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METHODS AND COMPOSITIONS FOR INCREASING DIHYDROXYACID
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METHODS AND COMPQSITIONS FOR INCREASING DIHYDROXYACID
DEHYDRATASE ACTIVITY AND ISOBUTANOL PRODUCTION

TECHNICAL FIELD

[0001]} Recombinant microorganisms and methods of producing such organisms
are provided, Also provided are methods of producing metabolites that are biofusls
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 oil.  Soon thereafter, Menry Ford
demonstrated his Mode! T running on aethanol derived from com. Petroleum-derived
fuels displaced biofuels in the 1930s and 1940s due to increased supply, and
efficiency at a lower cost.

[0003] Market fluctuations in the 1970s coupled to the decrease in US oil
production led to an increase in crude oil 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 oil', the point at which the consumption rate of
crude oil exceeds the supply rate, thus leading to significantly increased fusl cost
resulls in an increased demand for alternative fuels. In addition, instability in the
Middle East and other cil-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, faxes on carbon dioxide emissions, and tax
incentives for the use of biofuels.

[0005] Ethanol is the most abundant fermentatively produced fuel today but has
several drawbacks when compared o gasoline. Butanol, in comparison, has several
advantages over ethanol as a fuel: it can be made from the same feedstocks as
ethano! but, unlike sthanol, it is compatible with gasoline at any ratio and can also be
used as a pure fuel in existing combustion engines without modifications.  Uniike
ethanol, butanol does not absorb water and can thus be stored and distributed in the
existing petrochemical infrastructure. Due to its higher energy content which is close
to that of gascline, the fuel aconomy (miles per gallon) is better than that of ethanol.
Also, butanclhgasoline blends have lower vapor pressure than ethanol-gasoline
blends, which is important in reducing evaporative hydrocarbon emissions.

[00086] Isobutanol has the same advantages as butanol with the additional
advantage of having a higher octane number due to its branched carbon chain.

Page 3 of 179
133875 B/ DO



Atty. Docket No, GEVO-041/07US

Isobutano! is also useful as a commodity chemical and is also a precursor o 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,
low vield, and the requirement for oxygen during the fermentation process.

[0007] The present inventors have overcome these problems by developing
metabgolically engineered microorganisms that exhibit increased isobutanol
productivity, titer, and/or yield.

SUMMARY OF THE INVENTION

[0008] The present invention provides cylosolically 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 iscbutanol.

[0008] 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.

{00101 In various embodiments described herein, the DHAD enzymes may be
derived from a prokaryotic organism. In one embodiment, the prokaryotic organism
is 8 bactedal organism. In another embodiment, the bacterial organism is
Lactococcus lactis.  In a specific embodiment, the DHAD enzyme from L. factis
comprises the amino acid sequence of SEQ 1D NO: 9. In another embodiment, the
bacterial organism is Escherichia cofi. In a specific embodiment, the DHAD enzyme
from E. cofi 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 fungat organism. In an exemplary embodiment, the fungal organism is Piromyces
sp. B2, 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 Enamoeba and Giardia.

(0012} In some embodiments, the invention provides modified or mutated DHAD
enzymes, wherein said DHAD enzymes exhibil increased cytosolic activity as
compared to their parental DHAD enzymes. In ancther embodiment, the invention
provides modified or mutated DHAD enzymes, wherein said DHAD enzymes exhibit
increased cylosolic activity as compared to the DHAD enzyme comgprised by the
amino acid sequence of SEQ 1D NO: 11.

[0013] In some embodiments, the invention provides modified or mutated DHAD
enzymes have one or more amino acid deletions at the N-eminus, In one
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embodiment, said modified or mutated DHAD enzyme has at least about 10 amine
acid deletions at the N-terminus. In another embodiment, said modified or mutated
DHAD enzyme has at least about 11, 12, 13, 14, 15, 18, 17, 18, 19, 20, 21, 22, 23,
24, 25, 30 or amino acid deletions at the N-terminus. In a specific smbodiment, 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
delstions at the N-terminus.

[0014]  In further embodiments, the invention provides DHAD enzymes comprising
the amino acid sequence P{/L)XXXGX(HLIXIL (SEQ ID NQ: 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 amino acid sequence CPGXGXC (SEQ 1D NO: 37), wherein X is any
amino acid, and wherein said DHAD enzymes exhibit the ability to convert 2,3-
dihydroxyisovalerate o ketoisovalerate in the cytosol.

[0016] In ancther embodiment, the invention provides DHAD enzymes comprising
the amino acid sequence CPGXG(A/SIC (SEQ 1D NO: 38), wherein X is any amino
acid, and wherein said DHAD enzyvmes exhibit the ability to convert 2,3-
dihydroxyisovalerate to ketoisovalerate 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
a properly folded iron-sulfur cluster domain andfor 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 cylosolically active DHAD enzvme. 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 cytosol. In one embodiment, the DHAD enzyme is derived
from a bacterial organism. In a specific embodiment, the DHAD enzyme is derived
from L. factis and comprises the amino acid sequence of SEQ 1D NO: 9. In ancther
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 enzyme is derived
from a yeast organism.

f0020] 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

Page 5 of 179
LI3RTS V3¢



Alty. Docket No. GEVO-041/07US

exhibits increased cytosolic activity as compared to the DHAD enzyme comprised by
the aming acid sequence of SEQ 1D NQ: 11.
[0021}] In another embodiment, the invention provides recombinant
microorganisms comprising a DHAD enzyme comprising the amino acid sequence
PUAROKGX(VLIXIL (SEQ 1D NO: 18), wherein X is any amino acid, and whergin
said DHAD enzyme exhibits the ability to convert 2.3-dihydroxyisovalerate to
ketoisovalerate in the cytosol.
{0022} In some embodiments, the invention provides recombinant
microorganisms comprising a DHAD enzyme fused {o a peptide tag, whereby said
DHAD enzyme exhibits increased cytosolic localization andfor cytosclic DHAD
activity as compared to the parental microorganism. In one embodiment, the peptide
tag is non-cleavable. In another embodiment, the peptide tag is fused at the N-
terminusg 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, myg,
HA-tag, green fluorescent protein (GFP}, and the maltose binding protein {MBP).
f6023}] In various embodiments described  herein, the recombinant
microorganisms may further comprise a nucleic acid encoding a chaperong protein,
wherein said chaperone protein assists the folding of a protein exhibiting cytosolic
actlivity. In a preferred embodiment, the protein exhibiting cytosolic activity is DHAD.
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
chaperane protein may be selected from the group consisting of: endoplasmic
reticulum oxtdoreductin 1 (Ero1, accession no. NP_013576.1), including variants of
Ero1 that have been suitably altered to reduce or prevent its normal localization fo
the endoplasmic reticulum; thioredoxins {which includes Trxi, accession no.
NF_013144.1; and Trx2, accession no. NP_011725.1), thioredoxin reductase (Trri,
accession no. NP_010840.1); glutaredoxins (which includes Grx1, accession no.
NP_008885.1; Grx2, accession no. NP_010801.1; Grx3, accession no.
NP _010383.1; Grx4, accession no. NP_01101.1; Grx5, accession na. NP_015288.1;
GrxB, accession no. NP_010274.1; Grx7, accession no. NP_008570.1; Grx8,
accession no. NP_013468.1); glutathione reductase Girl (accession no.
NP _015234.1); and Jacl (accession no. NP_011487.1), including variants of Jact
that have been suitably altered to reduce or prevent its normal mitochondrial
tocalization; Hsp10, Hsp60, GroEL, and GroES and homologs or variants thereof.
{0024] In some embodiments, the recombinant microorganisms may further
comprise one or more genes encoding an iron-suifur 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 to Escherichia cofi, L. laclis, Helicobacter pylori, and Enfamoeba
histolytica.  In specific embodiments, the bacterially derived iron-sulfur cluster
assembly protein encoding genes are selected from the group consisting of cyaY,
iseS, iscU, iscA, hscB, hscA, fdx, isuX, sufA, sufB, sufC, sufD, sufS, suff, 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), Narl (accession no.
NP_014159.1), Ciat (accession no. NP_010553.1), and homologs or variants
- thereot. In a further embodiment, the fron-sulfur cluster assembly protein encoding
genes may be derived from plant nuclear genes which encode proteins {ranslocated
to chloroplast or plant genes found in the chioroplast genome itself.

{00261 In some embodiments, cne 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 mitochendria or other
subcellular compartment is prevented. In certain embodiments, it may be preferable
fo overexpress ong ar more genes encoding an iron-sulfur cluster assembly protein.
{00271 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.  In a specific embodiment, the iron-sulfur cluster
containing cytosolic protein is 3-isopropylmalate dehydratase (Leuip). In one
embodiment, the recombinant microorganism comprises a mutation in the LEUT
gene resulting in the reduction of Leuwip protein levels. In another embodiment, the
recombinant microorganism comprises a partial deletion in the LEUT gene resulting
in the reduction of Leulp protein levels. In another embodiment, the recombinant
microorganism comprises a complete deletion in the LEUT gene resulting in the
reduction of Leulp protein levels. In another embodiment, the recombinant
microorganism comprises a modification of the regulatory region associated with the
LEUT gene resulling in the reduction of Leulp protein levels. in yet another
embodiment, the recombinant microorganism comprises a modification of a
franscriptional regulator for the LEUT gene resulting in the reduction of Leutp protein
fevels. ' |

f0028] In cerlain embodiments described herein, it may be desirable to increase
the levels of iron 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 o overexprass one or more genes selected from the group consisting
of AFT1, 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 ischutanol producing metabolic pathway, and wherein the expression
of AFT7 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 isobutano! producing metabolic
pathway, and wherein the expression of AFT2 or a homolog thereof is increased. In
yel another embodiment, the present invention provides a recombinant
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microorganism for producing isobutanol, wherein said recombinant microorganism
comprises an isobutanol producing metabolic pathway, and wherein the expression
of AFTT and AFT2 or homologs thersof is increased.

[0030] 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
Aft1 or a homolog thereof is increased. In another embodiment, the present
invention provides a recombinant microorganism for producing isobutanol, whersin
said recombinant microorganism comprises an isobutanol 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
ischutanol producing metabolic pathway, and wherein the activity of Aft1 and AR2 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 AFTY,
AFTZ, GRX3, and GRX4 and homologs thereof.

[0032] in various embodiments described herein, it may be desirable to reduce
the concentration of reaclive oxygen species (ROS) in said cytosol, as DHAD
enzymes may be susceptible to inaclivation by R0OS. Thus, the recombinant
microorganisms of the present invention may further be engineered to express one
or more proteins in the cyloscl 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 esncoded by one of
more of the genes selected from the group consisting of the E. coff genes katG and
kalkE, the S. cerevisiae genes CTT1 and CTA7, 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 SODT and SOD2, or homologs thereof. In another specific
embodiment, said metallothionsin is encoded by one of more of the genes selacted
from the group consisting of the 8. 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 7842 SmitA gene or
homologs 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,

[6033] 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
engineerad o exprass one or more enzymes thal increase the level of available
ghitathione in the cytosol. The proteins to be expressed to increase the level of
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available glutathione in the cytosol can be selected from 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, GRXB, 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 GSHT and GSH2, or homologs thereof. In some embodiments,
two enzymes are expressed in and targeted to the cytosol 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 from the group the S. cerevisiae genes GSHT and GSH2, or homologs
thereof,

[0034] In some embodiments, it may be desirable to overexpress one or more
cytosolic functional components of the thioredoxin system, as overexpression of the
essential cylosolic functional components of the thioredoxin system is can increase
the amount of bioavailable cytosolic thioredoxin, resulting in a significant increase in
celiular redox buffering potential and concomitant increase in stable, active cytosolic
Fed 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 TRXT and TRX2 genes or homologs thereof. In another specific
embodiment, said thioredoxin reductase is encoded by 8. cerevisiae TRR7 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 embaodiment, said mitochondrial thioredoxin reductase is
encoded by the 5. cerevisiae TRRZ 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 from the group consisting of the S. cerevisiae ATMT, the 8. cerevisiae
ERV1, and the S. cerevisiae BAT1, or homologs 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/ADP carrier protein is encoded by the S. cerevisiae
AACT, AACZ, and/or AAC3 genes or homologs thereof. in another embodiment, the
inner mitochondrial membrane electrical potential, AWy, is increased via a mutation in
the mitochondrial ATP synthase complex that increases ATP hydrolysis activity. In a
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specific embodiment, said mulation 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 cylosol. In one embodiment, said one or more enzymes are
selected from the group consisting of nitric oxide reductases and glutathione-S-
nitrosothiol reductase. In a specific embodiment, said nitric oxide reduciase 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,
in another specific embodiment, said ghuathione-S-nitrosothiol reductase is encoded
by the S. cerevisiae gene SFAT or homologs thereof. In one embodiment, said
glutathione-S-nitrosothiol  reductase gene SFA7T is overexpressed. In ancther
specific embodiment, said one or more enzymes is encoded by a gene selected from
the group consisting of the E. coli gene y#E, the Staphylococcus aureus gene scdA,
and Neisseria gonorrhoeae gene dnrN, or homologs thereof.
[0038] 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 cylosol or mitochondria.  In one
embodiment, the recombinant microorganism has besen engineered to overexpress
one or more of the genes selected from the S. cerevisiae genes MET1, METZ,
MET3, METS, METS, MET10, MET14, MET16, MET17, HOM2, HOM3, HOMS,
CY83, CYS4, SULT, and SUL2, or homologs thereof. The recombinant
microorganism may additionally or optionally also overexpress one or more of the
genes selected from the S. cerevisiae genas YCTY, MUPT, GAP1, AGP1, GNP,
BAP1, BAP2, TAT1, and TAT2, or homologs thereof.
[0039] 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
ieast 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 least about
680 percent, at least about 65 percent, at least about 70 percent, at least 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 cytosol as compared {o the parental microorganism.
[0040] In certain embodiments described herein, it may be desirable to further
oversxpress an addiional enzyme that converts 2,3-dihydroxyisovalerate to
ketoisovalerate in the cylosol. In a specific embodiment, the enzyme may be
selected from the group consisting of 3-isopropylmalate (Leulp) and
imidazoleglycerol-phosphate dehydrogenase (His3p).
[0041} in  wvarious embodiments described Therein, the recombinant
microorganisms may be further engineered to express an isobutanol producing
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metabolic pathway comprising at least one excgenous gene that catalyzes a step in
the conversion of pyruvate to isobutanol. 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
isobutanol 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.
{00421 In various embodiments described herein, the ischutano! 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 iscbutyraldehyde dehydrogenase (IDH). In a praferred
embodiment, said dihydroxyacid dehydratase (DHAD) is a cytosolically active
{DHAD) enzyme.
{0043] In various embodiments described Therein, the recombinant
microorganisms may be enginsered to express native genes that catalyze a step in
the conversion of pyruvate to isobutanol. In one embodiment, the recombinant
microorganism is engineesred 1o 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 comprises 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 o isobutanol is/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 fo express an organic acid transporter capable of
transporting 2,3-dihydroxyisovalerate (DHIV) from the cytosol to the mitachondrnia.
Therefore, in one embodiment, the recombinant microorganism may comprise an
organic acid lransporter 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 fransporter capable of
transporting Z-ketoisovalerate (KIV) from the mitochondria to the cytosol. In vet
another embodiment, the recombinant microorganism may further comprise an
overexpressed Batl{branched-chain amino acid transferase) or homolog thereof
capable of converting 2-ketoisovalerate {KIV) to valine in the mitochondria. In vet
another embodiment, the recombinant microorganism may further comprise an
overexpressed Bat2 or homolog thereof capable of converting valine to 2-
ketoisovalerate (KEV) in the oytosol. In yet ancther embodiment, the recombinant
Page 11 of 179
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microorganism may further comprise an overexpressed Bap3 (amino acid permease)
or homolog thereof capabile of transporting valine out of the mitochondria.

[00486] In another embodiment, the recombinant microorganism is engineered fo
overexpress one or more accessory proteins having utility in assisting the
mitochondrially 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 lccalized to the
mitochondria.

[0047] In some embodiments, the present invention provides recombinant
microorganisms that have been engineered to 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 (Xi). 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). In yet another embodiment, both native genes are
deleted or disrupted. In yet another embodiment, the recombinant micraorganism is
engineered 1o exprass a xviulose kinase enzyme.

{0048] in another aspect, the present invention provides a recombinant
microorganism engineered 1o include reduced pyruvate decarboxylase (PDC) activity
as compared o a parental microorganism. In one embodiment, PDC activity is
eliminated. PDC catalyzes the decarboxylation of pyruvate to acetaldehyde, which is
reduced to ethanol by alcohol dehydrogenases via the oxidation of NADH to NAD«+.
It 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 vet 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 reguiator resulting 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 inciude reduced giycerol-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 polypeptide
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
franscription. 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.

f0050] In various embodiments described herein, the recombinant
microorganisms may be micmoorganisms  of the Saccharomyces clade,
Saccharomyces  sensu  stricto microorganisms,  Crabtree-negative  yeast
microcrganisms, Crabtree-positive yeast microorganisms, post-WGD {whole genome
duptlication} 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 Saccharomyces clade.

[0052] In some embodiments, the recombinant microorganisms may be
Saccharomyces sensu  siricto  microorganisms. In one embodiment, the
Saccharomyces sensu stricto is selected from the group consisting of 8. 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 Kluyveromyces, Pichia, Hansenula, or Candida. in additional
embodiments, the Crablreg-negative yeast microorganism is selected from
Kluyveromyces laclis, Kluyveromyces marxianus, Pichia anomala, Pichia stipitis,
Hansenula anomala, Candida utilis and Kluyveromyces waltil.

[0054] In some embodiments, the recombinant microorganisms may be Crabtree-
positive recombinant yeast microorganisms.  In 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 is selected from the group consisting of
Saccharomyces cerevisiae, Saccharomyces wuvarum, Saccharomyces bayanus,
Saccharomyces paradoxus, Saccharomyces castelli, Saccharomyces kluyveri,
Kiuyveromyces thermotolerans, Candida glabrata, Z. bailli, Z. rouxii, Debaryomyces
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hansenii, Pichia pastorius, Schizosaccharomyces pombe, and Saccharomyces
wvarum.

[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 Saccharomyces 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.

[0056] In some embodiments, the recombinant microorganisms may be pre-WGD
(whole 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, Hansenula, Pachysolen, Yarrowia and
Schizosaccharomyces. In additional embodiments, the pre-WGD veast is selected
from the group consisting of Saccharomyces kluyveri, Kluyveromyces
thermotolerans, Kluyveromyces marxianus, Kluyveromyces waltli, Kluyveromyces
lactis, Candida ftropicalis, Pichia pasforis, Pichia anomafa, Pichia stipilis,
Debaryomyces hansenil, Hansenula anomala, Pachysolen tannophilis, Yarrowia
fipolytica, and Schizosaccharomyces pombe.

[0057] In soms embodiments, the recombinant microorganisms may be
microorganisms that are non-fermenting yeast microorganisms, including, but not
fimited to those, classified into a genera selected from the 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 cuiture medium
containing a feedstock providing the carbon source until a recoverable quantity of the
isobutanol is produced and optionally, recovering the iscbutanol. In one embodiment,
the microorganism is selected to produce isobutanol from a carbon source at a yield
of at least about § percent theoretical. In ancther embodiment, the microorganism is
selected to produce isobutanol at a vield 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 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 least about 60
percent, at least about 65 percent, at least abowt 70 percent, at least about 75
percent, or at least about 80 percent theoretical.

[0059] in one embodiment, the microorganism is selacted to produce isobutanol
from a carbon source at a specific productivity of at least about 0.7 mgfl./hr per OD.
In another embodiment, the microorganism is selected produce isobutanc! from a
carbon source at a specific productivily of at least about 1 mgfl/hr per OD, at least
about 10 mg/L/hr per OD, at least about 50 mg/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 gfi/hr per
OD.
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BRIEF DESCRIPTION OF DRAWINGS

[0060] Hustrative embodiments of the invention are illustrated in the drawings, in
which:

[0061]  Figure 1 llustrales 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

[0063] 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,
for example, reference to "a polynucleotide" includes a plurality of such
polynucleotides and refarence to "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 same meaning as commonly understood to one of ordinary skill in the art to
which this disclosure belongs. Although methods and materials similar or equivalent
to those describaed herein can be used in the practice of the disclosed methods and
compositions, the exemplary methods, devices and materials are described herein.
[0065F] 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.

[0066] 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.

{0067} 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/fwww taxonomicoutline.org/.

{0068} The term “species” is defined as a collection of closely related organisms
with greater than 97% 163 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.

[0068] The terms “"recombinant microorganism,” “modified microorganism™ and
"recombinant host cell” are used interchangeably herein and refer to microorganisms
that have been genetically modified fo express or over-express endogenous
polynucieotides, or to express heterologous polynuclectides, such as those included
i 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 levet 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 "inhibil,” but the use of the word "alter” is not limited {o this definition.
{0070] The term "expression” with respect 1o 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, exprassion of a
protein resulls from transcription and transfation 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 selectad sequence.
For example, mRNA transcribed from a selected sequence can be quantitated by
gRT-PCR or by Northern hybridization (see Sambrook et al., Molecular Cloning: A
Laboratory Manual, Cold Spring Harbor Laboratory Press (1689)). Protein encoded
by a selected sequence can be guantitated 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 et al., 1989, supra.
The poilynucieotide generally encodes a target enzyme involved in a metabolic
pathway for producing a desired metabolite. # is understood that the lerms
"recombinant microorganism® and "recombinant host cell’ refer not only to 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 to 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 ocours in naturs,
i.e. a cell that has not been genetically modified. A wild-type microorganism can be
genelically 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 tum,
the microorganism modified to express or overexpress a first and a second target
enzyme can be modified to express or overexpress a third target enzymae.

[6072] Accordingly, a “parental microorganism” functions as a reference celi 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 enzyme through genetic modification of e.9., a
promoter sequence in a parental microorganism. I is further understood that the
term facilitates” encompasses the introduction of heterclogous polynucieotides
ancoding 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 polynucieotide andfor polypeptide
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heterologous o the microorganism and mutating a polynuclectide andfor polypeptide
native o the microorganism.

[0074] The term "mutation” as used herein indicates any modification of a nucleic
acid andfor polypeptide which results in an altered nucleic acid or polypeptide.
Mutations include, for example, point mutations, deletions, or insertions of single or
mulliple residues in a polynucleotids, which includes alterations arising within a
protein-encoding region of a gene as well as allerations in regions outside of a
protein-encoding sequence, such as, but not limited to, regulatory or promoter
sequences. A genelic 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 polvhucleotide. In some embodiments, the mutations are naturally-
occurring. In other embodiments, the mutations are the results of artificial selection
pressure. in still 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 info 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 {(le., metabolite)
between the same subsirate and metabolite end product.

[0076] The term “heterologous” as used herein with reference to molecules and in
particular enzymes and polynuciectides, indicates molecules that are expressed in
an organism other than the organism from which they originated or are found in
naturg, 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.

{00771 On the other hand, the term “nalive” or "endogenous™ as used herein with
reference to molecules, and in particular enzymes and polynucleotides, indicates
molecules that are expressead in the organism in which they originated or are found
in nature, independeantly of the level of expression that can be lower equal or higher
than the level of expression of the molecule in the native microorganism. it is
understood that expression of native enzymes or polynucleotides may be modified in
recombinant microorganisms.

[0078] The term "feedsiock” is defined as a raw material or mixiure of raw
materials supplied o a microorganism or fermentation process from which other
products can be made. For example, a carbon source, such as biomass or the
carbon compounds derived from biomass are a feeadstock for a microorganism that
produces a biofuel in a fermentation process. However, a feedstock may contain
nutrients other than a carbon source.

[0079] The term "substrale” 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, mixiures and other materials which
contain at least one substrate, or derivatives thereof. Further, the term "substrate”
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encompasseas not ondy compounds that provide a carbon source suitable for use as a
starting material, such as any biomass derived sugar, but also intermediate and end
product metiabolites used in a pathway associated with a recombinant
microorganism as described herein.

[0080} The term "CZ-compound” as used as a carbon source for engineered
yeast microorgarisms with muiations in all pyruvate decarboxylase (PDC) genes
resuiting 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.

[0081}] The term “fermentation” or “fermentation process” is defined as a process
in which a microarganism is cultivated in a culture medium containing raw materials,
such as feedstock and nutrients, wherein the microorganism converts raw materials,
such as a feedstock, into products.

f0082] The term “volumetric productivity” or “production rate” is defined as the
amount of product formed per volume of medisn per unit of time. Volumetric
productivity is reported in gram per liter per hour (g/L/h).

{0083} The term “specific productivity” or "specific production rate” is defined as
the amount of product formed per volume of medium per unit of time per amount of
cells. Volumetric productivity is reported in gram or milligram per liter per hour per
OD {g/n0oD).

{0084] 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 vield for one typical conversion of
glucose to isobutanol is 0.41 g/g. As such, a yield of isobutanot from glucose of 0.39
g/g would be expressed as 95% of theoretical or 95% theoretical vield,

{0085] The term “titer” is defined as the strength of a solution or the concentration
of a substance in solution. For example, the titer of a bicfuel in a fermentation broth
is described as g of biofuel! in solution per liter of fermentation broth (g/L).

[00886] “Aerobic 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, “anaercbic conditions” are defined as conditions under which
the oxygen concentration in the fermentation medium is too low for the
microorganism {o use as a terminal electron acceptor. Anaerobic conditions may be
achieved by sparging a fermentation medium with an inert gas such as nitrogen until
oxygen is no longer available to the 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] “Acrobic metabolism” refers to a biochemical process in which oxygen is
used as a terminal slectron acceplor 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.”

[0080] 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 ocowr under aerobic conditions, under conditions where NADH is not fully
oxidized via the respiratory chain. For example, above cerfain glucose
concentrations, Crabtres positive yeasts produce large amounts of ethano! under
aercbic conditions.

{06091} 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.

[6092] The term “non-fermenting veast” is a vyeast species that fails to
demonstrate an anaercbic metabolism in which the slectrons from NADH are utilized
o generate a reduced product via a fermentative pathway such as the production of
ethanol and CO; from glucose. Non-fermentative yeast can be identified by the
‘Durham Tube Test” (J.A. Bamelt, 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 “polynucieotide” 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
‘nuclectide” refers to any of several compounds that consist of a ribose or
deoxyribose sugar joined 1o 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 adenosine) that consists of a purine or pyrimidine
base combined with deoxyribose or ribose and is found especially in nucleic acids.
The term “nuclectide analog” or "nucleoside analog” refers, respectively, to a
nucleatide 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 nucieic acids of any length, DNA, RNA, analogs and
fragments thersof. A polynucleotide of three or more nucleotides is also called
nucleotidic oligomer or oligonucleotide.
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{0084} 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", alsc called a "structural gene” refers to a
polynuclectide 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 uniranslated regions, including introns, 5-unfransiated
region (UTR), and 3-UTR, as well as the coding sequence.

[00858] The term "operon” refers to two or more genes which are transcribed as a
single transcriptional unit from a common promoter. In some embodiments, the
genes comprising the operon are contigucus genes. H is understood that
transcription of an entire operon can be modified {ie., increased, decreased, or
gliiminated) by meodifying the common promoter.  Alternatively, 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 andfor the ability to function in alternative environmental conditions.
[0096] 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, fransposons, and artificial
chromosomes such as YACs (yeast artificial chromosomaes), BACs (bacterial artificial
chromosomes), and PLACs (plant artfficial chromosomes), and the like, that are
"episomes,” that is, that replicate autonomously or can integrate into a chromosome
of a host cell. A vector can also be a naked RNA polynucleotide, a naked DNA
polynucieotide, 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
posome-conjugated DNA, or the like, that are not episomal in nature, orit can be an
organism which comprises one or more of the above polynucieotide constructs such
as an agrobacterium or a bacterium.

[00871 "Transformation” refers {0 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 transformation {e.q. lithium acetate
transformation), electroporation, microinjection, biolistics (or particle bombardment-
mediated delivery), or agroebacterium mediated transformation.

[0098] The term "enzyme" as used herein refers to any substance that catalyzes
or promotes one or more chemical or biochemical reactions, which usually includes
enzymes lotally or partially composed of a polypeptide, but can include enzymaes
composed of a different molecule including polynucleotides,

{0088} The term “protein,” "peptide,” or “polypeptide” as used herein indicates an
orgamic 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 ohe or more
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individual atoms have been replaced, sither 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
oligomer or oligopeptide

[00100] 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 {o 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. ldentity of cloned sequences as homolog can be confirmed using functional
assays and/or by genomic mapping of the genes.

[30101] 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 {o 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 {o nucleic 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 o convergent
evolution. For example, two enzymes are analogs or analogous if the snzymes
catalyze the same reaction of conversion of a substrate to a product, are unrelated in
sequence, and irrespective of whether the two enzymes are related in structure.

Cviosolically Active Dihydroxvacid Dehydratases (DHADs) and Recombinant
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 Z2-methyl-1-butanol. Biosynthetic pathways for
the production of isobutanol and 2-methyl-1-butanol, are described by Afsumi ef al.
{Atsumi ef al., 2008, Nature 451: 86-89). In these biosynthstic pathways, DHAD
catalyzes the conversion of 2,3-dihydroxyisovalerate to 2-ketoisovalerate, and 2,3-
dihydroxy-3-methylvalerate to Z-keto-3-methylvarate, respectively. Using a
combination of genetic seleclion 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)
will have the entire isobutancl pathway functionally expressed in the same
compartment {e.g. preferably in the cytosol). In addition, this localization allows the
pathway 1o ulilize 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 "cyiosolically 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, “cylosolically 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.

[00105] As used herein, the term “cytosolically localized” or “cytosolic localization”
means the enzyme is localized in the cytosol of a eukaryatic organism. Cytosolically
localized DHAD enzymes may further be additionally andfor independently
characterized as DHAD enzymes that exhibit a cytosolic protein level which is
greater than the mitochondrial protein level.

identification of Cytosolically Active DHADs

[00106] Among the many strategies for identifying cytosclically active DHADs, the
present inventors performed multiway-protein alignments between several DHAD
homologs. Using this analysis, a protein motif was identified that is unigue to the
subset of DHAD homologs exhibiting cytosolically activity.  This protein motif,
PAXXXGXVLIXIL (SEQ 1D NQ: 19), was found in DHAD homologs demonstrating
positive cytosolic activity. Therefore, in one embodiment, the present invention
provides DHAD enzymes comprising the amine acld sequence P{AIXXXGXI/LIXIL
(SEQ 1D NO: 18), wherein X is any amino acid, and wherein said DHAD enzyme
exhibits the ability to convert 2 3-dihydroxyisovalerate to ketoisovalerate in the
cytosol. DHAD enzymes harboring this sequence include those derived from L.
lactis, Grammella forselii, Acidobacteria bacterium Ellin345, Saccharopolyspora
erythraca, Yarrowia lipolytica, Francisefla tularensis, Arabidopsis thaliana,
Thermotoga pelrophila, and Victivallis vadensis. Also encompassed herein are
DHAD enzymes that comprise a moiif 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:
18.

[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 seguence
PIKOCAGX(LIXIL (SEQ 1D NO; 20}, wherein X is any amino acid, and wherein said
DHAD enzyme exhibils the ability fo convert 2 3-dihydroxyisovalerate to
ketoisovalerate in the cytosel. DHAD enzymes harboring this sequence include
those derived from L. lactis, Grammella forselii, Acidobacteria bacterium Ellin345,
Yarrowia lipolytica, Francisella tularensis, Arabidopsis thaliana, Thermotoga
pefrophila, 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
at least about 90% similar to the motif shown in SEQ 1D NO: 20.
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[00108] As noted above, one such cytosclically active DHAD identified herein is
exemplified by the L. faclis DHAD amino acid sequence of SEQ 1D NO: 8 which is
encoded by the L. lactis iivD gene. As described herein, the present inventors have
discovered that yeast strains expressing the cytosolically active L, factis ilvD (DHAD)
exhibit higher isobutanol production than veast strains expressing the 8. cerevisiae
LV3 (DHAD), even when the /LV3 from 8. cerevisiae is truncated at its N-terminus
to remove a pulative 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 andfor cytosolic localization, as well as
methods for modifiying DHADs to increase their ability to exhibit cytosolic activity
and/or cytosalic localization.

[00109] 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 bacterdal organism is
Lactococcus factis. In a specific embodiment, the DHAD enzyme from L. factis
comprises the amino acid sequence of SEQ 1D NO: 9. In other embodiments, the
bacterial organisms are of the genus Lactococcus, Grammella, Acidobacteria,
Francisella, Thermotoga and Victivallis.

[00110] In alternative embodiments described herein, the DHAD enzyme may be
derived from a eukaryotic organism. In one embodiment, the sukaryotic organism is
a fungal organism. As described hergin, 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 yveast. In addition, homologs that are normally
expressed in the cytosol are desired, as a normally cytoplasmic enzyme is likely to
show higher activity in the cylosol as compared to an enzyme that is relocalized to
the cytosol from other organelles, such as the mitochondria. Fungal homologs of
various isobutanol pathway enzymes, including DHAD, are often localized to the
mitochondria. The present inventors have found that fungal homologs of DHAD that
are cylosolically localized will generally be expected to exhibit higher activity in the
cytosol of yeast than those of wild-type yeast straing, Thus, in one embadiment, the
present invention provides fungal DHAD homologs that are cytosolically active
and/or cytosolically localized.

[00111] 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 VAN {e.g. the S. cerevisiae DHAD with N-terminal
deletions), the Lacfococcus lactis DHAD, DHAD from Grammelfa, DHAD from
Acidobacteria, and the Saccharopolyspora DHAD.

[00112] As described herein, the £ colfi VD protein comprises the sequence
VERSACPTCGSC (SEQ ID NO. 35), which further comprises the 4Fe-4S cluster-
binding motif CXXCXXC (SEQ 1D NO. 38). 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)
CPGXGXE (SEQ 1D NQO: 37), for example, CPGXG{A/SIC (SEQ ID NO: 38); and 2)
CXAXPGXGXC (SEQ 1D NO: 38). Accordingly, in one embodiment, the invention
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provides DHAD enzymes comprising the amino acid sequence CPGXGXC (SEQ ID
NQO: 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 CPGXGA/SIC (BEQ 1D NQO: 38), wherein X is any amino acid, and
wherein said DHAD enzyme exhibits the ability to convert 2,3-dihydroxyisovalerals lo
ketoisovalerate in the yeast cylosol. In yet another embodiment, the present
invention provides DHAD enzymes comprising the amino acid sequence
CAXXPGXGXC (SEQ D 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 80% similar to the motif shown in SEQ 1D NOs: 37-39.

[00113] In varicus embodiments described herein, the DHAD enzyme may be 3
native protein. Also encompassed by the invention are modified {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 Maodification of N-Terminal Mitochondrial Targeting Sequences
[00114] Among the mechanisms for cytosolic localization of DHAD enzymes
described herein  involves the removal andfor modification of N-terminal
mitochondrial largeting sequences (MTS). Nuclear genome-encoded proteins
destined to reside in the mitochondria often contain a Mitochondrial Targeting
Sequence (MTS) which is often but not exclusively found at the N-terminai end of the
protein. The MTS is recognized by a sel 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
ILV8) and dihydroxy acid dehydratase (DHAD, e.g. S. cerevisiae ILV3), are predicted
to be mitochondrial, based upon the presence of an N-terminal MTS as well as
several in vivo funclional and mutational studies (see e.g., Omura, F., Applied
Genelics and Molecular Biotechnology (2008), 78:503-513). As described herein, the
present inventors have designed DHADs, wherehy the predicted MTS is removed or
modified. A computer algorithm for identifying the predicted MTS can be found at
the MITOPROT website; hitp//mips.helmholiz-muenchen.de/cgi-
bin/projf/medgen/mitofilter.

[00115] One example of an enzyme normally targeted to the mitochondria is the
native S. cerevisiae DHAD. The native S. cerevisiae DHAD, encoded by ILV3, 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 cylosol where the remainder
of the pathway is exprassed. To generate a cytosolic liv3, the present inventors
performed a series of experiments in which aminc acids were removed from the N-
terminus of native S. cerevisiae /LV3 to disrupt the MTS. As described in Example
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10, IV3AN19 and 23 exhibited cytosolic DHAD activity.

