzyme, or a combination thereof.
Many different methods can be used to make yeast having reduced enzymatic

activity. For example, a yeast cell can be engineered to have a disrupted enzyme-
encoding locus using common mutagenesis or knock-out fechnology. See, e.g.,
Metheds in Yeast Genetics (1997 edition), Adams, Gottschiing, Kaiser, and Sterns,
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Cold Spring Harbor Press (1998). in addition, certain point-mutation(s}) can be
introduced which results in an enzyme with reduced activity.
[60296] Alternatively, antisense technology can be used to raduce enzymatic
activity. For example, yeast can be engineered to contain a cDNA that encodes an
antisense molecule that prevents an enzyme from being made. The term “antisense
molecule” as used herein encompasses any nucleic acid molecule that contains

sequences that correspond to the coding strand of an endogenous polypeptide. An
antisense molecule also can have flanking sequences(e.g., regulatory sequences).
Thus antisense molecules can be ribozymes or antisense oligonucleotides. A
ribozyme can have any general structure including, without limitation, hairpin,
hammerhead, or axhead structures, provided the molecule cleaves RNA.
{00297] Yeast having a reduced enzymatic activity can be identified using many
methods. For example, yeast having reduced glycerol-3-phosphate dehydrogenase
activity can be easily identified using common methods, which may include, for
example, measuring glycerol formation via liquid chromatography.

Overexpression of heterologous genes

[00298] Methods for overexpressing a polypeptide from a native or heterologous
nucleic acid molecule are well known. Such methods include, without limitation,

constructing a nucleic acid sequence such that a regulatory element promotes the
expression of a nucisic acid sequence that encodes the desired polypeptide.
Typically, requilatory elements are DNA sequences that regulate the expression of
other DNA sequences at the level of transcription. Thus, regulatory elements
include, without limitation, promoters, enhancers, and the like. For example, the
exogenous genes can be under the control of an inducible promoter or a constitutive
promoter. Moreover, methods for expressing a polypeptide from an exogenous
nucleic acid molecule in yeast are well known. For example, nucleic acid constructs
that are used for the expression of exogenous polypeptides within Kluyveromyces
and Saccharomyces are well known (see, e.g., U.S. Pat. Nos. 4,859,596 and
4,943,529, for Kluyveromyces and, e.g., Gellissen ef al, Gene 190(1):87-97 (1997)
for Saccharomyces). Yeast plasmids have a selectable marker and an origin of
replication. in addition certain plasmids may also contain a centromeric sequence.
These centromeric plasmids are generally a single or low copy plasmid. Plasmids

without a centromeric sequence and utilizing either a 2 micron (S. cerevisiae) or 1.6
micron (K. factis} replication origin are high copy plasmids. The selectable marker
can be either prototrophic, such as HIS3, TRP7, LEU2, URA3 or ADE2, or antibiotic
resistance, such as, bar, ble, hph, or kan.

{00299} In another embodiment, heterologous control elements can be used to

activate or repress expression of endogenous genes. Additionally, when expression
is fo be repressed or eliminated, the gene for the relevant enzyme, protein or RNA

_can be eliminated by known deletion techniques.
[00300] As described herein, any yeast within the scope of the disclosure can be

identified by selection techniques specific to the particular enzyme being expressed,
over-expressed or repressed. Methods of identifying the strains with the desired
phenotype are well known to those skilled In the art. Such methods include, without
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limitation, PCR, RT-PCR, and nucleic acid hybridization techniques such as Northern
and Southern analysis, altered growth capabilities on a particular substrate or in the
presence of a particular substrate, a chemical compound, a selection agent and the
like. in some cases, immunohistochemistry and biochemical techniques can be
used to determine if a cell contains @ particular nucleic acid by detecting the
expression of the encoded polypeptide. For example, an antibody having specificity

for an encoded enzyme can be used to determine whether or not a particular yeast
cell contains that encoded enzyme. Further, biochemical techniques can be used to
determine if a cell contains a particular nucleic acid molecule encoding an enzymatic
polypeptide by detecting a product produced as a result of fhe expression of the
enzymatic polypeptide. For example, transforming a cell with a vector encoding
acetolactate synthase and detecting increased acetolactate concentrations
compared to a cell without the vector indicates that the vector is both present and

that the gene product is active. Methods for detecting specific enzymatic activities or
the presence of particular products are well known to those skilled in the art. For

example, the presence of acetolactafe can be determined as described by
Hugenholtz and Starrenburg, Appi. Microbiol. Biotechnol, 38:17-22 (1992).

Increase of enzymatic activity
[00301] Yeast microorganisms of the invention may be further engineered to have
increased activity of enzymes. The term “Increased” as used herein with respect to a

particular enzymatic activity refers to a higher level of enzymatic activity than that
measured in a comparable yeast cell of the same species. Far example,
overexpression of a specific enzyme can lead to an increased level of activity in the
celis for that enzyme. increased activities for enzymes involved in glycolysis or the
isobutanol pathway would result in increased productivity and yield of isobutanol.
[00302] Methods to increase enzymatic activity are known to those skilled in the
art. Such techniques may include increasing the expression of the enzyme by
increased copy number and/or useof a strong promoter, introduction of mutations to
relieve negative regulation of the enzyme, introduction of specific mutations to

increase specific activity and/or decrease the Km for the substrate, or by directed

evolution. See, e.g., Methods in Molecular Biology (vol. 231), ed. Arnold and
Georgiou, Hurnana Press (2003),

_ Microorganism characterized by producing isobutano! at high yield

[00303] For a biocatalyst to produce isobutanol most economically, it is desired fo
produce a high yield. Preferably, the only product produced is isobutanol. Extra

products lead to a reduction in product yield and an increase in capital and operating
costs, particularly if the extra products have Iittle or no value. Extra products also

require additional capital and operating costs to separate these products from
isobutanol.

[80304] The microorganism may convert one or more carbon sources derived fram

biomass into isobutano! with a yield of greater than 5% of theoretical. In one
embodiment, the yield is greater than 10%. In one embodiment, the yield is greater
than 50% of theoretical. In one embodiment, the yield is greater than 60% of
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theoretical. In another embodiment, the yield is greater than 70% of theoretical. In
yet another embodiment, the yield is greater than 80% of theoretical. In yet another
embodiment, the yield is greater than 85% of thearetical. In yet another
embodiment, the yield is greater than 90%of theoretical. In yet another embodiment,
the yield is greater than 95% of theoretical. In still another embodiment, the yield is
greater than 97.5% of theoretical.

{Q0305] More specifically, the microorganism converts glucose, which can be

derived from biomass info isobutano! with a yield of greater than 5%of theoretical.
In one embodiment, the yield is greater than 10% of theoretical. In one
embodiment, the yield is greater than 50% of theoretical. In one embodiment the

yield is greater than 60% of theoretical. In another embodiment, the yield is greater
than 70% of theoretical. In yet another embodiment, the yield is greater than 80% of

theoretical. In yet another embodiment, the yield is greater than 85% of theoretical,
in yet another embodiment the yield is greater than 90%of theoretical. In yet another
embodiment, the yield is greater than 95% of theoretical. in still another
embodiment, the yield is greater than 97.5%of theoretical

Microorganism characterized b roduction of isobutanol from pyruvate via an

overexpressed isobutanol pathway and a Pdc-minus and Gpd-minus phenotype
{00306} In yeast, the conversion of pyruvate to acetaldehyde is a major drain on
the pyruvate poal, and, hence, a major source of competition with the isobutano!
pathway. This reaction is catalyzed by the pyruvate decarboxylase (PDC) enzyme.
Reduction of this enzymatic activity in the yeast microorganism results in an
increased availability of pyruvate and reducing equivalents to the isobutanol pathway
and may improve isobutanol production and yield in a yeast microorganism that
expresses a pyruvate-dependent isobutanol pathway.

[00307] Reduction of PDC activity can be accomplished by 1} mutation or deletion
of a positive transcriptional regulator for the structural genes encoding for PDC or 2}
mutation or deletion of all PDC genes in a given organism. The term “transcriptional
reguiator’ can specify a protein or nucleic acid that works in fansto increase or to

decrease the transcription of a different focus in the genome. For examples, in

S. cerevisiae, the PDC2 gene, which encodes for a positive transcriptional regulator
of PDC1,5,6 genes can be deleted; a S. cerevisiae in which the PDC2 gene is
deleted is reporied to have only ~10% of wildtype PDC activity (Hohmann, Mo/ Gen
Genet, 241:657-666 (1993)). Alternatively, for example, all structural genes for PDC

(e.g. in S. cerevisiae, PDC1, POCS, and PDC6,or in K. lactis, PDC71) are deleted.
[60308] Crabfree-positive yeast strains such as an S. cerevisiae strain that

contains disruptions in all three of the PDC alleles no longer produce ethanol by
fermentation. However, a downstream product of the reaction catalyzed by PDC,
acetyl-CoA, is neaded for anabolic production of necessary molecules. Therefore,
the Pdc- mutant is unable to grow soalely on glucose, and requires a two-carbon
carbon source, either ethanol or acetate, to synthesize acetyl-CoA. (Flikweert MT,

de Swaaf M, van Dijken JP, Pronk JT. FEMS Microbiol Lett. 18999 May 1)174(1):73-
9. PMID:10234824 and van Maris AJ, Geertman JM, Vermeulen A, Groothuizen
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MK, Winkler AA, Piper MD, van Dijken JP, Pronk JT. Appi Environ Microbiol. 2004
Jan;70(1}:159-66. PMID: 14771638).
{80309} Thus, in an embodiment, such a Crabtree-positive yeast strain may be
evolved to generate variants of the PDC mutant yeast that do not have the
requirement for a two-carbon molecule and has a growth rate similar fo wild type on
glucose. Any method, Including chemostat evolution or serial dilution may be utilized
to generate variants of strains with deletion of three PDC alleles that can grow on
glucose as the sole carbon source at a rate similar fo wild type (van Maris ef ai.,
Directed Evolution of Pyruvate Decarboxylase-Negative S. cerevisiae, Yielding a C2-
independent, Glucose-Tolerant, and Pyruvate-Hyperproducing Yeast, Applied and
Environmental Microbiology, 2004, 70(1), 159-166).
[60310] Another by-product that would decrease yield of isobutanol is glycerol.
Glycerol is produced by 1) the reduction of the glycolysis intermediate,
dihydroxyacetone phosphate (DHAP), to glycerol-3-phosphate (G3P)} via the
oxidation of NADH to NAD" by Glycerol-3-phosphate dehydrogenase (GPD) followed
by 2} the dephosphorylation of glycerol-3-phophate to glycerol by glycerol-3-
phosphatase (GPP). Production of glycerol results in loss of carbons as well as
reducing equivalents. Reduction of GPD activity would increase yield of isobutanol.
Reduction of GPD activity in addition to PDC activity would further increaseyield of
isobutanol. Reduction of glycerol production has been reported to increase yield of
ethanol production (Nissen ef af, Anaerobic and aerobic batch cultivation of

Saccharomyces cerevisiae mutants impaired in glycero! synthesis, Yeast, 2000, 16,
463-474; Nevoigt ef af, Method of modifying a yeast cell for the production of
ethanol, WO 2009/056984), Disruption of this pathway has also been reported to
increase yield of lactate In a yeast engineered to produce lactate instead of ethanol
(Dundon ef a/., Yeast cells having disrupted pathway from dihydroxyacetone
phosphate to glycerol, US 2009/0053782)}.
[00371] In one embodiment, the microorganism is a crab-tree positive yeast with
reduced or no GPD activity. In another embodiment, the microorganism is a crab-
tree positive yeast with reduced or no GPD activity, and expresses an isobutanol
biosynthetic pathway and produces isobutanol. in yet another embodiment, the
microorganism is a crab-tree positive yeast with reduced or no GPD activity and with
reduced or no PDC activity. In another embodiment, the microorganism is a crab-
tree positive yeast with reduced or no GPD activity,with reduced or no PDC activity,
and expresses an isobutanol biosynthetic pathway and produces isobutanol.
[00372] In another embodiment, the microorganism is a crab-tres negative yeast
with reduced or no GPD activity. In another embodiment, the microorganism is a
crab-tree negative yeast with reduced or no GPD activity, expresses the isobutanol
biosynthetic pathway and produces isobutanol. In yet another embodiment, the

mucroorganism is a crab-tree negative yeast with reduced or no GPD activity and
with reduced or no PDC activity. in another embodiment, the microorganism is a
crab-tree negative yeast with reduced or no GPD activity,with reduced or no PDC
activity, expresses an an iscbutanol biosynthetic pathway and produces isobutanol.

Method of using microorqanism for high-

Page 79 of 179

ield isobutanol fermentation   

LASS7S wWEs/OC



Adty. Docket No. GEVO-044/07US

[00313] In a method to preduce isobutanol from a carbon source at high yield, the
yeast microorganism is cultured in an appropriate culture medium containing a
carbon source.

[00314] Another exemplary embodiment provides a method for producing
isobutane! comprising a recornbinant yeast microorganism of the invention in a
suitable culture medium containing a carbon source that can be converted to

isobutano! by the yeast microorganism of the invention.
{00315} in certain embodiments, the method further includes isolating isobutano!
from the culture medium. For example, isobutanol may be isolated from the culture
medium by any method known to those skilled in the art, such as distillation,

pervaporation, or liquid-liquid extraction.

[90316] This invention is further iNustrated by the following examples that should
not be construed as limiting. The contents of all references, patents, and published
patent applications cited throughout this application, as well as the Figure and the
Sequence Listing, are incorporated herein by reference for all purposes.
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EXAMPLES

table 4. Amino acid Sequences disclosed herein—ae 

 

 
 

 
 

 
 
 

 
 

 

FharmotogapetrophilaRR4dihydroxyacid«dehydratase (DHAD),

 

  
 

( YP_001243973.1
bp— ‘Victivallis vadensisATCCBAA-548dihydroxyaciddehydratase
ae | (DHAD), ;4£P_01924101.1 ne

3 Termite group1 bacterium phylotype Rs-D17 dihydroxyacid
[ennCeNYOratase(DAAD),YP_0019566314.4 _
i 4 Yarrowia lipofytica dihydroxyacid dehydratase/(DHAD),XPXP_502180.2—
lsa |Francisella tularensissubsp.tularensis — ee

noveWY9G-3418dihydroxyaciddehydratase (DHAD),YP_001122023.1
6 Arabidopsis thaliana dinydroxyacid dehydratase (DHAD), AAKG4025.1 |
OO Candidatus Koribacier versatilis Ellin345dihydroxyaciddehydratase

Ln (DHAD), YP_592184.1(Acidobacter)
| 8 Gramella forsetii KTO803 dihydroxyacid dehydratase (DHAD),

YP_862145.1

2oo_ _ Lactococcus lactis subsp.lactis111403dihydroxyacid dehydratase
“Saccharopolyspora eryihraea NRRL 2338 dihydroxyaciddehydratase

DHAD), YP_001103628.2
“Saccharomyces cerevisiaeHVS, NF612550.
“| Piromcyes sp E2 ilvD 

  
 
 

  

138000 Ralstonia eutropha JMP134iivD, YP_298150.4
14 | Ghromohalobacter salexigens:iivD,YP5731974 

| Picrophilustorridus DSMS$790iivD, YP_024215.1
_ Sulfolobus tokodaiistr.7 dihydroxyacid dehydratase (DHAD),
NP378168.1

"|Saccharomyces cerevisiae ILV3AN _
| O-ITIYC epitope tag

 

 

 

 
28PULPOXGXUIL)XIL(conserved motif described in Example9)

20 | PIKXXGX(/L)AIL(conserved|motif described in Example9)|

Fable 5. Nucleic acid sequences disciosedherein
|SEQ IDNO Gene, Accession No.
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|30|Sulfolobustokodaiistr.7ivD(St_ilvD)
| Saccharomyces cerevisiae ILV3AN (SciL V3AN)

ECONIMEI(EC_IVC(QTIOV)
: Lactoceccus lactis kivD (LI_kivD)annealien aRRRnRRRRRRROnERE ‘Seaay >ouaimmnammeaaeienaricamaaneenananaaestrmmemreamapetamanetaemetrecaamnnaeteEEpeesSeeeeEE ae

34 _S. cerevisiae ILV5 (SciLV8)
  

{00317} Determination of optical density. The optical density of the yeast
cultures is determined at GOO nm using a DU 800 spectrophotometer (Beckman-
Coulter, Fullerton, CA, USA}. Samples are diluted as necessary to yield an optical
density of between 0.1 and 0.8.

[00318] Gas Chromatography. Analysis of volatile organic compounds,
including ethano} and isobufanol was performed on a HP 5890 gas chromatograph
fitted with an HP 7673 Autosampler, a DB-FFAP column (J&W; 30 m length, 0.32
mim 1D, 0.25uM film thickness) or equivalent connected to a flame ionization
detector (FID). The temperature pragram was as follows: 200°C for the injector,
300°C for the detector, 50°C oven for 1 minute, 31°C/minute gradient to 140°C, and
then hold for 2.5 min. Analysis was performed using authentic standards (>99%,
obtained from Sigma-Aldrich), and a 5-paint calibration curve with 1-pentanol as the
internal standard.

[60319] High Performance Liquid Chromatography for quantitativie
analysis of glucoseand organic acids. Analysis of glucose and organic acids was
performed on a HP-1100 High Performance Liquid Chromatography system
equipped with an Aminex HPX-87H lon Exclusion column (Bio-Rad, 300x7.8 mm) or
equivalent and an H” cation guard column (Bio-Rad) or equivalent. Organic acids
were detected using an HP-1100 UV detector (210 nm, 8 nm 360 nm reference)
while glucose was detected using an HP-1100 refractive index detector. The column
temperature was 60°C. This method was isocratic with 0.008 N sulfuric acid in water

as the mobile phase. Flow wasset at 1 mL/min. Injection volume was 20 ul and the
run time was 30 minutes.

[00320] High Performance Liquid Chromatography for quantitativie
analysis of ketoisovalerate and isobutyraldehyde. Analysis of the DNPH
derivatives of ketolsovalerate and isobutyraidehyde was performed on a HP-1100
High Performance Liquid Chromatography systern equipped with a Hewlett Packard
1200 HPLC stack column (Agilent Eclipse XDB-18, 150 X 4.0 mm; 4 um particles
[P/N #993967-902] and C18 Guard cartridge). The analytes were detected using an
HP-1100 UV detector at 360 nm The column temperature was 50°C. This method
was isocratic with 0.1 % H3PO, and 70%acetonitrile in water as mobile phase. Flow
was set at 3 mL/min. Injection size was 10 pL and the run time was 2 minutes.
[00321] Molecular biology and bacterial cell culture. Standard molecular

biology methods for cloning and plasmid construction are generally used, unless
otherwise noted (Sambrook, J.. Russel, D.W. Molecular Cloning, A Laboratory
Manual. 3 ed. 2001, Cold Spring Harbor, New York: Cold Spring Harbor Laboratory
Press}.

[00322] Standard recombinant DNA and molecular biology techniques used in
the Examples are well knownin the art and are described by Sambrook, J., Russel,
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D.W. Molecular Cloning, A Laboratory Manual, 3 ed. 2001, Cold Spring Harbor, New
York: Cold Spring Harbor Laboratory Press; and by T.J. Silhavy, M.L. Bennan, and
L.W. Enquist, Experiments with Gene Fusions, Cold Spring Harbor Laboratory
Press, Cold Spring Harbor, N.Y. (1984) and by Ausubel, F.M. ef af, Current
Protocols in Molecular Biology, pub. by Greene Publishing Assoc. and Wiley-
Interscience (1987).
[00323] General materials and methods suitable for the routine maintenance

and growth of bacterial cultures are well known in the art. Techniques suitable for
use in the folowing examples may be found as set out in Manual of Methods for

General Bacteriology (Phillipp Gerhardt, R.G.E. Murray, Ralph N. Costilow, Eugene
W. Nester, Wills A. Wood, Noe! R. Krieg and G. Briggs Phillips, eds.}, American
Society for Microbiology, Washington, D.C. (1994)) or by Thomas DB. Brock in
Biotechnology: A Textbook of industrial Microbiology, Second Edition, Sinauer
Associates, Inc., Sunderiand, MA (1989).
[00324] Yeast transformations — S. cerevisiae. S. cerevisiae strains were

iransformedby the Lithiurn Acetate method (Gietz et al, Nucleic Acids Res. 27:69-
74 (1992): Cells from 50 mL YPD cultures (¥PGal for valine auxotrophs) were
collected by centrifugation (2700 rcf, 2 minutes, 25°C) once the cultures reached an
ODeoo of 1.0. The cells were washed cells with 50 mL sterile water and collected by
centrifugation at 2700 ref for 2 minutes at 25°C. The cells were washed again with 25
mL sterile water and collected cells by centrifugation at 2700 rcf for 2 minutes at
29°C. The cells were resuspended in 1 mL of 100 mM lithium acetate and

transferred to a 1.4 mL eppendorf tube. The cells were collected cells by
centrifugation for 20 sec at 18,000 ref, 25°C. The cells were resuspended cells in a
volume of 100 mM lithium acetate that was approximately 4x the volume of the cell
pellet. A mixture of DNA (final volume of 15 ul with sterile water), 72 ul 50% PEG, 40
wi 1 M fithium acetate, and 3 yl denatured salmon sperm DNA was prepared for each
transformation. in a 1.5 mL tube, 15 ul of the cell suspension was added to the DNA
mixture (85 pl), and the transformation suspension was vortexed with 5 short pulses.
The transformation was incubated at 30 minutes at 30°C, followed by incubation for
42 minutes at 42°C. The cells were collected by centrifugation for 20 sec at 18,000
ref, 25°C. The ceils were resuspended in 100 pI SOS (1 M sorbitol, 34% (viv) YP
(1%yeast extract, 2% peptone), 6.5 mM CaCly) or 100 pl YP (1% yeast extract, 2%
peptone) and spread over an appropriate selective plate.
[00325] Yeast colony PCR with FailSafe™ PCR System(EPICENTRE®
Biotechnologies, Madison, Wh Catalog #FS99250): Cells from each colony were
added to 20 ul of colony PCR mix (per reaction mix contains 6.8 yl water, 1.5 ul of
each primer, 0.2 pl of FailSafe PCR Enzyme Mix and 10 pl 2x FailSafe Master Mix).
Unless otherwise noted, 2x FailSafe Master Mix E was used. The PCR reactions

were incubated in a thermocycler using the following touchdown PCR conditions: 4
cycle of 94°Cx2 min, 10 cycles of 94°C x 20s, 63° - 54°C x 20s (decrease 1°C per
cycle}, 72°C x 60s, 40 cycles of 94°C x 20s, 53°C x 20s, 72°C x 60s and 1 cycle of
72°C x5 min.
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[00326] Zymoclean Gel DNA Recovery Kit (Z2ymo Research, Orange, CA;
Catalog #D4002) Protocol: DNA fragments were recovered from agarose gels
according to manufacturer's protocol.

[00327] zZymo Research DNA Clean and Concentrator Kit (Zymo Research,
Orange, CA; Catalog #D4004) Protocol: DNA fragments were purified according to
manufacturers protocol.

Composition of Culture Media

[00328] Drugs: When indicated, G418 (Caibiochem, Gibbstown, NJ} was
added at 0.2 g/L, Phieomycin (invivoGen, San Diego, CA) was added at 7.5 mg/L,
Hygromycin (InvivoGen, San Diego, CA} was added at 0.2 g/L, and 5-fluoro-orctic
acid (FOA; Toronto Research Chemicals, North York, Ontario, Canada) was added
at 1 g/L.

[00329] YP: 1% (wiv) yeast extract, 2% (w/v) peptone.
[80330] YPD: YP containing 2% (w/v) glucose unless otherwise noted,
[00334] ¥PGalk: YP containing 2% (w/v) galactose
[00332] YPE: YP containing 2% (w/v) Ethanol.
[00333] SC media: 6.7 g/L Difco™ Yeast Nitrogen Base, 14g/L. Sigma™
Synthetic Dropout Media supplement(includes amino acids and nutrients excluding
histidine, tryptophan, uracil, and leucine; Sigma-Aldrich, St. Louis, MO}, 0.076 g/L
histidine, 0.076 g/L tryptophan, 0.380 g/L leucine, and 0.076 g/L. uracil. Drop-out
versions of SC media is made by omitting one or more of histidine (H}, tryptophan
(W), leucine (L), or uracil (U or Ura}. When indicated, SC media are supplemented
with additional isoleucine (9xl; 0.684 g/L), valine (9xV; 0.684 g/L) or both isoleucine
and valine (9xIV}). SCD is SC containing 2% (w/v) glucose unless otherwise noted,
SCGal is SC containing 2% (wiv) galactose and SCE is SC containing 2% (w/v)
ethanol. For example, SCD-Urat+Ox!lV would be composed of 6.7 g/L Difco™ Yeast
Nitrogen Base, 14g/L Sigma™Synthetic Dropout Media supplement (includes amino
acids and nutrients excluding histidine, tryptophan, uracil, and leucine}, 0.076 g/L
histidine, 0.076 g/L. tryptophan, 0.380 g/L leucine, 0.684 g/L isoleucine, 0.684 g/L
valine, and 20 g/L glucose.
[00334] SCD-V+9xh 6.7 g/L Difco™ Yeast Nitrogen Base, 0.076 g/L Adenine
hemisulfate, 0.076 g/L Alanine 0.076 g/L,,Arginine hydrochioride, 0.076 g/L
Asparagine monohydrate, 0.076 g/L Aspartic acid, 0.076 g/L Cysteine hydrochioride
monohydrate, 0.076 g/L Glutamic acid monosodium salt, 0.076 g/L. Glutamine, 0.076
g/L Glycine, 0.076 g/L myo-inositol, 0.76 g/L Isoleucine, 0.076 g/L Lysine
monohydrochloride, 0.076 g/L Methionine, 0.008 g/L p-Aminobenzoic acid potassium
salt, 0.076 g/L Phenylalanine, 0.076 gf. Proline, 0.076 g/L Serine, 0.076 g/L
Threonine, 0.076 g/L Tyrosine disodium salt, and 20g/L glucose.
[00335} YNB: 6.7 g/L Difco™ Yeast Nitrogen Base supplemented with
indicated nutrients as follows: histidine (H; 0.076 g/L), tryptophan (W: 0.076 g/L},
leucine (L; 0.380 g/L), uracil (U or Ura; 0.076 g/L), isoleucine (i; 0.076 g/L), valine (V:
0.076 g/L), and casamino acids (CAA; 10 g/L). When indicated, YNB media are
supplemented with higher amounts of isoleucine (10xl = 0.76 g/L), valine (10xV =
0.76 g/L) or both isoleucine and valine (1O0xIV}. YNBD is YNB containing 2% (wiv)
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glucose unless otherwise noted, YNBGal is YNB containing 2% (w/v) galactose and
YNBE is YNB containing 2% (wiv)_ethanol. For example,
YNBGal+HWLU+10x1+G418 would be composed of 6.7 g/L Difco™ Yeast Nitrogen
Base, 0.076 g/L histidine, 0.076 g/L tryptophan, 0.380 g/L. leucine, 0.076 g/L uracil,
0.76 g/L isoleucine, 0.2 g/L G418, and 20 g/L galactose.
{G0336] Plates: Solid versions of the above described media contain 2% (wiv)
agar.

Example 1. Construction of an ILV3 deletion mutant

[00337] The purpose of this Example is to describe the construction of an ILV3
delstion mutant of Saccharomyces cerevisiae, GEVO2244.

