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(57) Abstract: The present application relates to recombinant yeast microorganisms comprising biosynthetic pathways and methods
of using said recombinant yeast microorganisms to produce various beneficial pyruvate-derived metabolites, e.g., isobutanol. In
some embodiments, the recombinant yeast microorganisms may comprise a metabolic pathway for the production of a pyruvate-de -
rived metabolite, wherein said metabolic pathway comprises at least one exogenous gene and/or at least one overexpressed endogen -
ous gene encoding an enzyme that catalyzes a pathway step in the production of the pyruvate-derived metabolite, wherein said re-
combinant yeast microorganism is engineered to comprise reduced pyruvate decarboxylase (PDC) activity, and wherein said recom-
binant yeast microorganism is engineered to reduce or eliminate the expression or activity of an endogenous polypeptide encoded by
a gene selected from NDE1 and NDE2.
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ENGINEERED YEAST WITH IMPROVED GROWTH UNDER LOW AERATION
CROSS-REFERENCE TO RELATED APPLICATIONS

[0601] This application claims priority to U.S. Provisional Application Serial No.
61/664,267, filed June 26, 2012, which is herein incorporated by reference in iis
entirety for all purposes.

TECHNICAL FIELD

[0002] Recombinant microorganisms and methods of producing  such
microorganisms are provided. Also provided are methods of producing beneficial
metabolites derived from pyruvate by contacting 2 suilable substrate with the

recombinant microorganisms and enzymatic preparations therefrom.

DESCRIPTION OF TEXT FILE SUBMITTED ELECTRONICALLY

(00031 The comtenis of the texi file submitled electronically herewith are
incorporated herein by reference in their entirety: A compuier readable format copy
of the Sequence Listing (flename: GEVO 083 01WO Seglist ST25.0¢, date
recorded: June 24, 2013, file size: 120 kilobyles).

BACKGROUND

10004]  Wild-type veasts such as Saccharomyces cerevisias produce ethanol from
pyruvate via the activity of an endogenous enzymatic conversion medisted by
pyruvate decarboxylase (PDC). Metabolic engineers aiming to develop recombinant
yeast microorganisms for the production of the advanced biofuel candidaie,
isobutanal, face a dilemma — while elimination of PDC aclivity is necessary o
eliminate the production of ethanol and increase isobutanol vields (See, &g,
commaonly-owned US Patent No. 8,017,375}, this modification comes at a cost.
These modified yeasts are generally unable to grow anaerobically.

(00057 To overcome this growth defect, the present inventors identified
modifications which allow PDC-deficient mutants to grow anaercobically. By virtue of
one or more of these modifications, the resuiting veast strains exhibit improved

growth under low agralion conditions, allowing for more economical production of
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desired pyruvate-derived metabolites {e.g., iscbutanol).

SUMMARY OF THE INVENTION

[0006] The present inventors have discoverad that one or more modifications can
be introduced into PDC-deficient yeast strains to improve growth under low aeration
conditions.

106071  In a first aspect, the present application relates to a recombinant yeast
microgrganism comprising a metabalic pathway for the production of a pyruvate-
derived metabolile, wherein said metabolic pathway comprises at least one
gxogenous gene and/or at least ong overexpressed endogencus gene ancoding an
enzyme that catalyzes a pathway step in the production of the pyruvate-derived
metabolite, wherain said recombinant yeast microgrganism is engineered (o
comprise reduced PDC activity, and wherein said recombinant yeast microorganism
is engineered o reduce or eliminate the expression or aclivity of an endogenous
polypeptide encoded by a gene selected from NDET and NDE2,

[0608] In one embodiment, the recombinant yeast microorganism includes a
mutation in at least one gene selected from NDET and NDE2Z. In a further
embodiment, the mutation i a point mutation.  In some embodiments, the point
mutation results in a runcation of a polypeptide encoded by a gene selected from
NDET and NDEZ. In certain embodiments, the truncation occurs within 100 amino
acids of the N-terminus of a polypeptide encoded by a gene selected from NDET and
NDEZ2. In further embodiments, the truncation occurs within 50, within 20, within 10,
within 7, or within 5 amino acids of the N-terminus of a polypeptide encoded by a
gene selected from NDET and NDEZ. In a specific embodiment, the fruncation
removes 1, 2, 3, 4, 5, or & amine acids from the N-erminus of the Ndelp
polypeptide, e.g., resulling in the removal of M, M-, M-I-R, M-I-R-Q, M-I-R-G-§, or
M-I-R-Q-8-L. In a specific embodiment, the truncation occurs at the Q4 position of a
polypeptide encoded by NOET. iIn other embodiments, the recombinant yeast
microorganism includes a partial deletion in at least one gene selected from NDET
and NDEZ. In another embodiment, the recombinant yeast microorganism comprises
a complete deietion of at least one gene selecled from NDET and NDEZ. In yet
another embodiment, the recombinant yeast microorganism includes a modification

of the regulatory region associated with at least one gene selected from NDET and
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NDEZ. In yet another embodiment, the recombinant yeast microorganism comprises
a modification of the transcriptional regulator of at least one gene selected from
NDET and NDEZ2.