[00116] Accordingly, in one embodiment, the present invention provides a meodified
dihydroxyacid dehydratase (DHAD) enzyme having one or more aminc 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, 258, 30
or more amino acid deletions at the N-{erminus. In a preferred embodiment, the
maodified DHAD enzyme comprising one or more amino acid deletions at the N-
terminus is derived from the S, cerevisiae I3, As described herein, the advantage
of the S. cerevisiae lv3 is that it 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 aminc acids deleted at the N-
terminus of the S. cerevisiae V3 and may be encoded by the nucleic acid sequence
- set forth in SEQ 1D NO: 41, in vet another specific embodiment, the modified DHAD
has 23 amino acids deleted at the N-terminus of the 8. cerevisiae IIv3 and may be
encoded by the nucleic acid sequence set forth in SEQ 1D NO: 42,

Peptide Tags {o Augment Cvlosolic Localization of DHADs

[60117] in additional embodiments described herein, the mitochondrially imported
DHAD enzymes can be expressed as a chimeric fusion protein to augment cytosolic
localization. in one embodiment, the DHAD enzyme is fused to a peplide tag,
whereby said DHAD enzyme exhibits increased cylosolic localization andior
cytosolic DHAD actlivity in yeast as compared to the parental DHAD enzyme. Inone
embodiment, the DHAD enzyme is fused to a peptide tag following removal of the N-
terminal Mitochondrial Targeting Sequence (MTS). In one embodiment, the peptide
tag is non-cleavable. In a preferred embodiment, the peptide tag is fused at the N-
ferminus of the DHAD enzyme. Peplide tags useful in the present invention
preferably have the following properties: (1) they do not significantly hinder the
normal enzymatic function of the DHAD; (2) they fold in such as a way as 1o block
recognition of an N-<erminal MTS by the normal mitochondrial import machinery; (3)
they promote the stable axprassion and/or folding of the DHAD it precedes; (4)they
can be detected, for example, by Westem blotting or SDS-PAGE plus Coomassie
-staining to facilitate analysis of the overexpressed chimeric protein,

[00118] Suitable peptide tags for use in the present invention include, but are not
limited to, ubtquitin, ubiquitin-ike (UBL) proteins, myc, HA-tag, green fluorescent
protein (GFP), and the maltose binding protein (MBP). Ubiguitin, and the Ubiguitin-
like protein {(Ubls) offer several advantages. For instance, the use of Ubiquitin or
simitar Ubl's {e.g, SUMO) as a solubility- and expression-enhancing fusion partner
has been well documented {see, for example: Ecker, B.J. ef al., Journal of Biclogical
Chemistry (1888), 284(5): 7715-7719; Marblestone et al., Protein Science (2008),
15: 182-189) . In fact, in S.cerevisiae, several ribosomal proteins are expressed as
C-terminal fusions to ubiquitin. Following translation and protein folding, ubigutin is
cleaved from its co-expressed partner by a highily specific ublquitin 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 Ubl
proteins from their fusion partners.
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[00118] The invention described hergin 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-fargeted 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 ¢-myc epitope tag (amino acids EQKLISEEDL,
SEQ 1D NO: 18}, which will generally not target a protein into the mitochondria and
can easily be detected by commercially available antibodies.

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

[00120] In general, the yeast cyiosol demonstrates a different redox potential than
a bacterial cell, as well as the yeast mitochondria. As a result, isobutanol 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 to result in an
inactive protein, even if the protein is expressed. The present inventors have
identified a number of different strategies to overcome this problem, which can arise
when an isobutanol pathway enzyme such as DHAD which is suited to a particular
anvironmeant with a specific redox potential is exprassed in the yeast cytosol.

[00121] In one embodiment, the present invention provides DHAD enzymes that
exhibit a properly folded won-sulfur cluster domain and/or redox active domain in the
cytosol.  Such DHAD enzymes may either be native or heterologous DHAD
homologs or functional analogs or comprise a mutated or modified ron-sulfur cluster
domain and/or redox active domain, allowing for a DHAD enzyme to be expressed in
the yeast cylosol 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 c¢ylosol 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.

{00122} Therefore, in various embodiments described hersin, 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
axogenous protein. In some embodiments, the chaperone protein may be selected
from the group consisting oft endoplasmic reticulum oxidoreductin 1 (Erof,
accession no. NP_013576.1), including variants of Ero1 that have been suifably
altered to reduce or prevent its normal localization to the endoplasmic reticulum;
thioredoxins {which includes Trx1, accession no. NP_013144.1; and Trx2, sccession
no. NP_011725.1), thioredoxin reductase (Trrl, accession no. NP_010640.1);
glutaredoxins {which inciudes Grx1, accession no. NP_009895.1; Grx2, accession
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no. NP_010801.1; Gmx3, accession no. NP_010383.1; Grx4, accession no.
NP_01101.1; Grx5, accession no. NP_015266.1; Grx8, accession no, NP_010274 1;
Grx7, accession no. NP_0008570.1; Grx8, accession no. NP_013468.1); giutathione
reductase Glrt (accession no. NP_015234.1); Jac1 {accession no. NP_011487.1),
including variants of Jac1 that have been suitably altered to reduce or pravent its
normal mitochondrial localization; Hsp60 and Hsp10 proteins {e.g., yeast Hsp 60 and
Hsp10 proteins, or other eukaryotic Hsp80 and Hsp10Q homologs), bacterial
chaperonin homologs (e.g., GroEL and GreES proteins from Lactococcus lactisy;
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 yeasi, the DHAD llv3 is involved in biosynthesis of the amino acids
leucine, iscleucine and valine. V3 is typically localized to the mitochondria, where
the chaperonin proteins Hsp60 and Hsp10 aid in the proper folding of the protein
{Bubaquie ef. a/. The EMBO Journal 1998 17: 5868-5876). In wild type veast cells,
Hv3 is found in the soluble fraction of cell lysates. In exfracts from an hsp60
lemperature~-sensitive mutant, at the non-permissive tempersture, there is no
detectable soluble Iv3. Al of the protein is found in the insoluble fraction, in a
presumably inactivated state. In an hAsp10 temperature-sensitive mutant, at the non-
permissive temperature, about half of the Ilv3 is found in the insoluble portion,
indicating that Hsp10 is also important for proper folding of IIv3, but that Hspb0 is
required. (Dubaquie ef. a/. 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 thereof 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 /L.V3 gene to increase the
productivity, titer, andfor vield of isobutanol produced. Alternatively, i said
rHcroorgarnism is a yeast and it naturally expresses chaperonin proteins homologous
to Hsp60 andf/or Hsp10 in its cytosol, DHAD encoded by /L V3 can be expressed in
said yeast without the overexpression of the Hspb0 and/or the Hsp10 proteins. In
another embodiment, wherein the DHAD derived from an organism other than veast
is used for isobutanol production, chaperonin homologs, or active variants thereof
derived from said non-yeast organism or related non-yeast organism can be
overaxpressed 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 (e.qg., 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 HivD from Lacfococcus
factis. Qverexpression of these genes may be accomplished by methods as
described herein.

f00125] Also disclosed herein are recombinant microorganisms comprising one or
more genes encoding an iren-sulfur cluster assembly protein. fron-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, aithar 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
assembled in the cytosol or other cellular compartments.
[00126] Targeting of yeast mitochondrial iron-sulfur proteins or non-yeast iron-
sulfur proteins to the yeast cylosol 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-
sutfur cluster assembly and insertion proteins from organisms other than yeast,
together with the apo-iron-sulfur protein to provide assembly of active iron-suifur
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-8 cluster-
containing protein in the isobutano! production pathway in an microorganism. In a
preferred embodiment, said microorganism is a yeast microorganism.  in one
embodiment, said Fe-S cluster-containing protein s a endogenous protein.  in
another embodiment, said Fe-S cluster-containing protein is an exogenous protein.
in one embodiment, said Fe-S cluster-containing protein is derived from a eukaryotic
organism, In another embodiment, said Fe-8 cluster-containing protein is derived
from a prokaryotic organism. In one embodiment, said Fe-S cluster-containing
protein is DHAD., In one embodiment, said Fe-S cluster is a 2Fe-28 cluster. In
another embodiment, said Fe-S cluster is a 4Fe-48 cluster.
[00128] Al known DHAD enzymes contain an fron sulfur cluster, which is
assaembied n vivo by a multi-component pathway. DHADs contain one of at least
two types of iron sulfur clusters, a 2Fe-28S cluster as typified by the spinach enzyme
{Flint and Emptage. JBC 1988 263(8): 3558) or a 4Fe-48 cluster as typified by the £
coli enzyme (Flint ef. al, JBC 1993 268(20): 14732). in eukaryotic cells, iron-sulfur
cluster profeins can be found in either the cylosol or, more commonly, in the
mitochondria.  Within the mitochondria, a set of proteins, collectively similar {o the
ISC and/or SUF systems of E.cofi, are present and participate in the assembly,
maturation, and proper insertion of Fe-S clusters into mitochondrial target proteins.
{Lill and Muhlenhoff, Ann. Rev. Biochem. 2008 77. 669). in addition, a cytosolic
fron sulfur assembly system is present and is collectively termed the CIA machinery.
The CIA system promotes proper Fe-S cluster maturation and leading into
cytosolically-localized iron sulfur proteins such as Leul. 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 1LV3, is a
mitechondrially-localized 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 cylosol might be not expected to be
Page 28 of 170

FIIBTS V00



Atty. Docket No. GEVG-041/07US

functional due to its presence in a non-native compartment and the concomitant lack
of approptiate Fe-8 cluster assembly machinery.

[00129] The E. coli DHAD (encoded by i#vD) is sensitive fo oxygen, becoming
quickly inactivated when isolated under aerobic conditions (Flint ef. af, JBC 1993
2688(20). 14732; Brown ef. al. Archives Biochem. Biophysics 1885 31¢(1): 10).
thought that this oxygen sensitivity is due to the presence of a labile 4Fe-48 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, ie. it is a low oxygen environment, in conirast
to the more oxygen-rich environment of the cytosol. The redox state of the cytosol is
thus expected to be a problem for expressing mitcchondrially localized DHADSs,
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 o be more oxygen resistant than the E. cofi 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-28
clusters are inherently more resistant {o oxidative damage and they are therefore an
altractive possibility for inclusion in the cytosolically localized isobutanol pathway.
[00130] 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
fron 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.

- [00131] Thus, the methods of using Fe-8 cluster in the eukaryotic cytosol for
improved enzymatic activity in isobutanol production pathway as described above
may further comprise the co-expression a heterclogous Fe-S cluster-containing
DHAD with the NIF assembly system in the yeast cylosol to aid in assembling said
heterologous DHADs, The NIF system found in the parasite Enfamoeba histolytica
has been shown to complement the double deletion of the E. coli 1ISC and SUF
assembly systems (Ali et. al. JBC 2004 279(16); 18863). The critical compaonents of
the Entamoeba assembly system comprise only two genes, NifS and Nifl, in one
embodiment, these two components are overexpressed in the yeast cytosol to
increase activity and/or stability of cytosolic DHADs. In one embodiment, the NIF
system is the E. hisollytica NIF system; in another embodiment, the NIF system is
from other organisms (e.g. Lactococcus factis). An advantage of using the £
hisotlytica assembly system is that it has already been demonstrated to work in a
helerclogous organism, £. coff.

{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-28 cluster
dehydratase enzymes identified biochemically. in another embodiment, the 2Fe-28
cluster DHADs include those predicted o be 2Fe-28 cluster dehydratases containing
some version of the consensus motif for 2Fe-285 cluster proteins, e.g., the motif
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GXaCXa0Xa36CG (SEQ 1D NO: 40, Lill and Muhlenhoff, Ann. Rev. Biochem 2008 77:
668). 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 saliva japonica) which can be used
to improve isobutanol production in vivo in the cytosolic isobutanol pathway.

{00133] Altemnatively, a DHAD may be determined to be a 2Fe-2S protein or a 4Fe-
48 protein based on a phylogenetic tree, such as Figure 2, below. Seguences not
present on the example phylogenetic free disclosed here could be added to the tree
by one skilled in the art. Furthermore, once a new sequence was added to the
DHAD phylogenetic tree, one skilled in the art may be able to determine if it is a 2Fe-
25 or a 4Fe-4S cluster containing protein based on the phylogenetic relationship to
known 2Fe-2S or a 4Fe-4S cluster containing DHADs.
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Figure 2. Phylogenetic ree of DHAD proteins. Numnbers at nodes indicate boolsirap
vatues. EQivD is a known 4Fe-438 DHAD enzyme from Escherichia oo,

[00134] In another embodiment, a 4Fe-4S8 cluster-containing DHAD could
substitute for the 2Fe-2S5 cluster-containing DHAD in the cylosol In one
ambodiment, said 4Fe-43 cluster DHAD is engineered to be oxygen resistant, and
therefore more active in the cytosol of cells grown under aerobic conditions.
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[00135] In one embodiment of this invention, the apo-fron-sulfur protein DHAD
enzyme encoded by the E. colf ilvD gene is expressed in yveast fogether with E. cofi
ron-sulfur cluster assembly and insertion genes comprising either the cyaY, iscS,
iscl, IscA, hscB, hscA, fdx and isuX genes or 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 isc or suf
genes) to come from the same organism, causing assembly of the active DHAD iron-
sulfur protein in the yeast cylosol. As a modification of this embodiment, for those E.
coli iron-sulfur cluster assembly and inserlion 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 assembiy protein may be mutated
or modifted to remove a signal peptide, whereby localization of the product of said
one or more genes to the mitochondria is prevented. In ceriain embodiments, it may
be preferable to overexpress one or more genes encoding an iron-sulfur cluster
assembly protein.
[00138] in additional embodiments, iron-sulfur cluster assembly and insertion
cornponents from other than E. coli can be co-expressed with the E. cofi DHAD
protein to provide assembly of the active DHAD iron-sulfur cluster protein. Such ron-
sulfur cluster assembly and insertion components from other organisms can consist
of the products of the Helicobacter pylori nifS and nifU genes or the Enfamoeba
histolytica nifS and niflf genes. As a modification of this embodiment, for those non-
E. coli iron-sulfur cluster assambly and insertion components that localize to or are
pradicted to localize to the yeast mitochondria upon expression in yeast, the genes
for these componenis 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 {o lower the redox state of the yeast cytoplasm to improve
assembly of the active ron-sulfur protein,
[00138] In ancther embodiment, the above iron-sulfur cluster assembly and
insertion components can be co-expressed with DHAD apo-iron-sulfur enzymes
other than the . coli v 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 1o ensure localization of the enzymes in the yeast cytoplasm.
[001398] In addifional embodiments, the above methods used to generals active
DHAD enzymes localized to yeast cyioplasm may be combined with methods to
generate aclive acetolactate synthase, KARI, KIVD and ADH enzymaes in the same
yeast for the production of isobutanc! by yeast.
[00140] In another embodiment, production of active iron-sulfur proteins other than
DHAD enzymes in yeast cytoplasm can be accomplished by co-expression with iron-
sulfur cluster assembly and insertion proteins from organisms other than yeast, with
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proper targeting of the proteins to the yeast cyloplasm if necessary and expression
int anaerobically growing yveast if needed o 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 3. cerevisiae. In specific
embodiments, the vyeast-derived genes encoding iron-sulfur cluster assembly
proteins  are selected from the group consisting of CR1  {(accession no.
NP_012263.1), Nbp35 (accession no. NP_011424.1), Narl (accession no.
NP_014158.1), Ciat (accession no. NP_010553.1), and homologs or variants
thereof. in a further embodiment, the fron-sulfur cluster assembly protein encoding
genes may be derived from plant nuclear genes which encode proteins transiocated
{o chioroplasts or plant genes found in the chioroplast genome itself.

[00142] In certain embodiments described hersin, it may be desirgble to reduce or
eliminate the activity andfor 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 cviosolically expressed proteins wherein said
proteins can be native proleins that are expressed in a non-native compartment or
heterologous proteins. This is achieved by deletion of a highly expressad native
cytoplasmic {Fe-Sldependent protein. More specifically, the gene LEUT is deleted
coding for the 3-isopropyimalate dehydratase which catalyses the conversion of 3-
isopropylmalate into 2-isopropylmaleate as part of the leucine biosynthetic pathway
in yeast. Leulp 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 Leulp is present in yeast at 10000 molecules per cell
(Ghaeammaghami S. et al Natwe 2003 425. 737), deletion of LEU? therefore
ensures that the cell has enough spare capacity to incorporate [Fe-8] clusters into at
teast 10000 molecules of cytosolically expressed DHAD. Taking into account the
specific activity of DHAD (E. colif DHAD is reported to have a specific activity of 63
U/img (Flint, D.H. et al., JBC 1893 268: 14732), the LEUT deletion yeast strain would
generally exhibit an increased capacity for DHAD activity in the cytosol as measured
in cell lysate.

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

Table 1. Dehydratases with putative activity towards 2 3-dihydroxyisovalerate.

Gene Species Native Substrate Comments
dgab E. coli D-galacionate TS5
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T D-mannonate,
"rsg}A E. mb - D-altronate
yfaw E. coli L-rhamnonate
fuch X. campestris L-fuconate
LGD1 H. jecorina L-galactonate |
— - i‘ B
pad K. oxytoca diols & o
‘ 1
""""" i - 3 v
ENO1/2, ERR1/2/3 S. cerevisiae 2-phosphoglycerate § ®
S - e S U - “‘O,
- " ) S g
HIiS3 S. cerevisiae im@azoiggiyeero! &%
phosphate 5 ©

[00144] Because DHAD activity is limited in the cytosol, alternative dehydratases
that convert dihydroxyisovalerate (DHIV) to Z-ketoisovalerate (KIV) and are
physiclogically 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-$ binding protein that is involved in
leucine biosynthesis and is also normally localized to the cytosol. His3p is invoived
in histidine biosynthesis and is similar to Leuip, it is generally localized to the cytosol
or predicted {o be localized to the cvlosol. This modification overcomes the problem
of a DHAD that is limiting isobutanol production in the cytosol of yeast. The use of
an alternative dehydratase that has activity in the cytosol with a low activity fowards
DHIV may thus be used in place of the DHAD in the isobutanc! pathway. As
described herein, such enzyme may be further engineered to increase activity with
DHIV.

Increased Mitochondrial Export of Essential Components for fron Sulfur Protein
Assembly in the Cytosol

[00145] As noted herein, the third step in the engineered iscbutanol pathway is the
conversion of dihydroxyisovalerate (DHIV) {0 kelosisovalerate (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. Howevaer, isobutanol 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 cylosol. One of the inventions
disclosed hergin addresses possible genstic or chemical approaches {o increase the
functional activity of cytosol DHADs.  The present invention provides ways 1o
increase the export of an essential compound that is generated in mitcchondria,
thereby increasing the amount of the compound available for use by the cytosolic

ront sulfur assembly machinery {e.g. CIA) {o effectively increase the functiona!
exprassion of cytosolic DHADs.

Overexpressing Mitochondrial ron Sulfur Cluster (1S8C) Machinery
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[00146] 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 Nfs1, Isd11, isul, Nfut, Yah1t, Arh1, Yih1,
Ssqgl, Jacl, Mge1 and Grx5 (reviewed in Lill and Muhlenhoff, Ann. Rev. Biochem.
2008 77; 669and Lill, Nature 480; 831 2009). To faciliate 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. In various embodiments
described hersin, the mitochondrial iron sulfur cluster assembly proteins may be
selected from the group consisting of the Nfs1, Isd11, Isul, Nfut, Yah1, Arh1, Yfh1,
Ssqgt, Jac1, Mgel and Grx5 proteins from S. cerevisiae or homologs thereof. Such
mahipulations 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. ClA) to effectively increase the functional expression of
cyiosolic DHADs.

[00147] 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, Atm1, and is chaperoned across the intermembrane space of the
mitochondria to the cytosol by Ervt (reviewed in Ll Annual Review of Biochemistry
2008). Se¢_BAT1 was identified as a third pulative component of the compound’s
mitochondrial export machinery by a genstic selection of suppressors of a S¢_afim?
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
Atm1ip and Ballp is the leucine auxotrophy associated with the deletion of the ATMY
gene,

[00148] To faciliale export of the sssential compound, the present invention
provides recombinant microorganisms that have been engineered to overexpress
one or more mitochondrial export proteins.  In various embodiments described
herein, the mitochondrial export protein may be selected from the group consisting of
the S. cerevisiae ATM1, the S. cerevisiae ERV1, and the 5. cerevisiae BAT1, or
homologs therecof. Such manipulations can increase the export of the essential
compound out of the mitochondria {0 increase the amount available for use by the
cytosolic ron sulfur assembly machinery (e.g. CIA) to effectively increase the
functional expression of cytosolic DHADs.

Increasing Inner Milochondrial Membrane Electrical Polential

[00149] In one embodiment, the present invention provides recombinant
microorganisms that have further been engineered {o increase inner mitochondrial
membrane potential, AWy, As described herein, although veast cells require a
function mitochondrial compartment, they are viable without the mitochondrial
genome {MIDNA). However, loss of miDNA has been linked to destabilization of the
nuclear genome (Veatch et g/, 2008, Cell, 137(731179-1181). Nuclear genome
stability was restored in yeast lacking miDNA when a suppressor mutation (ATRP7-
111} was introduced {(Veatch ef al, 2008, Celf, 137(7):1178-1181, Francis et al,
2007, L Bicenerg. Biomembr. 38{(2).148-157). The mutation has been shown to

Page 35 of 179

113875 v3/DC



Atty. Docket No. GEVO-041/07US

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, AWy, in cells facking
mtDNA (Smith ef al, 2005, Euk Cefl, 4(12):2057-2065; Kominsky ef al, 2002,
Genelics, 182:1585-1604), 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 AWy, and iron sulfur cluster assembly in the cytosol is
supported by microarray data that indicate that the transcriptional profile of cells
lacking mtDNA (decreased AWy is similar to yeast grown under iron depletion
conditions (Veatch et al., 2009, Cell, 137(7):1178-1181). Introduction of the ATP7-
111 suppressor mutation restores the transcriptional profile to one resembling a wild-
type cell's transcriptional profile (Veatch ef af,, 2008, Cell, 137(7):1179-1181). Taken
fogether, these data indicate that AWy must be sufficient to support assembly of
cytosolic iron sulfur proteins, particularly those involved in nuclear genome stability
{(Vealch et al., Cefl 2009, 137(7):1247-1258).

[00150] Thus, the present invention aims to generate the highest possible AWy 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 assembly
machinery {e.g. ClA) 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 vardants thereof; (2) Overexpressing an ATP/ADP
carrier protein that leads to an increase ATPY import into the mitochondrial matrix in
exchange for ADPY, contributing to generation of AW, (3) Removal andfor
overexpression of additional gene(s) involved in generation of AWy 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 yesast 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 mitochondral ATP synthase include, mutant
ATPase from the ATP1-7111 sirain in Francis ef al, J Biocenerg Biomembr, 2007,
39(2)127-144), a mutant ATPase from the atp2-227 strain in Smith et al., 2008, Euk
Cell, 4(12):2057-2065, or a mutant ATPase from the yme7 strain in Kominsky ef af,
2002, Genetics, 162:1595-1604). In another embodiment, active variants, or
homologs of the mutant mitochondrial ATP synthases described above can be
applied. iIn one embodiment, an ATP synthase having a homology to any of ATP1,
ATPZ, and ATP3 of at least about 70%, at least about 80%, or at least about 80%
simitarity 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 ATPY import into the mitochondrial matrix in
exchange for ADPY. Non-limiting examples of ATP/ADP carrier proteins include the
S. cerevisiae AACT 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 AACT 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.

[001583] In another embodiment, the inner mitochondrial membrane elecirical
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 famifiar 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 |, NADH
dehydrogenase), succinate to fumarate (Complex H, cytochrome bey complex), and
oxygen to water (Complex IV, cytochrome ¢ 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 o increase NADH and succinaie
production, such that more H” ions are available. These enzymes include, citrate
synthase, aconitase, isocitrate dehydrogenass, o-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 A%y in the
mitochondria. Non-limiting examples of said substrates include, oxaloacetate, acety!
CoA citrate, cis-Aconitate, isocitrate, oxalosuccinate, a-Ketogiutarate, succinyl-CoA,
succinate, fumarate and L-Malate.

Enhancing DHAD Activity by Altering Aft1/AR2 Activity and/or Expression

[00155] The present inventors have found that altering the expression of the AFT7
and/or AFTZ2 genes of 8. cerevisiae surprisingly increases DHAD activity and
contributes o increased isobutanol titer, productivity, and yield in strains comprising
DHAD as part of an isobutanol-producing metabolic pathway.

f00156] Without being bound by any theory, it is believed that altered expression of
the AFTT and/or AFT2 genes enhances cellular iron availability, which Jeads to an
improvement in the activity of the iron-sulfer (Fe8) cluster-containing protein, DHAD.
The observation that increased expression of AFTT and AFT2 improves DHAD
activity is surprising, particulary in light of recently published findings by lhrig ef al.
(2010, Eukaryotic Cell 9: 460-471). Notably, lhrig ef al. observed that the increased
expression of Aftl in S. cerevisiae had little to no effect on the activity of ancther FeS
cluster-containing protein, Leul (isopropylmalate isomerase of the leucine
biosynthesis pathway). In contrast to observations made by thrig ef al. with respect
to the FeS protein, Leul, the present inventors unexpectedly observed that
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increased expression of Aftl andfor AftZ resulted in a significant increase in the
activity of DHAD, also a Fe/S protein. Moreover, in strains comprising DHAD as part
of an iscbutanol-producing metabolic pathway, the increased expression of Aft1
produced significant increases in isobutanol titer, productivity, and yield.
[00157] As noted above, without being bound by any theory, it is helieved that the
increased expression of AFTT and/or AFT2 enhances celiular iron availability, which
concomitantly improves DHAD activily, Allematively, the increase in DHAD activity
may be aliributed in part {0 an increase in DHAD expression, as mediated by Afil
and/or Aft2 or one of the proteins regulated by Afl1 and/or AfR2.
[00158] AFTT and AFT2 encode for the transcription factors, Aft1 and Afi2
{"activator of ferrous transport”), respectively, in S. cerevisiae. lt is believed that Aft1
and Aft2 in wild-type S. cerevigiae activate gene expression when iron is scarce.
Consequently, strains lacking both Aft1 and Afl2 exhibit reduced expression of the
iron regulon. As with many other paralogous genes, AFTT and AFTZ2 code for
proteins that have significant regions of identity and overlapping functions, The
DNA-binding domain of each protein is in a highly conserved N-terminal region, and
a conserved cysteine-to-phenylalanine mutation in either protein generates a factor
that activates the high expression of the iron regulon irespective of fron
concentrations.
[00159] In yeast, homeostatic regulation of iron uptake occurs (Eide ef al., 1892, 4
Biol Chern, 267. 20774-81). bon 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 AFTT is hypothesized to play a critical role in
this process {(Yamaguchi-lwai et al, 1995, The EMBO Journal 14. 1231-9).
Yamaguchi-lwal et al 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? U allele exhibit a gain-of-function phenotype
in which iron uptake cannot be repressed by available iron in the environment, The
AFTTY and AFT2Y alleles described above act as gain of function point mutations.
AFT1Y is due to the mutation Cys®'Phe (Rutherford et al, 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 differences in strains that separately lack AFT?
or AFT2. An aft? null strain exhibits low ferrous iron uptake and grows poorly under
low-iron conditions or on a respiratory carbon souwrce. No phenotype has been
aftributed to an aft2 null strain. An aft? aft2 double null strain is, however, more
sansitive to low-iron growth than a single aff7 null strain, which is consistent with the
functional similarity of these factors. The partial redundancy of these factors allows
AFTZ2 to complement an aff! null strain when it is overexpressed from a plasmid.
The properties of Aft1 and A2 that distinguish them 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’. Withowut being bound to any theory, &
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 Aft1 and AfZ2 results in each factor generating a
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distinct global transcriptional profile (Table 2) (Rutherford et al., 2004, Eukaryotic
Celf 3: 1-13. Conde ¢ Silva ef al., 2009, Genetics 183: 93-106).

Table 2: Genes Regulated by Metal-Responsive Transcription Factors

Transcription | Description Gene Name(s)

Faclor

Aftd Transporters FET4, FET5, FTR1, FTH1, SMF3, MRS3,

777777777777777777 , MRS4, CCC2, COT1
Cu chaperona ATX1
Ferroxidase | FET3, FETS B
Metalioreductases FRET, FREZ, FRE3, FRE4, FRES, FRES
Cefl wall proteins FITE, FiTe Fii3
Siderophore transport ARN1T, ARN2, ARN3, ARN4
Fa-S biosynthesis IS, s
Other TIST1, HAMXI, AKR1, PCL5  YOR387C
YHLO3Sc, YMRO34e, ICYZ, PRYT, YDL124w,
CTHIT, CTH2,

ARz Transportars SMF3, MRS4, F1R1, oot T
‘Cu chaperone ATX:
Ferroxidase FET3 FETS T
Metalloreductases ~VERET
Cell wall proteins FITT, EIT3, FIT2
Fe-5 hiosynihesis Isu
Other BNAZ2, ECM4, LAP4, TiST1, YOLO033w,

77777777777777777777777 YGR146¢, YHLO3SC

[00161] In S. cerevisiae, the Aff1 regulon consists of many genes that are involved
in the acquisition, compartmentalization, and utilization of iron. These include genes
involved in iron uptake (FET3, FTRT, and FRE1, FREZ), siderophore uptake (ARNT~
4 and FIT1-3), iron transport across the vacuole membrane (FTHT), and iron-sulfur
cluster formation (ISUT and ISU2). Aft1 binds to a conserved promoter sequence in
an iron-dependent manner and activates transcription under low-iron conditions.
The Aft2 requlator controls the expression of several distinct genes {Table 2)
{Rutherford et al.,, 2004, Eukaryotic Cell 3: 1-13). The initial step in iron acquisition
requires reduction of ferric iron chelates in the environment by extermally directed
reductases encoded by the FRET and FREZ genes, thereby generating the ferrous
iron substrate for the transport process {(Dancis ef al,, 1992, PNAS 89: 3869-73;
-Georgatsou and Alexandraki, 1994, Mol Cell. Biol 14: 3065-73). FET3 encodes a
multi-copper oxidase (Askwith et al, 1994, Cell 76: 403-10; De Silva ef af, 19985, ./
Biol. Chem. 270: 1098-1101) that forms a molecular complex with the iron permease
encoded by FTR1. This complex, located in the yeast plasma membrane, mediates
the high-affinity transport of iron into the cell (Stearman et al., 1998, Science 271:
1882-7). AFT genes may be found in fungal strains other than S. cerevisiae. For
axample, in K. factis, a homolog of the S. cerevisiae AFTT has been found and
designated KIAFT (Conde e Silva ef al., 2008, Genetice 183: 83-106). In this fungi,
KIAft has been found to activate transcription of genes regulated by Aft1 in S,
cerevisias. 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
homotlogs. 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, andfor yield are listed in Table 3. One
skilled in the arl, 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

Species Origin Protein Accession No. | SEQID NO.
Candida glabrata XP_446945.1 65
£ygosaccharomyces XP_002498376.1 | 66

rouxif N o
Kiluyveromyces lactis XP_453211.1| a7
Vanderwaltozyma XP_001645600.1 68
polyspora

Ashbya gossypili - | NP_085461.1 69
Lachancea ‘ 70
thermoftolerans XP_002556067.1

{00162] Without being bound by any theory, it is believed that increasing the
expression of the gene AFTT will modulate the amount and availability of iron in the
host cell.  Since Aft1 activates the expression of target genes in response to
changes in iron availability, overexprassion of AFT7 increases the machinery to
import more iron into the cytosol and/or mitochondria. A person skilled in the ar,
equipped with this disclosure, will appreciate suitable methods for increasing the
expression {i.e. overexpression} of AFT1. For instance, in one embodiment, AFTT or
homolog thereof may be overexpressed from a plasmid. In another embodiment,
one or more copies of the AFTT gene or a homolog thereof is inserted into the
chromosome under the control of a constitutive promoter. In another embodiment,
the native Aft1 or homolog thereof may be replaced with a mutant version that is
constitutively active. In one embodiment, the native Aft1 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 Aft1 (SEQ ID NO: 58). In an exemplary
embodiment, the cysteine 291 residue of the native S. cerevisiae Aft1 (SEQ 1D NO:
586} or homolog thereof is replaced with a phenylalanine residue.

[001683] As will be understood by one of ordinary skili in the art, modified Aft1
proteing and homologs thereof may be obtained by recombinant or genetic
engineering techniques that are routine and well-known in the art. For exampie,
mutant Aft1 proteins and homologs thereof, can be obtained by mutating the gene or
genes encoding Aftt or the homologs of 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., substifution of one or more amino
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acids with one or more different amino acids) may be used {o construct mutant Aft1
proteins of the invention. The corresponding cysteine position of Aft1 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 constifutive expression of
Aftt.

[60164] Without being bound by any theory, it is believed that increasing the
expression of the gene AFT2 will modulate the amount and availability of ron in the
host cell, AFTZ2 overexpression is predicted {o result in increased expression of 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 {fe. overexpression) of AFT2. For instance, in one
embodiment, AFT2 or homolog thereol may be overexpressed from a plasmid. In
another embodiment, one or more copies of the AFTZ gene or a homolog thereof is
inserted into the chromosome under the control of a constitutive 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 Aft2 is
replaced with a mutant version that comprises a modification or mutation at a
position corresponding to amine acid cysteine 187 of the S. cerevisiag Aft2 (SEQ 1D
NG: 58). In an exemplary embodiment, the cysieine 187 residue of the native S.
ceravisiae Af2 (SEQ 1D NO: 58) or homolog thereof is replaced with a phenylalanine
residue.

[00165] As will be understood by one of ordinary skill in the art, modified Aft2
proteins and homologs thereof may be obtained by recombinant or genetic
engineering lechniques that are routine and weli-known in the art. For example,
mutant AR2 proteins and homologs thereof, can be oblained by mutating the gene or
genes encoding Afl2 or the homologs 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 {o construct mutant Aft2
proteins of the invention. The corresponding cysteine position of Afi2 homologs may
be readily identified by one skilled in the arl. 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 madifications which would result in the constitutive expression of
Aft2. v

[00166] In various exemplary embodiments, increasing the expression of both
AFTT and AFTZ will increase DHAD activity and/or isochutanol titer, productivity,
and/or yield.

{00167 Embodiments in which the regulation, activily, and/or expression of AFTY
andfor AFT2 are allered can also be combined with increases in the extraceliular iron
concentration to provide increased iron in the cytosol and/or mitochondria of the cell.
Increase in ron in either the cyloscl or the mitochondria by this method appears {0
make iron more avatlable 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 DHAD activity.
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[00168] As describad herein, the increased activity of DHAD in a recombinant
microorganism is a favorable characteristic for the production of isochutanol. Without
baing bound by any theory, it is believed that the increase in DHAD activity as
observed by the present inventors resulls from enhanced cellufar iron levels as
mediated by the altered regulation, expression, andfor activity of AFT7 andior AFT2.
Thus, in various embodiments described herein, the present invention provides
recombinant microorganisms with increased DHAD activity as a result of alterations
in AFTT and/or AFT2 regulation, expression, and/or activilty. In one embodiment, the
alteration in AFT1 and/or AFT2 regulation, expression, and/or activity increases the
activity of a cytosolically-localized DHAD. In another embodiment, the alteration in
AFTT andlor AFTZ2 regulation, expression, and/or activity increases the activity of a
mitochondrialiy-localized DHAD.
[00169] While particularly useful for the biosynthesis of isobutanol, the altered
regulation, expression, and/or activity of AFT7 and/or AFT2 is also beneficial to any
other fermentation process in which increased DHAD activity is desirable, including,
but not fimited to, the biosynthesis of isoleucine, valine, laucine, pantothenic acid
{vitamin B5), 1-butanol, 2-methyl-1-butanci, 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 exprassion of AFTT andfor AFT2. Without being bound by any theory, it is
believed that the increases in isobutanol titer, productivity, and vield are due to the
observed increases in DHAD activity. Thus, in one embodiment, the present
invention provides a recombinant microorganism for producing iscbutanol, wherein
said recombinant microorganism comprises an isobutanol producing metabolic
pathway, and wherein the expression of AFTY or a homolog thereof is increased. In
another embadiment, 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 microorganism for producing isobutanol, wherein said
recombinant microorganism comprises an isobutanol producing metabolic pathway,
and wherein the expression of AFTT and AFT2 or homologs thereof is increased.
[00171] In alternative embodiments, nucleic acids having a homology to AFT?
andfor AFT2 of al 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.
[00172] In one embodiment, the present invention provides a recombinant
microorganism for producing isobutanol, wherein said recombinant microorganism
comprises an iscbutanol producing metabolic pathway, and wherein the activity of
Aft1 or a homolog thereof is increased. In ancther embodiment, the present
invention provides a recombinant microorganism for producing iscbutanocl, wherein
said recombinant microorganism comprises an isobutanol 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 A1 and AR2 or
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homologs thereof is increased.

[00173] In alternative embodiments, proteins having a homology to Aft1 and/or
Aft2 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 AFTT and AFT2 genes may be accomplished by
any number of plasmid vectors that function in veast. In exemplary embodiments,
the expression of AFTY, AFTZ, andfor homologous genes may be increased by
overexpressing the genes on a CEN plasmid. In one embodiment, AFT7 or a
homolog thereof is overexpressed on a CEN plasmid. [n another embodiment, AFT2
or a homolog thereof is overexpressed on a CEN plasmid. In yet another
embodiment, AFTT 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, CCWT12, PGK1, and ENO2, may be
utilized. Different levels of expression of the genes may be achieved by using
promotears with different levels of activity, either in single or muitiple copy integrations
or on plasmids. An example of such a group of promoters is a series of truncated
PDCT promoters designed to provide different strength promoters. Alternatively
promoters that are active under desived conditions, such as growth on glucose, may
be used. For example a promoter from one of the glycolytic genes, the PDCT
promoter, and a promoter from one of the ADH genes in 8. 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 Aft1 and Afi2 regulate 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 Aft1 and Aft2. In one
embodiment, the gene(s) regulated by Aft1 and Afl2 is selected from the group

- consisting of FET3, FET4, FETS, FTR1, FTH1, SMF3, MRS4, CCC2, COT1, ATX1,

FRE1, FRE2, FRE3, FRE4, FRES, FRES, FIT1, FIT2, FIT3, ARNT, ARN2, ARNS3,
ARN4, 1SUH, 1ISUZ, TIST1, HMXT, AKR1, PCLS, YOR387C, YHLO35C, YMRD34C,
ICY2, PRY1, YDL124W, BNAZ ECM4, LAP4, YQLO83W, YGR146C, BIOS,
YDRZ71C, OYE3, CTH1, CTHZ2, MRS3 HSP286, YAPZ, YOR225W, YKR104W.
YBRO12C, and YMR047C or a homolog thereof.