 

# _ Genotype
|

GEVO1N147| K. lactis, NRRL Y-4140,{obtained from een) 
 

"GEVO2145 | S. cerevisiae, CEN.PK; MATa ura3leu2 his3 rp? iiv3cKiURA3
GEVO2244,Sscerevisiae, CEN.PK; MATauraIefeudhis3 tpt ivGa
Table 1-2 outlines the plasmids disclosed in this example
Plasmid Genotype

name
  

 
 

 

 
 

bla, pUC-ori (obtained trom Invitrogen)
K. lactis URA, bla, pUC-or! (GEVO) pGV1299

Table 1-3 outlines the primers Sequences ddisclosed in this example
GEV6#-aeSEQUENCE—

 
so tntereencccecenenn eens eee de annemenRARa
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[00338] Plasmid pGV1299 was constructed by cloning the K. lactis URA3 gene
into pUC19. The K. Jactis URA3 was obtained by PCR using primers 575 and 576
from K. factis genomic DNA. The PCR product was digested with EcoRI! and BamHI
and cloned into pUC19 which was similarly digested. The K. /actis URA3 insert was
sequenced (Laragen Inc., Los Angeles, CA) to confirm correct sequence.
[00339] The integration cassette contained, from 5’ to 3’, the following: 1) a 80 bp
homology to /L V3 (position +158 to 237) that functions as the 5’ targeting sequence
for the integration, 2) the K. factis URA3 marker gene, 3) a 60 bp homology to a
region #LV3 (position -21 to +39) that is further upstream of the 5’ targeting
sequence to facilitate loop-out of the K. lactis URA3 marker, and 4) a 221 bp
homology to the 5’ region of ILV3 (position +1759 to 1979) that functions as the 3°
targeting sequence for the integration. This cassette was generated by SOE-PCR.
The K. lactis URA3 gene was amplified from pGV1299 using primers 1887 and 1888.
Only the 2’ region of 4. V3 was initially amplified using primers 1623 and 1892 from
genomic DNA and this product was used as template to amplify the 3’ region of ILV3
using primers 1889 and 1890. The K. Jactis URA3 and the 3 region of ILV3 were
combined by SOE-PCR using primers 1886 and 1890.
[00340] GEVO1188 was transformed with the Mv3.:-Ki_URA3 cassette described
above and plated onto YNBD+W+CAA (-Ura) plates. Initially, eight colonies (#1-8)
were patched onto YNBD+HUWLIV plates and then replica plated onto
YNBD+HUWLI (-V} plates to test for valine auxotrophy. As none of these exhibited
valine auxotrophy, an additional eight colonies (49-16) were streaked out for single
colonies and 3 or 4 isolates (A — C or D) from each streak were tested for valine
auxotrophy. Isolates A-C from clone #12 exhibited valine auxotrophy.
[00341] These isolates were tested for the correct integrations by colany PCR
using primer pairs 1916 + 1920 and 1917 + 1921 for the 5’ and 3’ junctions,
respectively. Correct sized bands were observed with clones #12A-C with primer
pair 1916 + 1920. Correct sized bands were observed with clone 12A when FailSafe

Master Mix A or C was used with primer pair 1917 + 1921. Clone #12A was
designated as GEVO2145. The valine auxotrophies of GEVO2145 were reconfirmed

_ by streaking them onto SCD+9xIV and SCD-V+9xl plates. GEVO2145 exhibited no
growth on the medium lacking valine (SCD-V+9x!l) while it grew on medium
supplemented with valine (SCD+9xIV). The parent strain, GEVO1188, grew on both
media.

[00342] GEVO2145 was streaked onto YNBE+W+CAA+FOA to isolate strains in

which the K. jactis URA3 had been excised through homologous recombination, i.e.
“looped out". Five FOA resistant clones (A-E) were tested for auxotrophies for valine
and uracil. All five clones exhibited auxotrophies to both nutrients. Clones A was

designated GEVOZ244. Colony PCRs using primers 1891 and 1892 with FailSafe
Buffer C were performed and the loss of the K/_URA3 cassette was confirmed.

Example 2: Dihydroxy acid dehydrataselimits isobutanol production in yeast

[00343] This example illustrates the specific activity of various DHAD homologs
in yeast. The example also ilustrates that high specific activity of the Lactococcus
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lactis ivD enzyme (SEQ ID NO: 9} correlates with an increase in isobutano!
production.

Tableaten the genotype of strains disclosed in this example:

 
 

 
  

 

covesggeenattennencestnnntneensnnennstesuntnansessttnnennnnneesinteninnnennnnennnnnnnnnennyee Genotype
+puc or, bla (AmpR), 2um orl, VRA3, TDH3 promoter-Myc

tag-polylinker-CYC7 terminator

 

waaennainnnnnnnnnnenendl

 

| pUCori,blabla(AmpR),2umori, URA3, TEFT promoter- |
pOVI851 Le|Gramelia forsetiiMD|rm _pUC ori, bla (AmpR), 2um ori, GRA3, TEF? promoter-
Ce( hromohaiobacter salexigenSiV~D|

GV1853 pUC orf, bla (AmpR), 2um ori, URA3, TEF? promoter-
) Pe Ralstonia eutropha ilvD

  
Gv1E64 “pUCoff,bla(AmpR),2umon, URA3, TEF?promoter
ahft_ | Saccharopolyspora erythraea WOOee

_pGV1855|aepUCoff, bla (AmpR), 2um ori, URA3, TEFI promoter- LiilvD:
| puC ori, bla (AmpR)}, 2um ori, URA3, TEFT promoter-_

pGVT8OO | ScILV3(FL)
/puc ori, bla (AmpR),‘2umori,URA3,TEFT promoter- 

 
pGV1904 |Acidobacteria bacterium Ellin345 ilvD
pGV1905 | “pUGori,bla(AmpR),2um ori, URA3, TEFT pramoter-
 

  

|ae Picrophilus torridus DSMG9OWO| oGV1906 pUC ori, bla (AmpR), 2um orl, URA3, TEF? promoter-
Piromyces species E2 ilvD

~~""TBUCori,bla(AmpR),2umori,URAS, TEFT promoter-
POVISO? Sulfolobus tokodaij strain 7 ilvD 

Table 2-3 outlines:the primers sequences disclosed in this example:  

 Sequence a
—271~~ SFAGEATGGAACARARACTCATCTCAGAAGAAGATGGTGTEGAG

| GAATTCCCGGGATCCGCGGCCGC
272~~|TCGAGCGGCCGCGGATCCCGGGAATTCGTCGACACCATCTICTY
| | CTGAGATGAGTTTTTGTTCCATG 
 
 

 

CGTTGAGTCGACATGGGCTIGTTAACGAAAGTTGC 

_GCCAACGGATCCTCAAGCATCTAAAACACAACCG
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[00344] Plasmid pGV1106 (Figure 2-1) is a variant of the plasmid p426GPD
(which is described in Mumberg ef a/, Gene (1995), 119-122). To obtain pGV11086,
annealed oligos 271 and 272 (see Table X-3) were ligated into p426GPD that had
been digested with Spel and xhol, and the Inserted DNA confirmed by sequencing.

2 MICRON

 
 
 
 
 

CYC1 Terminator

J Xhol (2263)
wkNotI (2269)

seek : \\Bam Hi (2276)
oy a“ Sali (2291)

pUcori \ myc tag
Sact (3001) TDH3 Promoter

Figure 2-1. Schematic map of pGV1106.

bla (ampR)

[00345] Plasmid pGV1662 (Figures 2-2, 2-3) served as the parental plasmid of
pGV1855, pGV1900, and pGV2019. A schematic map of pGV1662 is shown in
Figure 2-2, and its complete nucleotide sequence is shown in Figure 2-3. The salient
features of pGV1662 include the yeast 2morigin of replication, the URA3 selectable
marker, and the ScTEF1 promoter sequence followed by restriction sites into which
an ORF can be cloned to permit its expression under the regulation of the TEF?
promoter.

URA3

Ace 651 (2080)

zmicron 

 
  
  
 

 

bla (ampR) Possbe |_CYC4 Terminator
“Xho I (2338)

Not] (2344)
Bam HI (2351)

TEF1 Promoter _ oS.Li kivd
Sail (4004)

Figure 2-2. Schematic map of plasmid pGV1662.
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VRCRowtTBL4RBtOawoUGmwttomwe8DpGmmMRUOUeMODuOoddweOMTHweODiUTqe4d%ihltGsODewPpGOadmmmhaotBoaoattBDLgewyPy4s4hmmohUWabtwommtm4asotpomoatookthchoatomomawhOuogmmemsthwtobOGkn24tothaUOomttwmuyoOtout7atmMatgsmyaBae{i46Imatimaewe04sOU4mt4O&®mHattr6thbemnmt43otOFOoasmyaoOoHwYHoffeDomPpmpudcnoRGDOGathwooOhaoo+abUyGG4dfomwoatmoOothERTAbeaeaemUOGinGimctihth401atatomoatgttmomidddeeOStetmhmmttuyOo440Daas28Huwa©dtoktotboOHOp43%DooeUn@DwgCowita3roadoyAESASAeUSamyouthwomWyas4Utch9ieathTAussoCbMhmemhomGGomthaGoweanoQiAUYU:ooo45stmRDuDomfa)mHbftHHhmoOboO0asmobfAwdcarl40ptoutofFad2odeoRomMG32mFisuuttat5tp4soh3ogip4hORadEfmMaadit4t428oyig4igteo>igsOD%theoatopcoonimoatatFGitesthosttaTYontetyomoooO©%aamM4d$gointhtHweGHGUawotChatitAtoaefcKGmHOQ0DamthmpamomOommaecgjtMEatoe44tktdthyohatmad;oPcawmtbati)OrOhpeaeeane)msatryotytbdetWDaDdThgConiti@Ubmo2)absmfthgua4!+tyftthetAGsodtStTHgeaaOMawhevodMyhamimdgowOGowinomctfaimtSi)teittt+O42@@PatOCODMoUUGatAadtemothabetmatetdatM48ThUY@4431InGoDmOmMbtmamakogagoe£45atadhowDaamolgOoRhaamtHaad44)atomo4sOG()it£1if @BatatGoomInhoHeoDtyawowBatGweeOLmwoOa2Oog4SemOy!atrmaeaswtfel6@oOwoOmwmWmO4GeMmmWtttnoe7a4aiP42 |meoFaeOfbthre]OoommMatghthchci%ae]orLohe4d1)gtpoabmW4somPOggObatmoUDaA$<]aGOw@@ibmGOohtGeODHuaAeoiiChdtathinitnthomGOGmwOwoe>Le7aweEMatOO1aom@44GmH%OFdtomiGhedwmtyigoa&29weMOwmOoacHoeBowradatOHEAERa0GmabBowtamwtxaoaowpnUGffhatonHPLHewewmmHys?mhcmmmmpDPR GmnPOmeBeeyOu%7awigbeOUoFaie)43OOaotLseoihasotoeoupwoHHmnCmOUPHPemauaieWwOmDosomminoTathaoe4th4s6aeTHINogwemiWFHeoOrpathwoo4totcmwmadoHiyUmHOtoumow%4AicaaoOUvOo)430aMahinomcodnnGMheaiWowWwbsgdgdUFattwonPoeMaow42teoeaucloe@7WHFtitAco]4mMHPoeInmeOeRemGa43aSoe@iaaeeOOKMeimaAeoeewoO9otrrpOoBweeeOpomRPpmHaageQ7)wongUePOOeeoOPDoeBYMwreyow4otBetmpmemmomththatarateoPpLuinis)vahh8BRPoPmHm1mWouPwMHaw&a3aBaMmioeBUOURWUFomoatGoaiGom%asoOYtOomabMmaOCbsow4tout@OoweG46aouTHaaOhaomomat4dOHadGoumtHmaAOweweOoatbmmatmommoatmt4stH%adsmn4OGteowBOOGaowtHbeatoodtatog4seHoyoHaoObh4ieEpumooBeteomseweOUMHwemna$4OHOUODthmeYG&ammthmnOfomwe@MaeOoatoatommMG9]wmwotTmGQurthfoMasMHUGPpHaowtt2ot44sGFaybsSogo0OGOMwomGafwtbatigSsoOUowOwObog@OODOtfDtoH;gSeatGowepomErep6OoConmeamtoheBHHoH,uowoSGHSOHety4dDwatmotfThohomOOaf{geoREA:owwomDmUiDomig¢8CmPpHateaHeOUUwaawythiiHYmewomGUMmHwTOwwwtamadboattmhetyrei4)2thoewmOpbtdtYeUomom(huta:dyittsautatokbtObbOiH43ina6CbOob&%oyei+eGPGame4woeHSMDOFViaifsUwfeim4OotMwyPHDGwyoyUoadtheOab4powor)43oymeOFfdMtooQweooOo0owmHUpamoGowocomOOGthtamuamatamamOF4343HRgereomiDrmitpomoatoodtODOaawoD@VRUGwRameOo#¢SohogomitTohthamiatimtioodldtbtGObtitomfybeROEteESeR.aEeayo$8MASa)gt42thgapeia26ohmoomomioeODoemn%hmUBUoatoat.SGiiesmosta8tyttTOthouuooad0)oadcoDeggaogroabothawowGthoe4dgswoot1AaGBoothmhGoPDSeOw%temeaihOGwemw
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agctcacgotgtaggtancteagticggt glaggtegtiiaqctcecaagetgggqetgtgtgoacgaaceocecgiicagcecy

anogetgegecttatccggtaacratCatchegagteceaceMnggtbaeagacacgacttatogenactegeaqcagccactggt
aacaggattageagagegaggiatgtaegacagtract gttecttgaagtggtqgertaactacggetacactaqaagqac
agratttggtatctyngqetctyctgaagensgttacne gaaaaagagrtgqytagetottigqateagqqraaacaaancecegctggtageggiggtttrrttgtttgeaaqcsgcagatt gcgraqdanaaaagqatctoaagaagahcotstoatentttor
Bosggat chgacds Lcagtagaacgaaaackcacgs aagqqattrtiqgreatgagattatcaasasaggatottcanctagatoocttteaattaasaatgaagtttraaatcaatetaaagratatatygagtaasacttyggtctqacagttacesatgettaatca
gtgaggcacctateicagngatcrgiotat thogttcatocatagttigoectgactencagtegtotagataactacgatacgdg
gagggettaccatctgqgcaccagigctygocaatgat accgoyagacccacget caccggetocagarttatoagqcaataaacca

guoagcnggqaagagecgagegcagaagtgytcctygcaact tlatcagectccatocagtictattaattgtt gocgggaagcta
qagtaagtagt tegecagttaatagttirgegnaacgttqtigocattgqctacaggratcgtygtgtcacgetogtcgttragk

*ECRES GAGSE SESEECC EASSEALCESseeeeneaoeeneeenS .Liat
 tigtgcaaaasagcggttagctc

Latggoeagcactqrataattotctracty

coatgecatecgtaagatgcttrtctatgactqgtqagtactcaancenqteattoteseenntecneanctenneeqaqe
ngctottqeceggegreaatecgagat RAESCEGEGES BSE ATCR GAacttisagqqggogeaaractctc

ett thactteCaccd

  

 
 
 

 

aaaghgelecatcabtygaaaacgebretteLogatgqtaacccacthegts¢ naceeaactgatettoagaat
CRASKMAQIGMaaAaggycqacacaqsaa
 tattiqaagcat

  
 
 
  

 

 
  

 

 

cat ; tatiqtearcatyageqgatacatatitgaat attLaqaaaaatanacaaatacqagttead ranatttococgqaamagtgenacetqaacdaaanstcigtactioat
ceeqhagaacacanatgcasagunatateyctastttteccsassaaaqaatocugagetqeatttittacagsacagqaaatgqcasa
CIN Qkaageget ‘ atetgtgeticattittgtaaagacgaasatgqesacecgagagcgctaatttitaa
aRnORAATSaAtctgage anaqasatgcasogegsgag stab MORACHABTAatTStanactroks

thergttotacasaaatgqeatcocyaqagcygeratttitotaacaaage raAqattactttibtteokeccttighgegetsa

ceeEO REE CECE EGE SAG EET EES CASE SER GESregttaaggt¢ita: tac : AY t attitetorta
cateaaaseagcetgqactccacticengagtt 2h. agtaqcgaags: gag SRSESEEEE SSecgattakaticbhataccgqatgtaga : sregaecageaagtgatag:
aattatqaacqgriiatretartbigen acgtataqgaaargtttac
tatgaatagttort aLrnnte qlaatacltagagaraaaca

gqcaagticaagmaegeaes yhqega tage ze statagqgatatageacagag ne . goaaagagatact“tihgageg at aky shoghtacaghcaggtgegtLhtteghtttitgaaaqtigegtctic
qe ot agttccatatactttiotagaqaatagqaacticgqgaataggaacttcaaagnag

c at 1get cLgaogcacatanagotcactghktcacgtagcacctatatetqagty
ct aagaacgg¢atagtgegrgritatgettaaatgeygtacttatatqegtotatttaigt

a cligtgatattatcecaticcatgegggghategtatgettaettcagcactacesttt
: caattggattiagtckcatoctticaatgenatmattioactttgata

Figure 2-3. Nucleotide sequence of plasmid pGVi862.

[00346] Plasmids pGV1851-1855 and pGV1904-1907 are all variants of
pGV1662, in which the kivD ORF sequence present in pGV1662 was excised and
replaced with a sequence encoding a DHAD homolog, as indicated below.
[80347] Plasmid pGV1851 contains the Grarmella forsetti ilVD gene sequence
(SEQ ID NO: 22). Plasmid pGV1852 contains the Chromohalobacter salexigens ilvD
gene sequence (SEQ ID NO: 28). Plasmid pGV1853 contains the Ralstonia eutropha
ivD gene sequence (SEQ iD NO: 27). Plasmid pGV1854 contains the
Saccharopolyspora erythraea ilvD sequence (SEQ ID NO: 24). Plasmid pGV1855
contains the Lactococcus factis ilvD sequence (SEQ ID NO: 23). Plasmid pGV1900
contains the Saccharomyces cerevisiae ILV3 (SciLV3(FL)) sequence. Plasmid
pGV1904 contains the Acidobacteria bacterium Evin345 ilvD sequence (SEQ ID NO:
21). Plasmid pGV1905 contains the Picrophilus torridus DSM 9790 ilvD sequence
(SEQ ID NO: 29). Plasmid pGV1906 contains the Piromyces species E2? ifvD
sequence (SEQ 1D NO: 26). Plasmid pGV1907 contains the Sulfolobus tokodaif
strain 7 ilvD sequence (SEQ ID NO: 30). All sequences (except that of Scil. V3(FL)
were synthesized with 5’Sall and 3’Nofl sites by DNA2.0 (Menlo Park, CA), digested
with Sail and Noi, and ligated into pGV1662 which had also been digested with Saf
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and Noi. For plasmid pGVig00, the sequence containing the open reading frame of
eciLVS{(FL) was amplified from S.cerevisiae genomic DNA in a PCR reaction using
primers 1617 and 1618, and the resulting 1.8kb fragment was digested with Sail plus
BamHI and cloned into pGV1662 that had been digested with Sall plus
BamHIVarious DHADs were tested for in vitro activity using whole cell lysates. In
this case, the DHADs were expressed in a yeast deficient for DHAD activity
(GEVO2244,; ivSA) to minimize endogenous background activity.
[00348] To grow cultures for cell lysates, triplicate independent cultures of each
desired strain were grown overnight in 3 mL SCD-UratGxiV at 30°C, 250rpm. The
following day, the overnight cultures were diluted 1:50 into 50mL fresh SCD-Ura in a

250 mL baffle-bottomed Erlenmeyer flask and incubated at 30°C at 250rpm. After
approximately 10 hours, the ODgoo of all cultures were measured, and the cells of

each culture were collected by centrifugation (2700xg, 5 min). The cell pellets were
washed by resuspending in ImbL of water, and the suspension was placed in a
1.5mL tube and the cells were collected by centrifugation (16,000xg, 30 seconds).
All supernatant was removed from each tube and the tubes were frozen at -80°C
until use.

[00349] Lysates were prepared by resuspending each cell pellet in 0.7m. of lysis
buffer. Lysate lysis buffer consisted of: 0.1M Tris-HCI pH 8.0, 5mM MgSO., with 10
HL of of Yeast/Fungal Protease Arrest solution (G Biosciences, catalog #788-333)
per Imof lysis buffer. Eight hundred microliters of cell suspension were added to
ImL of 0.6mm glass beads that had been placed in a chilled 7.5mL tube. Cells were
lysed by bead beating (6 rounds, 1 minute per round, 30 beats per second) with 2
minutes chilling on ice in between rounds. The tubes were then centrifuged
{20,000xg, 15 min) to pellet debris and the supematant (cell lysates) were retained in
fresh tubes on ice. The protein concentration of each lysate was measured using the
BioRad Bradford protein assay reagent (BioRad, Hercules, CA) according to
manufacturer's instructions.

[00350] The DHAD activity of each lysate was ascertained as follows. In a fresh

1.4mL centrifuge tube, 50uL of each lysate was mixed with SOpL of O.1M 2,3-
dinydroxyisovalerate (DHIV), 25uL of 0.1M MgSOx,, and 375uL of 0.05M Tris-HCI pH
$.0, and the mixture was incubated for 30min at 35°C. Each tube was then heated

to 95°C for 5min to inactivate any enzymatic activity, and the solution was
centrifuged (16,000xg for 5min) to pellet insoluble debris. To prepare samples for
analysis, 100uL of each reaction were mixed with 700pL of a solution consisting of 4
parts 15mM dinitrophenyl hydrazine CONPH) in acetonitrile with 1 part SOmM citric

acid, pH 3.0, and the mixture was heated to 70°C for 30min in a thermocycler. The
solution was then analyzed by HPLC as described above in General Methods to

quantitate the concentration of ketoisovalerate (KIV) present in the sample.

Table 2-4. Specific activities GXIV generation) from lysates of S.cerevisiae strain
GEVO2244 carrying plasmids to overexpress the indicated DHAD homolog. Each
data point is the result of triplicate samples.

“Plasmid—“‘éOC! Specific activity  
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(Uimg total protein)
“pGViTi06 Control (Le. no DHAD) es aud

pGV1851 Grarnetfa forsetti iivD 0.012

pGV1852 Chromohalobacter salexigens iD n.d.
pGV1853 (Ralstonia eutropha iivD n.d.
pGV1854 Saccharopolyspora erythraea ilvD 0.002

pGV1855 Lactococcus lactis ivD 0,027

pGVi900 Saccharomyces cerevisiae ILV3{FL) 0.148
pGV1904 Acidobacteria bacterium Ellin345 DHAD 0.064

pGV1905 Picrophilus torridus DSM 9790 DHAD nd.
pGVigo06 Piromyces Sp E2 DHAD 0,016

PCN" 907 Suffolobus tokodail str. 7 DHAD 0.001
*nud., not detectable

Example 3: Dihydroxy acid dehydratase limits isobutanol production in yeast
[00351] This example Wustrates that high specific DHAD activity, and in
particular the high specific activity of the Lacfococcus jactis wD enzyme (SEQ ID
NO: 9) correlates with an increase in isobutanol production.

  

Table 3-1 details the genotype of strains disclosedin this example:

( GEVO No. | Genotype / Source ee
GEVO1186|S.cerevisiae, CEN. PK; MATa/auraSfurad leud/eu2 his3/his3 trp Virpt

| GEVO1188 S.cerevisiae, CEN. PK; MATa ura3 leu? his3 irpt

| GEVO1803 |UMATa/a urad/urad leudieu2 hisahis3 irpiérpt pdct:Bs-alsS, TRPUPDCI

 

 

 
 
 
 
 

 

 

p423GPD

pGViies

pGVi730

pGV1974

pGVi914

PropeTyetagMES:FnHSE,2micron,“bla,“pucori
ee Bs-alsS: TenastfPDC T-3 region:PDCT-5' region, TRPI, bla,pucon 
 

PreeyL)_KiVD Prousbm_ADH PDE 8°targeting homology URAS

: pUC ori bla(ampR)
pGV1981 : Pree4!‘Lactococcus lactis ivD-coSc:Prouxke_ive"?coSe:Teyer,HIS3,

 

 pGVZ001 | Prep:aEe Re OV COSC: Fever, HIS, 2micron, bia, DUC orionel eeececeeeseceeeeeree cereeeebeneee eres ur peter renter neeAMAnMAALUAAetAeAAetnatAtaAntaRSieReRRRrnRRRnenaAnn nrnicittitenvtineiiwiivinsintnnnnnerreeerel

Tahie 3-3 outlines the primers sequences disclosedinttthis example:
  
 | TCCCGGGATCCGCGGCCGC
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—_—,7 TCGAGCGGCCGCGGATCCCGGGAATTCGTCGACACCATCTICTICIGA|
 

GATGAGTTTTIGITCCATG

| 687| TITTGAGCTCGCCGATCCCATTACCGACATTTGGG et
“AAAGTCGACACCGATATACCTGTATGTGTCACCACCAATGTATCTATAA |

-STATCCATOCTAGCOCTAGGTTTATGTGATGATTGATTGATTGATTS
  
  

PyaaT ARFCRTRECGAACACGATGC—
 

4322 | TCAGAAAGGATCTTCTGCTC———SetennteeeOa earnerannetteENNetet

(4323 | ATCGATATCGTGAAATACGC
 

9344|AGETGETCTEGTGATTCTAC ~So eennennnnnnnnnnnnenenauea fete
Frnrnrenedreepeeoo own teeenetreeIIR
&
<

1409 i ATTGATGCGGCCGCGAN TAATCTCTAA ATTAGTTA
1470 LCACCE \GTCGCGACATCCAATTTATAGAAATCAG

  
  

1440 “RFCGTACATCTTCCAAGCATC oe
1444 | DATCOGAACCETAAAGGGAG| 

 
34 TISSCCAGGGAGCTAGTEAA_ eee7

[00352] Piasmid pGV1103 was generated by inserting a Hnker (primers 271
annealed to primer 272) containing a myc-tag and a new MCS (Sail-EcaR\-Smal-
BamHi-Nofl) into the Spel and Xho/ sites of p423GPD.
[80353] Plasmid pGV1730 is a yeast integration plasmid used to replace the
PDC?T gene in S. cerevisiae with the Bs_alsS gene expressed using the S.
cerevisiae CUP7 promoter. The CUP? promoter originated as a PCR product from
S. cerevisiae genomic DNA using primers 637 and 638. The B. subtilis aisS
originated as a PCR product from 8. subtilis genomic DNA using primers 767 and
607. Plasmid pGV1730 also carries the S. cerevisiae TRP7 gene as a selection
marker. Plasmid pGV1730 also contains a targeting sequence suitable for directing
the homologous integration of the plasmid to the S.cerevisiae PDC? locus. This

targeting sequence consists of, 5’ to 3’, the PDC? terminator region, a unique Nril
restriction site, and the PDC7 promoter region. This fragment was generated by
SOE PCR. The PDCterminator sequence was amplified from S. cerevisiae
genomic DNA using primers 1409 and 1410 and the PDC? promoter sequence was
amplified from S. cerevisiae genomic DNA using primers 1411 and 1412. Primers
1470 and 1411 have overlapping sequence and the sequences were chosen so that
the junction between 3' end of the PDC? terminater and the 5’ end of PDC1

promoter created a unique Nrul restriction site. These two PCR products were fused
by SOE PCR using primers 7409 and 1411. Primer 1409 and 1411 introduced a

Noil and NgoMi¥ sites, respectively. A schematic map of plasmid pGV1730 is
shown in Figure 3-1, and the complete nucleotide sequence of pGV1730 is shown in
Figure 3-2.
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TRP1

._.Ngo MIV (1012)

ree region

 

  
 

 
 
 
 
 
 

pGV1730
6654 bp

SalI (3975) Bs alsS
Figure 3-1. Schematic map of plasmid pGV1730.

 GCCACAAACAATACT TARATASATACTACTCAGTA
PSTHER me PPP PT CES EELS man mF, sy Sy Cary TNTETTAGAGTCT TTEACACES

ATAACOTATT TCOTTASCATTTLT GACGASATY

CcacrtTAS AACGOCAPTTY

CGOTCASTCCACCAGCTAACKTADBATGTAAGCTT TOGRGSCTICTEITS

TOCAATCOCBAARR CTGAATCRARACAAGGI

LAGOCTOCACEGAGTAGTSRTGPRGCAGTCTTTTSGGARATACGAGTOTPEYARE
CATOCTOCATGCAGSTTGGACGATATCAATRCCGTA

CGAAACACGCCAACCAAGTATTTCGGR

SPPCTOGMEP OT

FOO ICCTCPGTQCTE ATTOTECSGCCPROT GOPEOTGCASS

 

 
 

OBOSBE ETSY ES POCAACS  TOCAACACCA.,   
 ACATCACCARACATTITCTG

MET END CARNES OTH
LA CCOSAGT CRISS

 

 PeBrey AOEARAL weae
   

  
 
 
 
 
 
 
 
 
 
 
 

 

SPATEayON
IGTATT

pa PePR CECIAAR CATORITCS

 

 
 ACAAGACTTGASAT TT TICCTPECAATARCCGGGTCAA

SCAAG TCAGCATCGGA

  
  

CA POGACCAGRACTACIYSTG CRTACTCCAAGCTSCCSi
CAC“GTASACTCAG>“GRECTCARTAGTCACCAL cee’ wa PRCCCTCTOOTEYTCTeT

 
  

rete  x
ASAGRAAAG AOGTAAGSTEACAAGCCTATTTEPCBAT 

ARTATCPTOCACTAL :
TOCTATATT

DS PPCCOTATSTTCA

RABSAAAATAGTTAGAL

/ GOARCGGACAATATTA
RAATCCTCAATTGATTGATEA

TCAPET TES PCCACGAGRCCTCAT

TPPSCASATECCACCASSCAATASAAATS

AIREGSAGCTACS
vege SOEUR CO RP UE RT ore joasy ~GTTGAAGT TTAGAGAT BINS TARATABACGCOGGETaGT

GCABAGTACACATATA

EUCGGCAGGAGAG TGRBAG ry

SGACAG 3 3 AAT GTECIATCAC TCA <

A LAGACACCGTCTBACAGAARAAGEG
ABATATTC c

woesAACBLABRALTGSE CYCTAARTTOATARAT
ACATAATCT TT TAARTOCATASSPLATGC

Pecos
Se kD Be

    
 

 
  

 

 

 
ATOR Y atari ot et talents

ey OSBERGSAAGCOGGAACCAL ree A Ty SOTATOGGTGCAGTON
PITTAAGGRAGCSTAT SSG TECAGTOTG 
 

 
 

 
 

 

 
  
 
 
 

 

  
Sap

Sd

S TOADAGAATT TYECAATCATTEGAGCARTICATTT SGACCECACCAAG

TACGACAACTAGCT TOTCTTGAGCRATTSCAL

TATCGAGGTEPCTAGTOTICTATTACACTAATOCSGTTs

CTTAATCAAGGATACT TOETTPITTETCPTGG TTC

CAAL GAAAAGASTATACATAS TTTAAGAGCAAATTFOTCOA

CEGCAACTTICPIGTVCTGSST

TAAAS,ATECPTTATBABACve

“OO

PGCACATCACATCAGCGGAACATATGETORCCSAGPOGCGACATCCAATTERTAGASATCAGCT
CGOTAGBAATC
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x

TATCAL ACCGOGACATCAS GAL TOTGUA

GOTEETCTGSTGATTCTACGCGTBAGCCAGT TarteCCARAS TATCOATATPPOCGA
AAT GACCGCAGATS TACGAT TATATTTIVPERE GCAACCATGOTCATATGTACTOTCEPTCA

CAATGTGTACAATTOGTOCITTTABACGAS AACCGINIAT  
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 osySPOCCEG
tele
 (ACCAATOGRAGCGCCGAT TOCCCAAGRGAASCCECAACRCCGAGTE

ARATCAYTAATGTTUBRACGGCTOGTAGCTGCEGAAATAACGTGACATCOCABATCGCGTGTG

PCACTSTAACATGCATCATCGACTGOGTT AACGATTTCAAGAGGATGOCA

VEITSCAGGCACCTGOTCACCCTCATGCAPATATTG ATTAGARAGGATOTTCE

POSACTTTICACAGCATCGTGTTCGATATGATTGATCGTAGA LPATCACCGATCA

: ROCECCTES”TAAGOCATGATCAATGTCAGCCAGAATCTCOTCTAART OGATGATCGTCOGSTCTCCAT

AGAATTECGGATCATAT A BEGGSECATASCEGSSTOTCAGAACAACATCASCCTGCTCAAGCA
GGCTGOG?TTGCSGAATAAACTGATCCGGCCABAATACTGATICCTCTABATCTCICGTAAGAGTAC

TATGTT TCAACGAATGGRASCTOCACTTTTYTCABTASCTEGCGBACESLPTTARTCOCTICS
GACTAARACGACAGGARGTTTTGCTGTTTGA ETPOCABPOGCCATALS

ACCAAGTT TPSGGUGCTGCGACAGCACGTALGTTT TTTGTATTTGPGRCTTCATTCACE
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TTOCTGT CAGCAGTCCTGOTT GCCAAGTPOGAAGCACTTAGTCCTGATGTGACTARCACGACTCOCGG TT PTCCAG

PTABACGOCCGALTACT TGOCOCCATARATECTS : BSS ATAATTECAGGCCCTTPAY

COTTSTASASCGOTCABRATACC SCATCAAT TITTGCACC EGCTOECOTSAGCAATCAACAACAASC TOCGCOOCTOTSCTT?ICA PTRTGIAS

CGACTTTAT GTGATGATTGATTGATT TOTACAG

Mahed
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AGGOTAA GATATCAGCCTCAASATAAAGGSToe SAAGTAATAATT BARTCATONGAGGAASSAT : SPGTTTTAAAT TACATACATGAACATATGC

RATOGGAT POCCET TAGTGAGGGTTAAT TGC

STGARATTSTTATCCGC TOACAATTCCACACARC

FSGGGTEGSRATGAGTGAGGTAACTCACATTAAPRTGCOSTHECGCTOACT
GUCGTGCCAGCTOCATTAATGAATORSCCAACGS

2POCRIESCACTGACTCOCTECOCTCGSTE

ACT TA TOCALAGASTCAGGGGATFARCGCAGGBA

TABAAAGGOCS TOCTORCGTT TT TCCATAGGCTCOSCCCES

TCAGAGGTGECGASSACCCBRACAGGADTATAAAGATADCAG

FSTPTCOGACCCPCOCACT PACCEGATACCTGPCCECCTPEECPCCE FECES!

ACECTGTAGGTATCPCAGTTCGSTGTAGCTCGT TPOGCTCCARECTGGGCTN

CGACCSCTSCGCCT TATCOGGCTARACPATCOTCTIGAGTCCAARL
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~ee en ergasetLm c BK
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FASS a eeNe a ASSeSC TOTCAAGGA

PMT LZaa SEY

SABATOPPS

 CAGAALTTTARASGTGCTCATCATTCOGARSA ax
TUCAGPTCGATGPTAACTRAC TOSTOCALC

LOCARBAACARGAAGGCAABATOCCOCAARARAGGCOR,

LOPETTTCARTARTATTGAASCATTTATCAGGGTTATYE.

AAATAAACAAATAGGGET PCCGCECACATTTICCOCCGRBRAGTGOCCACCEGACGT

Figure 3-2. Nucleotide sequence of plasmid pGV1730.
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[00354] pGVi014 is a yeast integrating vector (YIp) that includes the S.
cerevisiae URA3 gene as a selection marker and contains homologous sequence for
targeting the Hpal-digested, linearized plasmid for integration at the PDC6 iocus of
S. cerevisiae... pGV1914 carries the D.melanogaster adh (Dm_ADH) and L.lactis
kivd (Li_kivD) genes, expressed under the control of the S. cerevisiae TOH3 and

TEF?T promoters, respectively. The open reading frame sequence of DmADH was
originally amplified by PCR from clone RH54514 (available from the Drosophila
Genome Resource Center). The nucleotide sequence of the Dm_ADH open reading
frame is shown in Figure 3-3. A schematic map of pGV1974 is shown in Figure 3-4,
and the compiete nucleotide sequence of plasmid pGV1914 is shown in Figure 3-5.

 
  
 
 
 

 
 

 

 
CGOTTTACTPIGACCARCAAGAACGTGATPT TCOBTRGCCGG TOTEGGAGGOATTAGTCTGGACACCAGCARG

AAGCGCGATCTGARS. PGOGTGATCCTCGACCGCATYGAGAALL CTGCCATTSCCGAGCTS

UTACCCETATGATGTGACCETGCCCATTGCCGAGACCACCAAG

PTSPCCTGATCAACGGAGCTGGT

CAGATCGAGCGCACCATTGCCS OPGGOCTGGPCAACACCACGACGECCA

AASCECAAGGGCGGCTCOUGGTGGTATCATCTACAACATTOGATCCG POACTOGATEFCAA?

COCSTCPACTCCOGSCACCAASRC AACTTOACCAGCTCCCTRGCGBRRACTY

 

   CPTGCTGSRAGACCATE f 

 
 
 
 
 

 os

 

  

GITGACCSCT TOALCC GCACCACCETRGTGCACACETTOARCTS. ALTGTT

GAGCCTCAGGSTIGCOGCAGABRGCTOCTGSGCTCATCCCACOCCA GOO CTCETPGSCCTRCGCCCAGAR GTCAAS

GCTATCGAGCTGAACTAGAACGGASCCATC TGGAAACTOGACTTGGGCACCE TGGAGGCCATCCAGTGGACCAAG
CALCTGGGACTONEGCATCTAA

Figure 3-3. Nucleotide sequence of Dm_ADH.

bla (ampR)

 
 
 

_[” PDC6-5' region
.°—PDC6-3' region

_ Nott (3079)
BamHI (3437)

Dm ADH
TDH3 Promoter

Figure 3-4. Schematic map of plasmid pGV1914.

TOCCGCETTTICGGT GATGACGGTGABRABCCTCTGRCACATPGC AGIA CAGCPETGOPOCTOTAAS

CaGATSC CGGGCSSCABAUASA OCPTASOTA
faeastatarenwere Dh RRP AG
SATECGTASSGAGAARAI

  
 
 
 

  
 

 

GEC ATCACAGCAGATTSTACS

ASGCATCAGGCOCCATT CGCCAT TCAGECTGCGCBACTOT

TACGCCCAGCTGGCGAASSSOGGATGTGOTSCAAGGT

GPTGTAAAACGACGRCCAGTGAATTCATACCACASCTT TICAATICAATTCATCAT
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TIGATTTCGSTTTOSTTIGARATTT TET?GarrSGTAATCTCCGAACASGA OS iss AGGAGCATAG

OTTAG&AT TGGTATATATACGCATATGTAGSTOTTGRAGASACATGABATTECOCAGPATTCTTARCCCARCTOCA 
vp ayeCAGAAGNARAACCTGCAGGAAAJACGARGATAAATCARGTCGRAAGCTACATATAAGGA,AeGtGCTECAnTONTee

PTAGTCOPGTTOCTGUCAAGCTATT TAATATCATGOCAC. GAARAGCAAACAAACESQ8GTGCTRCATTGGATOTTOS
TRCCACCAAGGAATTACTGGAGTTAGTTGSAGCATTAGGTCCCAARRAPT TGTETACT ARARACACATGTGGATAT

CPTGSCTGATTTTTCOCATGGAGESCACAGTTAAGCOGCTABAGECAPTA TUCGCCAAGTACAATT TERITACTCTT

sCAGTACPOTGCGGGTG TATACAGSATAGCAGA

ATGGGCAGACATTACCAATGCACACGGTGTGGTOGSCCCAGGTATIG HTAGCGSTTTGAAGCAGGCERCAGARGA

AGTAACAAAGGAACCTAGAGSCCTTTEGATGTTAGCAGAAT TONS. APCTACTEGRGAATA
TACTAAGOGTACTGTTGACATTGCSAAGAGCGACAAAGATT TTGT?

TGGAAGAGATGAARGTTACGATTSGTTIGATTATGAL

TCAACAGTATAGARCCGTGSSATGATGTSSTCS
JAACGGAAGGGATGCCTAAGSTACAGOGTOBACET BSEAGRRAAGCAGSEOTSGGARS TAPTTGAGESGATGCOCGSECCAGCASAACTASSABACTNGTAT TATAAGTASATACATGTATACTABRACTY ITTCAATPTAATT

ATATCAGTTATTACCCTATGCGSPOTGARATACOGCE CAGAIGC STAAGGRGRAARTACCSCATCASGARATTS®AAASET PAATATT ELST TABBAT TCGCGTTARATTITTST TAA SPTTETAACC SATA
ss ROR a ne ED hE

DES GCARAATOCOUPTATEAAMTORSAACEATRGPACEGAGE esCGE TERSTOTIGIIOCS
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ge SOTO TE TT eK et ST. m Tr oe
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ASHICALOGAG ere PCOUGCSACES
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saat et fs
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LG PTAYTGATBATGATABACTGGATOCTTAGGATTTATTCTGTTCOAGCA
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ieTOPTPCARTACCTPCGGTOCSCOTICTTTCCCCAGGATCAGT TUGATCCAGTACATACGGTTCGG

COPTOPRTTCATCA “ HU PRACAAATDOGTEEEOUUTACGCACAATTETAGIACACAACACGGTCOCTCAGAGGACTCCGGCS C GATATCS TIGTAAGACTSSTTCGGACECGPGGES POT
CAALGGTGT? GECSTCATTG TeAATAATGAAGCARATSGGGTTGATCTT TN TCACGAAT TGCCAGAS
GTACGGTCAGSCTGCAGGGAACCOTCACO AGATGACGAGATTCTETTATCAGCGATOTEAGAGCCCA

BCGCTSS COGGAARGTATAGCCPRAT OOTACCOUCACAGCGGCTGACTGATAASATESCTT PIGGATT TUCAGASAGA

  
   TGARACAGES

 

rpPRLGAAGALGCEG eiiaiaialveetinonaekeawanenunieatne SQTPPCATTOCTCPGS&ETcacernencenceCOoTeccacag DT GGGACAGCAGTGCGTTAGAT OSTACGABATCTTICTIGOTIPETTGTCAATCTATTESC

CTEFAPSCTCGATPTCGGALAGEPCCE GCAGAGAGC' TCAGGCTTTOGRAGTCGRAGTTCTOGATACSCTCS
VYORAGATTI CAGGCTAATCATEP PSTTosTrTrCAGATSESTCAGTGAATGUACCGGTAG

AAGAGTOGGTCAGrenARCGCOCMARCA TCAGGATGAAGT CCGCAGAT TCRACAAATTOTTTCAGG ERS
TCAGAGTACCGTTS TAGATGCCCAGGAARGACGGCAGAGCCTCGTOSACAGAGGACT TSCCGAAGTTCAGEGTEG

LAT CGCCAGTETSGGTTPIEC TGATGAAT PGGGTCACGGSTCTICTCCAGAC CASAAGARATGATTICSTGOCCES

TGATCACGATPOG?PPTTE TT PGCGTT TT TCAGAGALCTCOTGGATTTTGT TCAGGCATTICCTGSGTCORCTAGTGTTAG

KAGTEGAGTTTICTTE

 
Aad WL

   
  

    

 
 
 

  

  

 

 

CPPCAGCEGCAGECTCGGTTI?T TOCGCTTTAGCTGCCGCARCATC CACAGGCAGGT TGA

PSTABACTOSTT PRCGTPOT PTCAGCAGCECAGACAGAADRCGGTCGATTRCCACASTAGCGTPTICTETACAGTCA

CAGCGTACGTSCCCCAGTCACAGGTICATGCATTTTCATGAAGTGTTTGARATCECCGTCAGCCAGAGTERGOG
EGEGOLGCOTACGATCT CCACCACCOGCAGG TPT PCGGOEL

CAACACCGAARGTGGTCAGABATGCCGCSECTTTPAC CAPCYGCOATGTAGC AGTTICG PTAGCETTACCCACOCATT PCATOTC!

CCOCAACCCOCAACATTC
ACOGTCCAGCAS PORCCE a EG PCGACABACTTAGATTAGAT

CTGABACTTGA ‘f

SACTTAAATATCAATOC PCATC ADABARATCAABABARAAATT TTCAAGAABBAGARACGTGAT

RARRATTTTTATTGCCET TP TCGACGARGARAAAGBAACGAGECGGT TPUTCCAARACCTTTACTA

CG (Oot SAAC GGAAATTTAAGEATG PEGGTGTYTTGAAGTGGTACOGCaAnGe AGTCOGAG? TETSGRAGCTATGAGCTOCAS
CPPpTarTeCCTPTACTOAGEC TGGCGTAATCATGETCATAGCTGPTRCCTGEGTGABATESPPATCOGCPCACAATTCCACACAACATAGGAGCCGGAAGCATARAGTGTARAGCETS!

GTAACTCACAT TART TGOGETGCGC TCRCTGE *CEGGARACCTGSTOGTGCCAGETSC

AMPCGGCCAACGUGCGGGGRGAGGCEGTTTGCGTATTSGGCGCTCTPCOGCTICCTOGCTOACTGACTCTOGGT OG TPCGGCPSCGGCGAGCGGTA) AAAGCGGTAATARGE

 PTGG
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 TAACGCAGGAAAGAACAT GT GAGCAASAGICCAGCAASARGUCAGGATACCGTARAAAGGCC~GOGT?T v
TYTICCATAGGCTCCGCCICOCTGACGASCATCACABARATCGACGCTCAAGTCAGAGG PG

 
ACTATABSAGATACCA

ATACC

GTA

 faleTPPOCOCOTGGATCCCTCSTGlactCRCOTOTTCOGACCETES CGC? TAS
GTCCGCOCTTPICTOCOTECGGGAAGT GT GGCGCTTTCTCATAGCTCACCCTGTAGSTATCOTCAGTIECG

POG TTCit TOTS GCACGAACCCCCOCGT TCAGCCCGACCGCTSCOCCT TATICGGTAR

COTATCOTC TT GAGTOCAAC CCUGS PAAGACACGACTTATCGCCACT GSS

AGCGAGSTATGTAGGON SECC TAACTACEGCTACACTAG!

   
  CMO R Sue etrep

COAASCEHEGGCPRG
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  CASAMES MAT oeEAERE
GG TGCTACAGAGT

 

 

TGGTATCTSCGCTCT T CTTGATCE

CECTGOTAGEA TACGCOCAGAARABBACGCATCTCAAGALG!SATOPP Pry YT CBG POGRACGBARAOCTCACE fT PTAASCGS TET CGPCATGAGATPATOSSATOPTE YC TOAGTGGAACGAARACTCACGTTAAGGGATT ITGSTCATGAGATTATCARA

AAGGATCT ICA

STCTGACAGTTACCAATGCTT:

OTGACTCOOCEYTCGTGTAG

 P 3
‘3

3SA
sd te e) a o

a

TARATTAAARATGARGTTTTAARICAATCTARAGTATATATGAG”

SOCACCTATCTCAGCGATICTGPCTAY TICET EGC

ACCATCTGECCCCAGTGETGC SRTACCGCG

AGCARTARAC AGOCAGCCGGRAGGSCCG!
TAADES?PaSSGGAAGSCTAGAGTEARGTASETCSC

  

 
 
 
 

  

  CeGAG

 
 
 

 
 

 

  
    

 
TTECGCAACETTS CACGCTOSTCESTTTE c

CCCCAT aTECHAAAAAGCEETTAGCTCOTTEC 1e  
 
 

 
SPRITE CORCAAS PARTPi ECAGAAGTAL Tose 7 TGPTATCACTCATGGTTATGOCAGCACTGOCA

CSPAASAT ST GAC TEGIGAGTAR TUAACCAAL 2TGAG

PTTGOTON POCCEEIMG TCAATACGGGATBATACCSS SCCACATAGCAGAACT
ACGTTCT TCGGSOCGARAACTCFCAAGGATOTTACCGC TATTGAGATCCAGSTT

CGCACCCAACTGAPCTYCAGCAPCPSEACPTTCACORGCGT PICTGGS PGAGCARBAACA:
foe OCAATBRACGOCCACACOGABR TT? ANY OO OCVECCEPLT POAT:CGCASBAAARRGGGATAAGGGCCOATACSGGABATGTIGAATACTCATACTOTPLCT LAR
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TPATCAGGATTAT TOTCTCATGASCOGATACATATTTOAATOTATTTAGAABAATAARCASAPAGGGGTTCOSCGS

DACATTNAICGASAAGFECCACCTGACSTCTRAGARACCATTATTATCATOACATTAACTTATASSSATAGGCG

PATCACGAGGOCOTTTOSTS
  

 

Figure 3-5. Complete nucleotide sequence of plasmid pGV1974.

{00355] Plasmid pGV1874 (Fig. 3-6) is a yeast high copy plasmid with H/S3 as
a marker for the expression of E. coff ivCC" and S. cerevisiae ILV3AN (SEQ ID
NO: 31). pGV1974 was generated by claning a Sacl-Noll fragment (4.9 kb; Fig. 3-7)
carrying the S. cerevisiae TEFT promoter:S. cerevisiae iiv3AN:S. cerevisiae TDHS3
promoter:E. coli ivC®''” into the Sacl-Noil sites of pGV1103 (5.4 kb), a yeast
expression plasmid carrying the H/53 marker.
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Figure 3-6. Schematic map of plasmid pGV1974,
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TACT ARAATGTTPCTACTOCT PRT PLAC GCOGTEAG

ABABRCACCCAAGCACAOCATACTAAATT TOS CPTCOTCS FTASSSTS TICS ATTACCOGTAL

TOGARAAGARARBARAGACCGOCTCG PPTTTCLIGARAATTEITITETICAT

[GGTCTTCAAT PICTCAAGET POAGTPPCALTE

AGARAGBAAGCATAGCAATCTAAT CTARGTT PGTCGACATSRRGAASCTCBAC

PECETCOCAGGCCATGCT PTAMICCACCEGTTTCAAGAL

GGTGGTCCGG TAACCCATGTAACA?

CGGETTIGAAAGE TATGCAGTTCAACACC

me CSACAAAGBACAGAR

aAACATCSCCATOSCATCATGTGAS

 CAEP
 

  

 
   
  

 
  
 
  

   

 
 

APFATATTTCCSAT ACD A

§TOGARCAT7 OCAEGCCCAGGTCORG Te EYSTGGETGGTATS
TAGGT TTGACCAT TOUCRSASTOCPICOTICOTEICCAGCOTT

ATTGGTGAATACATCAAGASGACAATGGSATTat ATTYTAL

SOTTATGTOGTTECAACCSGTES

TOGOTCACCAGATGATTTOCE

GTCATSGCCGATTTOAT!TAL

CSGTAACACARATGACTGT Pac

  

   
  

 
 

 

 
 
 
 
 

  
Des Re
PCA 

 

 

PPPGs

DATAPACACCATTGATCGGTI:

POCACTAL 
 

 

  

TCTMeee
CACCRAQCCTACCTGARGGACAR!GAGATTATTARGCCACTC

PPOMetsROGGTYCAREGGCACTCAGG TGGAGETGTGGGTASAAPTACCESTRAGGCAARGGTACT PACTTICAASSSaGAGCACSTOTGT TCCAAGAGGAAGGTOCCTPITATTGOARGCCTTCGARALOAGGTGABATCAAGSAGGGTGABAARA
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4COGSTTSTTETTATCAGA GAAGGTCCAAGAGGTGCACCAGGTATGCCTGABATGCTARAGCOETTCCTCTGOTS

TGATGGOTTACSSTTTS APGTTGCATTOT TGACTGATGGFAGATTCTCYGGTGCOTICIVACSGGTICT

TRATCSSCCACATTSTICSCCGAAGCCGCTGAASS TECTCOTATCGGGCT TGTCAGAGACGGCSATGAGATTATC
TTGATGSCTGATAATAACAAGAT TGACCTATTAGTE TCIGATARGGARAYGGOPCAACGTAAACASAGT TEGGTTGme)

CACCTOCACCTTCGTTACACRAGAGGTACTCTATCCRASTATGCTABGTTGG?TTCCABCGCTTOCAACIGTTGTG

GATCCAGTT TATCATTATCAATACTCGCCATTTCABAGRATACGTABRATAATTAATAGTA

TTATTPTAGTCARAAAATT AGCCTETPTAATTCIGCTSTAACUICGTACATECCCAABATAISG

GESCOGCTEACACAGAATATATAACATCOTAGGTGTOTGSGSMTGAACAGTTTATTCOTGGCATCCACTAGATATAA
TRGASCCeGrttT RBAGCTSGCATCCAGRAARARBRAAGAATCCCAGCACCABARTATEGET PPCTTICACTAACE

ATCASTICATAS CSPOTTACGCAACTACAGAGAARCAGGGECACABRACAGGCABRARAACEEGCACBACE

TCAATEGAGTGATG PGCOTGGAGTRAATGATGACACAAGGCAATTGACOCACGCATGTATCTATCTOATT

TTT PARACOTECTAY
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TTGACTAATAAGTATAFAAAGACGGTAGGTATEIGATTGTAATTCT GPABATOTATPTOT

ACEP PETATAGETAGTCOT PETTTT TAGTT YT TRABACACCAGAACT PAGTT TOGACTCGA

" oNJACACATTASATTTGSGACAACAATTGRCTCRACTaGGTARGTGC
GGACGASTTYGCTGATGGTGCTTCTPATC TGCAAGGAAAGASAGT

AARCCAAGOTTTRAACATGASAGCATICACCIC TEGATATTTCGTATGCATRG?AGGAS*ACRGGCAAPTECAGAAAA
GAGEGCCTCCTOGCGTABAGCGAC SGASAATGCSTTCAAAGT TaGTACT TA
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 ATGAAAAGAAYTGCAGTGGCAGGEA

CACECCOTrS

“SEES PPAPAGTEATOTTAGTATTAAGAACGTTATT TATATTICABATTTE

re PCy SPACCCATCTAACATTATACTCAAAACCETYGCTIGAG

SBACCCTTTAATETSECEEEGSRACECBASPOUGCCUTPATAGTGOAS TOSGTATmos SGCTCACTSSCCETC
ASGRARACCS FOGTETTACCCSAC’ PERSAPOSCOTTECAG aeAGC TOGO TBA PRQCOAALGAGGCCCGCACCGATCECOSTTOOCAACAGT TECSCAGOO

GACGINECCCTG TAG 3 CGOCGCAGCGTGAL

PCGCCEGS

 & SAAGATCCOCEGCCOCTCOR\STCAT
COCCCCACATCEGCTCTBSCCRAARAGGCAAGGAGTTAGACA

i
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Figure 3-7. Nucleotide sequence of Saci-Notl fragment carrying the S. cerevisiae
TEF? promoter:S. cerevisiae Iv3AN:S. cerevisiae TDH3 promoter:E. colivo,

[O0356} Plasmid pGV1981 is a yeast high copy plasmid with AiS3 as a marker
for the expression of E. coli ivCC™™Y and Lactococcus lactis ivD. pGV10981 was
generated by cloning a Saf-BamH! fragment (1.7 kb) carrying the Lactococcus/actis
fivD ORF (SEQ ID NO: 23 with a Safi and BarnHl sites introduces at the 5’ and 2’

ends, respectively) into the Sa/l-BamHl of pGV1974 (8.5 kb), replacing the S.
cerevisiae WvGAN ORF.
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[00357] Plasmid pGV2001 is a yeast high copy plasmid with H/S3 as a marker
for the expression of E. coli ivC°’’.  pGV2001 was generated by digesting
pGV1974 with Sail-BamHi to remove the S. cerevisiae Iiv3AN ORF. The digest was
treated with Klenow to fil-in the 5 overhangs, the larger 8.5 kb fragment was
isolated and self-ligated.
[00358] GEVO1803 was made by transforming GEVO1186 with the 6.7 kb
pGV1730 (contains S. cerevisiae TRP1 marker and the CUP? promoter-driven B.
subtilis aisS) that had been linearized by digestion with Nrul. Completion of the
digest was confirmed by running a small sample on a gel. The digested DNA was
then purified using Zymo Research DNA Clean and Concentrator and used in the
transformation. Trp+ clones were confirmed for the correct integration into the PDC1
locus by colony PCR using primer pairs 144041441 and 1442+1443 for the 5’ and 3’
junctions, respectively, Expression of 8. subtilis alsS was confirmed by qRT-PCR
using primer pairs 13234+1324

[60359] GEVO2107 was made by transforming GEVO1803 with linearized, Hpal-
digested pGV1S9i4. Correct integration of pGV1914 at the PDC6 locus was
confirmed by analyzing candidate Urat+ colonies by colony PCR using primers 1440
plus 1441, or 1443 plus 1633, fo detect the 5' and 3’ junctions of the integrated
construct, respectively. Expression of all transgenes were confirmed by qRT-PCR
using primer pairs 1321 plus 1322, 1587 plus 1588, and 1633 plus 1634 to examine
Bs_aisS, LikivD, and Dm_ADHtranscript levels, respectively.
[G0360] GEVO 2107 was transformed with plasrnids that contained either a
KARI alone (pGV2001 with E. coff ilvCS'"°’) or the same KARI with a DHAD
(pGV1974 with the S. cerevisiae Iv3AN or pGV1981 with the L. Jactis fvD).
Fermentations were cared out with three independent transformants for each
DHAD homolog being tested, as well as the no DHAD control plasmid. Seed cultures
were grown in SCD-H medium to mid-log phase. The fermentations were initiated by
callecting cells and resuspending in 25 mL of SCD-H (5% glucose) medium to an
ODeo Of 1. Fermentations were performed aerobically in 125 mL unbaffled flasks
shaken at 250 rpm at 30°C. Att = 0, 24, 48 and 72 hours ODgoo’s were checked and
2mb samples were taken. These samples were centrifuged at 18,000 x g in a
microceninfuge and 1.5 mL of the clarified media was transferred to a 1.5 mL

Eppendorf tube. The clarified media was stored at 4°C until analyzed by GC and
HPLC as described in General Methods. At 24 and 48 hours 2.5 mL of glucose from
a 400 g/L stock solution was added to the cultures. Figure 3-8 shows the production
of isobutano!lin these fermentations. All values were adjusted for the dilution caused
by the volume change from adding glucose. An increased amount of isobutanol was
produced from the cells expressing LIivD.
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Figure|3-8.~Results from fermentations of GEVO2107_“(pdct:Peupy!‘Bs-
aiss, TRP1/PDCI pac6f{Pserecy/Li_kivd Pseron3-DMm_ADH URAIMPDCB6)
transformed with plasmids for expression of KARI and different DHAD homologs
{shown in Jegend).