[00178] As described herein, the present inventors have observed increased
isobutanol titers, productivity, and vields in recombinant microorganisms exhibiting
increased expression of the transcription factors AFTT andfor AFT2, which regulate
the expression of genes involved in the acquisilion, comparimentalization, and
utilization of iron. Thus, in one embodiment, the present invention provides a
recombinant microorganism for producing isobutanol, whersin said recombinant
microorganism comprises an iscbutanocl producing metabolic pathway, and wherein
the alterations in the regulation, expression, andfor activity of one or more genes
selected from the group consisting of FET3, FETY4, FETS, FTR1, FTH1, SMF3,
MRS4, CCC2., COTT, ATX1, FRE1, FREZ2, FRE3, FRE4, FRES, FRES, FIT1, FIT2,
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FIT3, ARNY, ARNZ2, ARN3, ARN4, ISU1, ISU2, TIS11, HMX1, AKR1, PCLS,
YOR38B7C, YHLO38C, YMRG34C, ICY2, PRY1, YDL124W, BNA2, ECM4, LAPA4,
YOLO83W, YGR148C, BIO5, YDR27IC, OYE3, CTH1, CTHZ2, MRS3, HSP26,
YARZ, YOR225W, YKRI104W, YBRO12C, and YMR041C or a homolog thereof is
increased. In another embodiment, the present invention provides a recombinant
microorganism for producing isobutanol, wherein saild recombinant microorganism
comprises an isobutano! producing metabolic pathway, and wherein the expression
of one or more genes selected from the group consisting of FET3, FET4, FETS,
FTR1T, FTH1, SMF3, MRS4, CCC2, COT1, ATX1, FRE1, FREZ, FRE3, FRE4, FRES,
FRESG, FIT1, FITZ2, FIT3, ARN1T, ARNZ2, ARN3, ARN4, ISU1, ISU2, TIST1, HMXT,
AKR1, PCLSE, YOR3B7C, YHLO35C, YMRO34C, ICYZ PRY1, YDL124W, BNAZ
ECM4, LAP4, YOLOB3W, YGR146C, BIOS, YDR271C, OYES3, CTH1, CTH2, MRS3,
HSP26, YAPZ2, YOR225W, YKR104W, YBRO12C, and YMR041C 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?1 and AFT2 may be appropriate in
certain circumstances. Importantly, as transcription factors, Aft1 and Aft2, can
exhibit both positive and negative regulatory effects on genes within their reguion.
Therefore, decreasing the expression and/or activity of Aftt and Aft2 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 isobutanol titers, productivity, and yields., 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 AFTT 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 or a homolog thereof is reduced or
deleted. In yet another embodiment, the present invention provides a recombinant
microorganism for producing isobutanol, wherein said recombinant microorganism
comprises an isobutanol producing metabelic pathway, and wherein the expression
of AFTT and AFT2 or homologs thereof is reduced or daleted.

Enhancing DHAD Activity by Increased GRX3/GRX4 Activity and/or Expression
[00178] As described herein, increasing the expression of the genes GRX3 andfor
GRX4 will modulate the amount and availability of iron in the vesat cytosol or
mitochondria. Alternatively, deletion or attenuation of the genes GRX3 and/or GRX4
will modulate the amount and availability of iron in the yeast cytosol or mitochondria.
[00179] GG and Grxd 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 dithiol glutaredoxins (Grx1 and
Grx2) and three monothicl glutaredoxins (Gix3, Grx4, and Grx5). The monothiol
gittaredoxins 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
glutaredoxing can participate in degiutathionylation 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-8 clusters. Grx3
and Grx4 are predominantly localized 1o the nucleus. These proteins can substitute
for Grx5 when overexpressed and fargeted to the mitochondrial matrix; no
information on their natural function has been reported. In addition to the reported
interaction between Grx3 and Aft1, iron inhibition of Aft1 requires glutathione. i has
been shown that iron sensing is dependent on the presence of the redundant Grx3
and Grxd4 proteins. One report indicated that removal of both Grx3 and Grx4
resufted in constitutive expression of the genes regulated by Aft1/Aft2. This result
suggested that the cells accumulated Fe al levels greater than normalin 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.

[00180] 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, Gr3 and Grxd are overexpressed
from a plasmid or by inserling mulliple copies of the gene into the chromosome
under the control of a constitutive promoter. In another embodiment, Grx3, Grxd, or
Grx3 and Grxd are deleted or attenuated. In ancther 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 Aftlare overexpressed from a plasmid or by inserting muttiple copies of the
gene intp the chromosome under the 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 control of a constitutive
promoter. In another embodiment, Grx4 and Afi2 are overexpressed from a plasmid
or by inserting multiple copies of the gene into the chromosomea under the contro} of
a constitutive 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:Aft1, A2 is overexpressed either alone or in
combination with: Grx3 or Grxd. Such overexpression can be accomplished by
plasmid or by inserting multiple copies of the gene into the chromosome under the
control of a constitutive promoter.

[00181] 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
mifochondria. As noted above, genes that can modulate the amount and availability
of ron 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.

[00182] Accordingly, in one embodiment, the present invention provides
recombinant microorganisms that have further been engineered to overexprass one
or more genes selected from the group consisting of GRX3 and GRX4, or homologs
thereof. In an allermnative embodiment, the present invention provides recombinant

Page 45 of 178
113875 v3/DC



Ally. Bocket No, GEVO-041/0TUS

microorganisms that have been engineered to delete and/or aftenuate one or more
genes selected from the group consisting of GRX3 and GRX4, or homologs thereof.
In alternative embodiments, proteins having a homology {0 any one of GRX3 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 Cyvtosolic DHADs Activity by Increasing Cytoso! Sulfur Levels

{00183] The present invention also describe methods of increasing the levels of
sulfur-containing compounds within yeast cells, including the amino acid cysteins,
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.

[00184] Accordingly, the present invention provides recombinant microorganisms
that have been engineered to overexpress one or more genes o increase
biosynthesis of cysteine or uptake of exogenocus 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 cylosol or
mitechondria.  In one embodiment, the recombinant microorganisms have been
engineered o increase the expression of one or more proteins 1o increase cysieine
biosynthesis by the cell, including, but not limited to METS, MET14, MET16, MET10,
METS, MET1, METS, METZ2, MET17, HOM3, HOMZ2, HOMS, CYS3, CYS4, SUL1,
SULZ, active variants thereof, homologs thereof, and combination thereof, to
increase cysteine biosynthesis by the cell. In another embodiment, the recombinant
microorganisms have been engineered {0 increase the expression of one or more
transport proteins, including, but not limited to YCT1, MUP1, GART, AGPT, GNP1,
BAP1, BAPZ, TATI, aclive variants thereof, homologs thereof, and combination
thereof.

[00185] As noted above, increasing uptake of exogenocus cysteine by the cell will
increase the amount and availability of sulfur-containing compounds for the
production of active iron-sulfur cluster containing proteins in the cylosol 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-
gncoding genes as described above, can also increase the level and availability of
suifur-containing compounds within the call such that the sulfur is more available for
the production of ron-sulfur cluster-containing proteins in the cell cylosol or
mitochondria.

[00186] Sulfur is a necessary element for the biogenesis of iron-sulfur cluster (FeS
cluster}-containing protein in vivo. 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 Fe3 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 organisms is the amino acid cysteine. The suifur from
cysteine is mobilized into FeS clusters during FeS cluster biogenesis using cysteine
desulfurase proteins identified in many organisms such as IscS, SufS {fogether with
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SufE), NifS and Nfs1 (fogether with Isd11). Additionally, glutathione biosynthesis
requires cysteine.

[00187] Increased expression of Fe-8 cluster-containing proteing 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 endogenous cysteine
biosynthetic 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 Fed cluster-containing proteins in the cell. Such cells with an
increased demand for cysteine may also induce cysteine andfor 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 alse be insufficient to meset the sulfur requirement of such cells.
[00188] Assembly of aclive FeS cluster-containing proteins in the native veast
cylosol 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 veast cylosol or the
localization of a previously non-cytosolic FeS cluster-containing protein to the yeast
cytosol may result in the decreased availability of this unidentifiad sulfur-containing
compound in the veast cytosol and low activity of the cylosoclic FeS cluster-
containing protein or proteins.  Increased availabllity of cysleine 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.

[00189] Sulfur for the assembly of FeS cluster-containing proteins expressad in the
yeast cytosol may alsc be provided by localization of cysteine desulfurase proteins to
the yeast cytosol. Expression of such proteins in the yeast cyiosol may result in an
increased demand for cysteine by such cells, especially in the cytosol. Additionally,
damage to the FedS cluster of FeS cluster-containing proteins expressed in the yeast
cytosol, due to the oxic nature of the yeast cytosol or due fo reactive oxygen or
nitrogen species, may require additional sulfur derived from cysteine for repair or
regenaration of the damaged clusters. As well, additional sulfur derived from
cysteine may moduiate the redox balance of the veast cylosol through the production
of increased leveis of compounds such as glutathione which may positively affect the
assembly or activity of FeS cluster-containing proteins in the yeast cytosol.

[00190] 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
axogenous 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 cysieine biosynthesis pathway. Cysteine
biosynthesis in S. cerevisiae involves the uplake of exogenous sulfate by transport
proteins encoded by the SULY and/or SULZ genes and the action of the proteins
encoded by the MET3, MET14, MET16, MET10, MET5, METI, MET8 METZ,
MET17, HOM3, HOMZ, HOME, CYS4 and CYS4 genes. Exogenous cysteine is
taken up inte S cerevisiag by the high-affinity transport system encoded by the
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YCT1 gene but also by the broader-specificity transport proteins encoded by the
MUP1, GARP1, AGRP1, GNP, BART, BARPZ, TATT and TATZ2 genes.

[00191] Thus, the present invention present methods to increase the levels of
sulfur-containing compounds within the yeast cytosol andfor mitochondria, such that
sulfur is more available for the production of iron-sulfur cluster-containing proteins in
the cytosol or mitochondria. In one embodiment, the levels of sulfur-containing
compounds within the yeast cytosol andfor mitochondria are increased. In another
embodiment, an increase in sulfur-containing compounds in the yeast cytosol or
mitochondria leads {o 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 ancther embodiment, an increase in sulfur-containing
compounds in the yeast cytosol or mitochondtia leads to an increase in activity of a
cytosclically expressed DHAD.  In ancther embodiment, an increase in sulfur-
containing compounds in the yeast cytosol and/or mitochondria leads to an increase
in activity of a cylosolically expressed DHAD and a subsequent increase in the
productivity, titer, andfor vield of isobutanol produced by the DHAD-containing
strain.  In ancther embodiment, an increase in sulfur-containing compounds in the
yveast cytosol or mitochondria leads to an increase in activity of a mitochondrially
expressed FeS cluster-containing protein DHAD, which catalyzes the reaction of 2,3-
dihydroxyisovalerate 1o 2-keloisovalerate. In another embodiment, 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 veast cytosol and/or mitochondria
leads to an increase in activity of a mitochondrially expressed DHAD and =2
subsequent increase in the productivity, titer, and/or yield of iscbutanol produced by
the DHAD-containing strain.

[00192] In another embodiment, the genes YCTT, MUP1I, GAPTI, AGP1, GNP1,
BAP1, BAPZ, TAT1, and TAT2, active variants thereof, homologs thereof or
combination thersof are overexpressed from a plasmid or by inserting muitiple
copies of the gene or genes into the chromosome under the control of a constitutive
promoter. This embodiment can also be combined with providing increased
extracellular cysieine 1o the veast cells to provide increased sulfurcontaining
compounds in the cytosol and/or mitochondria of the cells. Overexpression of these
genes may be accomplishad by methods as described above,

[00193] In another embodiment, providing increased extracellular cysteing to the
yeast cells in the absence of any additional engineered expression of transport
porteins will provide increased sulfur containing compounds in the cytosol and/or
mitochondria of the cells for the improved production of active FeS cluster-containing
proteins in the yeast cyiosol or mitochondria, which leads to increased isobutanol
productivity, titer, and/or vield by the cell,

Enhancing Cytosolic DHAD Activity by Mitigating Oxidative_Species or Oxidative
Stress

[00194] The present inventors also describe herein methods of protecting enzymes
in an isobutanol production pathway (specifically DHAD) in a microorganism t{o
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increase isobutano! production by miligating oxidative species or oxidative stress
induced damage in the cytosol of said microorganism. Non-limiting examples of
oxidative species include, nitric oxide (NO), reactive nitrogen species (RNS), reactive
oxygen species (ROS), hydroxyl radical specles, organic hydroperoxide,
hypochlorous 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
damage fo 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
regctive 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 thal maintain the reduced state through a constant input of metabolic
energy. Disturbances in this normal redox state can cause foxic 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
pearturbations and regain its original state. However, more severe oxidative stress
can cause cell death and sven 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, andfor other
reactive species. Some of the less reactive of these species {such as superoxide)
can be converted by oxidoreduction reactions with fransition metals or other redox
cycling compounds (including quinones) into more aggressive radical species that
can cause exiensive cellular damage. The major portion of long term sffects is
inflicted 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 aparf. Non-limiting example of oxidants include,
superoxide anion (+Op-, formed in many autoxidation reactions and by the electron
transport chain}, bydrogen peroxide (MO, formed by disputation of +O»- or by direct
reduction of Op) , organic hydroperoxide (ROOH, formed by radical reactions with
celiular components such as liplds andfor 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), hypochiorous
acid (HOC!, formed from H;O; by myeloperoxidase, and peroxynitrite (ONOO-,
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formed in a rapid reaction between Oy and NQ»).

[00198] Biological defenses against oxidative damage include protective proteins
that remove reactive oxygen species, molecules that seguester metal ions, and
enzymes that repair damaged cellular components. Oxidative stress can be defined
as a disturbance in the prooxidant-antioxidant balance in favor of prooxidants. One
such class of prooxidants are reactive oxygen spscies, or RO8. ROS are highly
reactive species of oxygen, such as superoxide (0O27), hydrogen peroxide (H2O»),
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 electron 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.

[060199] Many microbes possess native enzymes 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 electron to the
second radical, which is then reduced to hydrogen peroxide, Catalase catalyzes the
transfer of two electrons from one hydrogen peroxide molecule to 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 ron(ll) in the Fenton reaction, and form the free hydroxyt radical, OH-. No
known mechanisms exists {o detoxify hydroxyl radicals, and thus protection from
toxic forms of oxygen must rely on eliminating superoxide and hydrogen peroxide.
[00200] 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 ¢ peroxidase, glutathione
peroxidases, glylaredoxins and peroxiredoxins, and many isoforms in distince
celiufar compartments {Jamieson ef al, 1898, Yeasf 14:1511-1527; Grant et al.,
2001, Mol Microbiof 39:533-541; Collinson et af, 2003, J Biol Chem. 278:22402-
22497, Park et gl., 2000, J. Biol. Chem. 275:5723-5732).

[00201] As described above, an enzyme involved in the isobutanol production
pathway, dihydroxyacid dehydratase (DHAD), contains an ron-sulfur (FeS) cluster
domain. This iron-sulfur (FeS) cluster domain is sensitive to damage by ROS, which
can lead to inactive enzyme. Both 2Fe-28 and 4Fe-48 DHAD enzymes may be
susceptible to inactivation by ROS, however direct evidence exists for inactivation of
4Fe-48 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 enzyme from ROS inactivation or oxidative stress through expression of
on or more enzymes that reduce or eliminate ROS from the cell.

[60202] To mitigate the potential harmful effects of reactive oxygen species (ROS)
or oxidative stress on DHAD in the yeast cylosol, 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 axygen species (ROS) in said cytosol.
[00203] In one embodiment, enzymes that reduce or eliminate the amount of ROS
in the cytosol are expressed and targeted to the yeast cytosol. Specifically, enzymes
such as catalase, superoxide dismutase (S0OD), cytochrome ¢ peroxidase,
giutathione peroxidases, glytaredoxins, peroxiredoxins, metallothioneins, and
methionineg sulphoxide reductases, or any isoforms thereof are expressed, such that
they lead to reduction in ROS such as hydrogen peroxide, superoxide, peroxide
radicals, and other ROS in 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 to 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 CTT7T and CTAT encode catalase CTTY
and CTA1 enzymes, and the genes SODT and S0OD2 encode SOD1 and SOD2
superoxide dismutase enzymes., Many other organisms posess catalase and SOD
enzymes and these genes may aiso be useful for reduction of ROS in the yeast
cytosol. in one embodiment, SOD homologs from species other than E. colf or yeast
can be expressed in yeast cyiosol to reduce oxidative sfress. 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  wvarious
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 SQDs
described above possessing at least about 70%, at least about 80%, or at least
about 80% 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 {0 reduce the amount of ROS and increase the
activity of DHAD also expressed in and targeted 1o the yeast cytosol. In another
embodiment, the catalase genes from 8. cerevisiage are overexpressed in and
targeted to the cylosol of yeast to reduce the amount of ROS and increase the
activity of DHAD also expressed in and targeted to the veast cylosol. in one
embodiment, the SOD genes from E. cofi are expressed in and targeted 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 embadiment, the SOD
genes from §. 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 8. cerevisiae cytosol is
increased. In yet ancther embodiment, expression of S0OD or catalase in the yeast
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cytosol is mediated by a plasmid. In yet ancther 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 to
achieve a functional catalase or SOD in the yeast cviosol.
[00206] In ancther 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 eukaryolic organism {e.g., a yeast, fungus, or plant). In anocther
embodiment, the methionine sulphoxide reductases may be derived from a
prokaryotic organism (e.g., E. cofif. 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 sterecisomer of methionine sulphoxide
{(MetQ), while MsrB {encoded by the YCL033c ORF), which we term here MXRZ2)
reduces the R stersoisomer of MetQO. Consistent with defence against oxidative
damage, mutants deficient in M8R activity are hypersensitive to pro-oxidants such
as H,0O,, paraguat and Cr, while MSR overexpression enhances resistance. Besides
methionine residues, iron-sulphur (FeS) clusters are exquisitely ROS-sensitive
components of many cellular proteins. It has been reported that MSR activity helps
{o 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 veast o 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 YCL033¢c ORF) are
expressed in and targeted to the cytosol of veast to reduce the amount of ROS and
increase the activity of DHAD also expressed in and targeted to the yeast cytosol
The resulling methionine sulphoxide reductase expressing strain will generally
demonstrate improved isobutanol productivity, titer, and/or yield compared to the
parenial strain that does not comprise methionine sulphoxide reductase genes that
are expressed in and targeted to the cylosol. 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,
[00208] In yet another embodiment, expression or overexpression of glutathione
synthesis enzymes, for example GSH1, leads 10 increased glutathione in the cell and
protection of the DHAD enzyme in the yeast cyiosol. In one embodiment, said
enzymes are derived from a bacteria {e.g., E. coli). In another emdoiment, said
enzymaes are derived from veast {e.g., S.cerevisiae). in yet another embodiment,
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sald enzymes are derived from a yeast species different from the yeast used for
isobutanol production.
[00209] in one embodiment, one or more metallothionegin proteins are expressed in
the yeast cytosol to mitigate oxidative stress. Metallothioneins are a family of
proteins found in many organisms including yeast and mammals. The bioclogic
function of metatiothionein (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
MT thermodynamically stable. Under physiologic conditions, zine-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 number of
mild celiular oxidants causes metal release and formation of MT-disulfide {(or thionin
if all metals are released from MT, but this is unlikely to cccur in vivo), which have
been demonstrated in vivo. MT-disulfide can be reduced by glutathione in the
presence of selenium catalysi, restoring the capacity of the protein to bind metals
fike Zn and Cu. This MT redox cycle may play a crucial role in MT biclogic function.
it may link {o the homeostasis of essential metals, defoxification of toxic metals and
protection against oxidative stress.  In fact, MT has been shown to substitute for
superoxide dismutase in yeast celis 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 vyeasl, fungus, or plant). in another embodiment, said
metallothuineins are derived from a prokaryotic organism {eq., £ cof,
Mycobacterium tuberculosis). For example, the metaliothionegin genes CUPT-1 and
CUP1-2 encoding metallothionein CUP1 from S. cerevisiae, aclive variants thereof,
homologs thereof, or combination thereof are expressed in and {argeted {o the
cytosol of yeast {o reduce the amount of RO8 and increase the activity of DHAD also
expressed in and targeted to the yeast cytosol. In ancther embodiment, S.
cerevisiae metallothionein genes CUPT-1 and CUPT-2 are expressed in and
targeted to the cytosol of veast 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 o the cytosol of yeast to reduce the
amount of ROS and increase the activity of DHAD that is also expressed in and
targeted 1o the yeast cytosol. In another embodiment, Synechococcus PCC 7942
metallothionein gene SmiA 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 cylosal. 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.
[00211] in another embediment, one or more proleins in the thioredoxin system
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and/or the glutathione/glutaredoxin 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 thicredoxin 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 {e.g., E. cofi). The thioredoxin system and the
glutathione/glutaredoxin system help maintain the reduced environment of the 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 Gsh1p (genotype gsh14) 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 {o its protective role against oxidative damage, performs a novel and
specific function in the maturation of cytosolic Fel/S proteins. Therefore, increasing
the levels of glutathione in the yeast cylosol is predicted to protect or increase the
steady-state levels of active FeS cluster containing proteins expressed in the yeast
cylosol. Specifically, increasing glutathione within the yeast cytosol may increase
the amount of active DHAD enzyme exprassed in the yeast cytosol, thereby leading
to an increase in the titer, productivity, and/or vield of isobutano! produced from the
pathway within which DHAD participates (e.g. the isobutanol pathway in Figure 1).
[00212] Thioredoxins and glutaredoxing 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 synthass), 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 cylosol: glutaredoxin (encoded in
S.cerevisiae by GRX2, GRX4, GRX8, and GRX7), giutathione reductase (encoded in
S.cerevisiae by GLR1); and glutathione synthase (encoded in S.cerevisiae by GSHT
and GSH2). 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 cytosol of
yveast to increase the amount of glutathione and increase the activity of DHAD also
expressed in and targeted fo the vyeast cylosol. In another embodiment, S.
cerevisiae y-glutamyl cysteine synthase and glutathione synthase genes Gsh1 and
Gsh2 are expressed in and targeted {o 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
yveast cytosol. The resulting y-glutamyl cysteine synthase and glutathione synthase
expressing strain has improved isobutanol productivity, titer, andfor vield compared
to the parental strain. Homologous genes encoding y-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 fwo conserved cysteines that exist in either a
reduced form as in thioredoxin-(SH):) or in an oxidized form as in thioredoxin-S4)
when they form an intramolecular disulfide bridge. Thioredoxins donate electrons
from their active center dithiol to protein disulfide bonds (Protein-S;) that are then
reduced to dithiols (Protein-(SH);). 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.

[00215] 8. cerevisiae contains a cytoplasmic thioredoxin system comprised of the
thioredoxing Trx1p and Tr2p and the thioredoxin reductase Trrlp, 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 coytoplasmic 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,

[00216] Overexpression of the essential cytosolic functional components of the
thioredoxin system is thus predicted {o increase the amount of bicavailable cyltosolic
thioredoxin, resulting in a significant increase in cellular redox buffering potential and
- concomitant increase in stable, active cylosolic 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 TRX?T 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 TRX3 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 andfor
output of iscbutancl in a fermentation. Overexpression of these genes may be
accomplished 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 Cytosclic DHAD _Activity by Mitigating Stress Mediated by Reactive
Nitrogen Species (RNS)

[00217] Nitric oxide and reactive nitrogen species are highly reactive, short-lived
molecules that can be generated during periods of cellular stress. The exact
mechanisms by which these molecules are created, or their downstream targsls, is
not completely understood and is 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
resulis 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 celis
starting with the reaction of nitric oxide {(«NO) with superoxide {(0O2+) to form
peroxynitrite (ONOQ~):

«NO (nitric oxide) + 02+ (super oxide) — ONQO~ (peroxynitrite)

[00219] Peroxynitrite itself is a highly reactive speciaes 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 {(*NO;) and
dinitrogen trioxide (N2O3) as well as other types of chemically reactive radicals.
important reactions involving RNS include:

ONQO~ + H+ — ONOOH (peroxynitrous acid) —» =NQ; (nitrogen dioxide) + «OH
{(hydroxyl radical)

ONQQO~ + CO; (carbon dioxide) — ONQOCO,~ (nitrosoperoxycarbonate)
ONGOCO,—~ — »NQO; {nitrogen dioxide) + O=C{0+YO~ {carbonate radical)
*NO + +NG; is in equilibrium with NoO3 {dinitregen trioxide)

{00220] 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 cysieines in proteins fo
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-transiational modification, which is proposed
to 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 transnitrosytation {Lipton ef af, 2001; Foster et al, 2003). The discovery of
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GSNO reductase (GSNOR), which reduces GSNO to restore GSH and to eliminate
the NO adduct as NHY (Jensen ef al., 1998), revealed the importance of the control
of this NO metabgilite.

{00221] The exact mechanisms by which the aforementionsd molecules are
generated, or their downstream tfargets, 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 ron-sulfur (FeS) cluster
cofactor that {s 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.colf
DHAD (encoded by ifvD) and subsequent bacterial cell death resulting from
macrophage-generated NO is a major component of the mammalian humoral
Immunes response.

[00222] The present invention provides methods of mitigating the potentially
harmful effects of oxidative and nitrosative stress (e.g., NO andfor or RNS) on
enzymes invoived in the production of isobutano! in the yeast cytosol. Specifically,
the enzyme dihydroxyacid dehydratase {(DHAD)} contains an iron-sulfur (Fe-S) cluster
that is sensitive to damage by NO andior RNS, leading fo inactive enzyme.
Strategies of mitigating such harmiul effects include, but are not limited to, increasing
repair of ron-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 8 GSNO-reductase; or
combination thereof.

[00223] Strategies disclosed herein are intended {o protect or repair DHAD from
NO/RNS damage. Accordingly, in ons embodiment, the present invention provides
recombinant microorganisms that have been engineered to express one or more
enzymes in the cylosol that reduce the concentration of reactive nitrogen species
{RNS) and/or nitric oxide in said cytosol.

[00224] In one embodiment, the present invention provides recombinant
microorganisms that have been engineered {o express a nitric oxide reductase that
reduce the concentration of reactive nitrogen species (RNS} and/or nitric oxide in
said cytosol. To reduce nitric oxide levels in the yeast cylosol, 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 £ colf cells are exposed to NO or GSNO. Pravious work
has identified a gene present in the microbe Fusarium oxysporum as encoding a
cytochrome P-450 55A1 {(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 1o be cylosolically localized and exhibits
effects consistent with its reducing intracellular NO levels {Difkers et a/, 2009,
Molecular Biology of the Cell, 20: 4083-4090). Thus, in one embodiment, homologs
of any above-described nitric oxide reduciases, active variants thereof, or
combinations thereof are expressed in the yeast cytosol to mitigate nitric oxide.
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{00225] In contrastio E. coll and F. oxysporum, S. cerevisiae facks an endogenous
NOR activity (and no homologs of either 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 £. 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 (e.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
s 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 o
those skilled in the art. In those cases where the NOR gene is expressed from an
egpisomal plasmid, it can be advantageous fo simuiltaneous overexpress a desired
DHAD genae, either from the same or from another plasmid, thereby allowing one to
assay the resulling 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. It is understood by one skilled in the art that
exprassion 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/or nitric oxide in said cytosol. To reduce the levels of SNQ's, one
or more GSNO-~reductases or aclive variants thereof can be infroduced into the cell
by overexpression. In 5. cerevisiae, the gene SFAT has been shown to encode a
formaidehyde dehydrogenase that possesses GBNO reductase activity (Liu ef al,
2001, Nature 410:480-494). Sfalp is a member of the cdclass H 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 Sfalp
is required for the detoxification of formaldehyde, and the alcohol dehydrogenase
activily of Sfatp can catalyze the final reactions in phenylalanine and tryptophan
degradation. Sfalp is also able to act as a hydroxymethylfurfural (HMF) reductase
and catabolize HMF, a compound formed in the production of certain biofusls. Sfaip
has been localized to the cyloplasm and the mitochondria, and can act on a variety
of substrates, including S-hydroxymethyiglutathione, phenylacetaldehyde, indole
acetaidehyde, octanol, 10-hydroxydecanoic acid, 12-hydroxydodecanoic acid, and S-
nitrosogiutathione.

[00227] Sfail protein levels are reported as being low-to-moderate from proteome-
wide analyses {Ghaemmaghami ef al., 2003, Nature 425(6959).737-41). Thus, in
an analagoeus 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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measureable increases in DHAD activity and/or fermentation output, as described
above, Overexpression of these genes may be accomplished by metheds as
described above. in one embodiment, homologs of SFAT, 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 confaining the isobutanol pathway to mitigate the
effects of reactive nitrogen species. Specifically, the enzyme YHE encoded by E.coff
ytfE, 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,
andfor by an increase in productivity, titer, or vield of isobulanol produced by
isobutanol pathway-containing cells.
[00229] To increase rapairment of ron-sulfur clusters, in one embodiment, the
gene yifE from E.coli is expressed in the yeast cytosol which contains a funclional
isobutano!l pathway and DHAD such that DHAD activity andfor isobutanol
productivity, titer, or yield are increased from the yeast cells. In E. cofi, the gene yHfE
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 YHE protein is
necessary for the repair of stress-damaged hon-Sulfur Clusters. JBC 282(14):
10362-10359) showed that Ayt strains have several phenotypes, ncluding
enhanced susceptibility {0 nitrosative stress and are defective in the activity of
several iron-sulfur-containing proteins. For example, the damage of the [4Fe-4SP"
clusters of aconitase B and fumarase A caused by exposure to hydregen peroxide
and nitric oxide stress occurs at higher rates in the absence of ytfE. The yifE null
rmutation also abolished the recovery of aconitase and fumarase activities, which is
observed in wild type £ coli once the stress is scavenged. Nolably, upon the
addition of purified holo-YHE 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, YHE 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-8 cluster proleins are also being overexpressed as parnt of the ischutano!
pathway.
[06230]1 To provide such an activity, the E.coli y#fE gene can be ampiified from
genomic DNA by PCR with appropriate primers, and cloned into a sultable 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 copies 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 level under the control of a
known yeast promoter (including those steps required to transform a host yveast cell}
are well known {o those skilled in the art. 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,
thercby allowing one 1o assay the resulting output in DHAD activity. Similar
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approaches are undertaken 1o express the yifE gene in the presence of a plasmid(s)
encoding an isobutano! production pathway, where the results of yifE expression are
manifested in changes in isobutancl productivily, titer, or yield. More specifically,
vifE is expressed in the yeast cytosol which contains a functional isobutanol pathway
and DHAD such that DHAD activity and/or isobutano!l productivity, titer, or yield are
increased from the veast cells.

[00231] In addition, functional homologs of & cofi yifE have been identified and
characterized. For example, genes from two pathogenic prokaryotes—scdA from
Staphylococcus aureus, and dnrN from Neisseria gonorrhoeae, have been shown o
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 ron-sulfur centers. J. Bacteriology 190(6): 2004-2013). Thus,
similar approaches 1o overexpress either of these genes are employed, as described
for E.coli yifE, above. Overexpression of these genes may be accomplished by
methods as described above.

Mitochondrially Localized DHAD for Isobutanol Production

[00232] In another aspect, the present invention provides a method for utilizing
mitochondrially localized DHAD for iscbutanol production by a recombinant
microorganism.  In an embodiment according to this aspec!, 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. All known DHAD enzymes contain an iron sulfur cluster, which
is assembled in vivo by a multi-component pathway. In eukaryolic cells, the DHAD
enzymes are assembled within intracellular compartments that are separate from the
cytosol. In yeast, the DHAD lv3 is involved in biosynthesis of the aminc acids
leucine, isoleucine and valine. 1lv3 is localized to the mitochondria and is assembled
there by a set of proteins collectively called ISC proteins (Lill and Muhlenhoff, Ann.
Rev. Biochem 2008 77:669). The E. colfi DHAD (encoded by #vD) is sensitive to
oxygen, becoming quickly inactivated when isolated under aerobic conditions (Flint
el al. JBC 1893 268(20):14732; Brown el al Archives Biochem. Biophysics 1985
318(1):10). This oxygen sensitivity is likely due to the presence of a labile iron sulfur
{Fe-5) cluster, which is unstable in the presence of oxygen and oxygen radicals. In
yeast and other eukaryotes, the mitochodrial environment is reducing, ie. it is a low
oxygen environment, in contrast o the more oxygen-rich environment of the cytosol.
The redox state of the cytosol is thus expected to be a problem in expressing
mitochondrially localized DHADs, which are natively located in the mitochondria, or
in expressing DHADs from many baclerial species which typically have an
intraceliular reducing environment. Accordingly, expression of a DHAD in the yeast
cytosol might be not be expected to result in a funclional DHAD due to its presence
in a non-native compartment and the concomittant lack of appropriate Fe-S cluster
assembly machinery.

[0D234] Because of the problems associated with cytosolic expression of DHAD,
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the present invendors further provide a method for aliowing the DHAD component of
the isobutano] production pathway 1o remain or be localized in the mitochondria,
where the folding, assembly, solubility and therefore enzymatic activity is maximal.
Localization of a non-native DHAD to 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
utiizes an organic acid transporter that efficiently transports DHIV, produced by a
cytosolically localized KARI, into the mitochondria where it can act as the subsirate
for the DHAD reaction. The product of the DHAD reaction, KIV, is subsequently
transporied out of the mitochondria by a second transporter or, in the altlernative,
may be converted to valine by the enzyme Batl., Valine is efficiently fransported out
of the mitochondria, and can be converted back to KIV by the cytosolically localized
anzyme Bat2.

[00235] This embodiment utilizes one or more DHIV-specific transporiers capable
of moving organic acids inte the mitochondrial compartment from the cvtosol. To
improve DHIV-transport from the cylosol into the mitochondria, the following genstic
selection scheme can be combined with either whole genome mutagenesis o
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 IIVS enzyme (KAR!), which produces DHIV in the mitechondria,
catalyzes one of the steps in the synthesis of the amino acid valine. Normally the,
lv3 enzyme (DHAD) next converis the DRIV {o KIV which is then converted {o
valine. Cells lacking HvS activity are valine auxotrophs since they cannot produce
DHIV.

[00237] To 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
cvtosol. Cytosclic DHIV production is achieved by expressing the first two proteins
of the isobutanol pathway (ALS and KARI) in the cytosol in a s-yeast strain harboring
a mutant v gene (llustrated in Figure 2). However, withoul a functional KARI
aenzyme 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 cytosol into
the mitochondria, where the native I3 supplies abundant DHAD activity, allow the
cells to grow in the absence of valine. Further mutagenesis may be applied to the
transporters with a screen for more sefficient iscbutanol production, by using the
transporter in conjunction with the other pathway components. Alternatively, the
production of the V3 profein is reduced by engineering a yeast with lower
expression of the native Hv3 and the selection is further utilized for a transporter that
increases the concentration of DHIV in the mitochondria. A KV speciiic transporter
is obtained using a screen for isobutanol production. Altermatively, the native valine
transporter, Bapd, is used {o transport the valine out of the mitochondria where it is
converted back to KIV by the native Bat2 protein. In one embodiment, Bati, Bat2,
and Bap3 may be overexpressed to make this process more efficient.

[00238] In various embodiments according to this aspect, it may be necessary to
overexpress one or more accessory proteins described above. Notably, the following
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accessory proteins would have utility in assisting the mitochondrially localized DHAD
to have maximai folding, assembly, solubility and therefore enzymatic activity: Ero1,
Trxt, Trx2, Trrl, Grxt, Grx2, Grx3, Grxd, Grx5, Grxb, Grx7, Grx8 GIr1, Jac1, Hsp10,
HspB0, Grokl., and GroES and homologs or variants thereof; CyaY, 1scS, Iscl, IscA,
HscB, HscA, Fdx, IsuX, SufA, SufB, SufC, SufD, SufS, SufE, ApbC, NifS, NiftJ and
homologs or variants therecof, Gsh1, Gsh2 and homelogs or variants thereof; Trx3
and T2 and homologs or variants thereof. Localization {o 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 ron-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 /n vivo by a mulli-component pathway. Within the
mitochondria, a set of proteins, collectively similar to the ISC and/or SUF systems of
E.cofi, are present and participate in the assembly, maturation, and proper insertion
of Fe-5 clusters into mitochondrial target proteins. (Ll and Muhlenhoff, Ann. Rev.
Biochem. 2008 77: 8689). 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, fsd11, Isut, Nful, Yaht, Arht, Yfhi,
Ssq1, Jacl, Mge1, Grx5, isatl, Isa2, 1bas7 and Ind1 proteins from 3. cerevisiae or
homologs therecf. Such manipulations can increase the enzymatic activity of
expressed or overexpressed DHAD localized to the mitochondria.