Example 4. Assaying DHAD activity in fractionated cell extracts
[06361] The purpose of this Example is to describe how DHAD activity can be
measured in fractionated cellular extracts that are enriched for either mitochondrial

or soluble cytosolic components.

Table 4-1 details the genotype ofstrains|disclosed in this example:
GEVO No. Genotype / Source

Gevo2244 | S. cerevisiae, CEN.PK; MATaura3leuhisd trp iv3d
  

 
  

 
 

pUc ori, bla (AmpR)}, 2um ori, URAS. 7DH3 promoter-Myc
.|tag-polylinker-C YC7 terminator

pGV1662 | oe a pUC ori, bla (AmpR)}, 2um ori, URA3, TEF1 promoter-(kivD)
pUC ori, bla (AmpR)}, 2um ori,URA3, TEFI promoter-

oo LiivVD
pUC ori, bla(AmpR),2umori, URAS, TEFT promoter_pevig00 | | Sol V3(FL)ereen ne eeneeeeenbeeeneeneeneeeeeeRRRERIELL

 

 
 
 

pGV1106i 2-4
| pGV1886 :
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_Table 4-3 outlines the oligonucleotide primers disciosed in this example:
GEVO # | Sequence

CTAGCATGGAACAAAAACTCATCTCAGAAGAAGATGGTGTCGACGAA|
TICCCGGGATCOSCGGCCGC

a398°”TEGASEGECCECEGATCCCGSGAATTOGTCGACACCATCTICHTGT|
| GAGATGAGTTTTTGTTCCATG

GCCAACGGATCCTCAAGCATCTAAAACACAACCG

GCTCATGTCGACATGAAGAAGCTCAACAAGTACTCG

4617CGTTGAGTCGACATGGGCTIGTTAACGAAAGTTGC

1618 GCCAACGGATCCTCAAGCATCTAAAACACAACGG

 

 
 

 
 
 
 
 

 

  
peeeeneeeeeee eeeeeeeee4t

 

[00362] Plasmids pGVi106, pGV1662, and pGV1855 are described in
Example 2 above.

[60363] Plasmid pGV1900 was generated by amplifying the full-length, native
SciLV3 nucleotide sequence from S.cerevisiae strain CEN.PK genomic DNA in a
PCR reaction using primers 1617 and 1618. The resulting 1.76kb fragment, which
contained the complete ScILV3 coding sequence (ScILV3(FL}, SEQ ID NO: 25)
flanked by 5 Safi and 3’ BamHI restriction site sequences was digested with Saf
and BamHi and ligated into pGV1662 which had been digested with Safi and BamHI.
[00364] To measure the DHAD activities present in fractionated cell extracts,

the strain GEVO2244 was transformed singly with either pGV1106, which served as

an empty vector control, or with one of: pGV1855, pGV1900, or pGV2019, which are
expression plasmids for LIilvD and ScILV3(FL), respectively.
[00365] An independent clonal transformant of each plasmid was isolated, and

a iL culture of each strain was grown in SCGal-Ura+OxlV at 30°C at 250rpm. The
ODeso was noted, the cells were collected by centrifugation (1600xg, 2 min) and the
culture medium was decanted. The cell pellets were resuspended in 50mL sterile

deionized water, collected by centrifugation (1600xg, 2min), and the supematant was
. discarded. The ODeco and total wet cell pellet weight of each culture are listed in

Table 4-4, below:

Table 4-4. ODgoo and pellet mass (g} of strain GEVO2244 transformed with the
indicated plasmids.

Pellet mass

 Plasmid ODeco (9)
pGV1106 2.2 1

pGV1855 2.3 77

pGV1900 1.3 3.8

pGV2019 2.8 8.4

[00366] To obtain spheroplasts, the cell pellets were resuspnded in 0.1M Tris-
SO,, pH 9.3, to a final concentration of 0.1 g/mL, and DTT was added to a final
concentration of 10mM. Cells were incubated with gentle (60 rev/min) agitation on an
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orbital shaker for 20 min at 30°C, and the cells were then collect by centrifugation
(1600xg, 2min) and the supernatant discarded. Each cell pellet was resuspended in
spheropiasting buffer, which consisis of (final concentrations): 1.2M sorbitol

{Amresco, catalog #0691), 20mM potassium phosphate pH 7.4) and then collected
by centrifugation (1600xg, 7Omin). Each cell pellet was resuspended in
spheroplasting buffer to a final concentration of O.4q cells/mL in a 500mL centrifuge
bottle, and 50mg of Zymolyase 20T (Seikagaku Biobusiness, Code#120491) was
added to each cell suspension. The suspensions were incubated overnight
{approximately 1Ghrs) at 30°C with gentle agitation (60 rev/min} on an orbital shaker.
The efficacy of spheroplasting was ascertained by diluting an aliquot of each cell
suspension 1:10 in either sterile water or in spheroplasting buffer, and comparing the
aliquots microscopically (under 40x magnification). In all cases, >90% of the water-
diluted cells lysed, indicating efficient spheroplasting. The spheroplasts were
centrifuged (3000xg, 10min, 20°C), and the supernatant was discarded. Each cell
pellet was resuspended in 50mL spheroplast buffer without Zymolyase, and cells
were collected by centrifugation (2000xg, 10min, 20°C).
[00367] To fractionate spheroplasts, the cells were resuspended to a final
concentration of 0.5 g/mL in ice cold mitochondrial isolation buffer (MIB), consisting
of (inal concentration): 0.6M D-mannitol (BD Difco Cat#217020), 20mM HEPES-
KOH, pH 7.4. For each tmof resulting cell suspension, 0.0tmL of Yeast/Fungal
Protease Arrest solution (G Biosciences, catalog #788-333) was added. The cell
suspension was subjected to 35 strokes of a Dounce homogenizer with the B Gight
pestle, and the resulting cell suspension was centrifuged (2500xg, 10min, 4°C) to
collect cell debris and unbroken cells and spheroplasts. Following centrifugation,
em. of each sample (imLof the pGV1900 transformed cells) were saved in a 2mL
centrifuge fube on ice and designated the “W" (or Whale cell extract) fraction, while
the remaining supernatant was transferred to a clean, ice-cold 35mL Oakridge
screw-cap tube and centrifuged (12,000xg, 20min, 4°C) to pellet mitochondria and
other organellar structures. Following centrifugation, S5mL of each resulting
supematant was transferred to a clean tube on ice, being careful fo avoid the small,
loose pellet, and labelled the “S" (soluble cytosol) fraction. The resulting pellets were
resuspended in MIB containing Protease Arrest solution, and were labelled the *P”

(‘pellet’) fractions. Protein from the “P” fraction was released after dilution 1:5 in

DHAD assay buffer (see above) by rapid mixing in a 1.5 mL tube with a Retsch Ball
Mil MMSOG1 in the presence of 0.1 mM glass beads. The bead-beating was
performed 4 times for 1 minute, 30 beats per second, after which insoluble debris

was removed by centrifugation (20,000xg, 10min, 4°C) and the soluble portion
retained for use.

The BioRad Protein Assay reagani (BioRad, Hercules, CA) was used according ta
manufacturers instructions to determine the protein concentration of each fraction;
the data are summarized in Table 4-5, belaw:

Table 4-5. Protein concentrations of mitochondrial/organeliar (P) and cytosolic (S}
fractions and whole cell (WV) lysates, prepared as described in the text.
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plasmidifraction protein [ug/ul]

“4406P””~—:C:CO
1855 P 17.7

1800 P 9.2

2019 P 49.7

1106S 12.3

18558 12.9

1800S 7.9

2019S 12.4

1106 W 14.0

1855 W 15.0

7900 W 7.9

2019 W 44.7

[00368] The DHAD activity of each fraction was ascertained as follows. In a

fresh 1.45mL centrifuge tube, 50uL of each fraction was mixed with 50uL of 0.1M 2,3-
dihydroxyisovalerate (DHIV), 25uL of 0.1M MgSO,, and 375uL of 0.05M Tris-HCI pH
8.0, and the mixture was incubated for 30min at 35°C. Each reaction was carried out

in triplicate. Each tube was then heated to 95°C for 5min to inactivate any enzymatic
activity, and the solution was centrifuged (16,000xg for 5min} to pellet insoluble
cebris. To prepare samples for analysis, 100uL of each reaction were mixed with
{00uL of a solution consisting of 4 parts 15mM dinitropheny! hydrazine (DNPH) in
acetonitrile with 1 part 5Q0mM citric acid, pH 3.0, and the mixture was heated to FO°C

for 30min In a thermocycler. Analysis of ketoisovalerate via HPLC was carried out
as described in General Methods. Data from the experiment are summarized below
in Table 4-6.

Table 4-6. Specific activities (KIV generation) and ratios of specific activities from
fractionated lysates of S.cerevisfae strain GEVO2244 carrying plasmids to
overexpress the indicated DHAD homolog. Each data point is the result of triplicate
samples.

Sp. Activity Ratio of Sp.
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Lysate (pGV# fuimg
and DHAD ~ Sid. Dev. Activities (Cyto or

fraction’) proteinin Mito to Whole-Cell)
fraction]

“FOGWCEme

1106 cyto — n.d,
1106 mito — n.d.

1855 WCL LiiivD 0.0006 4,7E-05

1855 cyto LiiivD 0.0071 0.0001 1.76

7855 mito LiiivD 2-05 3.5E-05 0.03

1900 WCL. SclLV3(FL) 0.0096 0.0018

1900 cyto SciLV3(FL) 0.0052 0.0004 0.54
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1900mitoScILV3(FL) 0.0340 0.0029 3.53
* WCL, whole cell lysate; cyto, cytosolic-enriched fraction; mifo, mitochondrial
{organellar)-enriched fraction

 

[Q0369] Cells overexpressing Li_ivD generated significantly greater propartion
of DHAD activity in the cytosolic fraction versus the mitochondrial fraction, whereas

cells overexpressing the fullength, native (mitochondrial) Scliva(FL) resulted in a
greater proportion of the specific activity residing in the mitochondrial fraction.

  Example 5: Targeting dihydroxy acid dehydratase to the yeast cytosol.

[60370] The purpose of this is example is to demonstrate that DHAD enzymes
can be targeted to the yeast cytosol.

Table 5-1 details the genotype of strains disclosed in this example:
GEVO No.|Genotype /Source

- 3 hes ih siocooe fePe,
| Gevo2242 S&S. cerevisiae, CEN. PKG MAT-alpha ural leu? Ais3 trod avé pdetBs

asSTRPT eae
, Gevo2244. 5. cerevisiae, CEN_PK; MATe urad leu? his3iro? vad

 

 
 

 
 

 

 
 
 

Table §-2 outlines the plasmids disclosed in this example:
__APGVNo. Genotype_

GVv1106 “|‘pUCor,bla(AmpR)},2umori,URA3,TOH3promoter-Myctag-polylinker-_~
P (CYCiterminator
pGV1662 | pUC ori, bla (AmpR)}, Zum ori, URAS, TEFT promoter-(kivD)

_pGVvi734 |pPUCori, kanR, Mm_ubiquitincodingsequence

   

  

   

 

 

| pGVisss|DUCori, bla (AmpR),22umori, URA3, TEFT promoter-Li_#vD i

|pGV18e7|_pUCoF,bla(AmoR), 2pm orl,URAS,TEFT promoter-Mm_ubiquitin(Gly-X)
~pGV1900| ,pUCori, bla (AmpR), 2am oni, URA3, TEF1 promoter-SciL VO(FL)|pGV2019—[pueson,bla (AmpR). 2urmori, URA3, TEFT promoter-SciL VAAN

pGV2052 | puc on, bla (Amp), 4aum or, URA3, TEF? promoter-Adm_ubiquitin(Gly-X)-
— ScHVoFL) eee
oGV2053 GUC ori, bla (AmpR), 2um ori, URAS, EFT promoter-Atm_ubiquitin(Gly-K}-

PScvGAN
i pUC ori, bla (AmpR), 2um oni, URAS,TEFT‘promoter-Mm_ubiquitin(Gly-X)-
LIive |

  

 
 

 

| pGV2084
  

 

pUC ori, bla (AmpR), 2um ori, URAS,TEF7promoter-Mm_ubiquitin(Gly-X)-
65JpGvZ055Gives|

pGV2086 |“‘puc ori, bia (Amp), Zum ori, URAS, TEF? promoter-Adim__ubiquitin{ Gly-x)}-Se_ivD

Table 5-3outlines the primers sequences disclosed inn this example:
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TTTTGCGGCCGCGGATCCGTCGACACCTCGCAGGCGCAACACCAGGTGCAG | panne
{00374] To develop the constructs required to express DHAD as a fusion with
an N-terminal ubiquitin, plasmid pGV1784 was synthesized by DNA?2.0O. This
plasmid contained the synthesized sequence for the Afus musculus ubiqutiin gene,
codon-optimized for expression in S. cerevisiae (Mm_ubiquitin, Figure 5-1).

ATGCAGATTITIGTGAAGACCCTCACTGGCABRAACTATCACCCT TGAGGTCGAGCCCABTGA

ACCATTGAGAATSTCAAAGCCAABATTCAAGACAAGGAGGETATCCCACCTGACCAGCAGS

GTCTGATAPTTGCC GGCAAACAGCTSGAGGATGGCCGCACTOTCYTCAGACTACAACATCCAG

ABAGSAGTCCACSCOT SCACCTESTGTTGCECCTSCGAGGTOGA

Figure 5-1. Mus musculus ubiquitin gene coding sequence

[00372] -Using this plasmid as the template, the Mém_ubiquitin gene was
amplified via PCR using primers 1792 and 1794 to generate a PCR product
containing the Mm_ubiquitin gene codon sequence flanked by restriction sites Xhol
and Noél at its S’ and 3’ ends, respectively, and altered so as to lack the codon for its

andogenous C-terminal most glycine residue (denoted as Gly-X). This PCR product
was cloned into pGV1662 (described in Example 2), yielding pGV1897.

2 micron 

 
 

URA3

pGV1897
6539 bp _CYC' Terminator bla (ampR)

Mh. Xhe 1 (2338)
\Not [ (2:Bam rt4)Sall (2357)°pUCori

TEF1 Promoter mouse Ubiquitin Gly-X

Figure 5.2. Schematic map of plasmid pGV1897

[80373] Plasmid pGV1897 was then used as a recipient cloning vector for
sequences encoding S.cerevisiae ILV3 (Sclilva(FL), SEQ ID NO: 25), S.cerevisiae
INGAN (ScilvAAN, SEQ ID NO: 31), Lactococcusfactis iivD (LI_iivD, SEQ 1D NO:
23}, Gramella forsetti ivD (Gf_iivD, SEQ ID NO: 22), and Saccharopolyspora
erythraea ilvD (Se_ivD, SEQ ID NO: 24), yielding plasmids pGV2052-2056,
respectively.
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[00374] The DHAD activity exhibited by cells transformed with each of the
resulting constructs is ascertained by in vitro assay. GEVO2244 is transformed
(singly) with pGV2052-2056, pGV11i06 {emptry control vector), pGV1855
{expressing native, unfused “L/f#vD), pGV1900 (expressing native, full-length
sc_iLV3O(FL), or pGV2019 (expressing unfused Sc_/LV3AN). Lysates of
transformants are prepared and DHAD activity is assayed as described in Example

2. DHAD activity in mitochondrial/organellar (P) and cytosolic (S) fractions and
whole cell (WV) lysates is assayed as described in Exampie 4.
[00375] In an analagous manner, a desired ALS (e.g., Bs_alsS) or KARI gene
whose product is known or predicted to be mitochondrial can be re-targeted to the
cytosol by means of the methods detailed in this example. The nucleotide sequence
encoding for a fulltength, or variant, ALS or KARI is amplified by PCR using primers
that introduce restriction sites convenient for claning the final product as an in-frame
fusion of the Mm_ubiquitin gene. The resulting construct is transformed into a host
=.cerevisiae cell suitable for assaying the in vitro activity of the expressed
Mm_ubiquitin-gene chimeric fusion protein, using methods described in Examples 2
and 4.

Example 6: Alternative, native dehydratases with DHAD activity.
[00376] This example describes how the overexpression of nafive
dehydratases in S. cerevisiae for the conversion of 2,3-dihydroxyisovalerate to
ketoisovalerate is measured,

 

Table 6-1 details the genotype of strainsdisclosed |in thisexample:|
'GEVONo.| Genotype/Source —
| Gevo72244 | S. cerevisiae, CEN.PK: MA Tauradle
Table6-2outlinestheplasmidsdisclosedinthisexample:

pGV No._fi Genotypep426TEF

  

   

 
 

 
 

 Preps:“MCS:TevetURAR, 2-micron, bia, pUuC-or}(Mumberg, D. st al. 1995)
7 ____ Gene 156:118-122; obtained from ATCC)
a 1102— 0PreeAeHA--tag.MCSToye: URAS, 2-micron, bia, pLiC-ort  

1106|VPigustnye-lagMCS: Teve,, URAS,2-micron, bia, pUEC-ori 
 

 

  

 

1662 Precyld vd: Tovey, URAS, 2-micron, Bla,pUC-orr
|__4894aanPrepiE@_fvO™"'"-coSe:Teyer, URA3, 2-micron, bia, pUC-ori |

2000 Prey St IL V3BANPronk_ivCO?'-coSe:Tove:, URA3, 2-micron, bla, puC-
(ori

ST©PrepLLVD:Prons:Be_ivCT"-c08C:Tovey,URAS,2-micron,bla, pUC-ori|
449 PreeSGLEUTPya3Eo_ivCO"'-coSe:Tever, URAS, 2-micron, bla, pUC- |

or

213|Prepy’So_HIS3:Prons'Eo_IVC -coSe:Teen, URA3, 2-micron, bla, pUC-ori | 

Table 6-3 outlines the primers sequences disclosed in this example:
| GevoNo. | Sequence (to3) eee
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oeORReeeaceaeOOTOACTATCCSSSTETCGACGAAT| TCOCGGGATCCGCGGCCGC

' a0~ “ FEGAGCGGCESCEGATCCCEGGAATTCGTCGACACCCGCATAGTCAG.
_GAACATCGTATGGGTACATS

TCGAGCGGCCGCGGATCECEGGAATTCGTCGACACCATCTTCTTCTGA

GATGAGTTTTTGTTCCATG

(4842 | TTTTGGATCCCTACCAATCCTGGTGGACTTTIATCG "
24633TIGGTAGTSGACATGGTTTACACTCCATOCAAGGGTOeee
"2483 |ACAGTAGTCGACATGACAGAGCAGAAAGCCCT|
~~| 2184 TACATCGGATCCCTACATAAGAACACCTTTGGTG

 
  

[80377] Plasmid pGV1102 was generated by inserting a linker (primers 269
annealed to primer 270) containing a HA-tag and a new MCS (Sall-EcoR!-Smal-
BamHi-Not)) into the Spel and Xho! sites of p426TEF.
[00378] Plasmids pGV1106, pGV1662 are described in Example 2.
[60379] Plasmid pGV1894is a yeast high copy plasmid with URA3 as a marker
for the expression of E. col iivCS"’ and was generated by cloning a Xhol-Nofl
fragment (1.5 kb) carrying the E. coli ivC°"’” ORF (SEQ ID NO: 32) into the Sad-
Nott of pGV1662(6.3 kb}, replacing the Li_kivd ORF.
[00380] Plasmids pGV2000, pGV2111, pGV2112, and pGV2113 are yeast high
copy plasmids with URA3 as a marker for the expression of E. coff ilvC@?®” and a
DHAD.

[00381] pGV2000 is generated by cloning a Sacl-Notl fragment (4.9 kb) from
pGV1974 (described in Example 3) carrying the S. cerevisiae TEF1 promoter:S.
cerevisiae INGAN:S. cerevisiae TDH3 promoter:E. coli vC°'” into the Sact-Noft
sites of pGV1706 (6.6 kb), a yeast expression plasmid carrying the URA3 marker.
[00382] pGV2111 is generated by cloning a Safl-BamHl fragment (1.7 kb)
carrying the Lactococcus /actis iivD ORF (SEQ ID NO: 23 with a Sail and BamHi

sites introduces at the 5’ and 3" ends, respectively) into the Safl-BamHi of pGV2000
(8.4 kb), replacing the S. cerevisiae IvV3SAN ORF.

[00383] pGV2112 is generated by cloning the S. cerevisiae LEU? gene as a
Sall-BamH) fragment (2.3 kb), generated by PCR using primers 2163 and 1842
using genomic DNA as template, into the Sa/l-BamHl of pGV2000 (8.4 kb), replacing
the S. cerevisiae iv3AN ORF.

[00384] pGV2113 is generated by cloning the S. cerevisiae HIS3 gene as a
Sai-BamHl fragrnemt (0.7 kb), generated by PCR using primers 2183 and 2184
using genomic DNA as template, into the Sal-Bamiil of pGV2000 (8.4 kb}, replacing
the S. cerevisiae Iiv3AN ORF.

{80385} DHADs are tested for in vitro activity using whole cell lysates. The
DHADs as well as LEU? and H/S3 are expressed from pGV2000, pGV2112, and
pGV2113 GEVO2244 to minimize endogenous DHAD background activity. A
plasmid that does not express DHAD, pGV1894, and a plasmid that expresses
LifivD, pGV2111, are used as negative and positive controls, repectively.
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{Q0386] To grow cultures for cell lysates, triplicate independent cultures of each
desired strain are grown overnight in 3 mL YNBD+HLW+1O6xiV at 30°C, 250rom.
The following day, the overnight cultures are diluted 1:50 into S50mL fresh

YNBD+HLW+10xIV in a 256 ml baffle-botiomed Erlenmeyerflask and incubated at
30°C at 250rpm. After approximately 10 hours, the ODeoo of all cultures are
measured, and the cells of each culture are collected by centrifugation (2700xg, 5
min}. The cell pellets are washed by resuspending In imL of water, and the
suspension is placed in a 1.5mL tube and the cells are collected by centrifugation
(16,000xg, 30 seconds). All supernatant is removed from each tube and the tubes
are frozen at -80°C until use.

{G0387}] Lysates are prepared by resuspending each cell pellet in 0.7mL of lysis
buffer. Lysatelysis buffer consisted of: 0.1M Tris-HCI pH 8.0, 5mM MgSO., with 10
HL of of Yeast/Fungal Protease Arrest solution GG Biosciences, catalog #788-333)}
per imL of lysis buffer. Eight hundred microliters of cell suspension are added to
tmL of 0.5mm glass beads that had been placed in a chilled 1.5mtube. Cells are

lysed by bead beating (6 rounds, 1 minute per round, 30 beats per second) with 2
minutes chilling on ice in between rounds. The tubes are then centrifuged
(20,000xg, 15 min) fo pellet debris and the supernatant (cell lysates) are retained in
fresh tubes on ice. The protein concentration of each lysate is measured using the
BioRad Bradford protein assay reagent (BioRad, Hercules, CA) according to
manufacturer's instructions,

{00388} The DHAD activity of each lysate is ascertained as follows. In a fresh
1.5mL centrifuge tube, 50uL of each fysate is mixed with SOuL of O.1M 2,3-
dihydroxyisovalerate (DHIV), 25uL. of 0.1M MgSOQ,, and 375uL of 0.05M Tris-HCI pH
8.0, and the mixture is incubated for 30min at 35°C. Each tube is then heated to

95°C for Smin to inactivate any enzymatic activity, and the solufion is centrifuged
(16,000xg for Smin} to pellet Insoluble debris. To prepare samples for analysis,
{OOuL of each reaction are mixed with TOOuL of a solution consisting of 4 parts

15mM dinitrophenyl hydrazine (DNPH) in acetonitrile with 1 part SOmM citric acid, pH
3.0, and the mixture is heated to 70°C for SOmin in a thermocycler. The solution is
then analyzed by HPLC as described above in General Methods to quantitate the
concentration of ketoisovalerate (KIV) present in the sample.

[00389] DHADs are tested for in vitro activity using whole cell lysates. The
DHADs are expressed in a yeast deficient for DHAD activity (GEVO2244; ilv3A) to
minimize endogenous background activity.

Example 7A: Cloning of low-abundance, endogenous cytosolic iron-sulfur cluster
assembly machinery for overexpression in S.cerevisiae.
[00390] The purpose of this example is to describe how three known

camponenis of the S.cerevisiae cytosolic iron-sulfur assembly machinery were
cloned to permit their overexpression in S.cerevisiae, to increase cytosolic DHAD
activity.

{00391] in the yeast S.cerevisiae, ai four least genes—~C/A7, CFDT, NART, and
NBP35—encodeactivities that contribute to the proper assembly and/or transfer of
iron-sulfur [Fe-S] clusters of cytosolic proteins. Of these four genes, three-- CFD,
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NAR?, and NBP35—have been shown to be expressed at very low levels during
aerobic growth on glucose (Ghaemmaghami, S., ef al, Nature (2003):425(16), 737-
7441). These three genes thus represent attractive candidates for overexpression, to
increase the cellular capacityfor proper cytosolic [Fe-S] cluster protein assembly.

Fable 7A-1 outlines the plasmids disclosed in this example:
 

 
 
 

 
 

 
 

 

 
 

| pGV No. Ne Genotype
“oma PSUS on, bla(AmpR),2umorl,TPIT promoter-hph (HygroR), PGK?
peve074 AA|.promoter, TEFT promoter, TOH3 promoteree

pUC ori, bla (AmpR), 2umori, TPH promoter-hph (HygroR), PGK

| promoter, TEFT promoter, TONS promoter-GFD1
Ppuc ori, bla (AmpR), 2amori, TPIT promoter-Aph (HygroR), PGKT

i promoter, TEFI promoter-NART, TDH3 promoter-CFD1

| pUct ari, bla (AmpR), Zum or, TPIT promoter-hph (Hygrok}, PGKT
promoter-NBP35, TEF? promoter, TOH3 promoter

pGvat27

 

 

 

| PEST TOOTCGAGAT GGAGGAACAGGAGATAGCCOTTOCTGOC,

GSCEECOSCPPATTTESEGAGATICPFATCTGOGOGTTAC

(© ee
' GEVO219|
iF PTET TGGTCGACATGAGTOCTCTACTOTCCGAGTCT GBCj

 
 

 
 

  

  
 

   

  

 
PROT TOEGATCCT TACCAGGTECTCOCAACAGAGAC GAGA

'GEVO225|

9 obee
|GEVO226 -

0 CATATCOCTOGAGGTAQCCTATACATCCCCCACAGCATCTCE!

TVAGTAAGATCTATGACTRAGATACTACCA

[00392] To clane the sequences for CFD1, NAR?, and NBP3S into an

appropriate S. cerevisiae expression vector, the following steps were carried out
Vector pGV2074 was used as a parental plasmid for subsequent claning steps
described below. A schernatic map of pGV2074 is shown in Figure 7A-1, and the
nucleotide sequence is given in Figure 7A-3. The salient features of pGV2074
include a bacterial origin of replication (pUC) and selectable marker (b/a), an
S.cerevisiae 2um arigin of replication and selectable marker Ghe Aph gene,
conferring resistance to hygromycin, operably linked to the TP/7 promoter region),
and sequences containing the S.cerevisfae promoters for the PGK1, TDH3 and
TEF? genes, each followed by one or more unique restriction sites to facilitate the
introduction of coding sequences.
[00393] First, the CFD? coding sequence was amplified from S. cerevisiae
genomic DNA by PCR, using primers 2195 and 2196, which also added 5’ Xhol and
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3 Nofi sites, respectively. The resulting ~890bp PCR product was digested with
Xhol plus Netl and ligated into pGV2074 that had been digested with Xhol plus Nofl,
yielding the plasmid pGV2127. All sequences amplified by PCR were confirmed by

DNA sequencing. Next, the NAR? coding sequence was amplified from S.cerevisiae
genomic DNA by PCR, using primers 2197 and 2198, which added 5° Saf and 3
BamHi shes, respectively. The resulting ~1485bp product was digested with Sail
plus BamHI and cloned into pGV2127 which had also been digested with Safi plus

Bambi, thereby yielding pGV2138. Next, the NBP35 coding sequence was amplified
S.cerevisiae genomic DNA by PCR, using primers 2259 and 2260, which added 5’

Baill and 3’ Kpni and xhol Grom 5’ to 3’) sites, respectively. The resulting ~995 bp
product was digested with Bgil plus Xhol and ligated Into pGV2074 that had been

digested with Baill plus Saf, yielding pGV2144. Finally, pGV2144 was digested with
Avril plus BamHI, and the resulting 1.78kb fragment (which contained the PGK

promoter and the NBP35 ORF sequence) was gel purified and ligated into the vector
pGV2138 that had been digested with Avril plus Bg/l, yielding pGV2147. A

schematic map of plasmid pGV2147 is shown in Figure 7A-2.

CYC1 terminator

2micron_ hph HygroR 
  
 
 

oGV2074 TPI1 promoter
~~” NotI (e

7685 bp aBglll (2270)
yo XhoI (2285)

bla (ampR)
fa

— we ScTDH3 romoter
AvrIl (4135) y “Sali (2947)a TEF1 Promoter

/ Bgl Tl (3360)
PGK1 promoter pypat (3368)

Figure 7A-1: Schematic map of plasmid pGV2074.
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atta 

LEnEnetNeneenagdeeceeenne,oyqtigbotabttteote
achagegaagetgeqggtgeastttteceaqataa
atactttgqtgaacayaaagtgatagcegitgatga

tgtetetatatactacqtataggaaatgtttacatten

Lacaattettttgt claaaqagtaatactagagataaacataaaaaa
aaggagegaaaggtggatgaqtaggttataragggatatagcacagaga a
aatgtitgigqauaagcagtatteqcaatattttag CBOE SSE EASATEESEIETS
gegthottcagagagettiiqgttttcaaaagcyctoctgaaqttocklatac Ley

taqgeactticasgagegtitccgeaaacgagogct tocgqaaaatgqraac

teacghogecacctatatorgecghBEEGOCE GEAR SS AEST
tLiaaatgqegianttatatqagtetat
ecatgoqgqgthategtatyettect teaqoactaccehttageronncta
agtetcatecticaatgctatcatticettitgata

Figure 7A-3: Nucleotide sequence of plasmid pGV2074.

etgtaggtecgttaaggt

rot rackgqeagtttacrgatt

ntabacaematatqgattiqede

SEgaACS eetettetarnen

 hagaaqaaggetaci  
 

 
 

aoe)

oy

ketctrggtttettgasage
qagjaataggaacttcgygaa

LQseeneee 
 
 

 AQGaac

aghaecctkactotgataatiatcccat &
tat Egecactcotcaattggatt

Example 78: Cloning of heterologous cytosolic iron-sulfur cluster assemb!
 

machinery for overexpression in S.cerevisiae.
[00394] The purpose of this example is to describe how cone or more cytosolic
iron-sulfur assembly machinery components, from various species, can be cloned to

permit their overexpression in S.cerevisiae, thereby increasing cytosolic DHAD
activity.

[00395] In addition to the endogenous cytosolic iron-sulfur assembly machinery
found in S.cerevisiae, homologous sequences and activities have been identified in

other microbial and eukaryotic species. In one example, the ApbC protein of
Saimonella enterica serovar Typhimurium has been shown, in vifro, to bind and
effectively transfer iron-sulfur clusters to a known cytosolic [Fe-S] cluster-containing
S.cérevisiae substrate, Leut (Boyd, J.M., ef al., Biochemistry (2008), 47(31):8195-
202). Thus, a number of other useful homologs of the known S. cerevisiae cytosolic
iron-sulfur assembly machinery components exist and present attractive candidates
for overexpression in S.cerevisiae. Table 7B-1 lists several exemplary homologs
and their GenBank accession numbers, as identified by previous homology searches
(Boyd, J.M., et al., Journal of Biological Chemistry (2009), 284(1):110-118). Also
included in the table are two closely related S.cerevisiag homologs, Nbp35 and Cfd1.
Of note, Indt is reported to be localized to and functional in the mitochondria (Bych,
K., et al, EMBO J. (2008), 27(12):1736-46} whereas Hcfi0t is reported to
participate in iron-sulfur cluster assembly in Arabidopsis chloroplasts (Lezhneva, L.,
etal., Plant Journal for Cell and Molecular Biology (2004); 37, 174-185).

Table 7B-1. Functionally homologous proteins involved in iron-sulfur cluster
formation.

 [Gene |Source,AccessionNumber_-
ApbC Salmonellaentericaserovar Typhimurium LT2, NP_461098
inddYarrowia lypolytica, YALIOB18590g -_
HehO8Arabidopsis thaliana,AAR97892.1 / a
  Scorovising: CARGS707.4—
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[Cfdi|S.cerevisiae,AAS56623_ BO

[80396] The cloning of one or more of these genes is carried out using
techniques well known to one skilled in the art. Oligonucleotide primers are
designed that are homologous to the §’ and 2 ends of each desired reading, and
which furthermore incorporate a restriction site sequence convenient for the cloning

of each reading frarne into vector pGV2074. A standard PCR reaction is used fo

amplify each gene, either from the genome of each host organism, or from an in vitro
synthesized DNA fragment, and the resulting PCR product is cloned into an
expression vector (pGV2074). In the case of a protein known to be targeted to the
mitochandira, such as Yarrow/a lypolytica Indi, PCR primers are designed to amplify

the majority of the coding sequence while excluding the known N-terminal
mitochondrial targeting sequence (Bych, K., et al, EMBO Journal (2008) 27:1736-
4746)

Example 7C: Overexpression of S.cerevisiae cytosolic

machinery to increase cytosolic DHAD activity
[00397] The purpose of this example is to describe how a plasmid expressing

one or more iron-sulfur assembly machinery components is co-expressed with a
DHAD, thereby increasing the cytosolic activity of the DHAD.

iron-sulfur assempb!   

Table 7G-1 details the genotype of strains disclosed in thisexample:

GEVO No. | Genotype / Source _
| GEVO2244 | S. cerevisiae, CEN.PK; MATa ura3 leu2 his3 trod ivGA 

Table 7C-2 details the relevant features of plasmids disclosed in this example:

Genotype
pUCari, bla (AmpR),2umori,URA3,TEFTpromoter-GramellaI

t forsetti ilvD
| pUc ori, bla (AmpR)}, 2um ori, URA3, TEF7 prormoter-
| Chromohalobacter salexigens ilvD
| pUc on, bla (AmpR), 2um ori, URA3, TEFT promoter- Ralstonia

oneutrophael
| pUCori, bla (AmpR), 2um ori, URA3, TEF1 promoter

| Saccharopolyspora erythraea ilvD
|puc oni, bla{AmpR), 2um on, URAS, TEFT promoter-Li_ilvD

“TpUcari,bla(AmpR), 2um ori, URA3, TEF? promoter- SciLV3(FL)
pUc ori, bla (AmpR), 2um ori, URAS, TEF? promoter- Acidobacteria

  
  pGVvi851

| pGV1852

  

  
 
 

 
 

 

 pGVI005 : bacterium Elin345 ilvD |
“pGVvi906 |oF“|pUCoff,bla(AmpR),2umori,‘URAS, TEFI promoter- Picrophilus 7| torridus DSM 9790 ilvD

| pGV1907 | pUC off, bla (AmpR), 2pmori, URA3, TEF7 promoter- Piromyces

 
| species E2 ifvD

GVy2074 pUc ori, bla (AmpR), 2um ori, URA3, TEF? promoter- Sulfolobus
Pp __ftokodaii strain 7 ilvD
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pGV2147 pUC ori, bla (AmpR), 2umori,TPIT promoter-hph (HygroR), PGK?promoter-NBP35, FEF?promoter-NART, TOH3 promoter-GFD1_ |
[00393] Strain GEVO2z244 is simultaneously co-transformed with one of:
pGV1851, pGV1852, pGV1853, pGV1854, pGV1855, pGVvi904, pGV1905,
pGV1906, or pGV1907; plus, one of either: pGV2074 (which serves as an empty-
vector control) or pGV2147 (which serves as the cytosolic Fe-S cluster machinery
overexpression plasmid), and doubly-transformed cells are selected by plating onto
SCD-Urat+9xlV containing 0O.ig/L Hygromycin B.
[00399] Three independent isolates from each transformation are cultured in

SCD-Ura+9xlV containing 0.1g/. Hygramycin B to obtain a cell mass suitable for
preparation of a lysate, as described in Example 2. Lysates are prepared from each
culture, and the resulting lysates are assayed for DHAD activity as described in
Example 2. To further confirm that the increased DHAD activity is due specifically to
increased cytosolic activity, cultures of GEVO2244 containing pGV1855 plus either
pGV2074 or pGV2147 are grown in SCD-Ura+9x!V containing 0.1g/L. Hygromycin B
as otherwise described in Example 4. Fractionated lysates are prepared and in vitro
assays to measure DHADactivity are further carried out as described in Example 4.

Example 8:Deletion of LEU7.

[06400] The purpose of this example is to describe the deletion of LEU? to
increase the iron-sulfur cluster availability in the yeast cytosol.

Tabie 8-1 details thegenotype of strains disclosed in this example: 

 
Fable 8-2 outlines the plasmidsdisclosedin this example;

ESvinOS TC a
 pGVi2e9|KlactisURAS,bia, pUC-ori (GEVO)
__peviest | Prers‘Lactacaccuslactis ivD-coSc-Proy3E¢_fveO"-coSeTevenmicron,bla, pUC-ori |

I“PreevProngeo_live ’-coSeFoves, HISS, 2-7

 

 

 
 

 

 

 
 

 
  

onxeAGTCAAGAAATATAAAGAATATTGAAATTGACAGTTTTTGTCECTAMTCS
_ATTTTTATTA

_ | TITTGTCGCTATCGATTTTTATTATTTGCTGTTITAAATCATICIGGTICT |
ATCGAGGAG |

aa CRYSTTATTGACGCCAGGTTTGGACGTTGTTTTTCACTGTATOCGGATS
|TGAAGTCGTIG© | 
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; 2175OTAGTTCAGAGCTTGGTES
2226 | TGECTCCATTTGGAAGTCTCG

| 2227 TATCTACGAAGTGACCTGCG —

 

 
 

[0401] The LEU? gene was deleted by transforming cells with a feuTi:Ki_URA3
deletion cassette that was generated by two rounds of PCR. Initially, the Ki_URA3

gene was amplified with primers 2171 and 2772 from pGV1299 (described in
Example 1}. These primers add 40bp of the LEU? promoter and terminator

sequences to the 5 and 3° ends of the Ki_URAS gene. This PCR product was then
used as a template for a PCR using primers 2170 and 2173. Primer 2170 adds an
additional 36 bp of the LEU promoter sequence at the 5 end and primer 2173 adds
an additional 38 bp of the LEU? terminator sequence at the 3 end. This PCR
product was transformed into GEVO2244 (described in Example 1} to generate

GEVO2570. The §’ junction of the integrations were confirmed by colony PCR using
primers 2226 and 567. The 3° junction of the integrations were confirmed by calany
PCR using primers 588 and 2175. The loss of the LEU? gene was confirmed by a

lack of PGR product using primers 2167 and 2227.
[00402] GEVO2570 has a deletion in ILV3. GEVO2570 is used to measure DHAD
activity In the presence of L. /actis iivD overexpressed as described in Examples 2

and 4. A plasmid (pGV2001) with no DHADis used as a negative control,

Example 9: Conserved motif amongst cylosalically active DHAD enzymes
{00403} This example illustrates that a DHAD enzymes with a specific amino acid
sequencemotif are more likely to be functional when expressed in the yeast cytosol.

[60404] Based on the data from blechemical assays (see Exarnple 2}, several
DHAD homologs wereidentified that exhibit at least some cytosolic activity. A total

of ten different homologs were tested using biochemical assays. The DHADs were
expressed from 2 micron yeast vectors and transformed into GEVO2244. The

homologs were then ranked based on thelr measured specific activity in both whole
cell lysates and in cytosolic fractions. .
{00405] Based on these data, four DHAD homologs (Lacfococcus factis (SEQ 1D
NO: 9), Grammella (SEQ ID NO: 8), Acidobacteria (SEQ ID NO: 7), and
Saccharopolyspora (SEQ ID NO: 10) exhibit cytosolic activifly. Four homologs
exhibit no cytosolic activity: Ralstonia (SEQ ID NO: 13), Chromohalobacter (SEQ ID
NO: 14}, Picrophilus (SEQ ID NO: 15), and Sulfolobus (SEQ ID NO: 16). One motif-
containing homelog was inconclusive (Piromyces, SEQ ID NO: 72) - if did not
complement the Gevo2242 valine auxotrophy and had detectable biochemical

activity. Since this homolog has a putative organellar targeting sequence, the

protein is likely to be mitochondrially located explaining its inability to complement
the Gevo2242 auxotrophy despite containing the motif.

[G0406] A multiple sequence alignment (MSA) was created using the Align Multiple
Sequences tool of Clone Manger 9 Professional Addition Software using the “Multi-
Way" function. This function will do exhaustive pairwise global alignments of ail

Page 118 of 179
113875 vS/pe



Atty. Docket No. GEVO-044/07US

sequences and progressive assembly of alignments using Neighbor-Joining

phylogeny. A total of 53 representative DHAD homologs (Figure 9-1} were aligned
using the folowing using the BLOSUM6E2 scoring matrix setting. This alignment
generated the tree in Figure 9-1.

{00407] Many of the DHAD homologs exhibiting cytosolic activity (highlighted in
yellow) are related by overall homology (>40%)} homology when compared to the S.

cerevisiae DHAD encoded by SciLV3. However, the 40% homology cut-off still
includes several DHAD homologs that do not exhibit cytosolic activity (highlighted in
blue}. The gray highlighted DHAD failed to complement in the genetic/biochemistry
assay but this result is stil consistent with our motif hypothesis since the protein still
retained its mitochondrial localization signal. Therefore, a cornmon sequence motif,

unique to DHAD homologs that are cytosolically active, was identified:
P(U/LIXXXGX(U/LIXIL (SEQ ID NO: 19), where (/L}) indicates an isoleucine or leucine

at that position, and X indicates any amino acid. This motif can be found in all five
DHAD homologs that are cytosolically active, as well as the inconclusive Plromyces

homolog.
[00408] An even more specific version of this motif was identified that is conserved

in all of the DHAD homologs that are cytosolically active except for the
Saccharopolyspora DHAD: PIKXXGX(/L)XIL (SEQ ID NO: 260). This motif is
conserved amongsi the majority if not all eukaryotic homologs of DHAD.
[00409] Six additional DHAD homologs were identified: SEQ ID NOs 1-6 as

specified in Table 2. These DHAD homologs (SEQ 1D NOs 1-6) contain the motifs
PYHKEGGLGIL, PYSEKGGLAIL, PYKPEGGIAIL, PLKPSGHLOIL, PIKKTGHLQIL,

and PIKETGHIQIL, respectively.
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Example 10: N-terminal deletion to generate cytesolically active DHAD enzymes

[00410] To generate a cytosolic DHAD, either 19 or 23 amino acids were
removed from the N terminus of native S. cerewsiae ILVS to disrupt the MTS. These

iiv3s were assayed for in vilro DHAD activity.
[00411] To construct the N-terminal Ilv3 deletions, pG6V1817 was used as the
template for PCR amplification of S. cerevisiae {LV3 with the appropriate forward

primer (2396 or 2394) and 2468 as the reverse primer. The forward primers added
40 nuclectides matching the 3’ end of the TDH3 promoter to the § end of IL V3, and
the reverse primer added 45 nucleotides matching the F endof the CYC? terminator
to the 3 end of /LV3. These regions of homology allow for homologous
recombination to occur between the ILV3 PCR products and pGV2080 (CEN)
linearized with Xho/ and Not] GEVO2244 was transformed as described above

using 100 ng of LVS PCR product and 100 ng of linearized or pGV2060.

Construction of strains and plasmids

{O0412] Piasmid pGV1817 was constructed to create a vector to be used in the

bipartite integration system which contained S. cerevisiae ILV3 and ILVS. it was
constructed by PCR amplification of /LV3 fram S. cerevisiae genomic DNA with
primers 1617 and 1618. Primer 1617 added a Saif site to the 5 end of ILV3, and

primer 1618 added a BarnHi site to the 3’ end. The resulting PCR product and
pGV1810 were digested with Sa/i and BamHi and ligated to yield pGV1817.
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Figure 10-1: Plasmid pGV1817

{00413} The CEN plasmid pGV2080 is used for expressing Ec_fvC_Q770V_coSe

under TDH3 promoter control. The EcivC_Q7710V_coSc gene was PCR amplified
from pGV1981 using primer pairs 2123/2124 followed by gel extraction and

purification of the PCR product using Zymociean Gel DNA Recovery Kit. The
purified PCR product was then digested with Sall and Xbal and ligated into

Xhol/Xbal digested pGV1056 vector (~5.8 kb fragment, containing Proxe, Teycr,
HIS3, CEN, ARS, bla, pUC-orf). Purified plasmid DNA was confirmed by the
generation of ~5.6 kb and ~1.7 kb fragments by Xbal and Mlul restriction enzyme

digest and sequenced with primers 350/352/1911 to ensure sequence identity of the
insert.

 
2_MICRO
- SH4

CENG”»—, HIS3
AP(R)

__F41_ORI

PUC-orl-\\7292DP7.“CYC1_Terminator

TDH3Promoter _ilvC_co(Sc) Q110V

Figure 10-2: Plasmid pGV2080

{00414] Plasmid pGV2325 was constructed by amplification of S. cerevisiae
ILVGAN19 from pGV1817 with primers 2390 and 2468. Primer 2390 added 40

nucleotides encading part of the Y end of the TDH3 promoter to the 5’ end of IL V3,
and primer 2468 added 45 nucleotides encoding part of the 5’ end of the CYC7
terminator to the 3’ end of ILV3. These regions of homology allowed for homologous
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recombination to occur between the /LV3 PCR product and pGV2080 (CEN)
linearized with Xho/l and Not], GEVO2624 was transformed as described above

using 100 ng of ILV3 PCR product and 100 ng of linearized pGV2080. Plasmid was
recovered from GEVO2624 as described above, transformed into E. coli, and then

purified. The plasmid was verified by restriction digest with Sali and Notf (171ibp
and 5789bp). The construct was then sequence verified with primers 592, 1620,
1621, 1622, and 1623.

 

   pGV2325+
7500 bp «+ ,

f- Sc_Delta-N19 ILV3
TDH3_Promoter

Figure 10-3: Plasmid pGV2325

[00415] Plasmid pGV2326 was constructed by amplification of S. cerevisiae
ILV3AN23 from pGV1817 with primers 2394 and 2468. Primer 2394 added 40

nucleotides encoding part of the 3’ end of the TDH3 promoter to the 5’ end of fL V3,
and primer 2468 added 45 nucleotides encoding part of the 5° end of the CYC7
terminator to the 3’ end of ILV3. These regions of homology allawed for homologous
recombination to occur between the /LV3 PCR product and pGV2080 (CEN)
linearized with Xhof and Not], GEVO2624 was transformed as described above

using 100 ng of /LV3 PCR product and 100 ng of linearized pGV2080. Plasmid was
recovered from GEVO2624 was described above, transformed into E. cofi, and then

purified. The plasmid was verified by restriction digest with Sa//f and Not! (1699bp
and 5/78Sbp}. The construct was then sequence verified with primers 592, 1620,
1621, 1622, and 1623.
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TDH3Promoter S$c_Delta-N23 ILV3

Figure 10-4: Plasmid pGV2326

Table 10-7 details the genotype of strains disclosed herein:
 

 LSEVOuDda
  

 
 

 CEN. PRD MATalpha uraS leu2 his3 ‘epT. iiv5-D255E,
pdet{Pscouer'Bs_alsS:Pserpra'Ee_jivC co Q110V)

| GEVO2624
|  

ewe eens ene renee erence ene menen seem neste nee e eee oo stehtnnnORTRRNAANNES aneeneeeneneeneeneennne,

102 'Psc_ronv'Ec_iWC_OQ110V_co: Tsooven, HISS, CEN.ARS,bia.”
|pUC-oFi ee

410-3  Psc.rong) Sc_AN19 IL VS:‘Tsecycr HISS, CEN, ARS, bia, pUC~
| orf

   

  
[00416] The DHAD enzymes S. cerevisiae ILV3AN19 and ILV3AN23 (encoded by
SEQ 1D NO: 41 and 42, respectively) were expressed in strain GEVO2244 from
plasmids pGV2325 and pGV2326, respectively. The strains were cultured in SCD-
His+9xIV¥V medium and harvested at an OD of 3-4. Frozen pellets were lysed by bead
beating andthe enzymatic activity was assessed as follows. In a 0.2 mL PCR tube,
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20 yuL of sach sample was mixed with 20 uL of 0.1 M 2,3-dihydroxyisevalerate
(DHIV}, 10 ul. of 6.1 M MgSQ,, and 150 ul of 0.05 M Tris-HCI pH 8.0, and the
mixture was incubated for 30 min at 35°C. Each reaction was carried out in

triplicate. Each tube was then heated to 95°C for 5 min to inactivate any enzymatic
activity, and the solution was centrifuged (8000xg for 5min) to pellet insoluble debris.
To prepare samples for analysis, 100 uL of each reaction were mixed with 100 pL of
a solution consisting of 4 parts 15 mM dinitropheny! hydrazine (DNPH)in acetonitrile
with 1 part 50 mMcitric acid, pH 3.0, and the mixture was heated to 70°C for 30 min
in a thermocycler. Analysis of DNPH derivatized ketoisovalerate via HPLC was
carried out as described in General Methods. Results are shown in Table 11-4. One

unit of DHAD activity is defined as the activity converting 1 umol of DHIV to KEV in 14
minute.

Table 11-4. Specific enzyme activity |in Uimg lysate for HvGAN1S and llv3AAN23 
 

 DoEnzyme }3=——a Activity [U/mg]
~~W3AN19,———_ 0.035

|___Emptyvectorcontrolesee
 

 

Example 11: Overexpression of Fe-S assembly machinery

[00417] To ascertain the effects of overexpressing a cytosolic 2Fe-2S or 4Fe-45
cluster-containing DHAD with candidate assembly machinery, the following steps, or
equivalent steps can be carried out. First, the coding sequence for the open reading
of the DHAD from spinach or other 2Fe-2S or 4Fe-48 cluster-containing DHAD is
cloned into the high-copy (2micron origin) S.cerevisiae expression vector pGV2074,
such that expression of the coding sequence is directed by the PGK‘ promoter
sequence, yielding plasmid pGV2074-1. Next, the NifU and NifS genes from
Entamoeba histolytica or the homologous NIF genes from Lactococcus lactis are
successively introduced into the aforementioned vecior, eventually yielding a single
plasmid (pGV2074-2) where the expression of all 3 genes is directed by strong
constitutive S. cerevisiae promoter sequences. Plasmids pGV2074-1 and pGV2074-
2 are transformed into S. cerevisiae strain GEVO2244 (relevant genotope, iv3A) and

transformants selected by resistance to Hygromycin B (0.1 g/L). At least 3 individual
colonies arising from each transformation are cultured, a cell lysate produced, and
the DHAD activity present therein measured, all according to previously-described
methods.

Example 12: Method for Identification of Orqanic Acid Transporters to Facilitate the
Production of lsobutanol Using Mitochondrially Localized DHAD

[00418] in this example, strain GEVO2624 is used. This strain has genetic
machinery required for the first two steps of the isobutanol producing pathway. This
was done by integrating the Poup::Bs_alsS2 and Prow3_Ee_ivC_O7F7T0V genes. In
addition, the native ILV5 gene has a mutation (i#v5°?""*) that eliminates [v5 activity.
Candidate organic acid transporters (e.g. BAP3) are cloned anto a low copy (CEN)
plasmid and mutagenized by PCR mutagenesis. The resulting strain library is
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screened for cells with the ability to grow in the absence of valine. Mutant plasmids
are then rescued and transformed into the same strain background to confirm that
the plasmid containing the organic acid transporter confers the ability to grow in the
absence of added valine. These mutant plasmids are subsequently tested in the
context of the full isobutanol pathway, minus the DHAD component, on a high copy
plasmid to determine if isobutanol production is improved. Improvement of transport
of DHIV into the mitochondria can be achieved through further protein engineering of
the organicacid transporter.

 
Productivity, THer, and Yield in Fermentation Vessels
[00419] The purpose of this example is to demonstrate that overexpression of
AFTincreases DHAD activity and isobutanol titer, productivity, and yield.

Fermentation

[00420] Media: Medium used was standard yeast medium Gor example
Sambrook, J.. Russel, D.W. Molecular Cloning, A Laboratory Manual. 3rd ed. 2004,
Gald Spring Harbor, New York: Cold Spring Harbor Laboratory Press and Guthrie,
C. and Fink, G.R. eds. Methods in Enzymology Part B: Guide to Yeast Genetics and
Molecular and Cell Biology 350:3-623 (2002)). YP medium contains 1% (w/v) yeast
extract, 2% (w/v) peptone. YPD is YP containing 2% (w/v) glucose. Medium used
for the fermentation was YP + 80g/L glucose + O.2g/L. G418 + 0.1 g/L hyaremycin +
7O00uM CuSO.4.5H20 + 1% viv ethanol. The medium was filter sterilized using a 1L
bottle top Corning PES 0.22um filter (481174). Medium was pH adjusted to 6.0 in
the fermenter vessels using 6N KOH.
{60421] Vessel preparation and operating conditions: Batch fermentations were
conducted using six 2 L top drive motor DasGip vessels with a working volume of 0.9
L per vessel. Vessels were sterilized, along with the appropriate dissolved oxygen
probes and pH probes, for 60 minutes at 121°C. pH probes were calibrated prior to
sterilization, however, dissolved oxygen probes were calibrated post sterilization in
order to allow for polarization.

{90422} Process control parameters: Initial volume, 900mis. Temperature 30°C,
pH 6.0, note that pH was controlled using GN KOH and 2N HoSO, (Table 13-1).

Table 13-1. Process control paramere

 
Not controlled i*Oxygen transfer rate increased from 0.5 mMfo 1.8 mM by increase agitation from 300°

rom to 400 rom 56 h post inoculation.
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{00423} Fermentation: The fermentation was run for 119 h. Vessels were sampled
3 times dally. Sterile 5 ml syringes were used to collect 3 mL of fermenter broth via
a sterile sample port. The sample was placed in a 2 mL microfuge tube and a portion
was used to measure cell density (ODgo99) on a Genesys 10 spectrophotometer
(Thermo Scientific). The remaining sample was filtered through a 0.22 uy Corning
filter. The supernatant from each vessel was refrigerated in a 96-weill, deep well
plate, and stored at 4°C prior to gas and liquid chromatography analysis.
{00424] Gas Chromatography: See general methods
[00425] Liquid Chrornatography, method 1 analysis: See general methods
[00426] Liquid Chromatography, High Throughput method 2: See general
methods.