The Microorganism in General

[00240] Native producers of 1-butanol, such as Clostridium acetobulylicum, are
known, but these organisms also generate byproducts such as acetone, ethanal, and
hutyrate during fermentations. Furthermore, these microorganisms are relatively
difficult to manipulate, with significantly fewer tools available than in more commonly
used production hosts such as S. cerevisiae or E. cofi. Additionally, the physioclogy
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 isobutano! 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 alcohalic
beverages, for whom fusel alcohols constifute often undesirable off-notes.
Production of isobutanol in wild-type yeasts has been documented on varicus growth
media, ranging from grape must from winemaking (Romano, ef al., Metabolic
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diversity of Saccharomyces cerevisiae strains from spontaneously fermented grape
musts., Wotld Joumal of Microbiology and Biotechnology. 19:311-315, 2003), in
which 12-219 mg/il isobutanol were produced, to supplemented minimal media
{Oliviera, et al. (20085) World Journal of Microbiology and Biotechnology 21:1569-
1576), producing 16-34 mg/L isobutanol. Work from Dickinson, et al. (J Biol Chem.
272{43).26871-8, 1997) has identified the enzymatic steps utilized in an endogenous
S. 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 enzymaes involved in pathways for the production of
isobutanol 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
andfor 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 meodification of the
expression of native genes in a parental microorganism results in a new or modified
ability to produce iscbutanol. The genetic materal introduced into and/or the genes
maodified for expression in the parental microorganism containsg 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/or regulation of expression of these genes, e.g. promoter sequences.
{00244] 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 polynuclectide 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 a 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 metabolifes 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.
[00248] Exemplary metabolites include glucose, pyruvate, and iscobutanol. The
metabolite isobutanol can be produced by a recombinant microorganism which
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expresses or over-expresses a matabolic pathway that converls pyruvate to
ischutancl. An exemplary metabolic pathway that converts pyruvate to isobutanol
may be comprised of an acetohydroxy acid synthase {ALS8), a ketolacid
reductoisomerase (KARI), a dihyroxy-acid dehydratase (DHAD), a 2-keto-acid
decarboxylase (KIVD), and an alccohol dehydrogenase (ADH).
[002471 Accordingly, provided herein are recombinant microorganisms that
produce isobutanol 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 i will be recognized that
absolute identity to such genes is nol 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
polynucleotides and polypeptides can be screened for expression of a functional
enzyme using methods known in the art.
[00249] Due to the inherent degeneracy of the genetic code, other polynucleotides
which encode substantially the same or functionally equivalent polypeplides can ailso
be used to clone and express the polynudleotides encoding such enzymes.
[00250] As will be understoad by those of skill in the ari, it can be advantageous fo
modify a coding sequence o enhance ifs expression in a particular host. The
genetic code is redundant with 64 possible codons, but most organisms typically use
a subset of these codons. The codons that are utilized 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 usags 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 al. (1889) Nucl. Acids Res.
17:477-508) can be prepared, for example, to increase the rate of translation or to
produce recombinant RNA franscripts having desirable properties, such as a longer
half-life, as compared with franscripts produced from a non-optimized sequence.
Translation stop codons can also be modified {o reflect host preference. For
exampie, typical stop codons for S. cerevisiae and mammals are UAA and UGA,
respectively. The typical stop codon for monocotyledonous plants is UGA, whereas
insects and E. cofi commonly use UAA as the stop codon (Dalphin ef al. (1986) Nucl.
Acids Res. 24: 216-218). Methodology for optimizing a nuclectide sequence for
expression in a plant is provided, for example, in U.S. Pat. No. 6,015,881, 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 varety 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
herain merely to ifliustrate an embodiment of the disclosure, and the disclosure
includes DNA compounds of any sequence that encode the amino acid sequences
Page 64 of 179

TI3R7E ¢3/DC



Atty. Docket No. GEVO-041/07US

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 amine 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 varant 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 amine acid seguences have at least about 30%, 40%, 50%
60%, 65%, 70%, 75%, 80%, 85%, 90%, 91%, 92%, 93%, 84%, 95%, 96%, 87%,
88%, or 99% identity. To determine the percent identity of two amino acid
sequences, or of two nucleic acid sequences, the sequences are aligned for optimal
comparison purposes {e.g., gaps can be introduced in one or both of a first and 3
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 purposes is
at feast 30%, typically at least 40%, more typicaily at least 50%, even more typically
at least 60%, and even more typically at least 70%, 80%, 90%, 100% of the length of
the reference sequence. The amino acid residues or nuclectides 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 residug 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 neesd to be introduced for optimal alignment of the two sequences.

[00255] When "homologous” is used in reference to proteins ar peplides, it is
recognized that residue positions that are not identical often differ by conservative
amino acid substifutions. A "conservative amino acid substitution” is one in which an
amino acid residus 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 arl (see, e.g., Pearson W.R. Using the FASTA program to search protein and
DNA sequence databases, Methods in Molecular Biclogy, 1994, 25:365-80, hereby
ncorporated herein by reference).
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{00258] The following six groups each contain amine acids that are conservative
substitutions for one another: 1) Serine (S), Threonine (T); 2) Aspartic Acid (D),
Glutamic Acid (E}); 3) Asparagine (N), Glutamine (Q); 4) Arginine (R), Lysine (K); 5)
isoleucineg (I), Leucine (L), Methionine (M), Alanine (A), Valine (V), and 6)
Phenylalanine (F), Tyrosine {Y), Tryptophan {(W).

[00257] Sequence homology for polypeptides, which is also referred {o 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 Bilotechnology Certer, 910 University Avenue,
Madison, Wis. §3705. Protein analysis software matches similar sequences using
measure of homology assigned fo 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 default
parameters {0 determine sequance homology or sequence identity between closely
related polypeptides, such as homologous polypeptides from different species of
organisms or between a wild type prolein and a mutant protein thereof. See, e.g.,
GCG Version 6.1.

[00258] 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 (Altschul, S.F,, et al. (1980) "Basic local alignment search tool.” J.
Mol Biol. 215:403-410; Gish, W. and States, D.J. (1983) “ldentification of protein
coding regions by database similarity search.” Nature Genet. 3:266-272; Madden,
T.L., et al. (1996) "Applications of network BLAST server” Meth. Enzymol. 266:131-
141; Altschul, S.F., et al. (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 annoiation.” Genome Res, 7:640-
656}, especiaily blastp or tbhlastn {(Alischul, S.F., et al. (1997) "Gapped BLAST and
PSLBLAST: a new generation of protein database search programs.” Nucleic Acids
Res. 25:3380-3402). Typical parameters for BLASTp are: Expectation value: 10
(default); Filter: seg (default); Cost to open a gap: 11 (default); Cost to extend a gap:
1 (defauilt); Max. slignments: 100 (default) Word size: 11 (default); No. of
descriptions: 100 (default); Penalty Matrix: BLOSUMG2.

[00259] When searching a database containing sequences from a large number of
different organisms, it is typical to compare amino acid segquences. 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
sequeances (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 PAMZ250 scoring matrix), as provided in
GCG Version 8.1, hereby incorporated herein by reference.
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[00260] The disclosure provides recombinant microorganisms comprising a
biochemical pathway for the production of iscbutancl from a suitable substrate at a
high vield. 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 found in the wild-type organism andfor
introduction of a heterclogous polynuclectide and/or expression or overexpression of
an endogenous polynucleotide.

[00261] In one aspect the disclosure provides a recombinant microorganism
comprising elevated expression of at least one target enzyme as compared o a
parental microorganism or encodes an enzyme not found in the parenial 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 at least one recombinant metabolic pathway that comprises a target
enzyme and may further include a reduction in activity or expression of an enzyme in
a competitive biosynthetic pathway. The pathway acts to modify a subsirate or
metabolic intermediate in the production of iscbutancl. The target enzyme is
encoded by, and expressed from, a polynucieotide derived from a suitable biological
source. In some embodiments, the polynucleotide comprises a gene derived from a
prokaryotic or eukaryolic sowce and recombinantly enginesred into the
microorganism of the disclosure. In other embodiments, the polynucleotide
comprises a gene that is native {o the host organism.

[00262] it is undersiood that a range of microorganisms can be moedified to include
a recombinant metabolic pathway suitable for the production of iscbutanol. In
various embodiments, microorganisms may be selected from yeast microorganisms.
Yeast microorganisms for the production of isobutanol may be selected based on
certain characteristics:

[60263] One characteristic may include the property that the microorganism is
selected to convert various carbon sources into iscobutanol. The term “carbon
source” generally refers to a substance suitable to be used as a source of carbon for
prokaryotic or eukaryolic 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 compounds in various forms, including, but not limited to
polymers, carbohydrates, acids, alcchols, aldehydes, kelones, amine acids,
peplides, etc. These include, for example, varicus monosaccharides such as
giucose, 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, andfor
pectin. Biomass can be decomposed by either chemical or enzymatic treatment fo
the monomeric sugars and phencls 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] Accordingly, in one embodiment, the recombinant microorganism herein
disclosed can convert a variety of carbon sources to products, including but not
imited to glucose, galactose, mannose, xylose, arabinose, laclose., sucrose, and
mixtures thereof.

[00265] 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 complax route, in which xyilose 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 xvylulose is then
phosphorylated via an xylulokinase (XK} enzyme. This pathway operates inefficiently
in yeast species bacause it introduces a redox imbalance in the cell. The xylose-to-
xylitol step uses NADH as a cofactor, whereas the xylitolo-xylulose step uses
NADPH as a cofactor. Other processes must operate o restore the redox imbalance
within the cell. This often means that the organism cannot grow anaerobically on
xXylose or other pentose sugar. Accordingly, a yeast species that can efficiently
ferment xylose and other pentose sugars into a desired fermentation product is
therefore very desirable.

[00268] Thus, in one aspect, the recombinant is engineered o express a functional
exogenous xylose isomerase. Exogenous xylose isomerases functional in yeast are
known in the art. See, e.q., Rajgarhia 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 celll 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 g further preferred embodiment, the recombinant
microorganism aiso contains a functional, exogenous xylulokinase (XK} gene
operatively linked 1o promoter and ferminator 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 o
NAD+. Ethanol production is the main pathway to oxidize the NADH from giycolysis.
Deletion of this pathway increases the pyruvate and the reducing equivalents
{(NADH) avaitable for the isobutanol pathway. Accordingly, deletion of PDC genes
can further increase the yield of isobutanol.

[00268] In another embodiment, the microorganism has reduced or no glyceroi-3-
phosphate dehydrogenase {(GPD) activity. GPD catalyzes the reduction of
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dihydroxyacetone phosphate (DHAP) fo glycerol-3-phosphate (G3F) via the
oxidation of NADH to NAD+. Glycerol is then produced from G3P by Glycerob-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 squivalents (NADH) available for the isobutanol pathway.
Thus, deletion of GPD genes can further increase the vyield of isobutanot.

[00269] In vel another embodiment, the microorganism has reduced or no PDRC
activity and reduced or no GPD activity.

[00270] In one embodiment, the yeast microorganisms may be selected from the
“Saccharomyces Yeast Clade”, defined as an ascomycetous yeast taxonomic class
by Kurtzman and Robnett in 1988 ("ldentification and phylogeny of ascomycetous
yeast from analysis of nuclear large subunit (283) ribosomal DNA partial
sequences.” Antonie van Leeuwenhoek 73: 331-371, See Figure 2 of Lesuwenhoek
reference). They were able to determine the relatedness of approximately 500 yeast
speacies by comparing the nuclectide 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 8. cerevisiae and of the two most distant yeast from
this Saccharomyces yeast clade, K factis and K. marxianus, share greater than 80%
identity.

[00271} The term "Saccharomyces sensu siricto” taxonomy group is a cluster of
veast species that are highly relaled to S. cerevisiae (Rainieri, 8. et al 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, 8. carccanis and hybrids derived from these species {(Masneuf
ef al. 1998. New Hybrids between Saccharomyces Senswu Stricto Yeast Species
Found Among Wine and Cider Production Strains, Yeast 7(1)81-72 ).

[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 al 2004 “Proof and evolutionary analysis of ancient genoms
duplication in the yeast S. cerevisise.” Nature 428:617-624. Dujon et al 2004
*Genome evolution in yeasts.” Nalture 430:35-44. Langkjaer ef al 2003 “Yeast
genome duplication was followed by asynchroncus differentiation of duplicated
genes.” Natwre 428:848-852. Woife and Shields 1987 “Molecular evidence for an
ancient duplication of the entire yeast genome.” Nature 387:708-713.} Using this
major evolulionary event, yeast can be divided into species that diverged from a
common ancestor following the WGD event (lermed “post-WGD yeast” herein) and
species that diverged from the yeast lineage prior to the WGD event (termed “pre-
WEGD 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-WGD yeast species include: 8. cerevisiae, S.
wvarum, S. bayanus, S. paradoxus, S. castelli, and C. glabraia.

[00274] in another embodiment, the yeast microorganism may be selected from a
pre-whole genome duplication {pre-WGB) yeast genus including but not limited to
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Saccharomyces, Kluyveromyces, Candida, Pichia, Issatchenkia, Debaryomyces,
Mansenula, Yarrowia and, Schizosaccharomyces. Representative pre-WGD yeast
spacies include: S. kuyveri, K. thermotolerans, K. marxianus, K. waltii, K. lactis, C.
tropicalis, P. pastoris, P. anomala, P. stipitis, 1. orientalis, I. occidentalis, I scutulata,
D. hansenii, H. anomala, Y. lipolytica, and S. pombe.

[00275] A yeast microorganism may be either Crabiree-negative or Crabiree-
positive. A yeast cell having a Crabtres-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 effect is
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 giucose, while a yeast cell having a Crabtree-negative phenotype does
not exhibit glucose mediated inhibition of oxygen consumption.

[00276] Accordingly, in one embodiment the veast microorgnanism may be
salected from yeast with a Crablree-negative phenolype including but not limited to
the following genera: Kluyveromyces, Pichia, Issalchenkia, Hansenula, and Candida.
Crabtree~-negative species include hbut are not limited to: K lactis, K marxianus, P.
anomala, P. stipitis, 1. orientalis, 1. occidentalis, 1. scutulata,, H. anomala, and C.
wlifis.

[002771 In another embodiment, the yeast microorganism may be selected from a
yeast with a Crablree-positive phenotype, including but not limited to
Saccharomyces, Kluyveromyces, Zygosaccharomyces, Debaryomyces, Pichia and
Schizosaccharomyces. Crabiree-positive yeast species include but are not limited
to: S cerevisiae, S. uvarum, S. bayanus, S. paradoxus, S. castelfi, 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-fermenting. In other words, it cannot metabolize a carbon source
anaerabically while the yeast is able to metabolize a carbon source in the presence
of oxygen. Nonfermenting veast 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 not consumed by PDC and is available for the isobutanol
pathway. Deletion of this pathway increases the pyruvate and the reducing
equivalents available for the isocbutano! pathway. Fermentative pathways contribute
to low yield and low productivity of iscbutanol. Accordingly, deletion of PDC may
increase yield and productivity of iscbutanol.

{00279} In some embodiments, the recombinant microorganisms may be
microorganisms that are non-fermenting yeast microorganisms, including, but not
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fimited to those, classified into a genera selected from the group consisting of
Tricosporon, Rhodotorula, or Myxozyma.
[00280] In one embodiment, a yeast microorganiam is engineered o convert a
carbon sowce, such as glucose, to pyruvate by glycolysis and the pyruvate is
converted o isobutanol via an engineered isobhutanoi pathway
{PCT/US2006/041602, PCT/US2008/053514, Atsumi ef al, Nature, 2008 Jan
3;451{7174):86-9). Alternative pathways for the production of iscbutano! have been
described in International Patent Application No PCT/US2008/041802 and in
Dickinson st al., Journal of Biological Chemistry 273:25751-15756 (1008).
{00281] Accordingly, the engineered iscbutanol pathway to convert pyruvate to
isobutanol can be comprised of the following reactions:
2 pyruvate — acetolactate + CO»
acetolactate + NADPH — 2,3-dihydroxyisovalerate + NADP*
2,3-dihydroxyisovalerate — alpha-ketoisovalerate
alpha-ketoisovalerate — iscbutyraldehyde + CO;

5. isobutyraldehyde +NADPH — iscbhutanol + 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) Kelo-isovalerate decarboxylase
(KIVD, EC4.1.1.1)}, and 5) an Alcohol dehydrogenase (ADH, EC1.1.1.1 or 1.1.1.2)
(Figure 1).
[00283] In another embodiment, the veast microorganism is engineered to
overexpress these enzymes. For example, these enzymes can be encoded by
native genes. Altematively, these enzymes can be encoded by heterologous genes.
For example, ALS can be encoded by the alsS gene of B. subtilis, alsS of L. lactis, or
the ivK gene of K. pneumonia. For example, KARI can be encoded by the ivC
genes of E. cofi, C. glutamicum, M. maripaludis, or Piromyces sp £2. For example,
DHAD can be encoded by the ilvD 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 ADH2Z,
ADHS, or ADHT 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 microorganism may be engineered to have
increased ability to convert pyruvate to 2,3-dihydroxyisovalerate. In another
embodiment, the yeast microorganism may be engineered to have increased ability
to convert pyruvate to acetolactate,
{00285] Furthermore, any of the genes encoding the foregoing enzymes {or any
others mentionad herein {or any of the reguiatory elements that control or modulate
expression thereof)) may be optimized by genetic/protein engineering techniques,
such as directed evolution or rational mutagenesis, which are known o those of
ordinary skill in the art. Such action allows those of ordinary skifl in the art to
optimize the enzymaes for expression and activity in yeast.
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[00288] 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 8. cerevisiae and S.
uvarum, Kluyveromyces spp., including K. thermotolerans, K. lactis, and K
marxianus, Pichia spp., Hansenula spp., including H. polymorpha, Candida spp.,
Trichosporon spp.. Yamadazyma spp., including Y. spp. stipitis, Torulaspora
preforiensis, Schizosaccharomyces spp., including S. pombe, Cryplococcus spp.,
Aspergilius spp., Neurospora spp., or Ustilago spp. Sources of genes from
anaerobic fungi include, but not limited to, Piromyces spp., Orpinomyces spp., or
Neccallimastix spp. Sources of prokaryotic enzymaes that are useful include, but not
limited to, Escherichia. coli, Zymomonas mobilis, Staphylococcus aureus, Bacillus
spp., Clostridium spp., Corynebacterium spp., Pssudomonas spp., Lactococous
spp., Enterobacter spp., and Salmonella spp.

Methods in General

ldentification of DHAD in a microorganism

Any method can be used to identify genes that encode for enzymes with
dihydroxyacid dehydratase (DHAD) activity. DHAD catalyzes the conversion of 2,3-
dihydroxyisovalerate to ketoisovalerate. Generally, genes that are homologous or
similar to a known DHAD gene, e.g. S. cerevisiae ILV3 (encoding for SEQ 1D NO:
11} or L. factis ivD (encoding for SEQ 1D NO: 8) 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 {o 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 {o 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 {o, cloning a DHAD gene by PCR using primers based on a
published sequence of a genelenzyme or by degenerate PCR using degenerate
primers designed {o amplify a conserved region among DHAD genes. Further, one
skilled in the arl can use techniques to identify homologous or analogous genes,
proteins, or enzymes with functional homology or similarity. Technigues include
examining a cell or cell culture for the catalvlic activity of an enzyme through in vitro
enzyme assays for said aclivity (e.g. as described herein or in Kiritani, K. Branched-
Chain Aminoe Acids Methods Enzymology, 1970), 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 likaely nucleic
acid sequence, amplification of said DNA sequence through PCR, and cloning of
said nucleic acid sequence. To identify homologous or similar genes andfor
homologous or similar enzymes, analogous genes and/or analogous enzymes or
proteins, techniques also include comparison of data concerning a candidate gene or
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gnzyme with databases such as BRENDA, KEGG, or MetaCYC. The candidate
geng or enzyme may be identified within the above mentioned databases in
accordance with the teachings herein.

ldentification of FDC in a yeast microgrganism

(002871 Any method can be used {o ideniify 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 funclional, structural, or genetic
simitarities. Technigques known to those skilled in the art may be suitable to identify
homologous genes and homologous enzymes. Generally, analogous genes and/or
analogous enzymaes can be identified by functional analysis and will have functional
similarities. Techniquses known {o 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
genelenzyme 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 or similarity. Technigues include examining a cell or cell culture
for the catalytic activity of an enzyme through in vifro enzyme assays for said activity,
then isolating the enzyme with said activity through purification, determining the
protein sequence of the enzyme through technigues 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 andfor homologous or similar enzymes, analogous
genes and/or analogous enzymaes or proteins, techniques alsoc include comparison of
data conceming 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, sthanol production
under fermentative conditions can be assessed, A lack of ethanol production may be
indicative of a yveast microorganism with no PDC activity.

Identification of GPD in a veast microorganism

[00288] Any method can be used io identify genes that encode for enzymes with

glyceroi-3-phosphate dehydrogenase (GPD) activity. GPD catalyzes the reduction of

dihydroxyacetone phosphate (DHAP) fo 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, andfor genetic analysis. In most cases, homologous or similar GPD
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geneas 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 suilable
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 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 GPD genes. Further, one skilled in

enzymes with functional homology or similanity. Techniques include examining a cell
or cell culture for the catalvlic 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 BNA sequence through PCR, and cloning of said nucleic acid sequence. To
identify homologous or similar genes andfor homologous or similar enzymes,
analogous genes andfor 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 veast
and many such methods are well known. For example, transformation and
electroporation are common methods for introducing nucleic acid into yeast cells.
See, e.g., Gielz ef al, Nucleic Acids Res. 27:68-74 (1992); lto et al., J. Baclerol.
153163168 {1983); and Becker and Guarente, Methods in Enzymology 184:182-
187 (1881).

[00290] 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 andfor the
gene o be integrated (internal module) is flanked on either side by DNA fragments
homologous to those of the ends of the targeted integration site {recombinogenic
sequences). After transforming the yeast with the cassetle 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 1o the recombinogenic sequences of the integration cassette.
{(Orr-Weaver et al., Proc Nafl Acad Sci U S A 78:8354-6358 {1981))
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[00291] 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 helerologous 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, HIS3, TRP1, LEUZ, URA3, bar, ble, hph, and kan. The recombinogenic
sequenceas 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., Hoovkaas,
P Steensma, H.Y. 2004, Yeast 21: 781-792).

[00203] Additionally, in an embodiment, certain introduced marker genes are
removed from the genome using techniguss well known {o those skilled in the art.
For example, URA3 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, Jd. et al, 1984, Mol. Gen. Genet, 197, 345-47).

[00294] The exogenous nucleic acid molecule contained within a veast cell of the
discliosure 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 stale that can stably be passed on (“inherited™) to daughter celis. Such
extra-chromosomal genetic elements (such as pilasmids, 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 multipie
copies of a particular exogenocus 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-phosphate 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
veast cell of the same species. The ferm reduced also refers to the elimination of
enzymatic activity than that measured in 8 comparable yeast cell of the same
species. Thus, yeast cells lacking glycerol-3-phosphate dehydrogenase activity are
consideraed {0 have reduced glycerol-3-phosphate dehydrogenase activity since
most, if not all, comparable yveast strains have at least some giveerol-3-phosphate
dehydrogenase activity. Such reduced enzymatic aclivities can be the result of lower
enzyme concemtration, lower specific activity of an enzyme, or a combination thereof.
Many different methods can be used 1o 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 technology. See, e.g.,
Methods in Yeast Genetics (1997 edition), Adams, Golischiing, Kaiser, and Stems,
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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.

[00296] Alternatively, antisense technology can be used to reduce 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
sequencss 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 heterclogous
nucleic acid molecule are well known. Such methods include, without limitation,
constructing a nuclelc acid sequence such that a regulatory element promotes the
expression of a nucleic acid sequence that encodes the desired polypeptide.
Typically, requlatory elements are DNA sequences that regulate the expression of
other DNA sequences at the level of transcription. Thus, reguiatory elements
include, without limitation, promoters, enhancers, and the like. For example, the
gxogenous 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., US. Pal. Nos. 4,859,596 and
4,843,529, for Kluyveromyces and, e.g., Gellissen ef al., Gene 180(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 ulilizing either a 2 micron (S. cerevisiae) or 1.6
micron (K. factis) replication origin are high copy plasmids. The selectable marker
can be either profotrophic, such as HIS3, TRP1, LEU2, URA3 or ADE2, or antibiotic
resistance, such as, bar, ble, hph, or kan.

[00299] In ancther embodiment, helerclogous control elements can be used to
activate or repress expression of endogenous genes. Additionally, when expression
is to 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 veast 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 skilied in the art. Such methods include, without
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fimitation, PCR, RT-PCR, and nucleic acid hybridization techniques such as Northern
and Southem analysis, allered growth capabilities on a particular substrate or in the
presence of a particular substrate, a chemical compound, a selection agent and the
ike. In some cases, immunchistochemistry and biochemical techniques can be
used to determine if a cell containg a 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 delermine whether or not a particular yeast
cell contains that encoded enzyme. Further, biochemical techniques can be used {o
determine if a cell contains a particular nucleic acid molecule encoding an enzymatic
polypeptide by detecting a product produced as a result of the expression of the
enzymatic polypeptide. For example, transforming a cell with a vector encoding
acetolactate synthase and detecting increased acetolactate concentrations
compared {0 a cell without the vedcior 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 1o those skilled in the art. For
example, the presence of acetolactate can be determined as described by
Hugenhoitz and Starrenburg, Appl. Microbiol. Biotechnof, 38:17-22 {1962).

Increase of enzymatic activity

[00301] Yeast microorganisms of the invention may be further engineered to have
increased activity of enzymes. The {erm “increased” as used herein with respectto a
particular enzymatic activity refers 1o a higher level of enzymatic activity than that
measured in a comparable yeast cell of the same species. For example,
overgxprassion of a specific enzyme can lead to an increased level of activity in the
cells for thatl enzyme. Increased activities for enzymes involved in glycolysis or the
isobutano! pathway would result in increased productivity and vyield of isobutanol.
[00302] Methods to increase enzymatic aclivity are known to those skilled in the
art. Such techniques may include increasing the expression of the enzyme by
increased copy number andfor use of a strong promoter, introduction of mutations to
relieve negative regulation of the enzyme, introduction of specific mutations {o
increase specific activity andfor decrease the Km for the substrate, or by directed
avolution. See, e.g., Methods in Molecular Biology (vol. 231), ed. Amold and
Georgiou, Humana Press (2003).

_ Microorganism characterized by producing iscbutanol at high yield

[00303] For a biocatalyst to produce isobutanol most economically, it is desired {o
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 litlle or no value. Extra products also
require additional capital and operating costs to separate these products from
isobutanol.

[00304] The microorganism may convert one or more carbon sources derived from
biomass into isobutanol with a vield 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 vield is greater than 70% of theoretical. In
yet ancther embodiment, the vield is greater than 80% of theoretical. In yet another
embodiment, the vield is grealer than 85% of theoretical In yet ancther
embodiment, the vield is greater than 80% of theoretical. in yet another embodiment,
the vield is greater than 95% of theoretical. In still another embodiment, the vield is
greater than 97.5% of theoretical.

[00305] More specifically, the microorganism converts glucose, which can be
derived from biomass into isobutanol with a vield of greater than 5% of theoretical.
In one embodiment, the vyield is greater than 10% of theorstical 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 vield is greater than 80% 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 by production of isocbutanol from pvruvate via an
gverexpressed isobutanol pathway and a Pde-minus and Gpd-minus phanotype
[00306] In veast, the conversion of pyruvale {o acetaldehyde is a major drain on
the pyruvate pool, and, hence, a major source of competition with the iscbutanct
pathway. This reaction is catalyzed by the pyruvate decarboxylase (PDC) enzyme.
Reduction of this enzymatic activity in the yeast microorganism resulis in an
increased availability of pyruvate and reducing equivalents to the isobutanol pathway
and may improve isocbutanol production and vield 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
regulator” can specify a protein or nucleic acid that works in frans to increasec or to
decrease the transcription of a different locus in the genome. For example, in
S.cerevisiae, the PDCZ 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 reported to have only ~10% of wildtype PDC activity {(Hohmann, Mol Gen
Genet, 241:857-666 (1983)). Alternatively, for example, all structural genes for PRC
{e.g9. In 8. cerevisiae, PDCT, PDCS, and PDCB,or in K. factis, PDCT) are deleted.
[00308] Crabires-positlive yeast strains such as an S, cerevisiae strain that
contains disruplions 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, i3 neaded for anabolic production of necessary molecules. Therefore,
the Pde- mutant is unable to grow sclely 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 Microbio! Left. 1889 May 1,174(1):.73-
8. PMID:10234824 and van Maris AJ, Geertman JM, Vemeulen A, Groothuizen
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MK, Winkler AA, Piper MD, van Dijken JP, Pronk JT. Appf Environ Microbiol. 2004
Jan 70(1%159-66. PMID: 14711638).

{00309] 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 to 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 {o wild type (van Maris ef al.,
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), 159-186).

[00310] Another by-product that would decrease yield of isobutanol is glycerol.
Giycerol 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 glycercl 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 increase yield of
isobutanol. Reduction of glycerol production has heen reported o increase vield of
ethanol production (Nissen ef al, Anaerobic and aerobic batch cultivation of
Saccharomyces cerevisiae mutants impaired in glycerol synthesis, Yeast, 2000, 16,
463-474; Nevoigt ef al, Method of modifying a yeast cell for the production of
ethanol, WO 2008/056984), Disruption of this pathway has also been reporied to
increase yield of lactate in a yeast engineered to produce lactate instead of sthanol
(Dundon et al, Yeast cells having disrupted pathway from dihydroxyvacetone
phosphate to glycerol, US 2008/0053782).

[00311] 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 isobutanoi
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 activily,with reduced or no PDC activity,
and expresses an isobutanol biosynthetic pathway and produces isobutanol,

[00312] In another embodiment, the microorganism is a crab-tree negative yeast
with reduced or no GPD activity. In ancther embediment, the microorganism is a
crab-tree negative yeast with reduced or ne GPD activity, expresses the isobutanol
biosynthetic pathway and produces isobutanol. In vet ancother embodiment, the
microorganism 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 PDRC
activity, expresses an an iscbutanol biosynthetic pathway and produces isobutanotl.

Method of using microordanism for high-vield iscbutanol fermentation
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[00313] In a method to preduce isobutano! 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
isobutanol comprising a recombinant yeast microorganism of the invention in a
suitable culture medium containing a carbon source that can be converted to
isobutanol by the yeast microorganism of the invention.

[00315] In certain embodiments, the method further includes isolating isobutanot
from the culture medium. For example, iscbutanol 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.

[00318] This invention is further llustrated 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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Table 4. Amino acid sequences disclosed herein

SEQ ID NO | Protein, Accession No.
’ Thermotoga peltrophila RKU-1 dihydroxyacid dehydratase (DHAD),
777777 YP_001243973.1 o
5 Victivallis vadensis ATCC BAA-548 dihydroxyacid dehydratase
(DHAD), ZP_01924101.1
s | Termite group 1 bacterium phylotype Rs-D17 dihydroxyacid
dehydratase (DHAD), YP_001956631.1 ,
4 Yarrowia lipofytica dihydroxyacid dehydratase (DHAD), XP_502180.2
5 Francisella fularensis subsp. tularensis '
WY96-3418 dihydroxyacid dehydratase (DHAD), YP_001122023.1
6 Arabidopsis thaliana dihydroxyacid dehydratase (DHAD), AAKG4025.1
7 Candidatus Koribacter versatilis ENin345 dihydroxyacid dehydratase
{DHAD), YP_582184.1 (Acidobacter)
8 Gramella forsetii KT0803 dihydroxyacid dehydratase (DHAD),
YP_862145.1
N Lactococcus Jactis subsp. lactis 111403 dihydroxyacid dehydratase
(DHAD), NP 2673701 ,
10 Saccharopolyspora erythraea NRRL 2338 dihydroxyacid dehydratase
(OHAD), YP 001103828 2
11 Saccharomyces cerevisiae IL.V3, NP_012550.1
12 Piromeyes sp E2 ivD
13 Ralstonia eutropha JMP134 ivD, YP_298150.1
14 Chromohalobacter salexigens iivD, YP_573197.1
15 Picrophilus torridus DSMS790 ivD, YP_0242151
16 Sulfolobus tokodaii str. 7 dihyd roxyacid dehydratase (DHAD),
NP_378168.1
17 Saccharomyces cerevisiae ILV3AN
18 Veimye epitope tag 7
19 PUAXXXGX{HLIXIL (conserved motif described in Example 9)
20 PHXXGX(HLIXIL (conserved motif described in Example 9)

Table 5. Nucleic acid sequences disclosed hersin

SEQ ID NO | Gene, Accession No.

21 Candidatus Koribacter versatilis ENin345 (Acidobacter)

22 Gramella forsetii KY0803 (Gf _ivDy
23 Lactococcus lactis subsp. lactis 11403 (L[ _ivD)

24 Saccharopolyspora erythraea NRRL 2338 (Se_iivD}

25 Saccharomyces cerevisiae ILV3 (ScILV(FLY

26 Piromcyes sp £2 ivD (Piromyces ivDy

27 Rafstonié”éiiff@?ha JMP134 ivD (Re_ivDy
28 Chromohalobacter salexigens ilvD (Csjfvi}) """""

29 Picrophilus torridus DSM790 ilvD (Pf_ilvD)
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30 Sulfolobus tokodaii str. 7 ivD (St_ilvD)

31 | Saccharomyces cerevisiae ILV3AN (SclLV3aNy

32 T VE coll iNCRTV (Ec_ivCiQitavy) T

33 | Lactococous factis KivD (LL_kvDy T

34 S. cerevisiae ILVS (SclLvE)

{00317} Determination of optical density. The optical density of the yeast

cultures is determined al 600 nm using a DU 800 spectrophotometer (Beckman-
Coulter, Fullerton, CA, USA). Samples are diluted as necessary {o yield an optical
density of between 0.1 and 0.8.

[00318] Gas Chromatography. Analysis of volatle organic compounds,
including ethano! and isobutanol 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
mm 1D, 0.25_uM 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-point calibration curve with 1-pentanol as the
internal standard.

[00318] High Performance Liquid Chromatography for quantitativie
analysis of glucose and organic acids. Analysis of glucose and organic acids was
perfformed on a HP-1100 High Performance Liguid 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 80°C. This method was Isocratic with 0.008 N sulfuric acid in water
as the mobile phase. Flow was set at 1 mL/min. Injection volume was 20 pbL 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 ketoisovalerate and isobutyraidehyde was performed on a HP-1100
High Performance Liquid Chromatography system equipped with a Hewlett Packard
1200 HPLC stack column (Agllent Eclipse XDB-18, 150 X 4.0 mm; 5§ pym particles
[P/N #993867-902] 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 % HsPO, and 70% acetonitrile in water as mobile phase. Flow
was set at 3 ml/min. Injection size was 10 yL 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, DW. 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 known in the art and are described by Sambrook, J., Russel,
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DW. Molecular Cloning, A Laboratory Manual. 3 ed. 2001, Cold Spring Harbor, New
York: Cold Spring Harbor Laboratory Press; and by T.J. Sithavy, M.L. Bennan, and
LW. Enquist, Experiments with Gene Fusions, Cold Spring Harbor Laboratory
Press, Cold Spring Harbor, N.Y. (1984) and by Ausubel, FM. et al, Current
Protocols in Molecular Biology, pub. by Greene Publishing Assoc. and Wiley-
interscience (1887} '
[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 following 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, Willis A, Wood, Noel R. Krieg and G. Briggs Phillips, eds.), American
Society for Microbiology, Washington, D.C. (19894)) or by Thomas D. Brock in
Biotechnology: A Texthook of Industrial Microbiology, Second Edition, Sinauer
Associates, Inc., Sunderiand, MA (1989).

[00324] Yeast transformations — 8. cerevisiae. S. cerevisiae strains were
transformed by the Lithium Acetate method (Gietz et al., Nucleic Acids Res. 27:69-
74 (1892) Cells from 50 mbL YPD cultures (YPGal for valine auxctrophs) were
collected by centrifugation (2700 rcf, 2 minutes, 25°C) once the cultures reached an
Obsao of 1.0. The cells were washed cells with 50 mL sterile water and collected by
centrifugation at 2700 rof for 2 minutes at 256°C. The cells were washed again with 25
ml. sterile water and collected cells by centrifugation at 2700 rcf for 2 minutes at
25°C. The cells were resuspended in 1 mbL of 100 mM lithium acetate and
transferred to a 1.5 mbL eppendorf tube. The cells were collected cells by
centrifugation for 20 sec at 18,000 rcf, 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 pl with sterile water), 72 ul 50% PEG, 10
{4 1 M lithium acetate, and 3 pl denatured salmon sperm DNA was prepared for each
fransformation. In a 1.5 ml tube, 15 pl of the cell suspension was added to the DNA
mixture (85 i), and the transformation suspension was vortexed with 5 short pulses.
The transformation was incubatad at 30 minutes at 30°C, followed by incubation for
22 minutaes at 42°C. The cells were collected by centrifugation for 20 sec at 18,000
ref, 25°C. The cells were resuspended in 100 uyl SOS (1 M sorbitol, 34% (viv) YP
(1% yeast extract, 2% peplone}, 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, Wi, Catalog #FS88250): Cells from each colony were
added to 20 i of colony PCR mix {per reaction mix contains 6.8 ul water, 1.5 pl of
each primer, 0.2 ¢l 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 84°C x 20s, 83" ~ 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 % 5 min.
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{00326} Zymoclean Gel DNA Recovery Kit (Zymo Research, Orange, CA;
Catalog #D4002) Protocol: DNA fragments were recovered from agarose gels
according to manufacturer’'s protocol.

{00327} Zymao Research DNA Clean and Concentrator Kit (Zymo Research,
Orange, CA; Catalog #D4004) Protocol: DNA fragments were purified according to
manufacturer's protocol.

Composition of Culture Media

[00328] Drugs: When indicated, G418 {(Calbiochem, Gibbstown, NJ) was
added at 0.2 g/l., Phleomycin (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-flucro-oratic
acid (FOA; Toronto Research Chemicals, North York, Ontario, Canada) was added
at1g/l.

[00329] YFP: 1% (w/v) yeast exiract, 2% {(w/v) peptone.

[00330] YPD: YP containing 2% {(w/v) glucose unless otherwise noted,

[00331] YPGal: YP containing 2% (w/v) galaciose

[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, MQ), 0.076 g/l
histidine, 0.076 g/l. tryptophan, 0.380 g/l leucine, and 0.076 g/l uracit. Drop-out
varsions of 8C media is made by omitting one or more of histidine (M), tryptophan
(W), leucine (L), or uracl (U or Ura}. When indicated, SC media are supplemented
with additional isoleucine (8xl; 0.884 g/L), valine (9xV; 0.684 g/L.) or both isoleucine
and valine (OxiV). SCD is SC containing 2% (w/v) glucose unless otherwise noted,
SCGal is SC containing 2% (w/v) galactose and SCE is SC containing 2% (w/v)
sthanol. For exampile, SCD-Ura+9x1V 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 leucing), 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+8xi: 6.7 g/l. Difco™ Yeast Nitrogen Base, 0.076 g/l. Adenina
hemisulfate, 0.076 g/l Alanine 0.076 g/L,Arginine hydrochioride, 0.078 g/L
Asparagine monchydrate, 0.078 g/t Aspartic acid, 0.076 g/l. Cysteine hydrochioride
monohydrate, 0.076 g/L Glutamic acid monosodium salt, 0.0786 g/l. Glutamine, 0.076
g/l. Glycine, 0.076 gfl. myo-lnositol, 0.76 g/l Isoleucine, 0.076 g/l. Lysine
monohydrochioride, 0.076 g/l. Methionine, 0.008 g/l p-Aminobenzoic acid potassium
salt, 0.076 g/l Phenyialanine, 0.076 g/ 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/ 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 /L), isoleucine {; 0.076 g/L), valine (V:
0.076 gil), and casamino acids (CAA; 10 g/l). When indicated, YNB media are
supplemented with higher amounts of isoleucine (10xi = 0.76 g/L), valine {(10xV =
0.76 g/} or both isoleucine and valine {10xIV). YNBD is YNBE containing 2% {w/V)
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ghucose 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 8.7 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.

[060336] Plates: Solid versions of the above described media contain 2% (wiv)
agar.

Example 1. Construction of an 1LV3 deletion mutant
{00337} The purpose of this Example is {0 describe the construction of an ILV3
deletion mutant of Saccharomyces cerevisiae, GEVO2244.

Table 1+1 details the genotype of strains disclosed in this example:
# Genotype

GEVO1147 | K. factis, NRRL Y-1140, {obtained from USDA)

”GEVOZEM S. cefew’siae, CEQIPK;V MATa urald feu2 his3 trp1 iv3A

Table 1-2 outlines the plasmids disclosed in this example

Plasmid Genotype

name o

pUC1S bia, pUC-ori (obtained from Invitrogen)
pGV1299 K. lactis URA3, bla, pUC-ori (GEVO)

GEVO # | PRIMER SEQUENCE T

575 TTTTGAATICTGGTICTATCCAGGAGAAAAAGLGACAAG

578 TTTTGGATCCGGATGTGAAGTCGTTGACACAGTCG

1628 | GTCTCTGATAAGGAAATGGCTC

18% TCAAGAAGCCTCAAGTCGGGGTTGATTCOTGTTOGTGO TOCGGTAACCEAT
GTAACATGC

i CGGTAACCCATGTAACATGCATCTATTGGACTIGAATAACATTCTOGTTOTAT

1887 |
CGAGGAG
CTTTCGTTAACAAGCCCATCTCTACTTITITCTTCGCTGTATCCGOATGTGAA

1888
GTCETTG

1689 GATGGGCTTGTTAACGAAAGTTGCITACATOTAGACAATTCTGCATTATAGEE
CCCAATCG

1890 TTAGTGGCAGCAAMAGCAGAG e

1892 ACATGATGCCCGTTICACAAC 77

1916 | CAGGATGACAGTICGATGAG e

1917 TGTCAACGACTTCACATCCG e

1920 TGCAGCCTAGCTTTGAAGAC

1821 TACGTTAGGACCCCAGTATE T
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[00338] Plasmid pGV1299 was constructed by cloning the K. Jactis URA3 gene
into pUC19. The K. Jactis URAZ was obtained by PCR using primers 575 and 578
from K factis genomic DNA. The PCR product was digested with EcoRi and BamH|
and cloned into pUC19 which was similarly digested. The K factis URAS3 insert was
sequenced (Laragen Inc., Los Angsles, CA) to confirm correct sequence.

[00338] The integration cassette contained, from 5 to 3, the following: 1) a 80 bp
homology to /LV3 (position +158 to 237) that functions as the 5’ targsting 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. factis URA3 marker, and 4) a 221 bp
homology to the 5 region of ILV3 (position +1758 to 1979) that functions as the 3
targeting sequence for the integration. This cassette was generated by SOE-PCR.
The K. factis URAS gene was amplified from pGV1299 using primers 1887 and 1888.
Only the 3’ region of /L. 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 1888 and 1890. The K Jaclis URAZ and the 3 region of ILV3 were
combinad by SOE-PCR using primers 1886 and 1890.

[00340] GEVO1188 was transformed with the #v3:/KI_URA3 casselte described
abave 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 (#9-168) 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 fested for the correct integrations by colony PCR
using primer pairs 1816 + 1820 and 1817 + 1921 for the 5 and 3 junctions,
raspectively. 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 1817 + 1921. Cione #12A was
designated as GEVO2145. The valine auxotrophies of GEVO2145 were reconfirmed
- by streaking them onto SCD+Ox1V and SCD-V+8xl plates. GEV02145 exhibited no
growth on the medium lacking valine (SCD-V+@xl) while it grew on medium
supplementad with valine (SCD+ax1V). The parent strain, GEVO1188, grew on both
media.

[00342] GEV0O2145 was streaked onto YNBE+W+CAA+FOA to isolate strains in
which the K. Jaclis 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 sxhibited auxotrophies to both nutrients. Clones A was
designated GEVO2244. Colony PURs using primers 1891 and 1892 with FailSafe
Buffer C were performed and the loss of the KI_URA3 cassette was confirmed.

[00343] This example Hustrates the specific activity of various DHAD homologs
in yeast. The example also illustrates that high specific activity of the Lacfococcus
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factis WD enzyme (8EQ 1D NO: 9) correlates with an increase in isobutanol
production.

Table 2-1 details the genotype of strains disclosed in this example:

GEVO No. | Genotype / Source

GEVO1187 | S. cerevisiae, CEN.PK; MATa ura3 leu2 his3 trp1

GEVO2244 | S, cerevisiae, CEN.PK; MATa wrad leu2 his3 rp1 v3A

Table 2-2 outlines the plasmids disclosed in this example:

pGV No. | Figure 7 Genotype
‘ pUC ori, bla (AmpR), 2um ori, URA3, TDH3 promoter-Myc
pGV1106 2-1 tag~potyl§nke§-(3£8‘f terminator ’
pGV1662 2“2:; 2 pUC ori, bla (AmpR), 2um orf, URA3, TEFT promoter-(kivD)
, pUC o, bla (AmpR), 2um ori, URA3, TEFT promoter-

pGV‘ESﬁ‘E Gramelia forsetti iivD

oGV1852 pUC ori, bla (AmpR), 2um on, URA3, TEF1 promoter-
Chromohalobacter salexigens ilvD
pUC ort, bla (AmpR), 2um ori, URA3, TEFT promoter-

pPGV1853 Ralstonia eutropha ilvD

GV1854 pUC ori, bla (AmpR), 2um o, URA3, TEF1 promoter-

7 ’ Saccharopolyspora erythraea ilvD

pGV1855 pUG ori, bla (AmpR), 2um ori, URA3, TEF1 promoter- L]_ivD
pUC ori, bla (AmpR), 2um orl, URA3, TEFT promoter-

pGV1800 ScILV3(FL)

pGV1904 pUC ori, bla (Anﬁﬁ};rzpm ori, URA3, TEFT promoter-
Acidobacteria bacterium ENin345 ilvD

OGV1905 pUC on, bla (AmpR), 2pm ori, URA3, TEF1 promoter-
Picrophilus torridus DSM 9790 ivD

OGVA906 pUC o, bla (AmpR), 2um orl, URA3, TEFT promoter-
Piromyces species E2 ilvD

pGV1007 pUG ori, bla {AmpR), 2um o, URAS, TEFT promoter-
Sulfolobus tokodaii strain 7 ilvD

GAATTCCCGGGATCCGCBGCCGC

272 TCGAGCGGUCGCGGATCCCGGGAATTCGTCGACACCATCTTCTT
CTGAGATGAGTTITTGTTCCATG

1617 CGTTGAGTCGACATGGGCTTGTTAACGAAAGTTGC

1618 GCCAACGGATCCTCAAGCATCTAAAACACAACCG
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[00344] Plasmid pGV1106 (Figure 2-1) is a variant of the plasmid p426GPD
{which is described in Mumberg et al, Gene (1995), 119-122). To obtain pGV1108,
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

bla (ampR) 7 Xhol(2263)
s Not 1 (2269)

UC ori g Sall (2291)
puL orn \ myc tag

Sac1(3001) T1DH3 Promoter

Figure 2-1. Schematlic map of pGV1108.
[00345] Plasmid pGV1662 (Figures 2-2, 2-3) served as the parental plasmid of
pGV1855, pGV1000, 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 2um origin of replication, the UURA3 selectable
marker, and the ScTEFT promoter sequence followed by restriction sites into which

an ORF can be cloned to permit its expression under the regulation of the TEFT
promoter.

URA3

fAcc: 651 (2080)

2micron

bla (ampR)_§f PEY1002, 1 cYCH Terminator
< Xhol(2338)
Not1(2344)

Bam HI (2351)

TEF1 Promoter o LI kivd

Sall (4004)
Figure 2-2. Schematic map of plasmid pGV1662.
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Figure 2-3. Nucleotide sequence of plasmid pGV1662.

[00346] Plasmids pGV1851-1855 and pGV1804-1807 are all variants of
pGV1662, in which the kivD ORF sequence present in pGV1862 was excised and
replaced with a sequence encoding a DHAD homolog, as indicated below.

[00347] Plasmid pGV1851 contains the Gramella forsetli ilvD gene sequence
(SEQ 1D NO: 22). Plasmid pGV 1852 contains the Chromohalobacter salexigens ivD
gene sequence (SEQ 1D NO: 28). Plasmid pGV 1853 contains the Ralstonia eutropha
ivD gene sequence (SEQ D NQO: 27). Plasmid pGV1854 contains the
Saccharopolyspora erythraea ilvD sequence (SEQ 1D NO: 24). Plasmid pGV1855
contains the Lactococcus lactis iivD sequence (SEQ 1D NO: 23). Plasmid pGV1800
containg the Saccharomyces cerevisise V3 (SclLV3(FL)) sequence. Plasmid
pGV1904 contains the Acidobacteria bacterium ENin345 iivD sequence (SEQ 1D NO:
21). Plasmid pGV1905 contains the Picrophilus forridus DSM 9790 ilvD sequence
(SEQ ID NO: 20). Plasmid pGV1906 contains the Piromyces species F2 ivD
sequence (SEQ 1D NO: 26). Plasmid pGV1807 contains the Sulfolobus tokodaif
strain 7 ilvD sequence (SEQ ID NO: 30). All sequences (except that of SclLV3(FL))
were synthesized with 5Sall and 3'Nofl sites by DNAZ.0 (Menlo Park, CA), digested
with Safl and Nofl, and ligated into pGV1662 which had also been digested with Safl
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and Notl. For plasmid pGV1800, the sequence containing the open reading frame of
SclLV3({FL}) was amplified from S.cerevisiae genomic DNA in a PCR reaction using
primers 16817 and 1618, and the resulting 1.8kb fragment was digested with Sall plus
BamHl and cloned into pGV1662 that had been digested with Sall plus
RamHl Various DHADs were tested for in vifro activity using whole cell lysates. In
this case, the DHADs were expressed in a veast deficient for DHAD activity
(GEVO2244; ilv3A4) to minimize endogenous background activity.

[00348] To grow cultures for cell lysates, tfriplicate independent cuitures of each
desired strain were grown overnight in 3 mb SCD-Ura+8xiV at 30°C, 250rpm. The
following day, the overnight cultures were diluted 1:50 into 50mL fresh SCD-Ura in a
250 mbL baffle-bottomed Erlenmeyer flask and incubated at 30°C at 250rpm.  After
approximately 10 hours, the ObDge 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 tmbl of water, and the suspension was placed in a
1.5ml tube and the cells were collected by centrifugation (16,000xg, 30 seconds).
All supermalant was removed from each tube and the tubes were frozen at -80°C
until use.

{00348] Lysates were prepared by resuspending each cell pellet in 0.7mlL. of lysis
buffer. Lysate lysis buffer consisted of: 0.1M Tris-HCI pH 8.0, 5mM MgS0O4, with 10
pl of of Yeast/Fungal Protease Arrest solution {G Biosciences, catalog #788-333)
per 1mbl of lysis buffer. Eight hundred microliters of cell suspension were added {o
1mb of 0.5mm glass beads that had been placed in a ¢chilled 1.5m 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) {o peliet debris and the supematant {cell lysates) wers 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 tfo
manufacturer’s instructions.

[00350] The DHAD activily of each lysate was ascertained as follows. In a fresh
1.5mL centrifuge tube, 50ul of each lysate was mixed with 50uL of O.1M 2,3~
dihydroxyisovalerate (DHIV), 25uL of 0.1M MgSQO,, and 375ul of 0.05M Tris-HCI pH
8.0, and the mixture was incubated for 30min at 35°C. Each tube was then heated
o 85°C for Smin 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 100ul of a solution consisting of 4
parts 15mM dinitropheny! hydrazine (DNPH) in acetonitrile with 1 part 50mM 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 (KIV generation) from lysates of S.cerevisiae strain
GEVO2244 carrying plasmids to overexprass the indicated DHAD homolog. Each
data point is the result of triplicate samples.

Plasmid Gene | Specific activity
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{U/mg total protein)

pGV1106 Control (Le. no DHAD) n.d.
pGV1851  Gramella forsetti iivDd 0.012
pGV1852 Chromohalobacter salexigens ivD n.d.
pGV1853 Ralstonia eutropha ivD n.d.
pGV1854 Saccharopolyspora erythraea ilvD 0.002
pGV1855 Lactococcus lactis ivD 0.027
pGV1900  Ssccharomyces cerevigiae ILVI(FL) 0.148
pGV1904 Acidobacieria bacterium Ellin348 DHAD 0.004
pGV19805  Picrophilus torridus DSM 9790 DHAD nd.
pGV1808 Piromyces Sp E2 DHAD 0.016
pGV1907  Sulfolobus fokodail str. 7 DHAD .001

* n.d., not detectable

Example 3: Dihydroxy acid dehydratase limits isobutanol production in yeast

[00351] This example illustrates that high specific DHAD activity, and in
particular the high specific activity of the Lacfococcus factis vD enzyme (SEQ 1D
NQ: 8) correlates with an increase in isobutano! production.

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

GEVO No. | Genotype /Source

GEVO1186 | S.cerevisiae, CEN.PK: MATa/a uradiura3 leu2/leu? his3/hisd trptiirpt

GEVO1188 | S.cerevisiae, CEN.PK; MATa ura3 leu2 his3 trpt

GEVO1803 | MA Ta‘a uradiurald leuoieus? his3ihis3 trpifirpd pdol - Bs-alss, TRPH/PDCT

GEVO2I07 | pdc6::{ScTEF1p-Li_kivd ScTDH3p-Dm_ADH URA3VPDCS

Table 3-2 outlines the plasmids disclosed in this example:

pGV No. " Genotype

0423GPD ProgarMOCS: Teven, HIS3, 2-micron, bla, pUC ori {Mumberg, D. ef al. {1095)
Gene 156:119-122; oblained from ATCC)

pGVI103 | Py myctag-MCS Teyey, HIS3 2micron, bla, pUC ol
pGV1730 Poupy:Bs-alsS: Tpped PDC1-3' region: PDC1-5 region, TRP1, bia, pUC ari

HGV1974

PreeeSe_H VAN Py Eo_ivCS ™ -coSc: Toyern HIS3, 2micron, bla, puC
ori bla(ampRy e '

pGV1814 | Pygeld_kivD Prona:Dm_ADH PDCE 5,3 targeting homology URA3Z
pUC ori bla(ampR}

PrepyLactococcus factis ivD-coSciProuafc_ivCR T woSe Toves, HIS3,
2micron, bla, pUC ori

pGV2001 | Prerr P Ec_ivGe T0V-CoSC: Tavar HIS3, 2micron, bla, pUG on

PGV1981

GevolNo | Sequencs (§i03)
571 CTAGCATGGAACAAAAACTCATCTCAGAAGAAGATGGTETCCACGAAT
TCCCGGGATCCGLEELCGE
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7o TCGAGCGGLCGCOGATCCCGGGAATTCGTCGACACCATCTICTIOTGA

GATGAGTTTTTGTTCCATG
637 | TTTTGAGCTCGCCGATCCCATTACCGACATTIGGG 77
635 AAAGTCGACACCGATATACCTGTATOTO TCACCACCAATGTATETATAA
” GTATCCATGCTAGCCCTAGGTTTATGTGATGATTGATTGATTGATTG
697 GAGTACGGATCCCTAGAGAGCTITCGTTTTCATGAG
767 CAAGAAGTCGACATGTTGACAAAAGCAACAAAAGAAL

1321 AATCATATCGAACACGATGE

1322 TCAGAAAGGATCTTCTGLTO

1323 ATCGATATCGTGAAATACGC

1324 AGCTGGTCTGGTGATTCTAC

1410 CACCCAGTCGCGACATCCAATTTATAGAAATCAG
1411 ATTGGATGTCGCGACTOGGTGAGCATATGTIC
1412 GAGAAAGCCGGCAGGAGAGTGAAAGAGCCTTG

1443 TGCAGATG CAGATGTGAGAC
1587 CGG GTGCGAGAACTCTACTAACTG

[00352] Plasmid pGV1103 was generated by inserting a linker {primers 271
annealed to primer 272) containing a myc-tag and a new MCS (Safl-EcoRl-Smal-
BamHi-Nofl) into the Spel and Xhof sites of p423GPD.

[00353] Plasmid pGV1730 is a yeast integration plasmid used to replace the
PDCT gene in S. cerevisiae with the Bs_als$ gene expressed using the S.
cerevisiae CUP1T promoter. The CUPT promoter originated as a PCR product from
S. cerevisiae genomic DNA using primers 637 and 638. The B. subtilis alsS
originated as a PCR product from B. sublilis genomic DNA using primers 767 and
807. Plasmid pGV1730 also carries the S. cerevisiae TRP1 gene as a selection
marker. Plasmid pGV1730 also contains a targeting sequence suitable for directing
the homologous integration of the plasmid to the S.cerevisise PDCY locus. This
fargeting sequence consists of, 5 to 3, the PDCT terminator region, a unique Nrud
restriction site, and the PDCT promoter region. This fragment was generated by
SOk PCR. The PDCT terminator sequence was amplified from S. cerevisiae
genomic DNA using primers 1409 and 1410 and the PDCT promoter sequence was
amplified from 8. cerevisiae genomic DNA using primers 1411 and 1412. Primers
1410 and 1411 have overlapping sequence and the sequences were chasen so that
the junction between 3' end of the PDCT ferminator and the 5 end of PDCY
promoter created a unique Nrul restriction site. These two PCR products were fused
by SOE PCR using prmers 1408 and 1411, Primer 1400 and 1411 introduced a
Nofl and NgoMIV 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 M1V (1012)
PDC1-5' region

bla (ampR)

Sall(3975) Bs alsS
Figure 3-1. Schematic map of plasmid pGV1730.
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CTRCOGE CACCARTGAAGCGUUGATTGCCCANMICGARGCCCANIGICGAGTG
* ACTAATCATTAA TG T TAACGGCTUETAGUTGCAGARATAALGTGACATCCARATCGCGTETG
ACTETALCATGATCR TCGI—XCTC‘CGT."E‘L‘.GCAA’l“ISCTZ BACGATTTCRAAGAGGATGCA
AATOTGCAGGCACCTGUTCACCOTCATGUATATATTG ATCAGARRAGGATITTCT
CCGCAAAGTUTACTTTCALA ;\,\TCUA‘\JTT GATATCGATTGATCGETAGAT VTATCACTHATCR
TGEETAAGCATGATCANTGTCAGUCAGARTCTOETITAAAT GGATSATCETOLGH TCTCCATY
] T‘.‘:‘CGG‘ATCAT?H TCAATTGEETCATAGRCGATTCTCAGAMIAACATCAGCOTGOTCAAGTCA
CPGEY SGAATAARCOGATCCGGUIAAARTACTEATCOTCTAAATCTOTCGTAAGAGTAC
TITCRACGARATGEARGCTGCACTT T TTTCARPAGCT ACCEITTTAATCEITTCCG
OGR CTMC’C‘“ A CAGGRARAGTTTTGCI T T T EAATTT T TECARTGGECCATALS 3
ACCAAGTT T TOEUGEUYGCEACAGCACG T AIGTTTTTTCTAT T TCTCACTTCATTUACAA
CACAABAGUGGCCCCAGCUTGCCC TGO TCACGUTAT CCTARACGCAT T TETAACAGCTT
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Figure 3-2. Nucleotide sequence of plasmid pGV1730.
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[00354] pGV1R14 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 PDCS focus of
S. cerevisiae.. pGV1814 carries the D.melanogaster adh (Dm_ADH) and L.jactis
kivd (L1_kivD) genes, expressed under the control of the S. cerevisiae TDH3 and
TEFT 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 nuclectide sequence of the Dm_ADH open reading
frame is shown in Figure 3-3. A schematic map of pGV1914 is shown in Figure 3-4,
and the compilete nucleotide sequence of plasmid pGV1914 is shown in Figure 3-5,

£ T TP 1 P TELEEL R (5 0 N N R N P B 1 g7 T SRR g
ATTTTORTVECCEETITEEGEAGECATTEE

TOTGRACATCAGURAG
- CRGCCATTLGOCGAGITS
H;CARTCAATCOARAGCTGACCCTCACCT TCTACCCCTATGATETGACCATECCCATTRCCSAGACCANCRAG

AN

CPGRACGATCAL

Pl ad

CTGOTGARGACTRTCTTO! AGCTCAATACCGTOOATETCCT GATCARCGGAGC T GH1Y

CARGATCGAGCECACTATTEC s CARCACCACGACGGOCA
BAGCGCAACGGELGETNCGEYGETATCATCT VCATTEGATOCETCACTEEATTUARAATY
CCCETCTRETOD VOCARGRCTE! CTTCACCAGUICOCTRGIGARARLT

GTEACGGCTTACACTETGARACCCCGECATCACCCEIACTACCO T GOTECACACSTTIARLS ATGTT
GAGCCTCAGETTGCORAGRAGUTOOTGEUPCATCCCACCCAGRCOTUETTGE OO T RGO GTCAAG
GCTATCGAGCTEAACCAGAACGERGCCATCTGEAARCTCGAC T TGEGCACCOTHGAGGCCATUCAGTEGACCARG
CRIETGERACTULGGIATOTAA

Figure 3-3. Nucleotide sequence of Dm_ADH.

bla (ampR)

PDC6-5' region
~— PDC6-3' region

. Not1{3079)
BamHI{(3437)

Dm ADH
TDH3 Promoter

Figure 3-4. Schematic map of plasmid pGV1814.
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TR T I CGET T T T T GARAT ET T T TGATTCSSTARATOTCCEARCAS AN AGCAGTATAG
ACTTAEAT TGS TATATATACGUATATGTAGTC T T CAAGAAACATCARAT TEUCCAGTAT T TTARCCCARAD TGCA
CAGAACRARARCCTGUAGGRARAUGAAGATAAATCATGTEAAAGC TANATATAAGGAACSTGUTCUTACTOATCC
TRGTCCTETTGUTGCCAAGUTAT T TAATATCATGUACGRARAAAGCARACARAC T IGTEIGUTTCAT IGHRATETTCS
TACCACCAAGGAATTACTEGAG T TAG T TEAAGCAT TAGGTCCIAARA T T TG T TTACT? CACATETGEGATAT
CPPGROTGATT T T TCCATGEAGEG CACAGT TARGCUGCTAAAGRCA T TAT U GECCARGTACART T T T TTAC TOTT
CHARGARCAGARABATTIGUTCACAT TCETARTACAGTCAAA T TGCAGTAC TU TGUGGETO TATACAGRATAGCAGA
ATGEG "(,h\:’“ ATTACGAATGCACACGETETCETEGEUCCAGETAT TG YTAGCESTITEAAGCAGGUHRCAGAACA
ACCTAGAGGCCT T TEATCTTAGCAGRAT TG TIAT ATCTACTECAGAATR
TR C'“A:‘%t’"‘""l'n\ TETTEACATTOCSAAGAGCGACAAAGATT TTETT CTCAAAGRAGACATGEE
"’G&Q}b?&@.&‘}?@@FXG{TTT,&‘«CCATVT"“‘(:TT\,J‘ FERTGACACCCSETGETG B 3
TCRACAGTATACRACCGETGGAS LLA PETHETCYCTACAGEATOTGRD
ABAGGGAAGREATYGCTARGETACRGEG TCARCE T TACAGAAAAGEAL
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TCTTCAGTAL

ZCTCTT
o

»“)
1;4
k- :

CTTCEETHCECCTTOTTICGCCAGRGATCAGT PUGATICAGTACATACGGT TOGE
i ‘TCP;CGCTCRC&%@TTCETTTT{“ SCACAATTTTAGACACAACATGGTCCTCAG
ACGACTCUGE TATCETIGTAAGACTGRTTCGGACCETGHE
CABRZGETETA COGETTGATCTTTTCACSRATTGCCAGH
GTACGE i(l&’%"'?bb.a’% GGGARACCOTCACCHATGRACAGTAGATGACGAGAT TCT T TATCAGCGATCTEAGAGCCCA
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TEATCAGGETTATTGTOTCATGAGDEEATACATATUTGAATGTATTTAGAARARTARRCA MR T AGGGGTTCCGLG
CACATT TICCOGARAAGTECCACCTRACGTUCTAAGRRACCATTA

TATCACCAGGLCOTITCGTC

TEATCATGACATTAACCIATAARBATAGECS

Figure 3-5. Complete nucleotide sequence of plasmid pGV1814.

{00355] Plasmid pGV1874 (Fig. 3-8) is a yeast high copy plasmid with HIS3 as
a marker for the expression of £. cofi ivC®""™ and S. cerevisiae ILV3AN (SEQ ID
NO: 31). pGV1974 was generated by cloning a Sacl-Nofl fragment (4.9 kb; Fig. 3-7)
carrying the S. cerevisise TEF1 promoter.S. cerevisiae iv3AN:S. cerevisiae TDH3
promoter:E. coli ivCY"% into the Saci-Not#t sites of pGV1103 (5.4 kb), a yeast
expression plasmid carrying the HIS3 marker.

Avrll (825} HIS3
= A Nhel (1012)
_NgoMIV (1752}
CYC1_Terminator

Notl (2344)
Ec i IvC-coSc Q110V

2-micron

bla

pGV1974
10221 bp

pUC-ori
Sacl (6607)__

TEF1_Promoter
Sall (6196)
Sc_ilv3deltaN

Figure 3-6. Schematic map of plasmid pGV1974.
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CCETTETTETTATOR AGRTCCARGAGOTGCACUAGETATGCCTCARATGCTARAGCCTTCCTCTGOTE
TGATGSCTTACGGTTT xxsfgﬁau GUATTGT TGACTGATGETAGAT TCTCTEETGET TOTCACGGGTTOT
TQATFMHLL“C“T””“T"””GAHECCGCTGAAJuTCCTCp‘ﬁmCC TOOTCAGAGACGOOSATCAGATTATC
TTGATGCTGATARTAACARGATTGACCTATTAGTT TTGATRAGGAAAT”"TTwA&?CTHﬁHCK AGTTGEGETTG
CPC””Q“AC“T&GTTA CACAAGAGGTACTCTATCCARGTATGCTARGT TEETT TCCRRACGCITCCARSGETTGTE
TTTTAGATGCTTG CCAGTTTATCATTATCARTACTCGCCAT Y TCARAGAATACGTARAT AAT TAATAGTA
GTGATTTTCS BT AGT CAAAAAAT T AGCCT I TAAT TCTGO TG TAACCCGTACATECCCARAR PAGE
GGGOGGGTTACA P,GQATRT&LAAC&“Q&A“GGZC”””GCWQGAACA SIPTATTCOTGGEORATCCACTARATATAR
TEEAGCCCOCTTTT TAAGCTEGCATCCAGRARAARRARGAATCCCABCACCARAR TAT U T TP CT T CAC
BTCAGTTCRTASG CECPTAGCIGCAACTACAGASARCAGGHECACARACAGECARRARACGEGUACARCT
TCAATGGAGTGATS GCOTGEAG TRARTGATCACACARGGCART TGACCCACGCATGTATCTATCTCATT
TICTTACACCTTCTAT TACCTTCTGOTCTOTCTGATT u&AAAAfGST?“AR&RAA&SP;TLQ&A“““CTiC“C¢
GARATTATTOOCCTACTET um‘” "R}«TMC“‘“ TATAMAGACGETAGETATIGATTETAATTOT GTARAATCTRTTTCT
TARRCT BT AGTTAGTCT TTTTTT TAGT TT TAARACACCABAACT TAGT T TUGACTCEA
GRTGS BACACAT TABATYIGAGRCRACARTTGGCTCRACTEGGTARGTGCAGATTTATGGGRAG
GGEACGRGTTTGUTGATGGRTGC TTOTTATC TECAAGEARAGARAG TAGT AAT TGP TECCTSORE TEUTCAGHETOY
AABCCARGETTTAAACATGAGAGATPCAGGTCTGGATAT T TCGTATGOAT TCACCARAGAGGCARTTECAGAARR
GRGGGCOTCUTCEUETAMAGCGACEEARAATGER T TERAARGT TEETACT TACGAAGRACT GATCCU TUARGCAG
”T"Au?fATT ARCCTARCACCAGRTRAGSTTCACTCAGRCATAGTARGARCAGT TCARCEGE G
GGERGET STTRCT TC“TFCuTTTAATATC&TT$hAﬁTGGGCGAf“%vA‘C GABRRGATATAAD
GAAGICAGAGAUGAGTACAAGAGGEET TTT GG TGTACCTACAT TGAT

\AGGTG %GCA&TkCCC&ﬁFC”RTGbubACPCCCAAVMCQHSG
cr TTPG“AGLiGn:SPC&&,nsTungi“ah““ﬁ“T
ACTATGOTTTRATARAT T GETCGARGAGARTACAGATCOTBECTATEC
GATACARTT THGTTGCOAGACAAT CACCEAGGCACT I AAACAACGTGRCATRAACAT TRATOATGEA
CRARTCOGGUOARGOT SCTACGUCTTATCEGAGCARCT ARAAGAGAT T ATEGCACCATTATT
ACATGEACGATATTATCTCCEATEAGTITTC!
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Figure 3-7. Nuclectide sequence of Sacl-Nofl fragment carrying the S. cerevisiae
TEF1 promoter:S. cerevisiae IVIAN:S. cerevisiae TDH3 promoterE. coli v,

[00356] Plasmid pGV 1981 is a yeast high copy plasmid with HIS3 as 3 marker
for the expression of &, cofi VG ang Lactococeus Jactis ivD. pGV1281 was
generated by cloning a Sall-BamHl fragment (1.7 kb) carrying the Lacfococcus factis
ivD ORF (SEQ 1D NO: 23 with a Sall and BamHl sites introduces at the 5 and ¥
ends, respectively) into the Sall-BamHl of pGV1974 (8.5 kb), replacing the S.
cerevisiae v3AN ORF.
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[00357] Plasmid pGV2001 is a veast high copy plasmid with HIS3 as a marker
for the expression of E. cofi iIVC®"%. pGV2001 was generated by digesting
PGV1974 with Sall-BamH! to remove the S. cerevisiae IIV3AN ORF. The digest was
treated with Klenow to fillkin the & overhangs, the larger 8.5 kb fragment was
isolated and seif-ligated.

[00358] GEVO1803 was made by transforming GEVO1188 with the 8.7 kb
pGV1730 (contains S. cerevisiae TRP1 marker and the CUPT promoter-driven B.
subtilis alsS) 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 PDCT
locus by colony PCR using primer pairs 1440+1441 and 1442+1443 for the 5 and 3
junctions, respectively., Expression of B. subtifis alsS was confirmed by gRT-PCR
using primer pairs 1323+1324

[00359] GEVO2107 was made by transforming GEVO1803 with linearized, Hpal-
digested pGV19814. Correct integration of pGV1914 at the PDCE locus was
confirmed by analyzing candidate Ura+ colonies by colony PCR using primers 1440
plus 1441, or 1443 plus 1633, to detect the 5 and 3’ junctions of the integrated
construct, respectively. Expression of all transgenes were confirmed by gRT-PCR
using primer pairs 1321 plus 1322, 1587 plus 1588, and 1633 plus 1634 to examine
Bs_als§, LI_kivD, and Dm_ADH transcript levels, respectively.

[00360] GEVO 2107 was transformed with plasmids that contained either a
KARI alone (pGV2001 with £ coli ivC™"'™) or the same KARI with a DHAD
(pGV1874 with the 8. cerevisiae 34N or pGV1981 with the L. laclis ivD).
Fermentations were carried 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 fo mid-log phase. The fermentations were initiated by
collecting cells and resuspending in 25 mbL of SCD-H (5% glucose) medium to an
ODsao of 1. Fermentations were performed aerobically in 125 mbL unbaffled flasks
shaken at 250 rpm at 30°C. Att =0, 24, 48 and 72 hours ODgg's were checked and
2 mi samples were taken. These samples were centrifuged at 18,000 x g in a
microcenirifuge and 1.5 mb of the clarified media was fransferred to a 1.5 mL
Eppendorf tube. The clarified media was stored at 4°C until analyzed by GG and
HPLC as described in General Methods, At 24 and 48 hours 2.5 mb of glucose from
a 400 g/l. stock solution was added to the cultures. Figure 3-8 shows the production
of isobutanol in 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 L1_iivD.
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Figure 3-8. Results from fermentations of GEVO2107 ({pdci: PeupiBs-
alsS, TRP1/PDCT pdet {Pscrerill_kivd PserprsDm_ADH URA3NPDCE)
transformed with plasmids for expression of KAR! and different DHAD homologs
{shown in legend).

Example 4. Assaying DHAD activity in fractionated cell extracis

[00361] 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.

GEVO No. | Genotype / Source

Gevo2244 | S. cerevisiae, CEN.PK; MATa ura3 leu? his3 trp1 iv34

Table 4-2 outlines the plasmids disclosed in this example:

pGV No. | Figure | ' Genotype
) pUC ori, bla (AmpR), 2pm orl, URA3, TDH3 promoter-Myc
bGVI106 21 tag-polylinker-GYC 1 terminator
pGV1662 2'23: 2 pUC ori, bla (AmpR), 2um ori, URA3, TEFT promoter-(kivD)
pUC o, bla {(AmpR), 2um ori, URA3, TEFT promoter-

pGV1855 LLivD

o pUC o, bla (AmpR), 2um ori, URAS3, TEFT1 promoter-
pGVIS00 SOILV3(FL)
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Tabie 4-3 cutlines the oligonucleotide primers disclosed in this example:

GEVO # | Sequence

271 CTAGCATGGAACAAAAACTCATCTCAGAAGAAGATGGTGTCGACGAA
TTCCCGGGATCCGCGGLCGC

272 | TCGAGCGGCCGCGGATCCCGGGAATTCGTCEACACCATCTTICTICT
GAGATGAGTTTTTGTTCCATG

421 GCCAACGGATCCTCAAGCATCTAAAACACAACCG

551 GCTCATGTCGACATGAAGAAGCTCAACAAGTACTCG

1617 | CGTTGAGTCGACATGGGCTTGTTAACGAAAGTTGC

1618 | GCCAACGGATCCTCAAGCATCTAAAACACAACCEG

[00362] Plasmids pGV1108, pGV1862, and pGV1855 are described in
Example 2 above.