[00427] Off-gas measurements: On-line continuous measurement of the fermenter

vessel off-gas by GC-MS analysis was performed for oxygen, isobutanol, ethanol,
carbon dioxide, and nitrogen throughout the experiment. Fermentor off-gas is
analyzed by Prima dB mass spectrometer (Thermo, Waltham, MA) for nitrogen,
oxygen, argon, carbon dioxide, isobutanol, ethanol, and isobutyraidehyde. A
reference stream of similar composition to the inlet fermentor air is also analyzed.
The mass spectrometer cycles through the reference air and fermentor off-gas
streams (one by one) and measures percent concentration of these gases after an
8.3 min settling time fo ensure representative samples. Equation 1 is a derived
value expression input into the mass spectrometer software to determine OTR using
percent oxygen and percent nitrogen from the reference air (% Oo, and % Nan) and
fermentor off-gas (% Oso: and % Neo). Nitrogen is not involved in cellular
respiration, and therefore, can be used to compensate for outlet oxygen dilution
caused by the formation of Coz. The inlet flow is calculated from Equation 2 based
on the ideal gas law and is standardized to 1.0 sLph flow rate and 1.0 L fermentor
werking volume to yield a derived value OTR in mmol/L/h from the mass

spectrometer. This derived value OTR is then multiplied by actual inlet flow rate
(sLph) and divided by actual working volume (L) in fermentation spreadsheets to
obtain an OTR for specific operating conditions.

 

Equation 1.

r : Bo NL” m= fhe i. of “ ie cmnnemneneeneeneeneen. § we: ES PaesaTR = [9 O2., (3% O2 nue ® bg ND | * FLOWie° SS eee epee

Equation 2.

La O85 atm | P&H sel

Flowp. = eee eaeseerstse rreerereerenererreree™ 3 oy 2 ERE ‘ - FREE
/ (9.083062 -te 244K e2 bhyal & +8

[00428] ‘Yeast Transformations: See general methods

[00429] Preparation of yeast lysate: See general methods
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[00430] DHAD assay (scaled down): See general methods
[00431] Protein concentrations: See general methods

Strain Construction

[00432] Standard molecular biclogy methods for cloning and plasmid construction
were generally used, unless otherwise noted (Sambrook, J., Russel, DW. Mofecular
Gioning, A Laboratory Manual. 3 ed. 2001, Cold Spring Harbor, New York: Cold
Spring Harbor Laboratory Press).
[00433] Cloning techniques included gel purification of DNA fragments (using the
Zymociean Gel DNA Recovery Kit, Cat# D4002, Zymo Research Corp, Orange, CA).
[00434] Strains, Plasmids as well as gene and protein sequences are described in
Yables 73-2, 13-3, and 13-4.

Table 13-2: Genotype of strains disclosed herein

 PGEVO Number OeGenotype——-OT
pdctA:‘Poupt[BSalsS1_cose: Teves Pears ifKiVD2: Pexoe? Sp_Hiss]

GEVO2843 | pdcbA:fLEU2-bla-Preps: ILVBAN: Prog EoilvC_coSc®?)
: | pdcGA:JURA: bla; Pree; LikivD2: Pops Dm|ADH | |

| {evolved for C2 supplement-independence, glucose tolerance and faster |
oo : growth}

opRelevant|Genes/Usage : Genotype
PingecivCcoScle
PrepliilvDcoSe |
PegikivDecoEe

i

 

 Plasmid pGV2227is a 2micron plasmid  expressing KARI, DHAD, KIVD, and
ADH Penos.. LiadhA

i 2y off, bla, GA18Reeneemanisenieeeeeneeeeetae noveeeeeneeteereeeeneneeneeneeneeseneee

| Prous? empty
| , _ : Prees empty

pGV2196 | Empty CEN plasmid Poans: empty
ttnLe une—atCEN off, bla,HygroR

PToneSO_AFTi

i Preps empty| pGV2472 | CEN plasmid expressing AFT4Pp p P g Praxempty
ee CENari, bla, HygroRTTT T Te eemmnnennaatateAIAIartcoe rere Oya RRRRRtetraARRANeed

Table 13-4. Amino acid and nucleotide sequences of enzymes and genesdisclosed

herein
:| Gorresponding Protein
(SEQ Ip NO}

teee~ ir"kivd2_coks(SEO 15 NO:2)~_Kivd2 (SEQ 1D ni 48)Li TOUS (SEG 16 NO: 65)
‘Sc.JIVSAN2Z0 (SEQ IDNO:17)|

DHAD by    
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“TDm_Adh(SBEQIDNO:52)
Li_Adhd (SEQ ID NO: 54}

Se_Aftd (SEQ iD NG: 56}

|Sc_Afi2 (SEQ IDDNO: 58)

 
 

|D. melanogaster (Dm_ADH {SEQ 1D NO: 51)

{facts_7 (LLadhA (SEQID NO: §3)
Is TSe_AFT?(SEQIDNO: 55)”

Sc_AFT2(SEQ{DNO:57)

 
 

 
  'S. cerevisiae  

[60435] GEVO2843 was co-transformed with two plasmids (Table 13-5).
GEVO3342 expresses pGV2227 and pGV2196; GEVOS3343 expresses pGV2227
and pGV2472.

Table 13-5. indicates the plasmids transformed togetherinto strain GEVO 2843

[ee — _~ LpGV2472 (AFT1
Results

[00436] DHAD assay results: The in vitro DHAD enzymatic activity of lysates from
the microaerobic fermentation of GEVO342 and GEVO3343 were carried out as

described above. Overexpression of AFT? from a CEN plasmid resulted in a

threefold increase in specific DHAD activity (U/mg total cell lysate protein). Data is
presented as specific DHAD activity (U/mg protein} averages from technical
triplicates with standard deviations. DHAD activity for GEVO 3342 (contro!) was
6.066 U/mg protein + 0.005 and DHAD activity for GEVO3343 (AFT1 over-
expressed) was 0.215 U/mg protein +0.008 at the end of the fermentation (119 h).

  

 

{00437} Isobutanol Results: Isobutanol titers, rate and yield were calculated based
on the experiment run in batch fermentors. Table 13-6 shows the increase in
isobutanol titer, rate and yield in the strain overexpressing the AFT gene. The over-

expression of AFT? from a CEN plasmid (GEVO3343) resulted in a 34% increase in
isobutanoititer, an increase in isobutanol yield, and anincrease in isobutanol rate.

Table 13-6. lsobutanoltiter, rate and yield for fermentation experiynents
 

 
 

~ GEVO3342_|GEV63342 GEVO3343|GEVO3343|
ee eecontrolplasmid| Af gene on a CEN plasmid

| Titer (g/L 3.663.96 . 8.68BBO_

“Rate(g/L/h)eneernnehe+08. _— 8.03 8.05 0.05
|Yield(%theor.)(190 2034

{80438} Change in metabolic by-products: The strain transformed with the AFT?
gene expressed on the CEN plasmid (GEVO3343) produced Jess pyruvate, acetate,

DHIV (dihydroxyisovalerate/DH2MB (2,3-dihydroxy-2-methylbutanoic acid), and 2,3-
butanediol than the strain with the control plasmid (GEVO3342) during the
fermentation. There was a six fold decrease in pyruvate, one fold decrease in
acetate, one and 4 half fold decrease in DHIV/DH2MB, and six fold decrease in 2,3-
butanediol.
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Example 14: Overexpression of AFT? from 2 MicrenPlasmid does not Increase
DHAD Activity
 

[60439] The purpose of this example is to demonstrate that when expressed from
a 2 micron (high copy number plasmid), overexpression of AFT? does not increase
DHAD activity. This indicates some titration of the expression level of AFT? is
necessary to positively impact DHAD activity. Further, it indicates that an optimal
level of AFT? expression was required to observe a positive effect on DHAD activity
and that the optimal level was not obvious.

strain Construction

[80440] Standard molecular biclogy methods for cloning and plasmid construction
were generally used, unless otherwise noted (Sambrook, J., Russel, D.\W. Molecular

Gloning, A Laboratory Manual. 3 ed. 2001, Cold Spring Harbar, New York: Cold
Spring Harbor Laboratory Press).

{00441} Cloning techniques included gel purification of DNA fragments (using the
Zymociean Gel DNA Recovery Kit, Cat# D4002, Zymo Research Corp, Orange, CA).

Table 14-1:Genotypeof strains disclosedherein

| GEVO Number| - Genotype |[ooeemnannnnnnnnbageeeGyisiaeCEN.PKS
GEVO 1187 MAT A of CEN.PK, ura3 feu? his3 trol ADE2

Table 14-2: Plasmids disclosed herein

 

_|Genotype
Prowsempty
PrepLiiivD_coSe

  
 

  
| 2micron plasmid with Hoh marker

pGV2228 | (AygroR) with PreerLLfv. Preayys @rrypty
nt— 2u ori, bla,HygroR

t . . . TDOHR oF A| 2micron plasmid with Hph marker iP °aeSe
| pGV2236 ' (HygroR) with PreeeLljivD and Prog | Pe

Se : Peas: empt
ScAFT). __CENori bieHygrort

[00442] Yeast Transformations: Transformations with pGV2228 and pGV2236 are
described below. Briefly, the S. cerevisiae GEVO 1187 strain was inoculated into

3mis of YPD and shaken af 250 rpms at 30C overnight. This culture was used to
inoculate a 5Omi culture of YPD in a baffled 250mi flask to an ODgon of 0.4 and

allowing the cells to growto a final ODgog of 0.6 ~ 0.8. Cells were then collected by
centrifugation at 2700 rcf for 2 mins. To wash, cells were re-suspended with 50mls of
sterile miiQ water, and again centrifuged at 2700 rcf for 2 mins. The wash was
repeated by re-suspending cells with 25 mL sterile milliQ water, cells were collectd

by centrifugation at 2700 ref for 2 mins. Finally the cells were resuspend cells with 1
mL 100 mM LIOAc and transfer to sterile 1.5 ml Eppendorf tube. Cells were then
callected by centrifugation in microfuge (set fo max speed) for 10 sec. The
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supernatant was removed and the cells were re-suspended with 4 tlnes the pellet
volume of 100 mM LiIOAc. Once the cells were prepared, a mixture of DNA (final
volume of 15 ul with sterile water), 72 pi 50% PEG, 10 yl 1M lithium acetate, and 3 ul

of denatured salmon sperm DNA (10 mg/mL} was prepared for each transformation.
ina 1.5 mL tube, 15 ul of the cell suspension was added to the DNA mixture (100
wij, and the transformation suspension was vortexed for 5 short pulses. The

transformation was incubated for 30 min at 30°C, followed by incubation for 22 min

at 42°C. The cells were collected by centrifugation (18,000 x g, 10 seconds, 25°C).
The celis were resuspended in imi YPD and after an overnight recovery shaking at

30°C and 250 rpms, the cells were spread over YPD + +1.0g/L hygrornycin selective
plates. Transformants were then single colony purified onto hygromycin selective
plates.

[00443] Preparation of yeast lysate: See general methods
[00444] DHAD assay: Three samples of each tysate were assayed, along with no

lysate controls. 10 pL of each sample (or DHAD assay buffer for the control} was
added to a 1.5 mL microcentrifuge tube. 450 pl of the substrate was added to each
tube (substrate mbc: 50 mM Tris pH8, 5 mM) finally 50 ul of 0.1 M DHIV was added

to the reaction. Samples were incubated at 35°C for 30 min followed by a 5 min
incubation at 95°C. Samples were cooled on ice and then centrifuged at 14,000xg
for 5 minutes, Finally, 250 ul of supernatant was transferred to a 96-well plate and

submitted to analytics for analysis by Liquid Chromatography, High Throughput
method 2.

[00445] Protein concentrations: See general methods
[00446] Liquid Chromatography, High Throughput method 2: See general
methods.

Results

[00447] Results for DHAD activity: Data is presented as specific DHAD activity
(U/mg protein} averages from technical triplicates with standard deviations. DHAD
activity in GEVO1187 transformed with pGV2228 (no AFTT) was 0.029 U/mg protein
+ 0.015, DHAD activity for pGV2236 (contains AFT1T) was 0.027U/mg protein +
0.009. In this case AFT? did not increase the amount of DHAD activity in the strain.

JAndicating that the expression of AFT? needs to be In a specific range fo increase

the activity of DHAD.

Example 15: Overexpression of AFT2 Increases DHAD Activit 

[00448] The purpose of this example is to demonstrate that overexpression of
AFT? increases DHADactivity.

strain Construction

[00449] Standard molecular biclogy methods for cloning and plasmid construction

were generally used, unless otherwise noted (Sambrook, J., Russel, B.W. Molecufar
Cioning, A Laboratory Manual. 3 ed. 2001, Cold Spring Harbor, New Yark: Cold
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Spring Harbor Laboratory Press).
[00450] Cloning techniques included gel purification of DNA fragments (using the
éymociean Gel DNA Recovery Kit, Cat##! D4002, Zymo Research Corp, Orange, CA).
[G04571} Strains, plasmids as well as gene and protein sequences are described in
Tables 15-1, 15-2, and 13-4.

Table 15-1: Genotypeof strains disclosed herein

|GEVOyNumberee Genotype
' ScerevisiaeCEN.PKPK2,MATaura3 leu? his3 irpt| pdetAcPeue:[Bs_alsS1_coSe:Teyes! Poe: Li_kivD2: Pengo! Sp_HISS]

GEVoO2R43 pdcSA:{LEU2-bla-Prere ILV3AN: Prone: Ee_flvC_coSe°"]
| pdcGAJURA: bla; Preps: LEkivD2: Prous: Om_ADH]
| fevalved for C2 supplement-independence, glucose tolerance and faster
| growth}

 
 
 

 

Table 15-2: Plasmids disclosed herein

 

JPlasmid Name |Relevant Genes/Usage ~|Genotypeeee | ProneVCcose
| Plasmid pGV2247 is a 2micron | Prepyitd_ilvO_coSe |

pGV2247 plasmid expressing KARI, DHAD, | PosxrLl_kKivD2_coEc
| KIVD, and ADH Pesow_ Li_adhA |

|enn2pOF,bla,GAVSR
i Prows’ empty |

pGV2196 Empty CEN plasmid Preps: empty
Proki empty

CENari, bla, HygroR
Proygrempty

i Preps) empty
i+ Pron!Se_AFT2

ooCENori,bla,HygroR_ae

 

pGV2627 | CEN plasmid expressing AFT2  
[60452] Yeast Transformations: See general methods

[G0453}] Preparation of yeast lysate: See general methods
[00454] DHAD assay (scaled-down): See general methods
f00455] Protein concentrations: See general methods

[00456] Liquid Chromatography, High Throughput method 2: See general
methods.

Results

[00457} Results for DHAD activity: Data is presented as specific DHAD activity
(U/mg protein} averages from biological and technical triplicates with standard
deviations. DHAD activity in GEVO2843 transformed with pGV2247 + pGV2196 (no
AFT2) was 0.358 U/mg protein + 0.009, DHAD activity for pGV2247 + pGV2627
(contains AFT2) was 0.677 U/mg protein + 0.072. In this case the overexpression of
AFT2 increased the amount of DHADactivity in the strain.
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Example 16: Over-expression of AFT? from a CEN
for DHAD enzymes from multiple organisms
  lasmid increasedDHAD activity

[00458] The purpose of this example is to demonstrate that overexpression of
AFTincreases DHAD activity for DHAD enzymes from multinie organisms.

Strain Construction

{00459] Standard molecular biology methods for cloning and plasmid construction
were generally used, unless otherwise noted (Sambrook, J., Russel, DW. Molecular

Cloning, A Laboratory Manual. 3 ed. 2001, Cold Spring Harbor, New York: Cold
Spring Harbor Laboratory Press).

[00460] Cloning techniques included gel purification of DNA fragments (using the
Zymoclean Gel DNA Recovery Kit, Cat# D4002, Zymo Research Corp, Orange, CA).
[00461] Strains and plasmids are described in Tables 165-1 and 16-2. Gene and

protein sequences disclosed herein are listed in Table 13-4 and Table 16-3.

Table 16-1: Genotypeof strains disclosed herein
_GEVO-Number Genotype

— Saccharomycescerevisiae MATa uraleu? his3 typT
gpdtsTieunas GodaTa_uesa PC TPends

: ikivD?2_coSeé-PagaeLEUe-Tieue-Peons
: Bg_alsS1_0o8e-ToverPeosr-Li_kvD2_coEo-Pevoe

. | Sp_HISS pdeSeT_orsssnorPeaarKlURAS-Teaurag
GEVO3626 pde6:Pige-Lt_ilvO_coSe_ProneEo_ieC_caSoP

PexosLt_adhé-Peaas-Sc_TRE favalved for C2

supplementindapendence, gucose tolerance and
faster growth}

  
  

Plasmid 

None

|Saccharamyoes¢cerevisiae MATa ura3 feud isdtrot
ged?atinueas gpd2:: Tigunas pdeTPepoy-
LikivDe_coSc&Prea-LEue-TeuePapy

&s_alisST_caSe-Tevcei-Fean: ~LiRivD2coEe-Pexyo: . \
GEVO3873 ' Sp_Hiss PaCSTxtopingshorPranaURAB-TiguRA pGV2603 |

{ pde6nPree-fdilvD_coSe_ProurEc_iwC_coSo??'*".
Penoell_adhA-PeaarSe_TRPI favolved far 22
supplement-independence, glucose tolerance and

q 1

fastergrowthy
Saccharomyces cerevisiae MATa urad feud his3 pT |

OpdtoTgunas gpd2Ttuses PICTPepe: |bi.kivOZcoScd-PegaleU2-Tcusps
8saleSi_coSe-TeverPrencetllAvo?cOEc-Prxos-

Sp_HISS& pded::Tig_uzag_ssorPrvarKl_URAS-Teyeas | pOV2603
pdc6.:PreitivO_coScProuefeivcose". |
Penoo-Li_adhA-Pras:-Sct_TRP1 fevolved for C2
sunplement-independence, glucose tolerance and

faster growth}
' SaccharomycescerevisiaeMATaura3 leu? his3 trpt

gpdtTyueas Goda. Tyoeas POCT Pepe
) LiWvO2_coScd-PrenLEUTeuePagus

GEVOS875 Bs_alssT_cose-ToverPreneLikivDe2coEc-Pexo2 pGV2607
Sp_HISS ede: Tia_uaas_showPeaarKl URAD-Tiguses

i pde@nPn-Li_itvD_coSe_ProurEo_ivC_cos" i
1A-Peasi-Se_TRP1 {evolvedfor C2
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supplerment-independence,“glucese tolerance and
} faster grawih}
SaOSURS UAi Saccharomyces cerevisiae MATa urad leu? his? trpt

§ godtTreursa ged!Tig_ueaa petFenes
;i LfR62coSe5-Peega-LEU2-Tierp-Pani :

| Bs_alsS1_coSe-Tever-Prearll_kivD2_coEc-Prma |
GEVO3876 | Sp_HISS pdeS:TauresgenuePraarKlURABTuna |

:| pdoe:PreeieD_coSe_Prous-EG_ivC_coSc™.
i PesoselladhA-Peags-Sc_TRPT {evolved for C2

supplement-independence, ghucaee tolerance and
—_ _ faster grawth}
es Saccharomyces cerevisiaeMATaurad leuhis? frod

QpatTxuras GRO27Tigunas DUCTPeace
LiRMD?coSc$-Pegay-LEU2-Thaue-Panue
Bs_alsSi_coSe-ToverPeog-LlKivDe_coke-Peus2

  

GEVO387T7 Se_HSS pdeSsTieurasharPoaarKl_URAB-Tieunas msV2608
pdcO.Prep-LtitvD_coSe_Prog-f¢_ilvCcose".
PesorlladhA-Praa-Sc_TRP1 {evolved for C2
supplementindependence, Qucase tolerance and
faster growth}

Saccharomycescerevisiae MATa urad leu? his3pi
godtFisunsa God2..Tiaura mictPescs
LikvO2coSee-Praa-LEU2-Tieim-Paoe

&s_als&St_coSe-Tover-Prex: «LERVD?cobo-Ps
 

pdeb::Pree-Lt_iivD_coSe_ProurEo_jive_coSo
Penos-Li_adhA-PrearSe_TRPT fevalvedfor C2
supplementindependence, glucose tolerance aru

taster growth}

{|
{|
i
i
{

f
| gpdbieunas3 gpa2:TaeURS pct:Leics
i LiAivO2coSe5-Prgas-LEU2-TeuePan-
' Bs_alsS4_coSe-Tevesr-PagaelikivO2_coke-Pexos-

| Paes:[PreeLi_ivDcoSe_ProwrEo_iivO_coSc™PEDIAT
Penoe-LladhA-Prosay-Se_TRP? lavoived for C2
supplementindependance, glucose tolerance and

i faster growth}if 
| Saccharomycescerevisiae MAta uraa leue riseiat | a

opdt Tieueas Gpd2s Tig ueas ade Tt Peoos-
LLkivO2?_coSe§-Prsay-LEU2-TsuePang
: Bs_asSt_coSe-ToyorPraccltwivD?cole-Pexo2-

 

i Penoeld_a0hA-Prasy-Se_TRPI levolved for C2
i supplementindependance, glucose tolerance and
i faster growth}

Saccharomyces cerevisiaeMATaured leu? Aisa froq
gpat Tieurag Gpd2.Togueag pde tPepcy
ifvB?|coScs-~Pepap-t BU2-Teeue-Pages

Bs_aisS?coSe-Teyer-PreaeltWvO2cobe-Penos-

t
t
t "ea| pde@sPre-Lf_ivD_coS¢_PronyEc_ilvC_coge"™".

pGV2608

 

GEVO3878 Sp_Hiss pde&: Tit_unaa_sharPreah?URAS-Teeureag | pGV2608
i

 
refeteee eee eee eeeeeeeernnnnnnnnnnnd

i Sp_HSS pdeSs TigunasshotPrearKhlURAD-Tuss pGV2603 + pGV2472

i

GEVO3880 : Sp_HiSs BOGS.Tia_urad_short-Penar-KhURAG-Teumas pGV2603 + pGVvea72

etreeere coronas:enssneseseeed3
poetryeeetunetmenntnnteneceseeeealcernennenemnt

GEVO3381 Sp_HISS poolsTigurag_skoPegarKlURAD-Tigunas | pOVe60s3 + pGVv2edT2
pdeOsPrerLiDcoSc_Prow-Ec_ieC_coSch?A".
FennelladhA-Prga;-Se_TRP T fevolyed for C2
supplement-independence, glucose tolerance and
faster growth}ihinitniteteein evan eCreeeeerenemREARRRRtteRRROOsofetete cece cece eee ee renee

“Saccharomyces:cerevisiag MATa urad leu? hisdiro?|
GEVO3928 opdtc Tieunas god2. Teugas pde TvPese

 
OfkiveD2coScd-PreantElle-FisyePanas- pGV2607 + pOVeaTa
8s_aissifOSe-Tever-P,rexel|kivD?2_coEc-Penos-
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Sp.“HISS‘pdcd:“Fre.URAS.nerPeaehl.URAS-Tigras
pde6-PreLi_ivD_coSa_ProseEo_flvC_cosoe".
PanosadhA-Prea-Se_TREY levolyed for C2
supplement-independence, glucose tolerance and

faster growth}
Saccharomycescerevisias MATa ura3
gpdts:Te_ueas QDO20 Tmunas pde1:Pepe
LEAVD2_coS¢e&-Praa:-LEU2-FoeuePaase
&s_afsS1_coSe-Teyer-Prges-LlvO?_coEc-Peno-

GEVO3929 Sp»HISS pdeb::The.utastotPepaURAG- Figgunas

Psde6:PreLidvD_coSe_PrasEo_jvC_coSe*".| Penog-Lt_adnA-PrearSe_TREI {evolved for C2

| supplement-independence, glucose tolerance and
i faster growl}

Saceharomyces cerovisiag MATa uraleu? his? irpt
apdT_usaz 9PI22 The_vas3 pdCT Peper
biRIVD2coSc&-Praa:-LEU2-FpecgePpees
Bs_aleS1_coSe-TeyorPrexcLikivO2coEc-Pexo |
Sp_HISS pdcBsTieuragoherPoeaKLURAS-Treues 5 pGV2608 + pGV2472
pde6s:Pree-Li_divO_caSe_ProusEo_dvO_coScer3
Penoe-Li_adhA-Praa-Sce_TRPE1 fevalved for C2
supplement-independence, glucose tulerance and i

|faster growth} }

 

 

 
 
 
 
 
 

 
 
 

 
 
 

 

 his? iro?

pGV2607 + pGV2472

 

GEVO3930

\Saccharamyoss cerevisiae MATa ured feud isd irpy
l gpdTiaunas QA20 Tx:yrag pdeTProc

Li_KivO2_coSe8-Pegg-LEW2- Tieye-Paone

BsafsSi_coSe-Teyer-PrexcLi_kivO2_coEc-Prnos-
Sp_HISS pdeds: TqunastotPraarlURAS-Tqumas pGV2608 + pGVv2472
pdcé::Pre-Li_iWD_coSt_ProasEejvcose’. |
Ponort}adhA-PraasSe_TRPI fevolved for C2
supplement-independence, glucose tolerance and
faster growth}

Saccharomyces ceravisiag MATa urad feue his3 irot
godtTinumas god2Tigunas pdetPease:
UikivD?coSc8-PregayLEUe-licucPame-
Bs_alsS1_coSe-Teyes-Press-Li_kivD2_cofc-Pesoax :

: SpHESS pdeSs: Tig_uragsaoPegaKhURAS-Theuss pGV2608 + pGV2472 :
i pdeé:PrerLl_ivD_coSe_Prowe-Ee_ivC_coSc"| i
! Pawoekt_adhA-Praar-Se_TRPT levolved for C2

i supplemontindependeanne, glicose tolerance and
i | faster growth}

 

 
 

 

 

GEVO3931

 
GEVO3932

 

Table 16-2: Plasmids disclosed herem
itPlasmidName i Relevant Genes/Usage GenotypeseseecscnsencesoverteeceeeresnesnnanatanteseesasstafuantassecsennsanunnanannmerierneereneesertnneennneeneiveeenneennnnnsfoieteetnanierthEennanny apo1 PropeEofive_coSe aiP S i| Plasmid pGV2603is a 2 micron PreryillivD_coSe

i

| : .
| pGV2603 plasmid expressing KARI, LI Nv REY| | - | Penos_ LL_adhat®| DHADB, KIVB, and ADH | 2u ori, bla, G418R

ttccentnneeebeter

| Plasmid pGV2607 is a 2 micron peekonsoe
| plasmid expressing KARI, Ne_livo2 | P=

iq
3
 

| pGV2607 
 
 

  
  
 

at | Penoz, Ld_adhA®™
DHAD, KIVD, and ADH _2uori, bla, GA18RNeeneeeene nenne eenmennnenennnensnanad

Plasmid pGV2608is a 2 micron (PironeEG_iVC_coSe
. . _ ; i PreeSm dvD coSe

plasmid expressing KARI, Sm_JivD p Liadhar®!ENO? c

BRAD.KIND,and on | 2oF, bla, G418R
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Prong) S_APTI

Prep armpty
Prakai emply
CENari, bla, HygroR

   

  
Table 16-3. Amino acid and nucleotide sequences of additional DHAD enzymes and
genes disclosed herein —_moverrecrecvecenranapaneaaneansanenasaaeen

 Corresponding Protein

{SEQ 1D NO)|  
 
 
 

 
 

 
Tactis
Sfreptococcus

Meurospora

[80462] Yeast Transformations: S. cerevisiae strain GEVO3626 was transformed

with plasmid pGV2603, pGV2607 or pGV2608 as described below. Briefly,
GEVO3626 was grown on YPD medium agar plates. The strain was re-suspended
in 100mM lithium acetate. Once the cells were re-suspended, a mixture of DNA
(final volume of 16 ul with sterile water), 72 pl 50% PEG, 10 ul 1M lithium acetate,
and 3 ul of denatured salmon sperm DNA (10 mg/mL) was prepared for each
transformation. in a 1.5 mL tube, 15 ul of the cell suspension was added to the DNA
mixture (700 ul, and the transformation suspension was vortexed for 5 short pulses.
The transformation was incubated for 30 min at 30°C, followed by incubation for 22
min at 42°C. The cells were collected by centrifugation (18,000 x g, 10 seconds,
25°C). The cells were resuspended in iml YPD medium and after an overnight
recovery shaking at 30°C and 250 rpms, the cells were spread over YPD + 0.2 a/L.
G416 selective plates. Transformants were then single colony purified onto YPD +
0.2 g/L G418 selective plates.
[00463] S. cerevisiae strains GEVO3873, GEVO3874, GEVO3875, GEVO3876,
GEVO3877 and GEVO3878 were transformed with plasmid pGV2472 as described
below. Briefly, each strain was grown on YPD + 0.2 g/L G418 medium agarplates.
Each strain was re-suspended separately in 100mM lithium acetate. Once the cells

were re-suspended, a mixture of plasmid DNA (final volume of 15 ul with sterile
water}, 72 ul 50% PEG, 16 pl 1M lithium acetate, and 3 pl of denatured salmon
sperm DNA (10 mg/mL} was prepared for each transformation. In a 1.5 mL tube, 15
Hi of the cell suspension was added to the DNA mixture (100 ub, and the
transformation suspension was vortexed for 5 short pulses. The transformation was
incubated for 3G min at 30°C, followed by incubation for 22 min at 42°C. The cells

were collected by centrifugation (18,000 x g, 10 seconds, 25°C). Thecells were
resuspended in Im! YPD + 1% v/v ethanol + 0.2 g/L G4i8 medium and after an
overnight recovery shaking at 30°C and 250 rpms, the cells were spread over YPD +
0.2 g/L G418 + 0.1 g/L hygromycin selective plates. Transformants were then single
colonypurified onto YPD + 0.2 g/L G418 + 0.1 g/L hygromycin selective plates.
[00464] Growth of yeast cultures for DHAD assay: Yeast strains were inoculated
from YPD mediurn agar plate patches or from single plasrnid-transformed colonies
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into 3 mi of medium in 14 mi round-bottem snap-cap tubes. The media used were
YPD + 0.2 g/L G418 + 1% viv ethano! medium for strains lacking pGV2472 and YPD
+ 0.2 g/L G418 + 0.1 g/L hygromycin + 1% v/v ethanol medium for strains containing
pGV2472. The cultures were incubated overnight up to 24 hours shaking at an angle
at 250 rpm at 30°C. Separately for each strain, these overnight cultures were used fo
inoculate 50 mi of medium in a 250 mi baffled flask with a sleeve closure to an ODgos
of 0.1. The media used were YP + 50 g/Lglucose + 0.2 gf. G418 + 1% viv ethanol
meditun for strains lacking pGV2472 and YP + 50 g/L glucose + 0.2 g/L G418 + 0.1
g/L hygromycin + 1% v/v ethanol medium for strains containing pGV2472. These
flask cultures were incubated overnight up to 24 hours shaking at 250 rom at 30°C.
The cells from these flask cultures were harvested separately for cach strain by
centrifugation at 3000xg for 5 minutes and each cell pellet resuspended separately in

. 5 mi of YP + 80 g/L glucose + 1% viv stock solution of 3 g/L ergosterol and 132 g/L
Tween 80 dissolved in ethano! + 200 mM MES buffer, pH 6.5, + 0.2 o/L G48
medium. Each cell suspension was used to inoculate 50 ml of YP + 80 g/L glucose +
1% viv stock solution of 3 g/L ergosterol and 132 g/L Tween 80 dissolved in ethanol!
+ 200 mM MES buffer, pH 6.5, + 0.2 g/L G418 medium in a 250 mi non-baffled flask
with a vented screw-cap to an ODgoo of approximately 4. These fermentations were
incubated shaking ai 250 rom at 30°C. After 73 hours of incubation, the cells from

half of each fermentation culture were harvested by centrifugation at 3000xg for 5
minutes at 4°C. Each cell pellet was resuspended in 25 ml of cold MiHiQ water and

then harvested by centrifugation at 3000xg for 5 minutes at 4°C. The supernatant
was removed from each pellet and the tubes containing the pellets were frozen at -
80°C.