[00363] Plasmid pGV 1800 was generated by amplifying the full-length, native
Scl V3 nucleoctide sequence from S.cerevisiae strain CEN.PK genomic DNA in a
PCR reaction using primers 1617 and 16818, The resulting 1.76kb fragment, which
contained the complete SclLV3 coding sequence (SclLV3{FL), SEQ D NO: 25)
flanked by & Saft and 3 BamHMl restriction site sequences was digested with Safl
and BamHl and ligated into pGV1662 which had been digested with Saft and Bamil.
{603864] To measure the DHAD activities present in fractionated cell extracts,
the strain GEV02244 was transformed singly with either pGV 1108, which served as
an emptly veclor control, or with one of. pGV1888, pGV1900, or pGV2019, which are
expression plasmids for Li_ilvD and SclLV3(FL), respectively.

[00365] An independent clonal transformant of each plasmid was isolated, and
a 1L culture of each strain was grown in SCGal-Ura+8xiV at 30°C at 250rpm. The
ODgge was noted, the cells were collected by centrifugation (1600xg, 2 min) and the
culture medium was decanted. The cell pellets were resuspended in 50mlL sterile
deionized water, collected by centrifugation (1600xg, 2min), and the supematant was
- discarded. The ODgoo and total wet cell peliet weight of each culture are listed in
Table 4-4, below:

Table 4-4. ODgye and pellet mass {g) of strain GEVO2244 transformed with the
indicated plasmids.

Pellet mass

Plasmid ODsoo (@)
pGV1106 2.2 7.6
pGV1855 2.3 7.7
pGV1800 1.3 3.8
pGV2019 2.8 8.4

[00366] To obtain spheroplasts, the cell pellets were resuspnded in 0.1M Tris-

S04, pH 9.3, to a final concentration of 0.1 g/mbL, and DTT was added {o a final

concentration of 10mM. Cells were incubated with gentle (80 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 supematant discarded. Each cell pellet was resuspendesd in
spheroplasting buffer, which consisis of (final concentrations): 1.2M sorbitol
{Amresco, catalog #0691), 20mM potassium phosphate pH 7.4) and then collected
by centrifugation (1600xg, 10min). Each cell pellel was resuspended in
spheroplasting buffer to a final concentration of 0.1g cells/mlb in a 500ml. centrifuge
botlle, and 50mg of Zymolyase 20T (Seikagaku Bicbusiness, Code#120481) was
added to each cell suspension. The suspensions were incubated overnight
{approximately 16hrs) 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, >80% of the water-
diluted cells lvsed, indicating efficient spheroplasting. The spheroplasts were
centrifuged (3000xg, 10min, 20°C), and the supematant was discarded. Each cell
pellet was resuspended in 50mbL spheroplast buffer without Zymolyase, and cells
were collected by centrifugation (3000xg, 10min, 20°C).

[00387] 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 {final concentration) 0.6M D-mannitol (BD Difco Cat#217020), 20mM HEPES-
KOH, pH 7.4, For each 1ml of resulting cell suspension, 0.01mL 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 (tight)
peastle, and the resufting cell suspension was centrifuged {2500xg, 10min, 4°C) {o
collect cell debris and unbroken cells and spheroplasts. Following centrifugation,
2mb of each sample {(1mbL of the pGV1800 transformed celis) were saved in a 2mbL
centrifuge tube on ice and designated the "W” {for Whole cell extract) fraction, while
the remaining supernatant was transferred o a clean, ice-cold 35mbL Qakridge
screw-cap tube and centrifuged (12,000xg, 20min, 4°C) to pellet mitochondria and
other organeilar structures. Following centrifugation, 5mb of each resulting
supermatant was transferred o a clean tube on ice, being careful {o avoid the smali,
loose pellef, and labelled the “S” (soluble cylosol) fraction. The resulting peliets were
resuspended in MIB containing Protease Arrest solution, and were labelled the *P”
{("pellel”) 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 Reisch Ball
Mill MM301 in the presence of 0.1 mM glass beads. The bead-beating was
performed 4 times for 1 minute, 30 beatls 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 reagant (BioRad, Hercules, CA) was used according to
rmanufacturer's instructions to determine the protein concentration of each fraction;
the data are summarized in Table 4-5, below:

Table 4-5. Prolein concentrations of mitochondrial/organeltar (P) and cytosolic (8)
fractions and whole cell (W) lysates, prepared as described in the text.
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plasmid/fraction protein [pug/ull]

1106 P 20.3
1855 P 17.7
1800 P 9.2
2018 P 19.7
11068 S 12.3
1855 S 12.89
1800 S 7.9
2018 8 12.4
1106 W 14.0
1855 W 15.0
1000 W 7.9
2019w 14.7
{00368} The DHAD activity of each fraction was ascertained as follows. In a

fresh 1.5ml centrifuge tube, 50yl of each fraction was mixed with 50pl of 0.1M 2.3-
dihydroxyisovalerate (DHIV), 25ubL of 0. 1M MgSQO,, and 375ul of 0.05M Tris-HCI pH
8.0, and the mixiure was incubated for 30min at 35°C. Each reaction was carried out
in triplicate. Each tube was then heated to 85°C for Smin 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
100ul of a solution consisting of 4 parts 15mM dinitrophenyl hydrazine (DNPH) in
acetonitrile with 1 part 50mM citric acid, pH 3.0, and the mixture was heated to 70°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 4-8.

Table 4-86. Specific activities (KIV generation) and ratios of specific activities from
fractionated lysates of S.cerevisiae strain GEVQ2244 canrying plasmids fo
overexpress the indicated DHAD homolog. Each data point is the result of triplicate
samples.

Sp. Activity

Lysate {pGV# [U/mg
and DHAD PN Std. Dev. Activities (Cyto or
fraction®) protein in Mito to Whole-Cell)
fraction]
1106 WCL o n.d.
1106 cyto e n.d.
1106 mito — n.d.
1855 WCL Li_ivD 0.0006 4,.7E-05
1855 cyto L ivD 0.0011 0.0001 1.76
1855 mito L ivD 2E-05 3.5k-05 0.03
1900 WCL ScllV3{FL) 0.0096 0.0018
1900 cyto ScILV3(FL)  0.0052 0.0004 0.54

113875 v3/0C
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1900 mito

SclLV3(FL)  0.0340 0.0029 3.53

* WCL, whole cell lysate; cylo, cytosolic-enriched fraction; mito, mitochondrial
{organellar}-enriched fraction

[00369]

Cells overexpressing LI_ivD generated significantly greater proportion

of DHAD activity in the cytosolic fraction versus the mitochondrial fraction, whereas
cells overexpressing the full-length, native {mitochondrial) ScHv3{FL) resulted in a
greater proportion of the specific activity residing in the mitochondrial fraction.

Example 5: T

argeting dihvdroxy acid dehydratase to the veast cvtosol.

[00370]

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

o = R N T Yy o EDBESE e
Gevar242 ;aarawwga, CENFK, MAT-alpha urad leu? his3 tp7 ivs pdciBs

alsS8, TRFP1 o
Gavo2244 5. cerevisiae, CEN.PK; MATq ural leu? his3 trpi iv34

pGV No. Genotype
pUC ori, bla (AmpR), 2um ori, URASZ, TDH3 promoter-Myc tag-polylinker-
pGV1106 .
CY¥Clterminator 7 - 7
pGVi662 | pUC ori, bla (AmpR), 2um orl, URA3, TEFT promoter-(kivD)
- pGV1784 | pUC oni, kanR, Mm_ubiquitin coding sequence
pGV1855 | pUC ori, bla (AmpR), 2um ori, URA3, TEF1 promoter-Li_ivD
- pGV1897 | pUC ori, bla (AmpR]}, 2pm orl, URA3, TEFT promoter-Mm_ubiquitin{Gly-X)
pGV1800 | pUC ori, bla {(AmpR), 2um orl, URA3, TEFT promoter-SciL V3(FL}
pGVZI19 pUC ori, bla (AmpR), 2um ori, URA3, TEFT promoter-SciL.V3AN
GVI05 pUC o, bla {AmpR), 2um ori, URAS, TEFY promoter-Mm_ubiguitin{Gly-X)-
P Scliva(FL)

. ‘ 5 ) TFEE - T
0GV2053 pUC ori, bla (AmpR), 2um orl, URAS, TEFT promoter-Mm _ubiquitin{Glv-X)
Sciw3AN o 7

0 G\/2054 pl_}(_} ori, bla (AmpR), 2um o, URAS3, TEFT promoter-Mm_ubiguitin{Gly-X)-
LigvD - ,
0 sz 055 pUC«&orL bla (AmpR}, 2um ori, URA3, TEFT promoter-Mm_ubiguitin{Gly-X)-
0GV2056 pUC_on, bia {AmpR}, 2um orl, URA3, TEFY promoter-Mm_ubiquith{ Gly-X)-
Table 5-3 outlines the primers sequences disclosed in this example:
Gevo No. Sequence (5 to 3% -
1792 TTTTCTCGAGATGCAGATTITITGTGAAGACCLTCALTG

1138753/0C
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TITTGCGGCCGCGGATOCGTCGACACCTCGCAGGCGCAACACCAGHT
1794 .
GCAG
{00371} To develop the constructs required to express DHAD as a fusion with

an N-terminal ubiquitin, plasmid pGV1784 was synthesized by DNA2.O. This
plasmid contained the synthesized sequence for the Mus musculus ubiqutiin gene,
codon-optimized for expression in S.cerevisiae (Mm_ubiquitin, Figure 5-1).

ATGCAGATITTTCTCAAGACCCYCACTEECARLACCATCACCOTTGAGSGTCSAGUCCALTGA
CACCATTGAGAATGETCAARGUCAARATTCARAGACAAGEAGSETATCCCACCTGACCAGLAGT
GTCTGATATTTGUCGEUAAACAGCTGGAGCATGECCGCACTCTCTCAGACTACAACATCCAG
ARAGAGTCCACCCTGCACUTGETETTGCGLCTYGUGAGHTGGEA

Figure 5-1. Mus musculus ubiquitin gene coding sequence

[00372} -Using this plasmid as the template, the AMm_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 Xhot
and Notl at itls " and 3’ ends, respectively, and altered so as to lack the codon for its
andogenous C-terminal most glycine residue (denoted as Giy-X). This PCR product
was cloned into pGV 1662 (described in Example 2), vielding pGV1887.

2 micron

URA3

pGV1897 I |
6539 bp J CYC1 Terminator

bla (ampR)

pUC ori |
TEF1 Promoter mouse Ubiquitin Gly-X
Figure 5-2. Schematic map of plasmid pGV1847

[060373] Plasmid pGV1897 was then used as a recipient cloning vector for
sequences encoding S.cerevisiae ILV3 {Sclv3(FL), SEQ D NQ: 25), S.cerevisiae
VAN (Scllv3AN, SEQ 1D NO: 31), Lactococcus factis vl (L1 itvD, SEQ 1D NO:
23}, Gramella forsetfi iivD (Gf_ivD, SEQ 1D NO: 22), and Saccharopolyspora
erythraea ilvD (Se_ivD, SEQ 1D NO: 24), vielding 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. GEVQ2244 is transformed
{singly) with pGV2052-2056, pGV1I06 (emptry control vector), pGV1855
{expressing native, unfused L/ ivD), pGV1000 (expressing native, full-length
Sc HV3(FL)), or pGV2018 (expressing unfused Sc /LV3AN). Lysates of
tfransformants are prepared and DHAD activity is assayed as described in Example
2. DHAD activity in mitochondrialforganeliar (P) and cytosolic (8) fractions and
whote cell (W) lysates is assayed as described in Example 4.

[00375] In an analagous manner, a desired ALS {e.g9., Bs_alsS8) or KARI gene
whose product is known or predicted to be mitochondrial can be re-targeted to the
cytosol by means of the methods dstailed in this example. The nuclectide sequence
encoding for a full-length, or variant, ALS or KARI is amplified by PCR using primers
that introduce restriction sites convenient for cloning the final product as an in-frame
fusion of the Mim_ubiquitin gene. The resulting construct is transformed into a host
S.cerevisiae cell suitable for assaying the in vitro aclivity of the expressed
Mm_ubigquitin-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 native
dehydratases in 8. cerevisiae for the conversion of 2,3-dihydroxyisovalerate fo
Keloisovalerate is measured.

GEVO No. | Genotype / Source s
Gevo2244 5. cerevisiae, CEN.PK! MATa urad leu2 his3 trp1 iv34

Table B-2 outlines the plasmids disclosed in this example:

pGV No. Genotype

0426 TEF PreesMCS: Toven URAR, 2-ricron, bla, pUC-ori (Murmberg, D. et al. (1995)
Gene 156:118-122; obtained from ATCC}

1102 P HA-tag MC S Toyey, URAS, Z-micron, bla, plUC-ori

1108 Pronsmyctag MCS: Tever, URAS3, 2-micron, bla, pUC-ori
1662 Preesld_kivd: Toyer, URASZ, 2-micron. bla, ptiC-ori
1894 | PresEc vCS0-00Sc Tover, URAS, 2-micron, bla, pUC-ori
' 2000 P:r.sfs'.alSC%!i. VAN Prons Ec_ivCR T co8c: Taver, URA3. 2-micron, bia, pliC-
ari
2191 | Prers L VD ProwsEc_ivCT % 00Se Toves, URA3, 2-micron, bia, pUC-ori
2112 P;-:E,:»-;:SG_LEU‘I:PTDH;;:EQJ;’VCW’G"*COSC;‘TCYC?, URA3, 2-micron, bla, pUc-
o

2113 PrepSe HIS3:PrpwiEe_iivC¥ "W ecoSe: Toves, URASZ, 2-micron, bla, pUC-ori

Table 6-3 outlines the primers sequences disclosed in this example:
| GevoNo. | o Sequence (5 to 3%)

Page 108 of 179

1X3875w3/DC




Atty. Docket No. GEVO-041/G7USE

88 CTAGCATOTACCCATACGATGTTCCTGACTATGCGGGTGTCGACGAAT
TCCCGGGATCCGOBGOCEC

270 TCGAGCGGCCGCGGATCCCGGGAATTCGTCGACACCCGCATAGTCAG

GAACATCGTATGGGTACATG , ]

071 CTAGCATGGAACAAAAACTCATCTCAGAAGAAGATGGTGTCCACGAAT
TCCCGGGATCCGCEGCCGO

TCGAGCGGCCGCGEATCCCAGEAATICOTCGACACCATCTTCTTCTGA

GATGAGTTTTTGTTCCATG

1842 TTTTGGATCCCTACCAATCCTGGTGGACTTIATCG
2183 TTGGTAGTCGACATGGT I TACACTCCATCCAAGGGTC

2183 ACAGTAGTCGACATGACAGAGCAGARAGCCCT

[00377] Plasmid pGV1102 was generated by inserting a linker (primers 269
annealed to primer 270) containing a HA-tag and a new MCS (Sall-EcoRl-Smal-
BamHI-No#l) into the Spel and Xho! sites of p426TEF.

[00378] Plasmids pGV1106, pGV1682 are described in Example 2.

[00379] Plasmid pGV1884 is a yeast high copy plasmid with URA3 as a marker
for the expression of E. coli ivC®'"% and was generated by cloning a Xhol-Nofi
fragment {1.5 kb) carrying the E. coli ivC%"% ORF (SEQ 1D NO: 32) into the Sall-
Neofl of pGV1662 (6.3 kb}, replacing the LI kivd ORF.

[00380] FPlasmids pGV2000, pGV2111, pGV2112, and pGV2113 are yeast high
copy plasmids with {JRA3 as a marker for the expression of £, cofi ivC*"™ and a
DHAD.

[00381] pGV2000 is generated by cloning a Sacl-Nofl fragment (4.9 kb) from
pGV1974 (described in Example 3) carrying the S. cerevisiae TEF1 promoter.S.
cerevisiae IN3AN:S. cerevisiae TDH3 promoter:E. coli ivC®"™ into the Sacl-Notl
sites of pGV 1106 (6.6 kb). a yeast expression plasmid carnrying the URA3 marker.
{00382} pGV2111 is generated by cloning a Saft-BamHl fragment (1.7 kb)
carrying the Lactococeus factis ilvD ORF (SEQ 1D NO: 23 with a Sall and BamHi
sites introduces at the 5 and 3" ends, respectively) into the Saf-BamHt of pGV2000
(8.4 Kb}, replacing the 8. cerevisiae IVIAN ORF.

{00383} pGV2112 is generated by cloning the 8. cerevisiag LEUT gene as a
Safl-BarmHl fragment (2.3 kb), generated by PCR using primers 2163 and 1842
using genomic DNA as template, into the Sall-BamH! of pGV2000 (8.4 kb), replacing
the S. cerevisiae IW3AN ORF.

[00384] pGV2113 is generated by cloning the S. cerevisiae HIS3 gene as a
Sall-BamHMl fragment (0.7 kb)), generated by PCR using primers 2183 and 2184
using genomic DNA as template, into the Sall-BamHl of pGYV2000 (8.4 kb), replacing
the S. cerevisiae IIv3AN ORF.

[00385] DHADs are tested for in vifro activity using whole cell lysates. The
DHADs as well as LEUT and HIS3 are expressed from pGV2000, pGV2112, and
pGV2113 GEVOZ2244 to minimize endogenous DHAD background activity. A
plasmid that does not express DHAD, pGV18%84, and a plasmid that expresses
LI _ivD, pGV2111, are used as negative and positive controls, repectively.
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{003886] To grow cultures for cell lysates, triplicate independent cultures of each
desired strain are grown overight in 3 mbL YNBD+HLW+10xdV at 30°C, 250rpm.
The following day, the ovemight cultures are diluted 1:50 into 50mlL fresh
YNBD+HLW+10xIV in a 250 mi baffle-bottomed Erenmeyer flask and incubated at
30°C at 250rpm.  After approximately 10 hours, the ODgoe 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 1ml of water, and the
suspension is placed in a 1.5mL tube and the cells are collected by centrifugation
{16,000xg, 30 seconds). All supematant is removed from each tube and the tubes
are frozen at -80°C untit use.

[00387] Lysates are prepared by resuspending each cell pellet in 0.7mbL of lysis
buffer. Lysate lysis buffer consisted oft 0.1M Tris-HCI pH 8.0, 5mM MgSO,, with 10
b of of Yeast/Fungal Protease Arrest solution (G Biosclences, catalog #788-333)
per Tmb of lysis buffer. kight hundred microliters of cell suspension are added to
1mi of 0.5mm glass beads that had been placed in a chilled 1.5mbL tube. Cells are
lysed by bead beating (6 rounds, 1 minute per round, 30 beats per second) with 2
minutes chilling on ice i between rounds. The tubes are then centrifuged
(20,000xg, 15 min) to peliet 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 activily of each lysate is asgertained as follows. In a fresh
1.5mbL centrifuge tube, 50ul. of each lysale is mixed with 50pl of Q1M 2,3
dihydroxyisovalerate (DHIV), 25ul. of 0.1M MgSQ4, and 375uL of 0.05M Tris-HCI pH
8.0, and the mixture is incubated for 30min at 35°C. Each {ube is then heated to
95°C for Smin to inactivate any enzymatic activity, and the solution is centrifuged
(16,000xg for S5min) to pellet insoluble debris. To prepare samples for analysis,
100ubl of each reaction are mixed with 100pl of a solution consisting of 4 parts
18mM dinitrophenyl hydrazine (DNPH) in acetonitrile with 1 part 50mM citric acid, pH
3.0, and the mixture is heated to 70°C for 30min 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 vifro aclivity using whole cell iysates. The
DHADs are expressed in a yeast deficient for DHAD activity (GEVO2244,; iv34A) to
minimize endogenous background activity.

Example 7A: Cloning of low-abundance, endogenous cytesolic iron-sulfur cluster
assembly machinery for overexpression in S.cerevisiae.

[003580] The purpose of this example is to describe how three known
componenis of the S.cerevisige cylosolic ron-sulfur assembly machinery were
cloned to permit their overexpression in S.cerevisiae, o increase cytosolic DHAD
activity.

[00391] in the yeast S.cerevisiae, at four least genes—CIAT, CFDT, NART, and
NEBP35—encode aclivities that contribute to the proper assembly and/or transfer of
fron-sulfur [Fe-8] clusters of cytoscolic proteins. Of these four genes, three-—- CFDY,
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NAR1, and NBP35—have been shown fo be expressed at very low levels during
aerobic growth on glucose (Ghaemmaghami, S., et al., Nature (2003):425(18), 737-
741). These three genes thus represent atlraclive candidates for overexpression, 1o
increase the cellular capacity for proper cytosolic [Fe-S] cluster protein assembly.

Table 7A-1 outlines the plasmids disclosed in this example;

Fig.
PGV No. No.

Genotype

pUC ori, bla (AmpR}, 2um onl, TP promoter-fAph (HygroR), PGK1

7A-1
PGVQO?4 promoter, TEFT promoter, TDH3 promoter

PGV2127 pUC ori, bla (AmpR), 2um Qri, TP promoter-Aiph (HygroR), PGK1Y
| promoter, TEFY promoter, TDH3 promoter-GFDT
GV21 33 """ ' pUC ori, bla (AmpR), 2um on, 1211 promoter-hph (HygroR), PGK1
* promoter, TEFT promoter-NARY, TDHZ promoter-CFDY
oGV2144 pUC ori, bla (AmpR), 2um ori, TP promoter-hph {(HygroR), PGKT

promoter-NBFP35, TEFT promoter, TDH3 promoter

pUC ori, bla (AmpR), 2um ori, TPIT promoter-hph (HygroR), PGK1
promoter-NBP35, TEF T promoter-NARY, TDH3 promoter-CFD1

pGV2147 | TA-2

Gevo No. Sequence (5’ to 37}

gEVO£1 ® PPGTTONTCGAGATCOACGAACRGEASATAGCCATTCCTGE

;BEVC}E’I s STTCTTEROREUTGLTY }‘\"““TTC’“AG“\’“"‘“‘T?‘“”C”TF(“L“L"T‘“

?EVQZ}Q ” ;;é;;;:‘G”CCIaCI\T(JA seTeTACTETCCaRGTCTaRCe
SGEVDM ° PIGT TORGATCCTTACTAGET GO TCCCAACAGAGAC BAGATOC

g Evo2zs TUAGTARGRTCTATGACTHAGATAC TACCACATGTARACEAL

SEVOZ’EG CATA TCC TG AGGTACCCTAT AUA P CCOCO AN AGCATOT wc 777777

[00392] To clone the sequences for CFD1, NART, and NBPF35 into an
appropriate S.cerevisiae expression vector, the following steps were camied out
Vector pGV2074 was used as a parental plasmid for subsequent cloning steps
described below. A schematic 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 (bfa), an
S.cerevisiae 2um origin of replication and selectable marker {(the hph gene,
conferring resistance to hygromycin, operably linked to the TR/Y promoter region),
and sequences containing the S.cerevisiae promoters for the PGKT, TDH3 and
TEF1 genes, each followed by one or more unigue restriction sites to facilitate the
infroduction of coding sequences.

[00393] First, the CFDT coding sequence was ampiified from S.cerevisiae
genomic DNA by PCR, using primers 2195 and 2196, which also added 5" Xhol and
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3" Nofl sites, respactively. The resulling ~890bp PCR product was digested with
Xhol plus Netl and ligated into pGV2074 that had been digested with Xhol plus Noti,
yielding the plasmid pGV2127. All sequences amplified by PCR were confirmed by
DNA sequencing. Next, the NART coding sequence was amplified from S.cerevisiae
genomic DNA by PCR, using primers 2197 and 2198, which added 5" Sall and &'
BamHi sites, respectively. The resulting ~1485bp product was digested with Safl
plus Bamhl and cloned into pGV2127 which had also been digested with Saft plus
BamHli, thereby vielding pGV2138. Next, the NBP35 coding sequence was amplified
S.cerevisiae genomic DNA by PCR, using primers 2259 and 2260, which added %
Bgitl and 3’ Kpnl and Xhol (from 5 to 3') sites, respectively. The resulting ~995 bp
product was digested with Bgill plus Xhol and ligated into pGV2074 that had been
digested with Bgfll plus Safl, yielding pGV2144. Finally, pGV2144 was digested with
Avrit plus BamBi, and the resulting 1.78kb fragment {which contained the PGKT
promoter and the NBFP35 ORF sequence) was gel purified and ligated into the vector
pGV2138 that had been digested with Awvrll plus Bgll, yielding pGV2147. A
schematic map of plasmid pGV2147 is shown in Figure 7A-2.

CYC1 terminator

2micron hph HygroR

TPI1 promoter
pGV2074 . Not1 (2272)

7685 bp | Bglll (2279)
’\- ~ Xhol(2285)
@ ScTDH3 frcmoter

bla (ampR)

BamH
/ Sall (9947)
TEF1 Promoter

/ BglTI (3360)
PGK1 promoter ;41 (3368)

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

puUC ori
Avr 11 (4135)
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attachitvttichoottighgogototataatgragtetetigataactibitgeactgtaggieogttaaggt
Tagaagaaggetachiitggugichatuttototiticocalaagsaaagectgaciaocactone cgtttaw*gauu
amtachaagctgcgggngQHtttttcaaqaLdﬁavqga-,yguad Latatto ya ol
atactttgtgaacagasagtgatageghlygatgatic Tt tt

tgtetaetatatactacgiataggaasatgitiacatith :
Tacaathttitttigtotaaagagtaatactagagatazacataaaaaaty

a9

E w7

asggagy wgdmdgguﬁﬂﬂtQQQ1aﬂ§+*itoidqqqﬂTﬂfdﬂﬂﬁ““G?qauatat
el

+

aatgittgbggaagegygtattogeaatatittagtagetogtta Cagtﬁcggt-cgtt“*tgqtlti,iqiaagt

gegtothoagagtgetitigygititcasaagogcicigaragttootatact ttotagagastaggaacttogyaa
trquufﬁtﬁﬂﬂdgCgft CCogaaaangagogetiaongaazabtgoas gagf*;»uc Catacagoteactgt

Laogoaceiatatotgoegh }i‘q<»:51a1uaﬁtqh agaacggoatagLgogtgtitatge
lkuaa*qcc*aﬁttﬂt atgogtetat agtacchootgtyatatiatoceatt
coatgegggrtatogtal uA\Lccvmuu}waatm§chutacctqﬁ*¥ﬁatatgcigc¢a ctocteaattyggatt

agtotecanooticaatgotatecatttootttgata

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

Example 7B: Cloning of helerclogous cytosolic iron-sulfur cluster assembily
machinery for overexpression in S.ceravisiae,

[00394] The purpose of this example is to describe how one or more cytosolic
iron-sulfur assembly machinery components, from various species, can be cloned to
permit their overexpression in S.cerevisiae, thereby increasing cylosolic 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
Salmonella enterica serovar Typhimurium has been shown, in vifro, 1o bind and
gifectively transfer iron-sulfur clusters to a known cytosolic {Fe-5] cluster-containing
S.cerevisiae substrate, Leutl (Boyd, J.M., et 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 atfractive candidates
for overexpression in S.cerevisiae. Table 7B-1 lists several exemplary homologs
and their GenBank accession numbers, as identifled by previous homology searches
{(Boyd, J.M,, et al, Jownal of Biological Chemistry (2009}, 284(1::110-118). Also
included in the table are two closely related S.cerevisiae homologs, Nbp35 and Cid1.
Of note, Ind1 is reported to be localized to and functional in the mitochondria (Bych,
K., et al, EMBO J. (2008), 27(12):1736-48) whereas Hcf101 is reported to
participate in ron-sulfur cluster assembly in Arabidopsis chloroplasis (Lezhneva, L.,
el al., Plant Journal for Cell and Molecular Biology (2004); 37, 174-185).

Table 7B-1. Funclionally homologous proleins involved in iron-sulfur cluster
formation.

Gene Source, Accession Number
ApbC Salmonella enterica serovar Typhimurium LT2, NP_481008
ind1 Yarrowia lypolviica, YALIGB18580g
Hef101 1 Arabidopsis thaliana, AARS7892.1
{ Nubp1 Homo sapiens, NP_p0024752
Nbp35 S.cerevisiae, CAAGB7O7TA
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[00396] The cloning of one or more of these genes is camed out using
techniques well known to one skilled in the art. Oligonuclectide primers are
designed that are homologous to the §' and 3’ ends of each desired reading. and
which furthermore incorporate a restriction site seguence convenient for the cloning
of each reading frame into vector pGV2074. A standard PCR reaction is used fo
amplify each gene, either from the genome of gach host organism, or from an in vitro
synthesized DNA fragment, and the resulling PCR product is cloned info an
exprassion vector (pGV2074). In the case of a protein known {o be targsted to the
mitochandira, such as Yarrowia lypolytica Ind1, 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 Joumal {2008} 27:1736-
1746)

Example 7C: Overexpression of _S.cergvisiae cylosolic iron-sulfur__assembly
machinery 1o increase cviosolic DHAD aclivity

[00397] The purpose of this example is to describe how a plasmid expressing
one or more ron-sulfur assembly machinery components is co-expressed with a
DHAD, thereby increasing the cyiosolic activity of the DHAD.

Tahle 7C-1 details the genotype of strains disclosed in this example:
GEVO No. Genotype f Source

GEVO2244 | 8. cerevisiae, CEN.PK; MATqa wa3 Jeu? his3 trp1 i34

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

pGV No. Genotype

‘ i bla ' i, URA3, TE r- Gramell,

0GV1851 Q,UC,Q?T la (AmpR), 2um onl, URA3, TEFT promoter- Gramella
forsetti ilvD

GVABED pUC oni, bla (AmpR), 2um ori, URAZ, TEFT promoter-
P Chromohalobacter salexigens itvD
V1853 pUC ori, b'ia {(AmpR), 2um ori, URAS, TEFT promoter- Ralstonia
eutropha ilvD

GV1854 plUIC ori, bla (AmpR), 2um on, URA3, TEFT promoter-
B Saccharopolyspora erythraea ilvD
pGV1855 pUC o, bla (AmpR), 2um ori, URAS3, TEF1 promoter-Lf_ilvD
pGV 1804 plUC ori, bla (AmpR), 2um ori, URAS3, TEFT promoter- Scil. V3(FL}
6GV1905 pUC ori, bla (AmpR), 2um ori, URAS3, TEFT promoter- Acidobacteria

bacterivm Ellin345 iivD

' Gv1gos | PUC ori, bla (AmpR), 2um of, URA3, TEF1 promoter- Picrophilus
P torridus DSM 9790 ilvD

pUC ori, bla (AmpR), 2um orl, URAS3, TEF1 promoter- Piromyces
pGVIG07 species E2 ilvD

GVéGM pUC ori, bla (AmpR), 2um onl, URA3, TEF1 promoter- Suffolobus
p, - | lokodaii strain 7 ivD
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pGV2147

[00398] Strain GEVO2244 is simultaneously co-transformed with one of:
pGV1851, pGV1852, pGV1IBE3, pGVig54, pGVIBS5, pGVvisdd, pGV1805,
pGV1906, or pGV1807; plus, one of sither: pGV2074 (which serves as an empty-
vector control) or pGV2147 (which serves as the cytosolic Fe-S cluster machinery
overexpression plasmid), and doubly-transformed celis are selected by plating onto
SCO-Ura+9xiV containing 0.1g/L Hygromyein B.

[00399] Three independent isolates from each transformation are cultured in
SCD-Ura+9xiV containing 0.1g/l. Hygromycin 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 aclivily is due specifically to
increased cytosolic activity, cultures of GEV02244 containing pGV1855 plus either
pGV2074 or pGV2147 are grown in SCD-Ura+9xlV containing 0.1g/L. Hygromycin B
as otherwise described in Example 4. Fractionated lysates are prepared and in vitro
assays to measure DHAD activity are further carried out as described in Example 4.

Example 8: Delstion of LEUT.
[00400] The purpose of this example is {o describe the deletion of LEUT to
increase the ron-sulfur cluster availability in the yeast cytosol.

Table 8-1 details the genotype of strains disclosed in this example:

GEVO No. | Genotype / Source

GEVQ2244 S. cerevisiae, CEN.PK; MATa ura3 feu? his3 trp? iv3aa -
GEVO2570 S. cerevisize, CEN.PK; MATa wa3 leu2 his3 trpt itv3A leut::KI_URA3

Table 8-2 outlines the plasmids disclosed in this example:

pGVNo. | Genotype

pGV1299 | K. lactis URA3, bla, pUC-orl (GEVO)

' Pyl actococous factis ivD-0oSc:PropsFe_ivCY ™ ocoSe: Tover, HIS3, 2-

pGV1981 mjcron, bla, pUC-ori
PEVEO0T | Prery Prowsbc. NG5 8E Favar, IS, S-micron, bia, pUC-GH
Table 8-3 outlines the primers sequences disclosed in this example:
Gevo No. ' " Sequence {5’ to 3')
587 CCAATGCAGACCGATCTICTACCS
588 GATCACGTGATCTGITGTATIG

2167 TACATGGGGTACTTCTCCTC

ATTTTTATTA

2171 TIITGTCGCTATCGATTTITTATTATTTGCTGTTTTAAATCATTICTGGTTCT
ATCGAGGAG

2172 CATGTTATTGACGCCAGGTITGGACGTTIGTTITICACTGTATCCOGATS
TGAAGTCETTG
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23 | cGeCAGGTTTG

2175 TCTAGTTCAGAGCTTGGETGC
2226 TGCTCCATTTGGAAGTCTCG
2227 TATCTACGAAGTGACCTGCG

[00401] The LEUT gene was deleted by transforming cells with a feu?.:Ki_URA3
deletion cassette that was generated by two rounds of PCR. Inifially, the KI_URA3
gene was amplified with primers 2171 and 2172 from pGV1289 (described in
Example 1). These primers add 40bp of the LEUT promoter and terminator
sequences to the 5 and 3’ ends of the KI_URA3 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 LEUT promoter sequence at the § end and primer 2173 adds
an additional 38 bp of the LEUT terminator sequence at the 3 end. This PCR
product was transformed into GEV0O2244 (described in Example 1) to generale
GEVQ2570. The & junction of the integrations were confirmad by colony PCR using
primers 2228 and 587. The 3 junction of the integrations were confinmed by colony
PCR using primers 588 and 2175. The loss of the LEUT gene was confirmed by a
lack of PCR product using primers 2167 and 2227.

[00402] GEV(Q2570 has a deletion in ILV3. GEV0O2570 is used to measure DHAD
activity in the presence of L. lactis ivD overexpressed as described in Examples 2
and 4. A plasmid (pGV2001) with no DHAD is used as a negative control.

Example 8: Conserved motif amongst cvioscolically active DHAD enzvimes

[00403] This example illustrates that a DHAD enzymes with a specific amino acid
sequence motif are more likely {o be funclional when expressed in the veast cylosol.

[00404] Based on the data from biochemical assays (see Example 2), several
DHAD homologs were identified that exhibit at least some cyiosolic 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 their measured specific activity in both whole
cell lysates and in cytosolic fractions. .

[00405] Based on these data, four DHAD homologs {(Lacfococcus lactis (SEQ 1D
NO: 9), Grammells (SEQ ID NO: 8), Acidobacteria (SEQ ID NO: 7), and
Saccharopolyspora (SEQ 1D NO: 10) exhibif cytosolic activity. Four homologs
exhibit no cytosolic activity: Ralstonia (SEQ 1D NO: 13), Chromchalobacter (SEQ 1D
NQO: 14), Picrophilus (SEQ 1D NO: 15), and Sulfolobus (SEQ 1D NO: 18). One motif-
containing homolog was inconclusive {(Piromyces, SEQ 1D NO: 12} - it did not
complement the Gevo2242 valine auxotrophy and had detectable biochemical
activity. Since this homolog has a putative organeliar targeting sequence, the
protein is likely to be mitochondrially focated explaining its inability to complement
the Gevo2242 auxotrophy despite containing the motif.

[060406] A muitiple sequence alignment (MSA) was created using the Align Muitiple
Sequences tool of Clone Manger 9 Professional Addition Software using the "Multi-
Way” function. This function will do exhaustive pairwise giobal alignments of all
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sgguences ang progressive assembly of alignmenis using Neighbor-Joining
phylogeny. A total of 53 representative DHAD homologs (Figure 8-1) were aligned
using the following using the BLOSUMGE2 scoring matrix setling. 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 ScllV3. 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 still consistent with our motif hypothesis since the protein still
retained its mitochondrial localization signal. Therefore, a common sequence motif,
umgue to DHAD homologs that are cylosolically active, was identified:
PALIXXXGXHLIXIL (SEQ 1D 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 cylosolically active, as well as the inconclusive Piromyces
homolog.

[008408] An even more specific version of this motif was identified that is conserved
in all of the DHAD homologs that are cylosolically active except for the
Saccharopolyspora DHAD:  PIKXXGX{/L)XIL (SEQ 1D NO: 20). This motif is
conserved amongst the majority if not all eukaryotic homologs of DHAD.