{O0465] Preparation of yeast lysate: See general methods
f[O00466] DHAD assay (scaled-down) Each sample was diluted In DHAD assay
buffer (50 mM Tris pH&, 5 mM MgS0,) to a 1:10 dilution. Three samples of each
lysate were assayed, along with no lysate contrals. 10 ul of each sampie (ar DHAD
assay buffer) was added to 0.2 mL PCR tubes. Using a multi-channel pipette, 90 UL
of the substrate was added to each tube (substrate mix was prepared by adding 4
mL DHAD assay buffer to 0.6 mL 700 mM DHIV). Samples were put in a
thermocycler (Eppendorf Mastercycler} at 35°C for 30 min followed by a 5 min
incubation at 95°C. Samples were cooled to 4°C on the thermocycler, then
centrifuged at 3000xg for 5 minutes. Finally, 75 uL of supernatant was transferred to

new. PCR tubes and submitted to analytics for analysis by Liquid Chromatography,
High Throughput method 2.

[00467] Protein concentrations: Yeast lysate protein concentration was
determined using the BioRad Bradford Protein Assay Reagent Kit (Cat# 500-0006,
BioRad Laboratories, Hercules, CA) and using BSA for the standard curve. Briefly,
10 pL standard or lysate were added into a microcentrifuge tube. The samples were
diluted to fit in the linear range of the standard curve(1:10, 1:20 or 1:50}. 500 pL of
1:4 diluted and filtered Bio-Rad protein assay dye was added to the blank and
samples and then vortexed. Samples were incubated at room temperature for 6
mins, transferred into cuvettes and the ODse, was determined in a
spectrophotometer. The linsar regression of the standards was then used to
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calculatethe protein concentration in each sample.
[00468] Liquid Chromatography, High Throughput method 2: See general
methods.

Results

[60469] Results for DHAD activity: Data is presented as specific DHAD activity
(U/mg protein) averages from biological and technical triplicates with standard
deviations. Table 16-4 shows the DHAD activitites from the strains with or without

overexpression of AFT7. Overexpression of AFT? increased the DHAD activity of
strains expressing the bacterial 2. lactis IlvD protein by 5 fold, increased the DHAD
activity of strains expressing the bacterial S. mutans_|lvD protein by 2-3 fold and
increased the DHAD activity of strains expressing the fungal AN. crassa_fvD2 protein
by 4 fold.

Table 16-4: DHAD activity for S. cerevisiae strains expressing different DHADs with
or without AFT? overexpression

— t AFT 4 Over- |Average DHAD Activity Standard.
Expression i (U/mg protein) Deviation —

~-pGv2603—t—“‘<‘( SSCL _ io |___ 9.00

Plasmids

pGV2808

ipGV2608 + pGV2472. Sm“WD
pGV2607 J NelivO2

pGV2607+ pGV2472

 
General Materials and Methods for Examples 13-16

[00470] Yeast Transformations: Co-transformations with the CEN and 2p plasmids
are described below. Briefly, the S. cerevisiae strain GEVO2843 was grown on YPD
medium. The strain was re-suspended in 10Q0mM Lithium acetate. Once the cells
were re-suspended, a mixture of DNA (final volume of 15 pl with sterile water}, 72 pI
50% PEG, 10 pl 1M lithium acetate, and 3 uy! of denatured salmon sperm DNA (10
mg/mL) was prepared for each transformation. In a 1.5 mL tube, 15 ul of the cell
suspension was added to the DNA mixture (100 ul, and the transformation

suspension was vortexed for 5 short pulses. The transformation was incubated for
30 min at 30°C, followed by incubation for 22 min at 42°C. The cells were collected
by centrifugation (18,000 x g, 10 seconds, 25°C). The ceils were resuspended in
tim!) YPD and after an overnight recovery shaking af 30°C and 250 roms, the cells
were spread over YPD + 0.2 g/L G418 + O.tg/L hygromycin selective plates.
Transformants were then single colony purified onto G418 and hygromycin selective
plates.

{[Q@0471} Preparation of yeast lysate: Cells were thawed on ice and resuspended in
lysis buffer (50 mM Tris pH 8.0, 5 mM MgSO.) such that the result was a 20%cell

suspension by mass. 1000 pI of glass beads (0.5 mm diameter} were added to a 1.5
ml eppendorf tube and 875 ul of cell suspension was added. Yeast cells were lysed
using a Retsch MM301 mixer mill (Retsch Inc. Newtown, PA}, mixing 6 X 1 min each
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at full speed with 1 min incubations on ice between each bead-beating step. The
tubes were centrifuged for 10 min at 23,500x g at 47°C and the supernatant was
removed for use. The lysates were held on ice until assayed.
[00472] DHAD assay (scaled down): each sample was diluted in DHAD assay
buffer (50 mM Tris pH8, 5 mM MgSO.) to a 1:10 and 1:100 dilution. Three samples
of each lysate were assayed, along with no lysate controls. 10 uL of each sample (or
DHAD assay buffer} was added to 0.2 mL PCR tubes. Using a multi-channel pipette,
90 uL of the substrate was added to each tube (substrate mix was prepared by
adding 4 mL DHAD assay buffer fo 0.5 mL. 100 mM DHIV). Samples were put in a
thermocycler (Eppendorf Mastercycler) at 35°C for 30 min followed by a 5 min
incubation at 95°C. Samples were cooled to 4°C on the thermocycler, then
centrifuged at 3000xg for & minutes. Finally, 75 ul of supernatant was transferred to
new PCR tubes and submitted to analytics for analysis by Liquid Chromatography,
High Throughput method 2.

[00473] Protein concentrations: Yeast lysate protein concentration was
determined using the BioRad Bradford Protein Assay Reagent Kit (Cat# 500-0006,
BioRad Laboratories, Hercules, CA) and using BSA for the standard curve. Briefly,
10 uL standard or lysate were added into a microcentrifuge tube. The samples were
diluted to fit in the linear range of the standard curve (1:40). 500 pL of 4:4 diluted
and fitered Bio-Rad protein assay dye was added to the blank and samples and
then vortexed. Samples were incubated at room temperature for 6 mins, transferred
into cuvettes and the ODses was determined in a spectrophotometer. The linear
regression of the standards was then used to calculate the protein concentration in
each sample.

[00474] Gas Chromatography: Analysis of volatile organic compounds including
isobutanol, was performed on a HP 5890/6890/7890 gas chromatograph fitted with
an HP 7673 Autosampler, a DB-FFAP column (J&W; 30 m length, 0.32 mm ID, 0.25
uM film thickness) or equivalent connected to a flame ionization detector (FID). The
temperature program was as follows: 200°C for the injector, 300°C for the detector,
100°C oven for 1 minute, 70°C/minute gradient to 230°C, and then hold for 2.5 min.
Analysis was performed using authentic standards (99%, obtained from Sigma-
Aldrich) and a 5-point calibration curve with 1-pentano! as the infernal standard.

[00475] Liquid Chromatography, method 1 analysis: Analysis of organic acid
metabolites, specifically pyruvate, acetate, 2,3-dihydroxy-isovalerate, and 2,3-
buianediol, was performed on an HP-1200 High Performance—Liquid
Chromatography system equipped with two Restek RFQ 150 x 4.6 mm columns in

series. Organic acid metabolites were detected using an HP-1100 UVdetector (210
nm) and refractive index. The column temperature was 60°C. This method was
isocratic with 0.0180 N H2SQ, in MIHI-Q water as mobile phase. Flow was set to 1.1
mL/min. Injection volume was 20 pL and run time was 16 min. Analysis was
performed using authentic standards (>99%, obtained from Sigma-Aldrich, with the
exception of DHIV (2,3-dihidroxy-3-methy-butanoate, CAS 1756-18-9}, which was
custom synthesized at Caltech (Cioffi, E. et al. Anal Biochem 104 pp.485 (1980)),
and a 5-point calibration curve.

fOG476} Liquid Chromatography, High Throughput method 2: Analysis of 2-keto-

Page 139 of 179
143875 v3/OC



Atty. Docket No. GEVO-0441/07US

isovalerate (KIV), the product indicating DHAD activity, was measured using liquid
chromatography. DNPH reagent (12 mM 2,4 - Dinitrophenyl Hydrazine, 20 mM Citric
Acid pH 3.0, 80%Acetonitrile, 20% MiNiQ H2O) was added to each sample in a 1:4
ratio. Samples were incubated for 30 min at 70°C in a thermo-cycler (Eppendorf,
Mastercycler). Analysis of KIV and iscbutyraldehyde was performed on an HP-1200
High Performance Liquid Chromatography system equipped with an Eclipse XDB C-
18 reverse phase column (Agilent) and a C-18 reverse phase colurnn guard
(Phenomenex). KIV and isobutyraldehyde were detected using an HP-1100 UV
detector (S60 nm). The column temperature was 50°C. This method was isocratic

with 70% acetonitrile 2.5% phosphoric acid (4%), 27.5% water as mobile phase.
Flow was set to 3 mL/min. Injection size was 10 pL and run time was 2 min.

[00477] The foregoing detailed description has been given for clearness of
understanding only and no unnecessary limitations should be understood there from
as modifications will be obvious to those skilled in the art.

[00478] While the invention has been described in connection with specific
embodiments thereof, it will be understood that it is capable of further modifications
and this application is intended to cover any variations, uses, or adaptations of the

invention following, in general, the principles of the Invention and including such
departures from the present disclosure as come within known or customary practice
within the art to which the invention pertains and as may be applied to the essential
features hereinbefore set forth and as follows in the scope of the appended claims.
{60479} The disclosures, including the claims, figures and/or drawings, of each and
every patent, patent application, and publication cited herein are hereby incorporated
herein by reference in their entireties.
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WHATIS CLAIMED IS:

1. A recombinant microorganism for producing isobutanol, said recombinant
microorganism comprising:

an isobutanol producing metabolic pathway comprising at least one
exogenous gene, wherein said recombinant microorganism is selected to produce
isobutanol from a carbon source at a yield of at least about 5 percent theoretical
and/or a specific productivity of at least about 0.7 mg/L/hr per OD.

2. The recombinant microorganism of claim 1, wherein said recombinant

microorganism is selected to produce iscbutanol from a carbon source at a yield of
at least about 10 percent theoretical and/or a specific productivity of at least about 1
mo/L/nr per OD.

3. The recombinant microorganism of claim 4, wherein said recombinant

microcrganism is selected to produce isobutanol from a carbon source at a yield of
at least about 20 percent theoretical and/or a specific productivity of at least about 10
mg/Lihr per OD.

4. The recombinant microorganism of claim 1, wherein said recombinant
' microorganism is selected to produce isobutanol from a carbon source at a yield of

at least about 50 percent theoretical and/or a specific productivity of at least about 50
mo/Lihr per OD.

5. The recombinant microorganism of claim 1, wherein said recombinant
microorganism is selected to produce isobutanal from a carbon source at a yleld of
at least about 80 percent theoretical and/or a specific productivity of at least about
1060 mg/Lihr per OD.

6. The recombinant microorganism of any of claims 1-5, wherein said recombinant

microorganism comprises a cytosolically active dihydroxyacid dehydratase (DHAD)
enzyme.

7. The recombinant microorganism of any of claims 1-5, wherein said recombinant
microorganism comprises a modified or alternative dihydroxyacid dehydratase
(DHAD) enzyme, wherein said DHAD enzyme exhibits increased cytosolic activity as
compared to the parental or native DHAD enzyme.

8. The recombinant microorganism of any of clairns 1-5, wherein said recombinant

microorganism comprises a modified dihydroxyacid dehydratase (DHAD) enzyme,
wherein said DHAD enzyme exhibiis increased cytosolic activity as compared to the
DHAD enzyme comprised of the amino acid sequence of SEQ ID NO: 11.

9. The recombinant microorganism of any of claims 1-8, wherein said recombinant
microorganism comprises a dihydroxacid dehydratase (DHAD) enzyme that is fused
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to a peptide tag, whereby said dihydroxacid dehydratase (DHAD) enzyme exhibits
increased cytasolic DHAD localization and/or cytosolic DHAD activity as compared
ta the parental enzyme.

10. The recombinant microorganism of claim 9, wherein said peptide tag is non-
cleavable.

14. The recombinant microorganism of any of claims 9-10, wherein said peptide tag
is fused at the N-terminus of said dihydroxacid dehydratase (DHAD) enzyme.

12. The recombinant microorganism of any of claims 9-11, wherein said peptide tag
is selected from the group consisting of ubiquitin, ubiquitin-like (UBL) proteins, myc,
HA-tag, green fluorescent protein (GFP), and the maltose binding protein (MBP).

13. The recombinant microorganism of any of claims 1-12, wherein said
recombinant microorganism comprises a modified dihydroxyacid dehydratase
(DHAD) enzyme having one or more amino acid deletions at the N-terminus.

14. The recombinant microorganism of claim 13, wherein DHAD enzyme has at least
about 10 amino acid deletions at the N-terminus.

15. The recombinant microorganism of claim 14,wherein said DHAD enzyme has at
least about 17 amino acid deletions at the N-terminus.

16. The recombinant microorganism of claim 15, wherein said DHAD enzyme has 19
amino acid deletions at the N-terminus.

17. The recombinant microorganism of claim 15, wherein said DHAD enzyme has 23
amino acid deletions before the N-terminus.

18. The recombinant microorganism of any of claims 6-17, wherein said DHAD
enzyme comprises the amino acid sequence P(V/LIXXXGX(VL)XIL (SEQ ID NO: 19),
wherein X is any amine acid.

19. The recombinant microorganism of any of claims 6-18, wherein said DHAD
enzyme is derived from a bacterial organism.

20. The recombinant microorganism of claim 19, wherein said bacterial organism is
{.. lactis or E. cof.

21. The recombinant microorganism of claim 20, wherein said DHAD enzyme is from
L. factis and comprises the amino acid sequence of SEQ ID NO: 9.

22. The recombinant microorganism of claim 20, wherein said DHAD enzyme is
from E. cofiand comprises the amino acid sequence of SEQ ID NO: 43.
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23. The recombinant microorganism of any of claims 6-18, wherein said DHAD
enzyme is derived from a eukaryotic organism.

24. The recombinant microorganism of claim 23, wherein said eukaryotic organism is
Piromyces or Saccharomyces.

25. The recombinant microorganism of any of claims 6-17, wherein said DHAD
enzyme comprises the amino acid sequence CPGXGXC (SEQ ID NO: 37}, wherein
X is any amino acid.

26. The recombinant microorganism cf any of claims 6-17, wherein said DHAD

enzyme comprises the amino acid sequence CPGXG{A/S)C (SEQ ID NO: 38),
wherein X is any amino acid.

27. The recombinant microorganism of any of claims 6-17, wherein said DHAD
enzyme comprises the amino acid sequence CXXXPGXGXC (SEQ [ID NO: 39),
wherein is any amino acid.

28. The recombinant microorganism of any of claims 6-27, wherein said DHAD
enzyme exhibits a properly folded iron-sulfur cluster domain and/or redox active

domain in the cytosol, thereby rendering the enzyme cytosolically active.

29. The recombinant microorganism of claim 28, wherein said DHAD enzyme
comprises a mutated or modified iron-sulfur cluster domain.

30. Fhe recombinant microorganism of any of claims 1-29, wherein said recombinant

microorganism further comprises a nucleic acid encoding a chaperone protein,
wherein said chaperone protein assists the folding of a protein exhibiting cytosolic
activity.

31. The recombinant microorganism of claim 30, wherein said chaperone protein is a
native protein.

32. The recombinant microorganism of claim 30, wherein said chaperone protein is
an exogenous protein.

33. The recombinant microorganism of any of claims 30-32, wherein said chaperone
protein is selected from the group consisting of: endoplasmic reticulum oxidoreductin

1 (Ero4), including variants of Ero? that have been suitably altered to reduce or
prevent its localization to the endoplasmic reticulum; thioredoxin (Trxt and Trx2),
thioredoxin reductase (Trrt), glutaredoxin (Grxt, Grx2, Grx3, Grx4, Grxd, Grxé,
Grx7, and Grx8,); glutathione reductase (Gir1), and Jact, including variants of Jaci
that have been suitably altered to reduce or prevent its mitochondrial localization;

Hsp10, Hsp60, GroEL, and GroES and homologs or variants thereof.
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34, The recombinant microorganisrn of any of claims 1-33, wherein said recombinant
microorganism further camprises one or more genes encoding an iron-sulfur cluster
assembly protein.

35. The recombinant microorganism of claim 34, wherein said genes encoding an
iron-sulfur cluster assembly protein are selected from the group consisting of cyay,
iscS, iscU, iscA, hscB, hscA, fdx, isux, sufA, sufB, sufC, sufD, sufS, sufE, apbC, and
homologs or variants thereof.

36. The recombinant microorganism of claim 35, wherein said genes encoding an
iron-sulfur cluster assembly are derived from an organism selected from the group
consisting of Escherichia coli and Lactococcus lactis.

37. The recombinant microorganism of claim 34, wherein said genes encoding an
lron-sulfur cluster assembly are selected from the group consisting of nifS, nifU, and
homologs or variants thereof.

38, The recombinant microorganism ofclaim 37, wherein said genes encoding an
iron-sulfur cluster assembly are derived from an organism selected from the group
consisting of Helicobacter pylori and Entarnoeba histolytica.

39. The recombinant microorganism of claim 34, wherein said genes encoding an
iron-sulfur cluster assembly are selected from the group consisting of CFD1, NBP35,
NAR1, CIA1, and homologs orvariants thereof.

40. The recombinant microorganism of claim 39, wherein said genes encoding an
iron-sulfur cluster assembly are derived from yeast.

44, The recombinant microorganism of any of claims 34-40, wherein said one or
more genes encoding an iron-sulfur cluster assembly is mutated or modified to
remove a signal peptide, whereby localization of the product of said one or more
genes to the mitochondria is prevented.

42. The recombinant microorganism of any of claims 34-41, wherein the genes
encoding an iron-sulfur cluster assembly are overexpressed.

43. The recombinant microorganism of any of clairns 1-42, wherein said recombinant

microorganism has been engineered to reduce the activity of one or more iron-sulfur
cluster containing cytosolic proteins.

44. The recombinant microorganism of any of claims 1-42, wherein said

recombinant microorganism has been engineered fo eliminate the activity of one or
more iron-sulfur cluster containing cytosolic proteins.

Page 144 of 179
LISS?S va"NC



Atty. Docket No. GEVO-041/07US

45. The recombinant microorganism of anyof claims 1-42, wherein said recombinant
microorganism has been engineered to reduce to the protein levels of one or more
iron-sulfer cluster containing cytosolic proteins.

46. The recombinant microorganism of claim 45, wherein said iron-sulfur cluster

containing cytosolic protein is 3-isopropylmalate dehydratase (LEU1).

47. The recombinant microorganism of claim 46, wherein said recombinant
microorganism camprises a mutation in the 3-isoprepyimalate dehydratase (LEU)
gene resulting in a reduction of LEU’ protein levels.

48. The recombinant microorganism of claim 46, wherein said recombinant
microorganism comprises a partial deletion of a 3-isopropyimalate dehydratase
{(LEU1) gene resulting in a reduction of LEUprotein levels.

49. The recombinant microorganism of claim 46, wherein said recombinant
microorganism comprises a complete deletion of a 3-isopropylmalate dehydratase
{LEU4) gene resulting in a reduction of LEU1 protein leveis.

50. The recombinant microorganism of claim 46, wherein said recombinant

microorganism comprises 4 modification of the regulatory region associated with a 3-
isopropylmalate dehydratase (LEU1) gene resulting In reduction of LEU1 protein
levels,

51. The recombinant microorganism of claim 46, wherein said recombinant
microorganism comprises a modification of the transcriptional regulator resulting in a
reduction of LEU1 protein levels.

S52. The recombinant microorganism of any of claims 1-54, wherein said
recombinant microorganism exhibits at least about 50 percent greater dihydroxyacid
dehydratase (DHAD) activity in the cytosol as compared to the parental
microorganism, and wherein said parental microorganism comprises an unmodified
or native DHAD enzyme.

53. The recombinant microorganism of any of claims 1-52, wherein said recombinant
microorganism further comprises a 3-isopropylmalate dehydratase (LEU1) and/or
imidazoleglycerol-phosphate dehydrogenase (HIS3) that converts  2,3-
dihydroxyisovalerate to ketoisovalerate in the cytosol.

54. The recombinant microorganism of claim 53, wherein said 3-isopropylmalate
dehydratase (LEU1) and/or said imidazoleglycerol-phosphate dehydrogenase (HIS3)
is overexpressed in the cytosol.

55. The recombinant microorganism of any of claims 1-54, wherein said recombinant

microorganism has further been engineered fo overexpress one or more genes
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seiected from the group consisting of AFT1, AFT2, GRX3, and GRX4, or homologs
thereof.

56. The recombinant microorganism of any of claims 1-54, wherein said recombinant
microorganism has further been enginereered to delete and/or attenuate one or
more genes selected frorn the group consisting of GRXS and GRX4, or homologs
thereof.

57. The recombinant microorganism of any of claims 1-56, wherein said recombinant
microorganism has further been engineered to express one or more proteins in the

cytosal that reduce the concentration of reactive oxygen species (ROS) in said
cytosol,

58. The recombinant microorganism of claim 57, wherein said one or more proteins

are selected from the group consisting of catalases, superoxide dismutases,
metaliothioneins, and methionine sulphoxide reductases.

59. The recombinant microorganism of claim 58, wherein said catalase is encoded

by one of more of the genes selected from the group consisting of the E. coli genes
katG and kaiE—, the S. cerevisiae genes CTT? and CTAT, or homologs thereof.

60. The recombinant microorganism of claim 58, wherein said superoxide dismutase
is encoded by one of more of the genes selected from the group consisting of the E.
coli genes sodA, sodB, sodG, the S. cerevisiae genes SOD? and SODe2, or
homelogs thereof.

61. The recombinant microorganism of claim 58, wherein said metallothionein is
encoded by one of more of the genes selected from the group consisting of the S.
cerevisiae CUPT-1 and CUP1-2 genes or homologs thereof.

62. The recombinant microorganism of claim 58, wherein said metallothionein is
encoded by one or more genes selected from the group consisting of the
Mycobacterium tuberculosis Mym7T gene and the Synechococcus PCC 7942 SmiA
gene or homologs thereof.

63. The recombinant microorganism of claim 58, wherein said methionine sulphoxide
reductase is encoded by one or more genes selected fram the group consisting of
the S. cerevisiae ganes MXR7 and MXR2, or homologs thereof,

64. The recombinant microorganism of any of claims 1-63, wherein said recombinant

microorganism has further been engineered to express one or more enzymes that
increase the jevel of available glutathione in the cytosol.
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65. The recombinant microorganism of claim 64, wherein said one or more enzymes

are selected from the group consisting of glutaredoxin, glutathione reductase, and
glutathione synthase.

66. The recombinant microorganism of claim 65, wherein said glutaredoxin is
encoded by one of more of the genes selected from the group the S. cerevisiae
genes GRX2, GRX4, GRXG, and GRX7, or homologs thereof.

67. The recombinant microorganism of claim 65, wherein said glutathione reductase
is encoded by the S. cerevisiae genes GLRT or homologs thereof.

68. The recombinant microorganism of claim 65, wherein said glutathione synthase

is encoded by one of more of the genes selected from the group the S. cerevisiae
genes GSH7 and GSH2, or homologs thereof.

68. The recombinant microorganism of claim 64, wherein two enzymes are
expressed in and targeted to the cytosol! of yeast to increase the level of available

glutathione in the cytosol.

70. The recombinant microorganism of claim 689, wherein said enzymes are y-
giutamyi cysteine synthase and glutathione synthase.

71. The recombinant microorganism of claim 70, wherein said glutathione synthase
is encoded by one of more of the genes selected frorn the group the 3. cerevisiae
genes GSHand GSHe2, or homologs thereof.

72. The recombinant microorganism of any of claims 1-71, wherein said recombinant
microorganism has further been engineered to overexpress one or more cytosolic
functional components of the thioredoxin system.

73. Fhe recombinant microorganism of claim 72, wherein said one or more cytosolic
functional components of the thioredoxin system are selected from a thioredoxin and
a thioredoxin reductase,

74, The recombinant microorganism of claim 73, wherein said thioredoxin is encoded

by the S. cerevisiae TRX7 and TRX2 genes or homologs thereof,

75. The recombinant microorganism of claim 73 or 74, wherein said thioredoxin
reductase is encoded by S. cerevisiae TRAT gene or homologs thereof.