[00408] Six additional DHAD homologs were identified: SEQ ID NOs 1-6 as
specified in Table 2. These DHAD homologs (SEQ 1D NOs 1-8) contain the matifs
PYHREGGLGIL, PYSEKGGLAIL, PYRPEGGIAIL, PLKPSGHLQIL, PIKKTGHLQIL,
and PIKETGHIQIL, respectively.
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Example 10: N-terminal deletion to generale cvtosolically active DHAD enzymes
[060410] To generate a cylosolic DHAD, either 18 or 23 amino acids were
removed from the N terminus of native S. cerevisiae ILV3 {o disrupt the MTS. Thess
Iv3s were assayed for in vilro DHAD activity.

[00411] To construct the N-terminal Hv3 deletions, pGV1817 was used as the
template for PCR amplification of 8. cerevisiae fLV3 with the appropriate forward
primer {2380 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 ILV3, and
the reverse primer added 45 nucleotides matching the 5§ end of the CYC7 {erminator
to the 3 end of JLV3. These regions of homology allow for homologous
recombination {o occur between the ILV3 PCR products and pGV2080 {CEN)
linearized with Xho! and Notl. GEVO2244 was transformed as described above
using 100 ng of {L.V3 PCR product and 100 ng of linearized or pGV2080.

GConstryction of strains and plasmids

100412] Plasmid pGV1817 was constructed o create a vector 1o be used in the
bipartite integration system which contained §. cerevisiae ILV3 and ILV5. It was
constructed by PCR amplification of fLV3 from S. cerevisiae genomic DNA with
primers 1617 and 1818, Primer 1617 added a Salf site to the 5 end of ILV3, and
primer 1618 added a BamH/ site to the 3 end. The resulting PCR product and
pGV1810 were digested with Sall and BamH/ and ligated to yield pGV1817.
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Figure 10-1: Plasmid pGV1817

[00413] The CEN plasmid pGV2080 is used for expressing Ec_#ivC_Q110V_coSc
under TDH3 promoter control. The E¢_ivC_Q7170V_coSc gene was PCR amplified
from pGV1981 using primer pairs 2123/2124 followed by gel extraction and
purification of the PCOR product using Zymoclean Gel DNA Recovery Kit. The
purified PCR product was then digested with Sall and Xbal and ligated into
Xhol/Xbal digested pGV1058 vector (~5.8 kb fragment, containing Prons, Tovern
HIS3, CEN, ARS, bla, pUGC-ori}. Purified plasmid DNA was confirmed by the
generation of ~5.6 kb and ~1.7 kb fragments by Xbal and Miul restriction enzyme
digest and sequenced with primers 350/352/1811 to ensure sequence identity of the
insert. ’

2_MICRO
- SH4
CENG oy HIS3
AP(R)
_F1_ORI
puC-ori—\ 7292 bp i J. "CYC1_Terminator
TDH3_Promoter  ilvC_co(Sc) Q110V
Figure 10-2: Plasmid pGVY2080
[00414] Plasmid pGV2325 was constructed by amplification of S. cerevisiae

ILV3AN1O from pGV1817 with primers 2380 and 2468. Primer 2390 added 40
nucleotides encading part of the 3" end of the TDH3 promoter o the 5 end of ILV3,
and primer 2488 added 45 nucleotides encoding part of the 5 end of the CYC7
terminator to the 3’ end of /L V3. These regions of homology allowed for homologous
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recombination 1o occur between the /LV3 PCR product and pGV2080 {CEN)
finearized with Xho! and Nofi. GEV02624 was transformed as described above
using 100 ng of ILV3 PCR product and 100 ng of linearized pGV2080. Plasmid was
recovered from GEV0O2624 as described above, transformed into £ coli, and then
purified. The plasmid was verified by restriction digest with Salf and Noff (1711bp
and 5788bp). The construct was then sequence verified with primers 592, 1820,
1621, 1622, and 1823,

Sc_Delta-N19 ILV3

TDH3_Promoter

Figure 10-3: Plasmid pGVv2325

[00415] Plasmid pGV2326 was constructed by amplification of 8. cerevisiae
HVIANZS from pGV1I817 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 1LV3,
and primer 2468 added 45 nucleotides encoding parnt of the 8 end of the CYC7
terminator to the 3" end of ILV3. These regions of homology allowed for homologous
recombination to occur between the /LV3 PCR product and pGV2080 (CEN)
linearized with Xhof and Not/. GEV0O2624 was transformed as described above
using 100 ng of fLV3 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 Salf and Notf {(1698bp
and 5789bp). The construct was then sequence verified with primers 592, 1620,
1621, 1622, and 1823,
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TDH3_Promoter  Sc_Delta-N23 ILV3

Figure 10-4; Plasmid pGV2326

Table 10-1 details the genotype of strains disclosed heresin:

GEVQ No. ééhotype ISource e
GEVO2244 CEN.PKZ, MAT-alpha ura3leuZ his3tpt,ivd
, CEN.PK2, MAT-alpha ura3 leu2 his3 trp1, iv5-D255E,
GEVOZ624 PdcT:(PsccuprBS_alsS:PsernsEc_ivC co Q110V)

Table 10-2 detalls the plasmids disclosed herein:
GEVO No. | Figure Genotype o 7
pGV1817 14G-1

0GV2080 | 10.p | PseronEC VG _QTT0V_co: Ts; cver, HIS3, CEN, ARS, bia,

77777777777777777777 pUC-ori
PSC_“T'DHBV-. S‘C__ANTQ !LVS.‘TS&CV(H(, HIS3, CEN, ARS, bla, pUC"
pGV2325 10-3 oi |
‘QGVEBEES 10-4 pSc.,,TDF:'S-' SC_*B.NES i VS.‘TSG"_{;YC?, HIS3, CEN, ARS, bla, pUC'-
‘ ori

Table 10-3 details the primer sequences disclosed herein:

# Sequence T

2390 ttﬁttﬁagttﬁaaaasaccagaacﬁagﬁtcgacgggtcgacatggcaaagéééétcaacaagtactcgt

2394 | tittititagtittaaaacaccagaacttagtitcgacgggtegacatygaacaagtactegtatatcateacty

04R8 tagggggagggegtgaatglaagegtgacataactaattacatgageggecgcetcaageatctaaaaca
’ casaccg

[00416] The DHAD enzymes S. cerevisiae ILV3AN19 and ILV3AN23 (encoded by
SEQ 1D NO: 41 and 42, respectively) were expressed in strain GEVQ2244 from
plasmids pGV2325 and pGV2326, respectively. The strains were cultured in SCD-
His+9xIV 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 mbL PCR tube,
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20 ul of sach sample was mixed with 20 uyl. of 0.1 M 2,3-dihydroxyisovalerate
{DHIVY, 10 ul of 0.1 M MgSQy, and 150 ul. of 0.05 M Tris-HC! pH 8.0, and the
mixture was incubated for 30 min at 35°C. Each reaclion was carried out in
triplicate. Each tube was then heated {o 95°C for 5 min to inactivate any enzymatic
activity, and the solution was centrifuged {3000xg for 5min) to pellet insoluble debris.
To prepare samples for analysis, 100 yb of each reaction were mixed with 100 pl. of
a solution consisting of 4 parts 15 mM dinitrophenyl hydrazine (DNPH) in acetonitrile
with 1 part 50 mM citric 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 pmot of DHIV to KIV in 1
minute.

Enzyme Activity [U/img]

Hv3AN19 YT 0036

IIV3ANZ3 oo0e T
Empty vector control 6.800

Example 11: Overexpression of Fe-8S assembly machinery

[004171 To ascertain the effects of overexpressing a cytosolic 2Fe-28 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-28 or 4Fe-43 cluster-containing DHAD is
cloned into the high-copy (2micron origin} S.cerevisiae expression vector pGV2074,
such thal expression of the coding sequence is directed by the PGK1 promoter
sequence, yielding plasmid pGV2074-1. Next, the Nifd and NifS genes from
Entamoeba hisfolytica or the homologous NIF genes from Lacfococcus lactis are
successivaly introduced into the aforementioned vecior, eventually vielding 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. cerevisiaes strain GEVO2244 (relevant genotope, iv3A) and
transformants selected by resistance to Hygromycin B (0.1 g/L). Atleast 3 individual
colonies arising from each transformation are cultured, a cell lysate produced, and

the DHAD activity present therein measured, all according o previously-described
methods.

Example 12: Method for Identification of Organic Acid Transporters to Facilitate the
Production of Isobutano! Using Mitochondrially Localized DHAD

[00418] In this example, strain GEVO2624 is used. This sirain has genetic
machinery required for the first two steps of the isobutanol producing pathway. This
was done by integrating the PeupsBs_alsS2 and Prows_Ec iVC_Q7110V genes. In
addition, the native ILV5 gene has a mutation {ilwv5”7°F) that eliminates V5 activity.
Candidate organic acid transporters {e.g. BAFP3) are cloned onto a low copy {CEN)
plasmid and mutagenized by PCR muiagenesis. The resulling strain library is
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screened for celis 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 organic acid transporter.

Example 13: Overexpression_of AFTY Increases DHAD Activity_and Isobutanol
Productivity, Titer, and Yield in Fermentation Vesseals

{00419] The purpose of this example is to demonstrate that overexpression of
AFT1 increases DHAD activity and isobutano! titer, productivity, and vield.

Fermentation

[00420] Media: Medium used was standard veast medium {for example
Sambrook, J.. Russel, D.W. Molecular Cloning, A Laboratory Manual. 3rd ed. 2001,
Cold 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 termentation was YP + 80g/L glucose + 0.2g/l. G418 + (.1 g/l. hygromycin +
100uM CuSQ04.8H0 + 1% viv ethancl. The medium was filter stedlized using a 1L
bottle top Coming PES 0.22um filter (431174). Medium was pH adjusted o 6.0 in
the fermenter vessels using 6N KOH.

[00421] 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
steriiization, however, dissolved oxygen probes were calibrated post sterilization in
order o allow for polarization.

[00422] Process control parameters: Initial volume, 900mis. Temperature 30°C,
pH 6.0, note that pH was controlled using 8N KOH and 2N H.80.4(Table 13-1).

Table 13-1. Process control parameters:

Growth phase Oxygen transfer rate M0wmMbw
,,,,,,,,,,,,,,,,, Alr overlay 5.0slph o
Agitation 700rpm
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, Dissolved oxygen Not controlled
Fermentation phase | Oxygen transfer rate 0.5 miM/h to 1.8mM/h*
Alr overlay 5.0slph
,,,,,,,,,,,,,,,,,,,,,,,,, Agitation 300rpm/400rpm™
,,,,,,,,,,,,,,,,,,,,,,,, Dissolved oxygen Not controlled

*Oxygen transfer rate increased from 0.5 mM/h fo 1.8 mM/h by increase agitation from 300
rpm to 400 rpm 56 h post inoculation.
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{00423] Fermentation: The fermentation was run for 118 h. Vessels were sampled
3 times daily. Slerile 5 ml syringes were used to collect 3 ml of fermenter broth via
a sterile sample port. The sample was placed in a 2 mb microfuge tube and a portion
was used to measure cell density (ODgpe) on a Genesys 10 spectrophotometer
{(Thermo Scientific). The remaining sample was filtered through a 0.22 y Coming
fiter. The supermatant from each vessel was refrigerated in a 86-well, desp well
plate, and stored at 4°C prior {0 gas and liquid chromatography analysis.

{00424] Gas Chromatography: See general methods

[00425] Liquid Chromatography, method 1 analysis: See general methods

[00426] Liquid Chromatography, High Throughput msthod 2: See general
methods.

[00427] Off-gas measurements: On-line continuous measurement of the fermenter
vassel 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 fo 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 to ensure representative samples. Eqguation 1 is a derived
value expression input into the mass specirometer software to determine OTR using
percent oxygen and percent nitrogen from the referance air (% Qun and % Napn) and
fermentor off-gas (9% Ouw and % Naw). Nitrogen is not involved in cellular
raspiration, and therefore, can be used to compensate for outlet oxygen dilution
caused by the formation of Cps. The inlet flow is calculated from Equation 2 based
on the ideal gas law and is standardized to 1.0 sbph flow rate and 1.0 L fermentor
warking volume to vield a derived value OTR In mmolil/h from the mass
spectrometer. This derived value OTR is then multiplied by actual inlet flow rate
(sl.ph) and divided by actual working volume (L} in fermentation spreadsheets o
obtain an OTR for specific operating conditions.

Equation 1.
: ¢ 8% N2,
brad ¥ e i ~ - SV 3 JUCTSN = g
QTR = [%3 92, {?-tez Q2 e ® PP }} * Flow,,
) Rl ~ -5 gt
Equation 2.
_ 14 0873 atm L1300 srunol
Flow,, = — % |- T S -
3 o o STHL . . FHFE
- QOGENE ¥ 2G4 =3 L
ol K + K

[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

Sirain Construction

[00432] Standard molecular biology methods for cloning and plasmid construction
were generally used, unless otherwise noted (Sambrook, J., Russel, D.W. Molecuiar
Cioning, A Laborafory 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
Zymoclean Gel DNA Recovery Kit, Cat# D4002, Zymo Research Corp, Orange, CA).
[00434] Strains, Plasmids as well as gene and protein sequences are described in
Tables 13-2, 13-3, and 13-4.

Table 13-2: Genotypepf strains disclosed herein

GEVO Number Genotype

S.cerevisiae CEN.PK2, MATa ura3 leu? his3 trpt
pUcTAPoypsBs_alsST_coSe: Toyer: Proxe: LL_KIVEZ: Penos: Sp_HISS]
pACBAfLEU2-bla-Prgrs: HVIAN: Py Fo_ivC_coSc®M™]
pAeGAL{URASZ: bla; Preer: LI_KIVDZ: Prpwy Dm_ADH

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

GEVO2843

Table 13-3: Plasmids disclosed herein

Plasmid Name | Relevant Genes/Usage

Genotype
PrwsFe ivC _coSe™%
Plasmid pGV2227 is a 2micron plasmid | Preesld_iivD_coSe
pGV2227 expressing KARI, DHAD, KIVD, and Pegir-Ud_kivD2 coEc
ADH Penoz L4 _adhA

2 of, bla, G418R

PTBHS: ef’f}piy ,,,,,,,,,,,

i . - . PYEF#-' emmy
pGV2196 Empty CEN plasmid e

CEN ori, bia, HygroR

A TR & G_‘)qf: 11

\ . Pree amply
GV2472 CEN plasmid expressing AFT1
B B ‘ P 0y Pp@;{;femﬁ}iy

CEN ori, bla, HygroR

Table 13-4. Amino acid and nucleotide sequences of enzymes and genes disclosed
herein

) ‘ ) Corresponding Protein

Enz. |Source Genf ?S,E,Q ID NO) (SEQ ID NO}
ALS 8 subfilis Bs_alsS1_coSc (SEG D NO: 44) Bs_AlsS1(SEQ ID NO: 458)

E coli E¢_ilvC_coSc™ 7 (SEQ 1D NO: 32} [Ec_ivCT (SEQ ID NO: 46)
KARD b A - N FRDTRT Sl gt WATTAY Y N

E. cofi E¢_ivC_coSc (SEQIDNQ:47) (Ec_IvGC™ {(SEG D NO: 48)
KIVD L Jactis L_kivd2_coEc (SEQ ID NO: 33} L Kivd2 {SEQ 1D NO: 48) 7
OHAD L. factis LI #vD_coSc (SEQ ID NG: 23) U IVD(SEQID NGS5,

&, cerevisfae Sc_fLVIANZG (SEQ ID NO: 31} Sc_Hv3ANZ20 (SEQ 1D NO: 17)
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D melanogaster | Dm_ADH {SEQ 10 NG 513 Dm_Adh (SEQ 1D NO: 52}
ADH e L1 adhA (SEQ ID NO: 63) Li_AdhA (SEQ 1D NO: 54}
AFT s. cemwsfae T ISc_AFT1(SEQ ID NO: 58 Sc_Aft1 (SEQ ID NO: 56)

3. cerevisiag Sc_AFT2 (SEQ D NO: 57) Sc_Af2 (SEQ ID NO: 58)

[00435] GEV0O2843 was co-transformed with two plasmids (Table 13-5).
GEVO3342 expresses pGV2227 and pGV21968; GEVO3343 expresses pGV2227
and pGV2472.

Table 13-5. Indicates the plasmids transformed together into strain GEVO 2843

GEVO | Plasmid 3 Plasned 2~~~
2342 pGV2227 (DHAD) pGV21986 (no AFT1)

3343 pGV2227 (DHADY pGV2472 (AFT1)

Rasuits

[00436] DHAD assay resulls: The in vifro DHAD enzymatic activity of lysates from
the microaerobic fermentation of GEVO342 and GEVO3343 were carried out as
described above. Qverexpression of AFTT from a CEN plasmid resulied in a
threefold increase in specific DHAD activity (U/mg total cell lysate protein). Data is
presented as specific DHAD activity {(/mg protein} averages from technical
triplicates with standard deviations. DHAD activity for GEVQO 3342 {control) was
0.066 Ufmg protein + 0.005 and DHAD activity for GEVO3343 {(AFT1 over
expressad) was 0.215 U/imyg protein £0.008 at the end of the fermentation (119 h).

{00437} Isobutanol Results: Isobutanol titers, rate and vield 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 AFT1 gene. The over-
expression of AFTT from a CEN plasmid (GEVO3343) resulted in a 34% increase in
isocbutanol titer, an increase in iscbhutanol yvield, and an increase in isobhutanol rate.

Table 13-6. Isobutanol titer, rate and vield for fermenrtation experiments

GEV0O3342 | GEVO3342 GEVO3343 | GEVO3343
, , control plasmid ARt gene on a CEN plasmid
Titer {g/L) 366 3.96 I 0 5.80
Rate {g/l./h) 0.03 0.03 0.05 0.05
Yield{%theor) |19 20 34 34

[00438] Change in metabolic by-products: The sirain transformed with the AFTY
gene expressed on the CEN plasmid (GEVO3343) produced less pyruvate, acetate,
DHIV (dihydroxyisovalerate)/DHZMB (2,3-dihydroxy-2-methylbutanoic acid), and 2,3-
butanedicl than the strain with the control plasmid (GEV0O3342) during the
fermentation. There was a six fold decrease in pyruvate, one fold decrease in
acetate, one and a half fold decrease in DHIV/IDH2MB, and six fold decrease in 2,3-
butanediol.
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Example 14: Overexpression of AFT7 from 2 Micron Plasmid does not Increase
DHAD Activity

[00439] The purpose of this example is to demonstrate that when expressed from
a 2 micron {high copy number plasmid), overexpression of AFTY does not increase
DHAD activity. This indicates some titration of the expression level of AFTT is
necessary to positively impact DHAD activity., Further, it indicates that an optimal
level of AFTT expression was required 1o observe a positive effect on DHAD activity
and that the optimal level was not obvious.

Strain Construction

[00440] Standard molecular biclogy methods for cloning and plasmid construction
were generally used, unless otherwise noted (Sambrook, J., Russel, D.W. Molecular
Cloning, A Laboratory Manual. 3 ed. 2001, Cold Spring Harbor, New York: Gold
Spring Harbor Laboratory Press).

[00441] Cloning techniques included gel purification of DNA fragments {using the
Zymoclean Gel DNA Recovery Kit, Cat# D4002, Zymo Research Corp, Orange, CA).

GEVO Number Genotype

S cerevisiae CEN.PK2 7
GEVO 1187 MAT A of CEN.PK, ura3 leu2 his3 trp1 ADE2

Table 14-2: Plasmids disclosed hersin

Plasmid Name Relevant Genes/Usage T Genotype
Frops empty
; , Zmicron plasmid with Hph marker Preecld _ivD_coSe
pGV2228 (HygroR) with Praes-LL_ivD. Brgrs: ermpty

24 ori, bla, Hyg;fg& 7

Prousr Sc A
ATicron plasmid with Hph marker F’iﬂf 'SL?"}JVZTZOSG
pGV2236 (HygroR) with Pres-LL_ilvD and Proys- e LIV
Sc_AFTY Pogics: empty
- CEN ori, bla, HygroR

[00442] Yeast Transformations: Transformations with pGV2228 and pGV2236 are
described below. Briefly, the S. cerevisiae GEVQO 1187 strain was inoculated into
3mis of YPD and shaken at 250 rpms at 30C overnight. This culture was used fo
noculate a 50mi culture of YPD in a baffled 250mi flask to an ODge of 0.1 and
allowing the cells to grow to a final ODgyp of 0.6 — 0.8, Cells were then collected by
centrifugation at 2700 rcf for 2 mins. To wash, cells were re-suspended with 50mis of
sterile miliQQ water, and again centrifuged at 2700 rcf for 2 mins. The wash was
repeated by re-suspending celis with 25 mb sterile milliQ water, cells were collectd
by centrifugation at 2700 rcf for 2 mins. Finally the cells were resuspend cells with 1
mbL 100 mM LIOAc and transfer to sterile 1.5 mi Eppendorf tube. Cells were then
collected by centrifugation in microfuge (set fo max speed) for 10 sec. The
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supematant was removed and the cells were re-suspended with 4 times the pellet
volume of 100 mM LiOAc. QOnce the cells were prepared, a mixiure of DNA {final
volume of 15 gl with sterile water), 72 ul 50% PEG, 10 pl 1M lithium acetate, and 3 ul
of denatured salmon sperm DNA (10 mg/mL) was prepared for each transformation.
in a 1.5 mbL tube, 15 yl of the cell suspension was added to the DNA mixture (100
pi), 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 celis were collected by centrifugation {18,000 x g, 10 seconds, 25°C).
The celis were resuspended in 1ml YPD and after an overnight recovery shaking at
30°C and 250 rpms, the cells were spread over YPD + +1.0g/Ll hygromycin selective
plates. Transformants were then single colony purified onto hygromycin seleclive
plates.

[00443]1 Preparation of yeast lysate: See general methods

[00444] DHAD assay: Three samples of each lysate 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 mbL microcentrifuge tube. 450 pl of the substrate was added o sach
tube (substrate mbc 50 mM Tris pHE, 5§ mM) finally 50 gl 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 85°C. Sampies were cooled on ice and then centrifuged at 14,000xg
for 5 minutes, Finally, 250 ulL of supernatant was fransferred to a 896-well plate and
submitted to analytics for analysis by Liquid Chromatography, High Throughput
method 2.

[00445] Protein concentrations: See general methods

[00446] Liguid Chromatography, High Throughput method 2. See general
methods.

Resuits

[00447] Resuits for DHAD activity: Data is presented as specific DHAD activity
{Ufmg protein) averages from technical {riplicates with standard deviations. DHAD
aclivity in GEVO1187 transformed with pGV2228 (no AFTT) was 0.029 U/mg protein
+ 0.015, DHAD activily for pGV2236 {(contains AFTT) was 0.027U/mg protein %
0.009. In this case AFTT did not increase the amount of DHAD activity in the strain.
Jdndicating that the expression of AFTT needs to be in a spedific range fo increase
the activity of DHAD.

Example 15; Overexpression of AFTZ2 Increases DHAD Activity

[00448] The purpose of this example is to demonstrate that overexpression of
AFT2 increases DHAD activity.

Strain Construction

[00449] Standard molecular biclogy methods for cloning and plasmid construction
were generally used, unless otherwise noted (Sambrook, J., Russel, D.W. Molecular
Cioning, A Laboratory Manual. 3 ed. 2001, Cold Spring Harbor, New York: Cold
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Spring Harbor Laboratory Press).

[00450] Cloning techniques included gel purification of DNA fragments {using the
Zymoclean Gel DNA Recovery Kit, Cat# D4002, Zymo Research Corp, Orange, CA).
[00451] Strains, plasmids as well as gene and protein sequences are described in
Tables 15-1, 15-2, and 13-4.

GEVO Number Genotype

S.cerevisige CEN.PK2, MATa ura3 leu2 his3 trpt

PACTIA PoypnfBs_alsST_coSe:Tever Poaxs! LI _KivD2Z: Peppo: SP_HISSJ
pACSALEUZ-bla-Prers: ILV3AN: Pipyy: Ec_ivC_co8c®7%]
pdeOAJURAZ: bla; Prere: LI_KIVD2: Pz Dm_ADH )

{evolved for C2 supplement-independence, glucose olerance and faster
growth}

GEVD02843

Table 15-2: Plasmids disclosed herein

Plasmid Name Relevant Genes/Usage Genotype
- Prows:Bo ivGC _coSc 0™
Plasmid pGVv2247 is a 2micron Poepdd ivD_coSc
pGV2247 plasmid expressing KARI, DHAD, Ppaxs-Ld_kivD?2 coFe
KIVD, and ADH Pewoz_ LI_adhA

Frons empty

7 : Prepe ermpty
06 ‘
pGV219 | Empty CEN plasmid Proks: empty

Pronzemply
PTEF?: empi’y

GV2627 i i
p CEN plasmid expressing AFT2 Pogxs:Sc_AFT2

[00452] Yeast Transformations: See general methods
[00453] Preparation of yeast lysate: See general methods
[00454] DHAD assay (scaled-down): See general methods
[00455] Protein concentrations: See general methods

[00456] Liquid Chromatography, High Throughput method 2: See general
methods,

Resulls

[00457F 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 + pGV2136 (no
AFT2) was 0.358 Wmg protein £ 0.009, DHAD activity for pGV2247 + pGV2827
{comtains AFTZ2) was 0.677 U/mg protein £ 0.072. In this case the overexpression of
AFT2 increased the amount of DHAD activity in the strain.
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Example 16: Over-expression of AFT7 from a CEN plasmid increased DHAD activity
for BHAD enzvmes from multiple organisms

[00458] The purpose of this example is to demonstrate thal overexpression of
AFT1 increases DHAD activity for DHAD enzymes from muitiple organisms.

Strain Construction

[00459] Standard molecular biclogy methods for cloning and plasmid construction
ware 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).

{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 16-1 and 16-2. Gene and
protein sequences disclosed hersin are listed in Table 13-4 and Table 16-3.

Table 16-1: Genotype of strains disclosed herein

GEVO Number Genotype ~ Plasmid

Saccharomyces cerevisiae MATa ural leu? his3 tipl
ged T umaa A2 Tr uman pde T Peocs-
L1 kavD2 eoBeE-Frpar-l EUZ-Tisue-Paor~
8z _alsdT_colc-Tover-Prax-ld_kivD2_coFo-Fsuoz

- Sp_HISE pdebi T unay_snon-Prsar-KE_LRAS-Tu_uras None
GEVO3628 pAe:Prge-bd VD _c0S6_ FronsEe G caSc™ A
Ferop-td_athA-Feaa-S¢_TRPT {avolved for C2
supplement-indapendence, giucose {olerance and
faster growth}

Raccharamyces cerevisiae MATa trad lau? His trpi
L gpRd T DT e uras @RA2: T urss PACT Pepes-
Lf»wkaDE»CQSCs“pFB;If‘LEf.j2~ TLE ;J?*P DT

ESHISS' ?___C@SC“TCY{:“? ~Flogics -LL&I‘VDQWG{JEO_Psgyo;r
GEVQ3873 Sp__HfSﬁ pdcﬁ.'.'T,Kfuuﬁ.a,g‘sm»rPe:ygm-K]_URA(?—T;-;L URAZ pGVEng
POCE:Preedd_ivD_£0Se_Prons-Ec_ivC_coSc 1.
Peroa-fd_adhl-Pepa-Sc_TRPT {avolved for O2
supplernentindependence, glucose ierance and
faster growth}

g1 2T uras GA2: Ty umas pOCT Prpge-

LL ki"\v’Ds?MCOSC BePegas-L EUZ-Tigue-Fapso-

8s alsS1_coSc-Tovor-Pege~L kD2 coFo-Pruos
GEVO3874 Sp_HISE pdebi T uras_ssorPeoar-KI_URA3-Tig yoaz pEV2B03
pUCEPed i) oSt Prows-Bo_ive_coSe T,
Penoe-Ll_adhA~-Pras-So_ TRPT {evolvad for C2
supplement-independance, glucose tulerance and
faster growth}

Saccharormyces cerevisias MATa ural leud his3 trpid
apd T vass GRUE T uraz pde 1 Peons-

Ll kD2 coSch-Prgar L EU2-Tisus-Prors-
GEVO3875 Bs_ale57_coSe-ToverPrgir-L{_kivD2 _coFEe-Penos- pGV2607
Sp HHSE pdes:: T uras_smore-Praar-Ki_URAZ-Ti_unes
pdetaPreld VD _coSt Prons-Eo_ilvG_soSd F A1
Pepoe-Ll_athd-Prgq-8c TRPT {evolved for C2
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fastergrowthy

GEV0O3876

Baccharonyces cerevisiae MATa urald JeuZ his3 frpt
god 12 Tay uraa god2:Tia_uraz pdat FPenci-

Li kD2 coSc8-Praar-L EUZ-Ti sro-Paoig-

Bz _alsST_coSe-Tover-Prars-LI_kivD2_colo-Fenos-
Sp HISS pded: Te uraz_grore-Prsas-KIL_URAF T uras
pAe: el D _coSc_ProwrEc ivC_coSeTH0M.
Penoe-Lf_adhA-Pegar-Sc_TRPT {evoived for C2
supplemeni-independence, glhucose tolarance and
fastergrowthy 7

pGV2608

GEVQ3877

Saccharomyces cerevisiae MATa ural leu2 his3 frpt
AT T uras GRAET T uraz pdeT i Peoce-

L kD2 008e8-Prgar-L EUZ-Tegva-Papu
Bsg_alsST1_coSc-Tover-Pegu-Li_RivD2 _poEc-Peuns-
Sp HISSE pdeB: Ty raa_shar-Praa-iKE URAZ-Tw uras
peb Presld_ivD_coSe_Prws-Ec ive_coSehiomar
Pewoz-td_adhA-Praa-8c_TRP1T {evolved for C2
supplement-independence, glucose tolermnce and

pGV2608

GEVO3878

Saccharomyces cerevisiae MATa urad leu? his3 trpt
gpd T unss gE2:. Ti_urag ot Papoe

LI kivDZ2_ coBc8-Praa-L EUZT g Papie
Ba_als81_o08c-TovorProxs L kivD?2 coBe-Pevoe
Sp_MHISE pdes:: Tui_uinas_shore& raar-Pl_LURAS-Tw graz
pUcBPre-Ll_ivD_coSc_Prap-Ee_ivG_coSd 0.
Penoz-Lf_adhA-Prga-Sg_TRPY {evolved for 02
supplement-independence, glucose tolerance and
faster growth}

pGV2608

GEVO3879

Saccharomytes ceravisiag MATs urad leu? hisd trpd
Gpdi T vans GROIZD T vres POCT I Prgcs-

L_kivDd coSCB-Praar-L EUZ-Ticuz-Panrn-
Bs_alsS1_coSo-Tovor-Prgi-Li_kivD2 _coFo-Peygz-
Sp_HISS pdofi: Tig vras store-Praac-Kl_URAZ-Ti_unas
PUCE:Pres-Ld_ivD_coSt_ProsyEe_ivG_coSc M1,
FENDQ"L}_AadhA*P.‘;’ELA?“SG__TRP1 {evoiv@d forCZ
supplement-indepandence, glucose tolerance and
faster growth}

pGV2603 + pGV2472

GEVQ3880

Saccharomyces cerovisiae MATa urad leu? his3 frol
Gpd T T umas gpd2: T uras pde T iPeoos-

L1 _kivD2 coScs-Pegar-L EU2-Tsue P ansi-
Bs_als5T_ooSe-Tover-Praxs-U_AvD2 oofc-Pevoz-
Spr HISS pdebdi T urad_seorr-Pepar-KE_URAT- T uras
et Pree-L_ivD_coSC_Prow-E6_ivC_coSe T4,
Fevos-Li_adhA-Prg-Se_TREPT fevolved for C2
supplement-independance, glucoss tolerance and
faster growth}

pGVRE03 + pGV2472

GEV(3881

GRaT T yras G2 Tie_wmas pdet: :Pepar-

L'{_, kaDQ_COSCS‘P&‘SA?“L Etz- TLELP?"PAQ,L?‘;’

Bs_alsST _coSc-Tover-Prau-ld_kivD2 _coBC-Pryos-
Sp HISS pdef Tt vmad_stareFresa-KI_ ,URA3~T§<‘;_Q;§A3
B Prec-Ll_ibl)_coSc_Prows-Eo_ il _coSc™0M,
Feroe-ld_adhA-Prga-Sc_TRPT [evolvad for C2
supplement-independence, glucose tolerance and

PGVEBO3 + pGvVa24T72

GEV(O3928

Saccharomyces cerevisiae MATa wad leu? his3 rpt
apdi T vaas god2: T _umas pde 1 Popoi-
LI kivD2 coSch-Prga-LEU2-Ticyp-Paou-

pGVEBOT + pGV2472
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pdeb:Pasli_ivD_coSc_Prous-Eo_ivC_coSeT 0"
Penoo-bd_adhA-Prra-So_TRPT {avolved for C2
supplement-independence, glucoss tolerance and
fagtergrowthy 7

Saccharomyces coravisias MATa ural feu?l his3 rpt
gpd 1 T uras G2 Ty upas Pt Peoot=

L KivD2 coSeh-FPran-L EUZ2-Tpue-Paorie-
8s_aleS1_voSo-Tover-Proxi-Lf_kvD2_GOEG-Penoy-
GEVO3929 Sp_HISE pdeb: T unny ssorProar-KI_URAZ-Ti unas
PO Pre-LE_VD_coSe_Prous-Eo_ivG_coSe 7.
Penos-Ld_athA-Pegar-St__TRFT {svolved for C2
supplement-independence, glucose tolerance and
faster growth}

pPGV2607 + pGV2472

QRO Ty uias GPOE Tag uras PUCT Pepg-
LiﬂkivDZﬂmS CS—PFE‘A? L E2 Tg,ggug-p“: Tat o
Bs_aleB1_coSc-Tover-Pegueld _KVD2 _coEc-Feuny-
GEV03930 Sp HISE pde8: Tie yras_svetr-Brmac-KE_URAS-Trs jras
pUcB:Prus-ll_ild_coSc_Prows-Eo_ivC_coSd M.
Penoe-ld_adhA-Praas-So_TRPT {evolved for C2
supplemant-independence, glucoese lolsrance and

PGV2B08 + pG\2472

Saccharomyces cerovisiae MATa ural leu? biad trpY
GRaTs T vnss QRUE2: Ty umaa PAC T Peogs
Li_kivD2_coSeb-FPrgar-L EUZ-T; eiin-Pagri-

8y _alsS1_coSe-Tovor-Praxeli_kvD2_cole-Pewz
G EVD3931 SP*HI S5 pdCfi,' N Tg{}_ LRAY _&r&mﬂp_::gcx R _URAS- Tf(,f_{m_:z,s
pAcBLPreL] Ve _coSc_ProwrEc_ive_cosSe .
Penog-Li_adhA-Prgae-Se_TRFPT {evolved for C2
supplement-independence, glicose tlerance and
faster growth}

pGV2608 + pGV2472

Saccharomyces ceravisias MATa ural feul his3 irpt
gpd T T umas gpP20 Ty unas pded Pepes-

L kivD2 _coSeB-Prgar-l EUZ-Tigun-Pagri-
Bs_sleB1_soSc-Tover-Prgss-Li_kivD2 _cofc-Peuos
GEV03832 Sp_HISS pdoh:: TKLLWASHSN:-.*!‘PF«EAVKL URAZ ~Tur vireaz
pdeBuPre-td_ivD_coSt_ProneEe_ivG_coSc A1
Peaor-bl_adhA-Peaar-8¢ TRPT [evolved Tor G2
supplemant-independence, glicoss tolerance and
faster growth}

pGVZB08 + pGV2472

Table 16-2; Plasmids disclosed herein

Plasmid Name Relevant Genes/Usage

- Plasmid pGV2603 is a 2 micron
. pGV2603 plasmid expressing KARI, UL v
DHAD, KIVD, and ADH

Genotype
PromeEc_ilvC_coSe vl
Porepld VD coSc
Pewos Li_adhA™7
2u orf, bla, G418R

FETAT

Flasmid pGV2607 is a 2 micron
pGV2607 plasmid exprassing KARI, Neo_livD2
DHAD, KIVD, and ADH

PronaEo ivC_coB8c

L PreeNe_ilvD2 _coSc

Prwos Li_adhATE

Flasmid pGV2608 is a 2 micron
pGV2608 plasmid expressing KARI, Sm_IvD

2u ori, blfa, G418R

= iz};—fg,'EG_ffVC___GOSCPzQ [
Pz Sm ilvD coSe
Penoa_ Li_adhA™

. 2pcori, bla, G418R
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Provs S¢ AFTT

‘ , . y Poge empty
GV2472 CEN plasmid expressing AFT1
P P P g Ppggﬁ empiy
CEN ori, bla, HygroR

Table 16-3. Amino acid and nucleotide sequences of additional DHAD enzymes and
genes disclosed herein

, ‘ Corresponding Protein
Enzyme Source V{V'Senre (SEQ iD NO) (SEQ I NQ) VVVVVVVVVVVV ,
ADH ‘ﬁ;‘;ﬁg“‘“"’c“s LI_aahA™ (SEQ 1D NO: 59) LI_AdRA™ (SEQ ID NO: 60)
Slreptocacous | sp ivD_coSe (SEQ ID NO: 61) Sm_IvD (SEQ 1D NO: 62)
DHAD mitanrs o
gi";‘; Zsm’a Ne_ILVD2_coSe (SEQID NO: 63) | Nec_iivD2 (SEQ 1D NO: 64)

[00462] Yeast Transformations: 3. cerevisiae strain GEVO3626 was transformed
with plasmid pGV2603, pGV2607 or pGV2608 as described below. Briefly,
GEVOS3626 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 18 ul with sterile water), 72 pl 50% PEG, 10 yi 1M lithium acetate,
and 3 pl of denatured salmon spermr DNA (10 mg/ml) was prepared for each
transformation. in a 1.5 mL tube, 15 yl of the cell suspension was added o the DNA
mixture (100 pl), 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 1ml YPD medium and after an overnight
recovery shaking at 30°C and 250 rpms, the cells were spread over YPD + 0.2 g/l
G418 selective plates. Transformants were then single colony purified onto YPD +
0.2 g/l G418 selective plates.

[00463] 8. 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 agar plstes.
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 gl with sterile
water), 72 yl 50% PEG, 10 pl 1M lithium acetate, and 3 pi of denatured saimon
sperm DNA (10 mg/ml) was prepared for each transformation. In a 1.5 mL tube, 15
pt of the cell suspension was added to the DNA mixture (100 ui), and the
transformation suspension was vortexed for 5 short puises. 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 Tmi YPD + 1% v/iv ethanol + 0.2 g/l G418 medium and after an
overnight recavery shaking at 30°C and 250 rpms, the cells were spread over YPD +
0.2 g/k. G418 + 0.1 g/l hygromycin selective plates. Transformants were then single
colony purified onto YPD + 0.2 g/l G418 + 0.1 g/l hygromycin selective plates.
[00464] Growth of veast cultures for DHAD assay: Yeast strains were inoculated

from YPD medium agar plate patches or from single plasmid-transformed colonies
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into 3 mi of medium in 14 ml round-bottom snap-cap tubes. The media used were
YPD + 0.2 g/l G418 + 1% viv ethanol 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 o
inoculate 50 mi of medium in a 250 mi haffled flask with a sleeve closure to an ODggs
of 0.1. The media used were YP + 50 g/L. glucose + 0.2 g/l. G418 + 1% v/iv ethanol
meditm for strains lacking pGV2472 and YP + 50 ¢/L glucose + 0.2 gfl. G418 + 01
g/l hygromycin + 1% viv ethanol medium for strains containing pGV2472. These
flask cultures were incubated overnight up fo 24 hours shaking at 250 rpm at 30°C.
The cells from these flask cultures were harvested separately for each strain by
centrifugation at 3000xg for 5 minutes and each cell pellet resuspended separately in
- 5 mi of YP + 80 g/l glucose + 1% v/v stock solution of 3 g/ ergosterol and 132 g/l
Tween 80 dissolved in ethanol + 200 mM MES buffer, pH 6.5, + 0.2 g/l G418
medium. Each cell suspension was used to inoculate 50 mi 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 8.5, + 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 at 250 rpm 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 resuspendead in 25 mi of cold MilliQ water and
then harvested by centrifugation at 3000xg for 5 minutes at 4°C. The superatant
was removed from each pellet and the {ubes containing the pellets were frozen at -
30°C.

[00465] Preparation of yeast lysate: See general methods

[00466] DHAD assay (scaled-down). Each sample was diluted in DHAD assay
buffer (50 mM Tris pHE8, 5§ mM MgS0,) to a 1:10 dilution. Three samples of each
tysate were assayed, along with no lysate contrals. 10 pl of each sample (or DHAD
assay buffer) was added to 0.2 mL PCR fubes. Using a multi-channel pipette, 90 ubL
of the substrate was added o each tube (substrate mix was prepared by adding 4
mb. DHAD assay buffer to 0.5 mbL 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 5 minutes. Finally, 75 pL of supernatant was transferred to
new PCR fubes and submitted to analytics for analysis by Liguid Chromatography,
High Throughput method 2.

[00487] Protein concentrations: Yeast lysale prolein concentration was
determined using the BioRad Bradford Protein Assay Reagent Kit {Cat# 500-0008,
BioRad Laboratories, Hercules, CA} and using BSA for the standard curve. Briefly,
10 pb standard or lysate were added into a microcentrifuge tube. The samples were
diluted to it in the inear range of the standard curve (1:10, 1:20 or 1:50). 500 ub 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 ODgs was determined in a
spectrophotometer.  The lincar regression of the standards was then used to
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calculate the protein concentration in each sample.
[00468] Liguid Chromalography, High Throughput method 2. See general
methods.

Results

[00469] Resuits for DHAD activity: Data is presented as specific DHAD activity
{U/img protein) averages from biological and technical triplicates with standard
deviations. Table 16-4 shows the DHAD activilites from the strains with or without
overexpression of AFT7. Overexpression of AFTT increased the DHAD activity of
strains expressing the bacterial _L. factis IlvD protein by 5 fold, increased the DHAD
activity of strains expressing the bacterial 8. mutans_IvD protein by 2-3 fold and
increased the DHAD activity of strains expressing the fungal N. crassa HvD2 protein
by 4 fold.

Table 16-4: DHAD activity for S. cerevisiae strains expressing different DHADs with
or without AFTT overexpression

aamits | onap | AT over: | Average 0520 ity | Sindard
pGV2603 D No , 0.27 | 000
pGV2603 + pGV2472 | LL_IvD Yes 1.28 I 042
pGV2B08 Sm_wD | No T e 0.02
pGV2608 + pGV2472 Sm_ivD Yes 0.81 0.10
pPGV2607 Ne_ivD2 | ~_Ne 0.29 0.05
PGV2607 + pGV2472 | No D2 | Yes | 1.06 0.09

General Materials and Methods for Examples 13-16

[00470] Yeast Transformations: Co-transformations with the CEN and 2u plasmids
are described below. Briefly, the S. cerevisiae strain GEV02843 was grown on YPD
medium. The sirain was re-suspended in 100mM Lithium acetate. Once the cells
were re-suspended, a mixture of DNA (final volume of 15 pl with sterile water), 72 pl
50% PEG, 10 i 1M lithium acetate, and 3 pl of denatured saimon sperm DNA (10
mg/mbL} was prepared for each transformation. In a 1.5 mb tube, 15 ul of the cell
suspension was added fo the DNA mixture (100 ub), 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
1mi YPD and after an overnight recovery shaking at 30°C and 250 rpms, the cells
were spread over YPD + 0.2 g/l G418 + Qg/l hygromycin selective plates.
Transformants were then single colony purified onto G418 and hygromycin selective
plates,

[00471} Preparation of yeast lysate: Cells were thawed on ice and resuspended in
bysis buffer (80 mM Tris pH 8.0, 5 mM MgSQ,) such that the result was a 20% cell
suspension by mass. 1000 pl of glass beads (0.5 mm diameter) were added to a 1.5
mi eppendorf tube and 875 pl 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 4°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 MgSQO.) to a 1:10 and 1:100 dilution. Three samples
of each lysate were assayed, along with no lysate controls. 10 yl. of each sample {(or
DHAD assay buffer) was added to 0.2 ml. PCR tubes. Using a multi-channel pipette,
90 pl of the substrate was added to each tube (substrate mix was prepared by
adding 4 miL DHAD assay buffer to 0.5 mbL 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 5 minutes. Finally, 75 pulL of supematant was transferred to
new PCR tubes and submitied to analytics for analysis by Liquid Chromatography,
High Throughput method 2.

[00473] Protein concentrations: Yeast lysate protein concentration was
determinad using the BioRad Bradford Protein Assay Reagent Kit {Cat# 500-0008,
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 (1:40). 500 uL 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 ODses was defermined in a spectrophotometer. The linear
regression of the standards was then used {o calculate the protein concentration in
each sample.

[00474] Gas Chromatography: Analysis of volatile organic compounds including
isobutanol, was performed on a HP 5820/6890/7830 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 {o 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 {-pentanol as the internal standard.
[00475] Liquid Chromatography, method 1 analysis: Analysis of organic acid
metabolites, specifically pyruvate, acetate, 2 3-dihydroxy-isovalerate, and 2,.3-
butanediol, 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 UV detector (210
nm) and refractive index. The column temperature was 60°C. This method was
isocratic with 0.0180 N H,8Q, in Milli-Q water as mobile phase. Flow was set to 1.1
mbl/min. injection volume was 20 pl and run time was 16 min. Analysis was
performed using authentic standards (»989%, obtained from Sigma-Aldrich, with the
exception of DHIV (2,3-dihidroxy-3-methyl-butancate, 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.

[00476] Liquid Chromatography, High Throughpul method 2 Analysis of 2-keto-
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isovalerate {KiV), the product indicating DHAD activity, was measured using liquid
chromatography. DNPH reagent (12 mM 2,4 - Dinitropheny! Hydrazine, 20 mM Citric
Acid pH 3.0, 80% Acetonitrile, 20% MilliQ H,0) was added to each sample in a 1:1
ratic. 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 column guard
{Phenomenex). KIV and isobutyraldehyde were detected using an HP-1100 UV
detector (360 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 detalled 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
aembodiments 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 o the essential
fealures hereinbefore set forth and as follows in the scope of the appended claims.
[00479] The disclosures, including the claims, figures and/or drawings, of sach and
every patent, patent application, and publication cited herein are hereby incorporated
herein by reference in their entireties.
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WHAT IS CLAIMED I8:

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/Lhr per OD.

2. The recombinant microorganism of claim 1, wherein said recombinant
microorganism is selected to produce iscbutanol from a carbon source at a vield of
at least about 10 percent theoretical and/or a specific productivity of at least about 1
mg/l/hr per QD.

3. The recombinant microorganism of claim 1, wherein said recombinant
microorganism is selected to produce isobutanol from a carbon source at a vield of
at least about 20 percent theoretical andfor a specific productivity of at least about 10
mg/L/hre 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/for a specific productivity of at least about 50
mg/l/hr per OD.

5. The recombinant microorganismm of claim 1, wherein said recombinant
ricroorganism is selected to produce isobutanol from a carbon source at a yield of

at least about B0 percent theoretical and/or a specific productivity of at least about
100 mg/Lihr per OD.

6. The recombinant microorganism of any of claims 1-5, wherein said recombinant

microorganism comprises a cylosolically active dihydroxyacid dehydratase (DHAD)
enzyme.

7. The recombinant microorganism of any of claims 1-5, wherein said recombinant
microorganism comprises a modified or allernative 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 claims 1-8, wherein said recombinant
microorganism comprises a modified dihydroxyacid dehydratase (DHAD) enzyme,
wherein said DHAD enzyme exhibils increased cytosolic activity as compared to the
DHAD enzyme comprised of the amino acid sequence of SEQ D 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
{o the parental enzyme.

10. The recombinant microorganism of claim 9, wherein sald peptide tag is non-
cleavable.

11. The recombinant microorganism of any of claims 8-10, 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 ubiguitin, ubiguitin-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) anzyme 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 racombinant micraorganism of claim 14, wherein said DHAD enzyme has at
least about 17 amino acid deletions at the N-terminus.

168. The recombinant microorganism of claim 15, wherein satd DHAD enzyme has 19
amino acid deletions at the N-terminus.

17. The recombinant microorganism of claim 15, wherein said DHAD enzyme has 23
aminoe 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{FLPOXGX{I/LIXIL {SEQ D NO: 19),
wherein X is any amino acid.

18. The recombinant microcorganism of any of claims 6-18, whearein said DHAD
enzyme is derived from a bacterial organism.

20. The recombinant microorganism of claim 19, wherein said bacterial organism is
L. laclisor . coli.

21. The recombinant microorganism of claim 20, wherein said DHAD enzyme is from
L. laclis and comprises the amino acid sequence of SEQ 1D NO: 9.

22. The recombinant microorganism of claim 20, wherein said DHAD enzyme is
from E. cofi and comprises the amino acid sequence of SEQ 1D NO: 43.
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23. The recombinant microorganism of any of claims §-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 1D NG: 37), wherein
X is any amino acid.

26. The recombinant microorganism of any of claims 6-17. whersin said DHAD

enzyme comprises the amino acid sequence CPGXGA/SIC (SEQ 1D NQ: 38),
wherein X is any amino acid.

27. The recombinant microcorganism of any of claims 6-17, wherein said DHAD

enzyme comprises the amino acid sequence CXXXPGXGXC (SEQ 1D NO: 39),
wherein X 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 andfor redox active
domain in the cytosol, thereby rendering the enzyme cylosolically active.

29. The recombinant microorganism of claim 28, wherein said DHAD enzyme
comprises a mutated or madified iron-sulfur cluster domain.

30. The 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 proiein.

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 {Ero1), including variants of Ero1 that have been suitably altered {o reduce or
prevent its localization to the endoplasmic reticulum; thioredoxin (Trx1 and Trx2),
thioredoxin reductase (Trr1), glutaredoxin (Grxl, G2, Grx3, Grxd, GrxS, Grx,
Grx7, and Grx8,); glutathione reductase (Glr1), and Jact, including variants of Jact
that have been suitably altered to reduce or prevent its mitochondrial localization;
Hap10, HspBO, Grokl, and GrokS and homolegs or variants thereof.
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34. The recombinant microorganism of any of claims 1-33, wherein said recombinant
microorganism further comprises one or more genes encoding an ron-sulfur cluster
assembly protein.

35. The recombinant microorganism of claim 34, wherein said genes encoding an
ron-sulfur cluster assembly protein are selected from the group consisting of cyay,
8¢S, fscll, iscA, hscB, hscA, fdx, isuX, sufA, sufB3, sufC, sufD, sufS, sufE, aphC, and
homologs or variants thersof,

36. The recombinant microorganism of claim 35, wherein said genes encoding an
fron-sulfur cluster assembly are derived from an organism selectad from the group
consisting of Escherichia coli and Lactococcus lactis.

37. The recombinant microorganism of claim 34, wherein said genes encoding an
ron-sulfur cluster assembly are selected from the group consisting of nifS, nifl, and
homologs or variants thereof.

38. The recombinant microorganism of claim 37, wherein said genes encoding an
iron-sulfur cluster assembly are derived from an organism selected fraom the group
cansisting of Helicobacter pylori and Entamoeba histolytica.

39. The recombinant microorganism of claim 34, wherein said genes encoding an
ron-sulfur cluster assembly are selected from the group consisting of CFD1, NBP35,
NAR1, CIA1, and homologs or variants thereof.

40. The recombinant microorganism of claim 39, wherein said genes encoding an
iron-sulfur cluster assembly are derived from yeast.

41, 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 fo

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 claims 1-42, wherein said recombinant
microorganism has been engineared 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 to eliminate the activity of one or
more iron-sulfur cluster containing cytosolic profeins.
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45. The recombinant microorganism of any of 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-suffur cluster
containing cytosolic protein is 3-isopropylmalate dehydratase (LEU1).

47. The recombinant microorganism of claim 486, wherein said recombinant
microorganism comprises a mutation in the 3-isopropyimalate dehydratase (LEU1)
gene resulting in a reduction of LEU1 protein levels.

48. The recombinant microorganism of claim 48, wherein said recombinant
microorganism comprises a partial deletion of a 3-isopropyimalate dehydratase
{LEU1) gene resulting in a reduction of LEUT protein levels.

49 The recombinant microorganism of claim 46, wherein said recombinant
microorganism comprises a complete deletion of a 3-isopropylmalate dehydratase
{LEU1) gene resulting in a reduction of LEU1 protein levels.

50. The recombinant microorganism of claim 48, wherein said recombinant
microorganism comprises a meodification 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 48, wherein said recombinant
microorganism comprises a modification of the transcriptional regulator resulting in a
reduction of LEU1 protein lavels.

52. The recombinant microorganism of any of claims 1-51, whersin said
recombinant microorganism exhibits at least about 50 percent greater dihydroxyacid
dehydratase (DHAD) activity in the cylosol as compared to the parental
microorganism, and wherein said parental microorganism compriges an unmaodified
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
imidazoleglycercl-phosphate  dehydrogenase  (HIS3) that converts  2,3-
dihydroxyisovalerate to ketoisovalerate in the cylosol.

54. The recombinant microorganism of claim 53, wherein said 3-isopropyimalate
dehydratase (LEU1) and/or said imidazoleglycerol-phosphate dehydrogenase (HIS3)
is overexpressed in the oylosol.

55. The recombinant microorganism of any of claims 1-54, wherein said recombinant
microorganism has further been engineered {o overexpress one or more genes
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selected from the group consisting of AFTY, AFT2, GRXS, 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 andfor attenuate one or

more genes selected from the group consisting of GRX3 and GRX4, or homologs
theraof.

57. The recombinant microorganism of any of claims 1-56, wherein said recombinant
microorganism has further been engineered o express one or more proteins in the
cytosol 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 calalases, superoxide dismulases,
metaliothioneins, and methionine sulphaxide 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 kalE, the S. cerevisiae genes CTTT 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 £.
cofi genes sodA, sodB, sodC, the 8. cerevisige genes SOLT and SCD2, or
homelogs thereof,

61. The recombinant microorganism of claim 58, wherein said metaliothionein is
encoded by one of more of the genes selected from the group consisting of the 8.
cerevisiae CUP1-1 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 MymT gene and the Synechococeus PCC 7942 SmiA
gene or homologs thereof.

63. The fet;om%ainant microorganism of claim 58, wherein said methionine suiphoxide
reductase is encoded by one or more genes selected from the group consisting of
the S. cerevisiae genas MXR1T and MXR2, or homologs thereof,

64. The recombinant microorganism of any of claims 1-63, wherein said recombinant
microorganism has further been engineered o express one or more enzymes that
increase the level of available glutathione in the cylosol.
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85. The recombinant microorganism of claim 64, wherein said ong or more gnzymes

are selected from the group consisting of glutaredoxin, glutathione reductase, and
ghitathione synthase.

66. The recombinant microorganism of claim 85, wherein 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.

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 seleclted from the group the S. cerevisiae
genaes GSHT and GSH2, or homologs thereof.

68. The recombinant microorganism of claim 64, wherein two enzymes are

expressed in and fargeted {o the cytosol of yeast {0 increase the level of available
giutathione in the cylosol.

70. The recombinant microorganism of claim 68, wherein said enzymes are vy-
glutamyi 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 from the group the 8. cersvisige
genes GSHT and GSH2, 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. The recombinant microorganism of claim 72, wherein said one or more cylosolic
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 TRXT and TRXZ genes or homologs thereof.

75. The recombinant microorganism of claim 73 or 74, wherein said thicredoxin
reductase is encoded by S. cerevisiae TRKT 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 reductass.

78. The recombinant microorganism of claim 77, wherein sald mitochondrial
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 8. cersvisiae TRRZ gene or homologs
thereof.

80. The recombinant microorganism of any of claims 1-79, wherein said recombinant
microorganism is further engineered io overexpress ong or mora mitochondrial
export proteins.

81. The recombinant microorganism of claim 80, wherein said mitochondrial export
protein is selecled from the group consisting of the 8. cerevisiae ATMI, the &
cerevisiae ERVT, and the S. cerevisiae BATT, 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 ATP1~
111 suppressor mutation or a corresponding mutation in a homologous protein.

85, The recombinant microorganism of claim 82, wherein said recombinant
microorganism has been enginesred to overexpress an ATP/ADP carrier protein,
wherein said overexpression increases ATPY import into the mitochondrial matrix in
exchange for ADPY,

86. The recombinant microorganism of claim 85, wherein said ATP/ADP carrier

protein is encoded by the S cerevisiae AACT, AAC2Z, and/or AAC3 genes or
homologs thereof.

87. The recombinant microorganism of any of claims 1-88, wherein said recombinant
microorganiam 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 consisting of nitric oxide reductases and glutathione-8-
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.

80. The recombinant microorganism of claim 88, wherein said glutathione-S-
nitrosothiol reductase is encoded by the S cerevisiae gene SFAT or homologs
thereof.

891. The recombinant microorganism of claim 90, wherein said glutathione-S-
nitrosothiol reductase gene S5FA7T is overexpressed.

82. The recombinant microorganism of claim 87, wherein said one or more enzymes
is encoded by a gene selected from the group consisting of the E. coli gene yifE, the
Staphylococcus aureus gene scdA, and Nefsseria gonorrhogae gene dwN, or
hormologs thereof.

23. The recombinant microorganism of any of claims 1-82, wherein said recombinant
microorganism has further been engineered {o overexpress one or more of the
genes selected from the S cerevisiae genes METT, METZ, MET3, METS, METS,
MET10, METT14, MET18, MET17, HOM2, HOM3, HOME, CYS3, CYS84, SULT, and
SUL2Z, or homologs thereof.

94, The recombinant microorganism of any of claims 1-93, wherein said recombinant
microorganism has further been engineered {o overexpress one or more of the
genes selected from the S. cerevisiae genes YCT1, MUP1, GART, AGP1, GNP1,
BAP1, BARP2 TAT1, and TATZ2.

95. The recombinant microorganism of any of claims 1-84, wherein said recombinant
microorganism further comprises a pathway for the fermentation of isohutanol from a
pentose sugar.

86. The recombinant microorganism of claim 95, wherein said pentose sugar is
xylose.

97. The recombinant microorganism of any of claims 1-86, wherein said recombinant
ricroorganism is engineered to express a functional xylose isomerase (X1).

98. The recombinant microorganism of claim 97, wherein said recombinant
microorganism further comprises a deletion or distruption 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 microorganism of any of claims 97-89, wherein said
recombinart microorganism further comprises a delstion or disruption of a native
gene encoding for an enzyme that catalyzes the conversion of 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 896-101, 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.

103. The recombinant microorganism of claim 182, wherein said native gene
encodes a xylulose kinase (XK.

104. The recombinant microorganism of any of claims 1-103, whersin said
recombinant microorganism is a yeast microarganism of the Saccharomyces clade.

106. The recombinant microorganism of any of claims 1-104, wherein said
recombinant microorganism is a Saccharomyces sensy stricto microorganism.

1068. The recombinant microorganism of claim 105, wherein said Saccharomyces
sensu stricto microorganism is selected from the group consisting of 3. cerevisiae, S.
kudriavzevli, S. mikatae, S. bayanus, S. uvarum, S. carocanis and hybrids thereof.

107. The recombinant microorganism of any of claims 1-104, wherein said
racombinant 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 Candida.

108. The recombinant microorganism of claim 108, wherein said Crabtree-negative
yeast microorganism is selected from the group consisting of Kluyveromyces lactis,
Kluyveromyces marxianus, Pichia anomala, Pichia stipitis, Hansenula anomala,
Candida utilis and Kiuyveromyces wallii.

110,  The recombinant microorganism of any of claims 1-104, wherein said
recombinant microorganism is a Crabtres-positive yeast microorganism.

111, The recombinant microorganism of claim 110, wherein said Crabtree-positive
yeast microorganism is classified into a genera selected from a group consisting of

Page 150 of 179

1313875 v3/DC



Atty. Docket No. GEVO-041/Q7US

Saccharomyces, Kiuyveromyces, Zygosaccharomyces, Debaryomyces, Pichia,
Candida, and Schizosaccharomyces.

112. The recombinant microorganism of claim 111, wherein sald Crabtres-positive
yeast microorganism is selected from the group consisting of Saccharomyces
cerevisiae, Saccharomyces uvarum, Saccharomyces bayanus, Saccharomyces
paradoxus, Saccharomyces castelli, Saccharomyces kuyveri, Kluyveromyces
thermotolerans, Candida glabrata, Z. bailli, Z. rouxii, Debaryomyces hansenii, Pichia
pastorius, Schizosaccharomyces pombe, and Saccharomyces uvarum,

113. The recombinant microorganism of any of claims 1-104, wherein said
recombinant microorganism s a post-WGD (whole genome duplication) yeast
microorganism.

114. The recombinant microorganism of claim 113, wherein said post-WGD yeast

microorganism is classified info a genera selected from a group consisting of
Saccharomyces or Candida.

115. 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 castelfi, and Candida glabrata.

116. The recombinant microorganism of any of claims 1-104, wherein said
recombinant microorganism is a pre-WGD (whole genome duplication) yeast
microorganism.

117. The recombinant microorganism of claim 118, wherein said pre-WGD yeast
microarganism 8 classified inlo a genera selected from a group consisting of
Saccharomyces, Kluyveromyces, Candida, Pichia, Debaryomyces, Hansenula,
Pachysofen, Yarrowia and Schizosaccharomyces.

118. The recombinani microorganism of claim 117, wherein said pre-WGD veast
microorganism is selected from the group consisting of Saccharomyces kluyvert,
Kiuyveromyces thermotolerans, Kluyveromyces marxianus, Kluyveromyces waiti,
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 isobutanaol, comprisirgg:

providing & 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, untl a recoverable quantity of the
isobutanol is produced.
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120, The method of claim 119, further compriging the step of recovering the
isobutanol.

121. A recombinant microorganism comprising a coyiosolically active dihvdroxyacid
dehydratase (DHAD) enzvime.

122. A recombinant microorganism comprising a moedified or mutated dihydroxyacid
dehydratase (DHAD) enzyme, wherein said DHAD enzyme exhibits increased
cytosolic activity as compared {o the parental DHAD enzyme.

123. A recombinant microorganism comprising a modified or mutated dihydroxyacid
dehydratase {(DHAD) enzyme, wherein said DHAD enzyme exhibils increased
cytosolic activity as compared to the DHAD enzyme encoded by the amino acid
sequence of SEQ {D NO: 11.

124. The recombinant microorganism of any of claims 121-123, wherein said DHAD
enzyme is fused 1o a peplide tag, whereby the DHAD enzyme is localized to the
cytosol.

125. The recambinant microorganism of any of claims 121-124, wherein said DHAD
enzyme comprises the amino acid sequence P{LIXXXGXIA)XIL (SEQ 1D NO: 18),
wherein X is any amino acid.

126. The recombinant microorganism of any of claims 121-128, wherein said DHAD
enzyme is derived from a bacterial organism.

127. The recombinant microorganism of claim 128, wherein said bacterial organism
is L. lactis or E. coli.

128. The recombinant microorganism of claim 127, wherein said DHAD enzyme is
from L. factis and comprises the amino acid sequence of SEQ 1D NO: @,

129. The recombinant microarganism of claim 127, wherein said DHAD enzyme is
from E. cofi 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 sukaryotic organism.

131. The recombinant microorganism of claim 130, wherein said eukaryofic
organism is Piromyces or S. cerevisiae

132. The recombinant microorganism of claim 131, wherein said DHAD enzyme is
from Piromyces and comprises the amino acid sequence of SEQ 1D NO: 12
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133. The recombinant microorganism of any of claims 121-124, wherein said DHAD

enzyme comprises the amino acid seguence CPGXGXC (SEQ 1D 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)YC (SEQ ID NG 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 1D NO: 38),
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 andfor redox active
domain in the cytosol.

137. The recombinant microorganism of claim 138, wherein said DHAD enzyme
comprises a mutated or modified ron-sulfur cluster domain and/or redox active
domain.

138. The recombinant microorganism of any of claims 121-137, 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.

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.

140. The recombinant microorganism of claim 138, wherein said one or more genes
encoding an iron~sulfur cluster assembiy protein is mutated or modified to remove a

signal peptide, whereby localization of the product of sald one or more genes to the
mitochondria is prevented.

141. The recombinant microorganism of any of claims 139-140, wherein said one or
more genes enceding 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 1o 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, The recombinant microorganism of claim 144, wherein said ron-sulfur cluster
containing cytosolic protein is 3-isopropylmalate dehydratase (LEU1).

146. The recombinant microorganism of any of claims 121-148, 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 microorganism of any of claims 121-1486, further comprising

an isobutanol producing metabolic pathway comprising at least one exogenous
gene,

148. A method of producing isobutanol, comprising:

providing a2 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 exhibils increased cytosolic aclivity as compared to the parental
DHAD enzyme.

152, A modified or mutated dihydroxyacid dehydratase (DHAD) enzyme, wherein
said DHAD enzyme exhibits increased cylosolic activity as compared to the DHAD
enzyme encoded by the amino acid sequence of SEQ D NO: 11,

153. A dihydroxyacid dehydratase (DHAD) enzyme comprising the amino acid
sequence P/LPOKGXVLIXIL (SEQ 1D NO: 19), wherein X is any amino acid, and
wherein said DHAD enzyme exhibits the ability fo convert 2,3-dihydroxyisovalerate to
ketoisovalerate in the cylosocl.

154. The DHAD snzyme of claim 153, wherein said DHAD enzyme is derived from a
bacterial organism.
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165, The DHAD enzyme of claim 154, wherein said bacterial organism is L. factis or
E, coli,

156. The DHAD enzyme of claim 155, wherein said DHAD enzyme is from L. laclis
and comprises the amino acid sequence of SEQ 1D NO: 8,

157. The DHAD enzyme of claim 185, wherein said DHAD enzyme is from E. coli
and comprises the amino acid sequence of SEQ D NO: 43,

168. The DHAD enzyme of claim 153, wherein said DHAD enzyme is derived from a
eukaryotic organism.

158. The DHAD enzyme of claim 158, wherein said eukaryolic organism is
Piromyces or S. cerevisias

160. The DHAD enzyme of claim 158, wherein said DHAD enzyme is from
Firomyces and comprises the aminoe acid seguence of SEQ 1D NO: 12.

161. A dihydroxyacid dehydratase (DHAD) enzyme comprising the amino acid
sequance CPGXGXC (SEQ 1D NO: 37), wherein X Is any amino acid.

162. A dihydroxyacid dehydratase (DHAD} enzyme comprising the amino acid
sequence CPGXGAIS)YC (SEQ 1D NO: 38), wherein X is any amine acid.

163. A dihydroxyacid dehydratase (DHAD) enzyme comprigsing the amino acid
sequence CXXXPGXGXC (SEQ 1D NO: 38), wherein X is any aming acid.

164. A dihydroxyacid 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 delations at the N-terminus.

1866. 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 168, wherein said DHAD enzyme has 18 amino
acid deletions at the Nderminus.

168, The DHALD 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. 3-dihydroxyisovalerate {(DHIV) from the cviesol to the mitochondria.
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170. The recombinant microorganism of claim 169, wherein said recombinant
microorganism further comprises an organic acid transporter capable of transporting
2~-ketoisovalerate (KIV) from the mitochondria to the cytosol,

171. The recombinant microorganism of any of claims 188-170, wherein said
recombinant microorganism further comprises an overexpressed Batll or homoleg
thereof capable of converting 2-ketoisovalerate (KIV) {o valine in the mitochondria.

172. The recombinant microorganism of any of claims 168-171, wherein said
recombinant microorganism further comprises an overexpressed Bat2 or homolog
thersof capable of converting valine to 2-ketfoisovalerate (KIV) in the cytosol.

173. The recombinant micreorganism of any of claims 1689-172, wherein said
recombinant microorganism further comprises an overesprassed Bap3 or homolog
thereof capable of transporting valine oul 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 enzyme is a
native enzymas.

176, The recombinant microorganism of claim 174, wherein said DHAD enzyme is a
heterclogous enzymae.

177. A method of producing isobutanol, comprising:

providing a recombinant microorganism comprising an isobutanol producing
metabolic pathway according to any one of claims 168-176, and

cultivating said recombinant micreorganism in a culture medium contfaining 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 ischutano! producing metabolic pathway,
and wherein said recombinant microorganism is engineered to increase the
expression of AFTT or a homolog thereof.

178. A recombinant microorganism for producing iscbulanol, wherein said
recombinant microorganism comprises an isobutanol producing metabolic pathway,
and wherein said recombinant microorganism is enginesred to increase the
expression of AFT2 or a homolog thereof,
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180, A recombinant microorganism for producing isobutanol, wherein said
recombinant microorganism comprises an isobutanol producing metabolic pathway,
and wherein said recombinant microorganism is engineered to increase the
expression of AFTT and/or AFT2 or homologs thereof.

181. The recombinant microorganism as in either claim 178 or 180, wherein said
recombinant microorganism expresses AFT7 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 microcrganism 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 Afi1 or a homaolog
thereof.

185. The recombinant microorganism of claim 184, wherein said constitutively active
Aft1 or a homoloyg thereof comprises a mutation at a position corresponding fo the
cysteine 291 residue of the native 8. cerevisiae Aft1 (SEQ 1D NO: §6).

186. The recombinant microorganism of claim 185, wherein said cysteine 201
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 AFTZ or a homolog thereof
_inserted into the chromosome.

180. The recombinant microorganism as in either claim 179 or 180, wherain said
recombinant microorganism expresses a constitutively aclive ARR2 or a homolog
thereof.

181. The recombinant microorganism of claim 180, wherein said constitutively active
AftZ2 or a homolog thereof comprises a mutation at a position corresponding to the
cysteine 187 residue of the native S. cerevisiae Aft2 (SEQ ID NO: 58).
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192. The recombinant microorganism of claim 191, wherein said cysteine 187
rasidue is replaced with a phenvialanine residue.

183, A recombinant microorganism for producing isobutanol, wherein said
recombinant microorganism comprises an isobutano! producing metabolic pathway,
and wherein said recombinant microorganism is engineered 1o increase the
expression of one or more genes selected from the group consisting of FET3, FETY,
FETS, FTR1, FTH1, SMF3, MRS4, CCC2, COT1, ATX1, FRE1, FRE2, FRE3, FRE4,
FRES, FRES, FIT1, FIT2, FIT3, ARN1, ARN2, ARN3, ARN4, ISUY, ISU2, TIS11,
HMXT, AKR1, PCLS, YORS387C, YHLO35C, YMRO34C, ICY2 PRY1, YDL124W,
BNA2, ECM4, LAP4, YOLOB3W, YGR146C, BIOS, YDR271C, OYE3, CTH1, CTH2,
MRS3, HSP26, YAP2, YOR228W, YKR104W, YBRO12C, and YMRO41C or a
homolog theraof.

184, A recombinant microorganism for producing isobutanol, wherein said
recombinant microorganism comprises an iscbutanol producing metabolic pathway,
and wherein said recombinant microorganism is engineered to reduce or delete the
expression of ong or more genes selected from the group consisting of FET3, FETY,
FETS, FTRT, FTH1, SMF3, MRS4, CCC2, COT1, ATX1, FRE1, FREZ, FRE3, FRE4,
FRES, FRES, FIT1, FIT2, FIT3, ARN1, ARNZ, ARN3, ARN4, ISUt, ISU2, TiS11,
HMXT, AKR1, PCL5 YOR387C, YHLO35C, YMRO34C, ICY2 PRY1, YDL124W,
BNAZ, ECM4, LAP4, YOLO83W, YGR146C, BIOS, YDR271C, OYE3, CTH1, CTH2,
MRS3, HSP26, YAPZ, YORR225W, YKR104W, YBRO12C, and YMRO4i1C or a
homolog thereof.
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ABSTRACT

The present invention provides recombinant microorganisms comprising an
iscbutanol 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 {o overexpress AFT 1 andfor AFT2
or homologs thereof. In some embodiments, the recombinant microorganisms may
comprise a cytosclically active dihydroxyacid dehydratase {(DHAD) enzyme. In
additional aspects, , the invention provides mutated, modified, and/or chimeric DHAD
enzymes with cytosolic activity. in alternative embodiments, the invention provides
recombinant microorganisms comprising a mitochondrially expressed DHAD enzyme
that express one or more organic acid transporters capable of moving 2,3~
dihydroxyisovalerate (DHIV) from the cylosol to the mitochondria.  In varous
embodiments described herein, the recombinant microorganisms may be
microorganisms of the Saccharomyces clade, Crabtree-negative vyeast
microorganisms, Crabiree-positive yeast microorganisms, post-WGD (whole genome
duplication) yeast microorganisms, pre-WGD (whole genome duphcatmn) yeast
microorganisms, and non-fermenting yeast micrcorganisms.

Page 158 of 178
313875 v3/DC



Alty. Docket No. GEVO-041/07US

FIGURES

Glucose

2NADY

2 NADHM
+ 2 ATP

Glycolysis

s ¢
;&cej pyruvate
on

Oy 4 ALS

HyC~ g ~OH 2-~-aceto-lactate
Ha o OH

NAD(PIH - |

He ] § 2,3-dihydroxy
HyC oo -isovalerate
"I pHAD

CHy
H3G Ny on2-keto-isovalerate

G
co,e—rl  KIVD

s g P
ﬁsﬁ"l\n isobutyraldehyde
NAD{PIH ——w; ©

NAD(P)* - ADH
Ha
Hao ™y Ischutanol
OH
FIGURE 1

FPage 160 of 178
1L38TS vA/DC



Atty. Docket No. GEVO-041/07US

pyruvate AL DHIV Kiv > 1BA > isobutanol
AbsS fiv(C & KivDh Adh
Bat2
Valine
cytosol
mitochondria .
Valine
?Batl
|
pyruvatge ——>» Al - > KIV
AlsS 3
FIGURE 2

Page 161 of 178
113875 vA/DC



Atty. Docket No. GEVO-041/07US
SEQUENCE LISTING:

SEG I RO L GV
MESDVIKKGLERAPH
ICDGIAMDHERGMKFS

ecatrophila (Bactexial
WEIIPGHVHLDEVVEAVKAGYEMAGGVEYVEPTIG
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