76. The recombinant microorganism of any of claims 73-75, wherein said
recombinant microorganism further overexpresses the mitochondrial thioredoxin

system.
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77. The recombinant microorganism of claim 76, wherein said mitochondrial
thioredoxin system is comprised of the mitochondrial thioredoxin and mitochondrial
thioredoxin reductase.

78. The recombinant microorganism of claim 77, wherein said mitochandrial

thioredoxin is encoded by the S. cerevisiae TRX3 gene or homologs thereof.

79. The recombinant microorganism of claim 77 or 78, wherein said mitochondrial
thioredoxin reductase is encoded by the S. cerevisiae TRR2 gene or homologs
thereof.

80. The recombinant microorganism of any of claims 1-79, wherein said recombinant
microorganism is further engineered to overexpress one or more mitochondrial
export proteins.

81. The recombinant microorganism of claim 80, wherein said mitochondrial export
protein is selected frorn the group consisting of the S. cerevisiae ATM1, the S&.
cerevisiae ERVT, and the S. cerevisiae BAT1, or homologs thereof.

82. The recombinant microorganism of any of claims 1-81, wherein said recombinant
microorganism is further engineered to increase inner mitochondrial membrane
electrical potential, AWy.

83. The recombinant microorganism of claim 82, wherein said recombinant

microorganism comprises a mutation in the mitochondrial ATP synthase complex
that increases ATP hydrolysis activity.

84. The recombinant microorganism of claim 83, wherein said mutation is an ATP 4-

+17 suppressor mutation or a corresponding mutation in a homologous protein.

85. The recombinant microorganism of claim 82, wherein said recombinant
microorganism has been engineered to overexpress an ATP/ADP carrier protein,
wherein said overexpression increases ATP* import into the mitochondria! matrix in
exchangefor ADP™.

86. The recombinant microorganism of claim 85, whersin said ATP/ADP carrier

protein is encoded by the S. cerevisiae AACT, AAC2, and/or AAC3 genes or
homologs thereof,

87. The recambinant microorganism of any of claims 1-86, wherein said recombinant
microorganism has further been engineered to express one or more enzymes in the
cytosol that reduce the concentration of reactive nitrogen species (RNS} and/or nitric
oxide (NO) in said cytosol.
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88. The recombinant microorganism of claim 87, wherein said one or more enzymes
are selected from the group cansisting of nitric oxide reductases and glutathione-S-
nitrosothiol reductase.

89. The recombinant microorganism of claim 88, wherein said nitric oxide reductase
is encoded by one of more of the genes selected from the group consisting of the E.
coli gene norV and the Fusarium oxysporum gene P-450dNIR, or homologs thereof.

90. The recombinant microorganism of claim 88, wherein said glutathione-S-
nitrosothiol reductase is encoded by the S. cerevisiae gene SFAT or homologs
thereof.

91. The recombinant microorganism of claim 90, wherein said glutathione-S-
nitrosothiol reductase gene SFA7 is overexpressed.

92. The recombinant microorganism of claim 87, wherein said one or more enzymes
is encoded by a gene selected fram the group consisting of the E. calf gene yifE, the
Staphylococcus aureus gene scdA, and Neisseria gonorrhoeae gene dnrN, or
hornologs thereof.

93. Fhe recombinant microorganismof any of claims 1-92, wherein said recombinant

microorganism has further been engineered to overexpress one or more of the
genes selected from the S. cerevisiae genes MET?, MET2, MET3, MET5, METS,
MET1O, MET?14, METI6, MET17, HOM2, HOM3, HOM6, CYS3, CYS4, SULT, and

SULZ, or homologs thereof.

04. The recombinant microorganism of any of claims 1-93, wherein said recombinant
microorganism has further been engineered fo overexpress one or more of the

genes selected from the S. cerevisiae genes YCT1, MUP1, GAPT, AGPT, GNPT,
BAP1, BAP2, TATI, and TAT.

95. The recombinant microorganism of any of claims 1-94, wherein said recombinant

microorganism further comprises a pathway for the fermentation of isobutanol from a

pentose sugar.

96. The recombinant microorganism of claim 95, wherein said pentose sugar is
xylose.

97. The recombinant microorganismof anyof claims 1-96, wherein said recombinant
microorganism is engineered to express a functional xylose isornerase (XI).

98. The recombinant microorganism of claim 97, wherein said recombinant

microorganism further comprises a deletion or disruption of a native gene encoding
for an enzyme that catalyzes the conversion of xylose to xylitol.
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98. The recombinant microorganism of claim 98, wherein said native gene encodes
for a xylose reductase (XR).

100. The recombinant microorganisms of any of claims 97-99, wherein said
recombinant microorganism further comprises a deletion or disruption of a native
gene encoding for an enzyme that catalyzes the conversionof xylitol to xylulose.

101. The recombinant microorganism of claim 100, wherein said native gene
encodes a xylitol dehydrogenase (XDH).

102. The recombinant microorganism of any of claims 96-101, wherein said
recombinant microorganism further comprises the overexpression of a heterologous
or native gene encoding for an enzyme that catalyzes the conversion of xylulose to
xylulose-5-phosphate.

403. The recombinant microorganism of claim 192, whersin said native gene
encodes a xylulose kinase (XK).

1704, The recombinant microorganism of any of claims 7-103, wherein said

recombinant microorganism is a yeast microorganism of the Saccharomyces clade.

105. The recombinant microorganism of any of claims 1-104, wherein said
recombinant microorganism is a Saccharomyces sensu stricto microorganism.

106. The recombinant microorganism of claim 105, wherein said Saccharomyces
sensu stricto microorganism is selected from the group consisting of S. cerevisiae, S.
kudriavzevii, S. mikatae, S. bayanus, S. uvarum, S. carocanis and hybrids thereof,

107. The recombinant microorganism of any of claims 1-104, wherein said
recombinant microorganism is a Crabtree-negative yeast microorganism.

108. The recombinant microorganism of claim 107, wherein said Crabtree-negative
yeast microorganism is classified into a genera selected from a group consisting of
Kluyveromyces, Pichia, Hansenula, and Canelida.

109. The recombinant microorganism of claim 108, wherein said Crabtree-negative
yeast microorganism is selected from the group consisting of Kluyveromyces lactis,
Kiuyveromyces marxianus, Pichia anomaila, Pichia stipitis, Hansenula anormala,
Candida utilfs and Kluyveromyces wallii.

110. The recombinant microorganism of any of claims 1-104, wherein said
recombinant microorganism is a Crabtree-positive yeast microorganism.

111. The recombinant microorganism of claim 1410, wherein said Crabtree-positive
yeast microorganism is classified into a genera selected from a group consisting of
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Saccharomyces, Kiuyveromyces, Zygosaccharomyces, Debaryomyces, Pichia,
Candida, and Schizosaccharomyces.

112. The recombinant microorganism of claim 111, wherein said Crabtree-positive
yeast microorganism is selected from the group consisting of Saccharomyces
cerevisiae, Saccharomyces uvarum, Saccharomyces bayanus, Saccharomyces
paradaxus, Saccharomyces castelli, Saccharomyces kluyveri, Kluyveromyces
fhermotoferans, Candida glabrata, 2. bailli, 2. rouxii, Debaryomyces hansenii, Pichia
pastorius, Schizosaccharomyces pombe, and Saccharamyces uvarum.

113. The recombinant microorganism of any of claims 1-104, wherein said
recombinant microorganism is a post-WGD (whole genome duplication) yeast
microorganism.

ii4. The recombinant microorganism of clan 113, wherein said post-\WGD yeast
microorganism is classified into a genera selected from a group consisting of
Saccharomyces or Candida.

415. The recombinant microorganism of claim 114, wherein said post-WGD yeast
microorganism is selected from the group consisting of Saccharomyces cerevisiae,
Saccharomyces uvarum, Saccharomyces bayanus, Saccharomyces paradoxus,
Saccharomyces castelli, and Candida glabrata.

116. The recombinant microorganism of any of claims 1-104, wherein sald
recombinant microorganism is a pre-WGD (whole genome duplication) yeast
microorganism.

11/7. The recombinant microorganism of claim 116, wherein said pre-WGD yeast
microorganism is classified into a genera selected from a group consisting of
Saccharomyces, Kluyveromyces, Candida, Pichia, Debaryomyces, Hansenula,
Pachysolen, Yarrowia and Schizosaccharomyces.

118. The recombinant microorganism of claim 117, wherein said pre-WGD yeast
microorganism is selected from the group consisting of Saccharomyces kluyvert,
Kluyveromyces thermotolerans, Kluyveromyces marxianus, Kluyveromyces waitii,
Kluyveromyces lactis, Candida tropicalis, Pichia pastoris, Pichia anomala, Pichia
stipitis, Debaryomyces hansenii, H. anomala, Pachysolen tannophilis, Yarrowia
lipolytica, and Schizosaccharomyces pombe.

119. A method of producing isobutanal, comprising:
providing a recombinant microorganism comprising an=isobutanol

producing metabolic pathway according to any one of claims 1-118, and

cultivating said recombinant microorganism in a culture medium containing
a feedstock providing the carbon source, until a recoverable quantity of the
isobutanolis produced.
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120. The method of claim 1178, further comprising the step of recovering the
isobutanol.

121. A recombinant microorganism comprising a cytosolically active dihydroxyacid
dehydratase (DHAD}) enzyme.

122. A recombinant microorganism comprising a modified or mutated dihydroxyacid
dehydratase (DHAD) enzyme, wherein said DHAD enzyme exhibits increased
cytosolic activity as compared to the parental DHAD enzyme.

123. A recombinant microorganism comprising a modified or mutated dihydroxyacid

dehydratase (DHAD}) enzyme, wherein said DHAD enzyme exhibits increased
cytosolic activity as compared to the DHAD enzyme encoded by the amino acid
sequence of SEQ ID NO: 11.

424. The recombinant microorganism of any of claims 121-123, wherein said DHAD

enzyme is fused to a peptide tag, whereby the DHAD enzyme is localized to the

cytosol.

125. The recombinant microorganism of any of clairns 121-124, wherein said DHAD

enzyme comprises the amino acid sequence PU/LIJAXXGXAC/LJAIL (SEQ iD NO: 19),
wherein Xis any amino acid.

426. The recombinant microorganism of any of claims 121-125, wherein said DHAD
enzyme is derived from a bacterial organism.

127. The recombinant microorganism of claim 126, wherein said bacterial organism
is L. lactis or E. coll.

128. The recombinant microorganism of claim 127, wherein said DHAD enzyme is
from L. factis and comprises the amino acid sequence of SEQ ID NO: 9.

429. The recombinant microorganism of claim 127, wherein said DHAD enzyme is
from &. coff and comprises the amino acid sequence of SEQ ID NO: 43.

130. The recombinant microorganism of any of claims 121-125, wherein said DHAD

enzyme is derived from a eukaryotic organism.

431. The recombinant microorganism of claim 130, wherein said eukaryotic
organism is Piramyces or S. cerevisiae

132. The recombinant microorganism of claim 137, wherein said DHAD enzymeis
from Piramyces and comprises the amino acid sequence of SEQ ID NO: 72.
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133. The recombinant microorganismof any of claims 121-124, wherein said DHAD

enzyme. comprises the amino acid sequence CPGXGXC (SEQ ID NO: 37}, wherein
X is any amino acid.

134. The recombinant microorganism of any of claims 121-124, wherein said DHAD
enzyme comprises the amino acid sequence CPGXG(A/S)C (SEQ ID NO: 38),
wherein X is any amino acid.

135. The recombinant microorganism of any of claims 121-124, wherein said DHAD
enzyme comprises the amino acid sequence CXXXPGXGXC (SEQ ID NO: 39),
wherein X is any amino acid.

136. The recombinant microorganism of any of claims 121-135, wherein said DHAD
enzyme exhibits a properly folded iron-sulfur cluster domain and/or redox active
domain in the cytosol.

137. The recombinant microorganism of claim 136, wherein said DHAD enzyme

comprises a mutated or modified iron-sulfur cluster domain and/or redox active
domain.

4138. The recombinant microorganism of any of claims 121-137, wherein said

recombinant microorganism further comprises a nucieic acid encoding a chaperone

protein, wherein said chaperone protein assists the folding of a protein exhibiting
cytosolic activity.

139. The recombinant microorganism of any of claims 121-138, wherein said

recombinant microorganism further comprises one or more genes encoding an iron-
sulfur cluster assembly protein.

440. The recombinant microorganism of claim 139, wherein said one or more genes
encoding an iron-sulfur cluster assembly protein is mutated or modified to remove a
signal peptide, whereby localization of the product of said ane or more genes fo the
nutochondria is prevented.

141. The recombinant microorganism of any of claims 139-140, wherein said one or

more genes encoding an iron-sulfur cluster assembly protein is overexpressed.

142, The recombinant microorganism of any of claims 121-141, wherein said
recombinant microorganism has been engineered to reduce the activity of one or
more iron-sulfur cluster containing cytosolic proteins.

143. The recombinant microorganism of any of claims 121-141, wherein said

recombinant microorganism has been engineered to eliminate the activity of one or
more iron-sulfur cluster containing cytosolic proteins.
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144. The recombinant microorganism of any of claims 121-141, wherein said
recombinant microorganism has been engineered to reduce to the protein levels of
one or more iron-sulfur cluster containing cytosolic proteins.

145. Fhe recombinant microorganism of claim 144, wherein said iron-sulfur cluster
containing cytosolic protein is 3-isopropylmalate dehydratase (LEU1).

146. The recombinant microorganism of any of claims 121-145, wherein said

recombinant microorganism exhibits at least about 50% greater dihydroxyacid
dehydratase (DHAD) activity in the cytosol as compared to the parental
microorganism.

147. The recombinant microarganism of any of claims 121-146, further comprising
an isobutanol producing metabolic pathway comprising at least one sxogenous
gene.

448. A method of producing isobutanol, comprising:
providing @ recombinant microorganism comprising an=isobutanol

producing metabolic pathway according to claims 118-147, and
cultivating said recombinant microorganism in a culture medium containing

a feedstock providing the carbon source, until a recoverable quantity of the
isobutanol is produced.

148, The method of claim 148, further comprising the step of recovering the
isobutanol,

150. A cylosolically active dihydroxyacid dehydratase (DHAD) enzyme.

151. A modified or mutated dihydroxyacid dehydratase (DHAD) enzyme, wherein
said DHAD enzyme exhibits increased cytosolic activity as compared to the parental
DHAD enzyme.

152. A modified or mutated dihydroxyacid dehydratase (DHAD) enzyme, wherein
said DHAD enzyme exhibits Increased cytosolic activity as compared te the DHAD
enzyme encoded by the amino acid sequence of SEQ ID NO: 11.

153. A dihydroxyacid dehydratase (DHAD) enzyme comprising the amino acid
sequence PU/LIXXXGX(ULIAIL (SEQ 1D NO: 19), wherein X is any amino acid, and
wherein said DHAD enzyme exhibits the ability to convert 2,3-dihydroxyisovalerate to
ketoisavalerate in the cytosol,

164. The DHAD enzyme of claim 153, wherein said DHAD enzymeis derived from a
bacterial organism.
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155. The DHAD enzyme of claim 154, wherein said bacterial organism is L. factis or
E. colt.

156. The DHAD enzyme of claim 155, wherein said DHAD enzymeis from L. Jactis
and comprises the amino acid sequence of SEQ ID NO: 9.

157. The DHAD enzyme of claim 155, wherein said DHAD enzyme is from E. colf
and comprises the amino acid sequence of SEQ [ID NO: 43.

158. The DHAD enzyme of claim 153, wherein said DHAD enzyme is derived from a
eukaryotic organism.

159. The DHAD enzyme of claim 158, wherein said eukaryotic organism is
Piromyces or S. cerevisiae

160. The DHAD enzyme of claim 158, wherein said DHAD enzyme is from
Piromyces and comprises the amino acid sequence of SEQ 1D NO: 72.

161. A dihydroxyacid dehydratase (DHAD) enzyme comprising the amino acid
sequence CPGXGXC (SEQ ID NO: 37), wherein X Is any aminoacid.

162. A dihydroxyacid dehydratase (DHAD} enzyme comprising the amino acid
sequence GPGXGI(A/S)C (SEQ ID NO: 38), wherein X is any amine acid.

163. A dihydroxyacid dehydratase (DHAD) enzyme cornprsing the amino acid
sequence CAAXPGXGXC (SEQ ID NO: 39), wherein X is any amino acid.

164. A dihnydroxyacid dehydratase (DHAD) enzyme having one or more amino acid
deletions at the N-terminus.

165. The DHAD enzyme of claim 153, wherein said DHAD enzyme has at least
about 10 amine acid deletions at the N-terminus.

166. The DHAD enzyme of claim 154, wherein said DHAD enzyme has at least
about 17 amino acid deletions at the N-terminus.

167. The DHAD enzyme of claim 166, wherein said DHAD enzyme has 19 amino
acid deletions at ihe N-terminus.

168. The DHAD enzyme of claim 155, wherein said DHAD enzyme has 23 amino
acid deletions at the N-terminus.

169. The recombinant microorganism of any of claims 1-5, wherein said recombinant
microorganism further comprises an organic acid transporter capable of transporting
2,a-dihydroxyisovalerate (DHIV) from the cytosol to the mitochondria.
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17Q. The recombinant microorganism of claim 169, wherein said recombinant
microorganism further comprises an organic acid transporter capable of transporting
2-ketoisovaierate (KIV) from the mitochondria to the cytosol.

171. The recombinant microorganism of any of claims 169-170, wherein said

recombinant microorganism further comprises an overexpressed Bati or homolog

thereof capable of converting 2-ketoisovalerate (KIV) fo valine in the mitochondria.

172. The recombinant microorganism of any of claims 169-171, wherein said

recombinant microorganism further comprises an overexpressed Bat2 or homolog
thersof capable of converting valine to 2-ketoisovalerate (KEV) in the cytosol.

173. The recombinant micrcorganism of any of claims 169-172, wherein said

recombinant microorganism further comprises an overexpressed Bap3 or homolog
thereof capable of transporting valine out of the mitochondria.

174. The recombinant microorganism of any of claims 169-173, wherein said
recombinant microorganism comprises a mitochondrially expressed dihydroxyacid
dehydratase (DHAD) enzyme.

175. The recombinant microorganism of claim 174, wherein said DHAD enzymeis a
native enzyme.

176. The recombinant microorganism of claim 174, wherein said DHAD enzymeis a
heterologous enzyme.

177. A method of producing isobutanol, comprising:

providing a recombinant microorganism comprising an isobutanol producing
metabolic pathway according to any one of claims 169-176, and

cultivating said recambinant microorganism in a culture medium containing a
feedstock providing the carbon source, until a recoverable quantity of the isobutanol

is produced,

178. A recombinant microorganism for producing iscbutanol, wherein said
recombinant microorganism comprises an isobutanol producing metabolic pathway,

and wherein said recombinant microorganism is engineered te increase the
expression of AFT? or a homolog thereof.

478. A recombinant microorganism for producing isobulanol, wherein said
recombinant microorganism comprises an isobutanaol producing metabolic pathway,
and wherein said recombinant microorganism is engineered to increase the

expression of AFT?2 or a homolog thereof.
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180. A recombinant micreorganism for producing isobufanol, wherein said
recombinant microorganism comprises an isobutanol producing metabolic pathway,
and wherein said recombinant microorganism is engineered to increase the
expression of AFT? and/or AFT2 ar homologs thereof.

181. The recombinant microorganism as in either claim 178 or 180, wherein said
recombinant microorganism expresses AFT? or a homolog thereof from a plasmid.

182. The recombinant microorganism of claim 181, wherein said plasmid is a CEN
plasmid.

183. The recombinant microorganism as in either claim 178 or 180, wherein said

recombinant microorganism has one or more copies of AFTT or a homolog thereof
inserted into the chromosome.

184. The recombinant microorganism as in either claim 178 or 180, wherein said
recombinant microorganism expresses a constitutively active Afit or a homolog
thereof.

185. The recombinant microorganism of claim 184, wherein said constitutively active
Ati or a homolog thereof comprises a mutation at a pasition corresponding to the
cysteine 291 residue of the native S. cerevisiae Aft1 (SEQ ID NO: 56).

186. The recombinant microorganism of claim 185, wherein said cysteine 291
residue is replaced with a phenylalanine residue.

187. The recombinant microorganism as in sither claim 179 or 180. wherein said

recombinant microorganism expresses AFT2 or a homolog thereof on a plasmid.

188. The recombinant microorganism of claim 187, wherein said plasmid is a CEN
plasmid.

189. The recombinant microorganism as in either claim 179 or 180, wherein said

recombinant microorganism has one or more copies of AFT2 or a homolog thereof
__inserted into the chromosome.

190. The recombinant microorganism as in either claim 179 or 180, wherein said
recombinant microorganism expresses a constitutively active Aft2 or a homolog
thereof.

191. The recombinant microorganism of claim 180, wherein said constitutively active
Aft2 or a homolog thereof comprises a mutation af a position corresponding to the
cysteine 187 residue of the native S. cerevisiae Aft2 (SEQ ID NO: 58).
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492. The recombinant microorganism of claim 191, wherein said cysteine 187
residues is replaced with a phenylalanine residue.

198. A recombinant microorganism fer producing fisobutanol, wherein said
recombinant microorganism comprises an isobutano! producing metabolic pathway,
and wherein said recombinant microorganism is engineered to increase the
expression of one or more genes selected from the group consisting of FETS, FET,
FETS, FIR1, FTH1, SMF3, MRS4, CCC2, COT1, ATX1, FRET, FRE2, FRE3, FRE4,

FRES, FRE6, FIT, FIT2, FIT3, ARNT, ARN2, ARNG, ARN4, ISU1, [SU2, TISTT,
HMX7, AKRT, PCL5, YOR387C, YHLOSSC, YMRO34C, iCY2Z, PRYT, YDL124W,
BNA2, ECM4, LAP4, YOLO83W, YGRT46C, BilO5, YDR271C, OYE3, CTH1, CTH2,

MRS3, HSP26, YAP2, YOR2258W, YKRIT04W, YBROT2C, and YMRO41C or a
homolog thereof.

194. A recombinant microorganism for producing isobutanol, wherein said
recombinant microorganism comprises an isobutanol producing metabolic pathway,
and wherein said recombinant microorganism is engineered to reduce or delete the
expression of ons or more genes selected from the group consisting of FETS, FET4,
FETS, FIRT, FTH1, SMFS, MRS4, CCOC2, COTT, ATXT, FRET, FRE2, FRES, FRE4,
FRES5, FRE6, FIT?, FIT2, FITS, ARNT, ARN2, ARN3, ARN4, ISU1, iSU2, TIS11,
HMXT, AKRT, PGLS, YOR3&E7C, YHLO35C, YMRO34C, ICY2, PRYT, YDL124W,

BNA2, ECM4, LAP4, YOLO&83SW, YGR1T46C, BIO5, YOR271C, OYE3, CTH1, CTH2,
MRSS, HSP26, YAP2, YOR225W, YKR1I04W, YBRO1T2C, and YMRO47C or a

homolog thereof.
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ABSTRACT

The present invention provides recombinant microorganisms comprising an
isobutanol producing metabolic pathway and methods of using said recombinant
microorganisms to produce isobutanol, in various aspects of the invention, the
recombinant microorganisms may be engineered to overexpress AFT? and/or AFT2
or homologs thereof. In some embodiments, the recombinant microorganisms may
comprise a cytosolically active dihydroxyacid dehydratase (DHAD} enzyme. In
additional aspects, , the invention provides mutated, modified, and/or chimeric DHAD

enzymes with cytosolic activity. In alternative embodirnents, the invention provides
recombinant microorganisms comprising a mitochondrially expressed DHAD enzyme
that express one or more organic acid transporters capable of moving 2,3-
dihydroxyisovaierate (DHIV) from the cytosol to the mitochondria. In varicus

embodiments described herein, the recombinant microorganisms may be
microorganisms of the Saccharomyces clade, Crabtree-negative yeast
microorganisms, Crabtree-positive yeast microorganisms, post-WGD (whole genome

duplication) yeast microorganisms, pre-WWGD (whole genome duplication) yeast
microorganisms, and non-fermenting yeast micrcorganisms.
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SEQUENCE LISTING:

SEQ TO wo kl: ov

MRS OVTKEGLERAPH
TAMDRRGMEFS

petrophita {Bacteria}DENAQREPIGTIVSSHNET LT PGHVALDRVVEAVEAGVRMAGGVEYYPPTPIG
DSTEY VASGPPPEDGLVEVPNC ORT TPGMMMAMGRLNT PSVLTISGGPMLAGRY

DLUTYTVPEAYV SCAGLETANTMNSLABRALGTAPRGNGTVPAYHARRE

RMARBEAGMLVVELYVRE } SOFIA¥SVENLaiGostarviMLkatausrereo: RLEPUOELSREALPHE
CNIS PVGPYHTODLEDSAGESYANAVMICRLOSNCLLK ZV OAMP ET YLURETGOLVREARTLSEDVIREPONPYHREGGLGTI
LEGNLAPEGAVARLSGVPERMMANVSPAVVFENGEERA LLSGRTERRGDVVV IRYEGPRGGPGMREMLSEPSAT

VGMGLABDVALT TOGRPAGCGSHGAV TGAVS FRAARGGE ROGOLIBIDFERKRTLNLLE SDE!

LYREVISDYLRBYAREVOSASHGAT FREE

 

 
  

ms
at 
  

 
 
 
 

Seo
yt y

_SHAD 
GPOTDLIS RIGKESDEGLEALECSACPEPGSCS

LWRRAARRAVELANMENPSTARDEAT PARPONALVLDMAM

RYPNECKLS PSVOYHIVEDGNRVGG IMALLEETSRVPOETIGSAP

SGOLATLPGNLAEKGCVVHAAGVARAML
APTSY LMGRGLGESVALYTDIGRES PAGS.

RRKNWEHREREPKIERTGYLARY

  
 
THRGEAVT FOSESEA

SEQ ID NO $: GV2LO7 SHAD £

BRSOR ERS GAVRAPRRCLLYSTSISPGre
LSGMAYSELOSRETTARLYVERY

 ured termite bacterium {
[ASS FTOLY PGRVAMEDLERYVERG TAAGOGY

VESAHMLDGLILESNCDEVT PGMLMBBARTMT PATVYTA

SLEMAACEGAGACOGMY TANTMACLTETMEsMSMRGCAT IL
PF RNAT VADMALGGSTNUVLALPATANBAG TELPLELED

MNULAUSNTVSOPSDOT TETANSAE IT LOEYVIBASNPYRPEE

SE DNAMBAT LON KR IVENSDEIVVIRYEGPAGGPGMRE en
DOTGHISPEAAADGATVAINERDPININE PERTLAVELTDDOET RART GI

Ott oO oa "y es

 ‘4
 
 

 

 
 

 
 
 

 
 

RRTAYESSTRYVALVREDVEPR  

  

FORee CGOMYTANTMASASEVE

 
 
 
 

faly 355 WATi

VPLTIDDE :AvianTeoges DGSPMTCSS
ODL PASVDAPIEescot GGOVGRT TGREGT FFRGTARCFDEEDL
¥YEGPKGGPGMPEMLERE JAG LE DGRESGGSUGFLIGH TVPEAYEGGE

HL

 

 

hularensis

TRSVWYEGNTCN
 
 
 
 
 

  
ed

MERVONSYSE
Coy<. a ‘ ST DEMS YSLO

REMPIGVS DG TSMGTDGMSYSLG

 
 

 
 
 
 

oe
A

ab flats

IRGRPIDIVTA % ; SERQOET PcAcACGSseTANTMACALES
2D i . Gate,AVILEELDAMAS: 
 
 
 

 

UADFI ‘EOGRY'
ey VAAVETGRVERGIVIVE RYE:

HWENGDETTI DALNNYTY DLS SOE fs GR

: thaliana }

SKSOGGSOAILNGVGLSODDPLERPOIG ISS YWYEGNTCNM
SMGTRGMCOPSLOSRDLIADS TETVMSAQWY OGNIST FGCORNM

Page 162 of 179

 

443875 vE/DC



Alty. Docket No. GEVO-041/07US

 PGT IMAMGRLNRPEGIMVYGGT LRPGHE
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