10869]  In ancther aspect, the present application relates to a recombinant yeast
microorganism comprising a metabolic pathway for the production of a pyruvate-
derived metabolite, wherein said metabolic pathway comprises at least one
exogenous gene and/or at least one overexpressed endogenous gene encoding an
enzyme that calalyzes g pathway siep in the production of the pyruvate-derived
metabolite, wherein said recombinant yeast microorganism is engingered 10
comprise reduced PDC activity, and wherein said recombinant yeast microorganism
s engineerad o comprise at least one modification of YNLZ25W. In some
embadiments, the modification of YNLZ285W is a mutation, disruption, or deletion of
YNLZG5W. In one embodiment, the modification of YNLZ95W is a mulation of
YNLZ95W. In certain embodiments, the maodification of YNLZ85W is a point
mutation of YNL295W. In a specific embodiment, the modification of YNLZ95W is a
point mutation of YNL295W which results in an amino acid substitution at an amino
acid position which is within & Angstroms of T441 of the protein encoded by
YNL295W. In a specific embodiment, the modification of YNL28EW is a point
mutation of YNL295W which resulis in an amino acid substitution at the T441 of the
protein encoded by YNLZ95W, wherein said T441 residue is replaced with a residue
saglected from the group consisting of argining, histidine, lysine, aspartic acig,
glutamic acid, serine, asparaging, glutamine, cysteine, glycing, proline, alaning,
isoleucine, leucing, methionine, phenyialanine, tryptophan, tyrosine, and valine. Ina
further specific embodiment, the modification of YNLZ05W is a point mutation of
YNLZB5W which results in an amino acid substitution at the T441 residue of the
protein encoded by YNLZ295W, wherein said T441 residue is replaced with an
alanine residue.

106101  In another aspect, the present application relates to a recombinant yeast
microorganism comprising a metabolic pathway ior the production of a pyruvate-
derived metabolite, wherein said metabolic pathway comprises al least one
gxogenous gene and/or at least one overexpressed endogencus gene encoding an
enzyme that catalyzes a pathway step in the production of the pyruvate-derived
metabolite, wherein said recombinant veast microorganism is engineered to

comprise reduced PDC activity, and wherein said recombinant yeast microorganism

3



WO 2014/004616 PCT/US2013/047789

is engineered to comprise at least one meodification of YJULOS5W. In some
ambodiments, the modification of YJLO5SW is a mutalion, disruption, or deletion of
YJLOGSW. In one embodiment, the modification of YJLOSSW is a muiation of
YJLOSSW. In certain embodiments, the modification of YJLO5SW is a point mutation
of YJLOS5W. In a specific embodiment, the modification of YJLOSSW is a point
mutation of YJLOSSW which resulls in an amino acid substitution at an amino acid
position which is within 5 Angstroms of D88 of the protein encoded by YJLOESW. In
a specific embodiment, the modification of YJLIS5W is a point mutation of YJLOGSW
which resulls in an amino acid substitution al the D88 of the protein encoded by
YJLO5E5W, wherein said DBY residue is replaced with a residue selected from the
group consisting of arginine, histidine, lysineg, glulamic acid, serine, threonine,
asparagine, glutamine, cysteine, glycine, proling, alaning, isoleucine, leucine,
methionine, phenylalanine, tryplophan, tyrosine, and valine. In a further specific
embodiment, the maodification of YJLOSSW is a point mutation of YJLOSSW which
results in an amino acid substitution at the D8Y residue of the protein encoded by
YJLOGEW, wherein said D8 residue is replaced with a glulamic acid residus.

{0011} In various embodiments disclosed herein, the yeast microorganism is
engineered io reduce PDC activity by deleting, disrupting, or mutaling one or more
genes encoding for pyruvate decarboxylase andior a positive transcriptional
regulator thereof. In one embodiment, said pyruvate decarboxylase gene targeted
for disruption, deletion, or mutation is selected from the group consisting of PDCT,
PDCS, and POCE, or homologs or varianis thereof. In an exemplary embodiment, all
three of PDCT, PDCS, and PDCE are targeted for disruption, deletion, or mutation.
in yet another embodiment, a positive transcriptional regulator of the PDCT, PDCS,
andior FPDCE genes is targeted for disruption, deletion or mutation. In one
embodiment, said positive transcriptional regulator is PDC2, or homologs or varianis
theregof.

100121  As described herein, the modifications identified herein are relevant o
improving growth characteristics in PDC-delficient yeast engineered for the
production of variety of pyruvaie-derived metabolites.  In some embodiments, the
pyruvate-derived metabolite is selected from the group consisting of iscbutanol, 2-
butanol, 1-bulancl, 2-butanone, 2,3-butanediol, aceloin, diacetyl, valine, leucine,
pantothenic acid, isobutylene, 3-methyl-1-butanol, 4-methyl-1-pentanol, coenzyme A,
lactic acid, and malic acid.
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100131 In a preferred embodiment, the pyruvate-derived metabgoiite is isobutanol.
Accordingly, in another aspect, the present application relates o a recombinant
yeast microorganism comprising an iscbutanol producing metabolic pathway,
wherein said isobutanol producing metabolic pathway comprises al least one
gxogenous gene and/or at least ong overexpressed endogencus gene encoding an
enzyme that catalyzes a pathway step in the conversion of pyruvate o isobutandl,
wherein said recombinant yeast microorganism is engineered (o comprise reduced
PDC activity, and wherein said recombinant yeast microorganism is engineered o
reduce or eliminate the exprassion or activity of an endogenous polypeptide encoded
by a gene selected from NDET and NDEZ,

10614] In ancther aspect, the present application relates to a recombinant yeast
microgrganism comprising an isobutanol praducing metabolic pathway, wherein said
isobutanol producing metabolic pathway comprises al least one exogenous gene
and/or at least one overexpressed endogencus gene encoding an enzyme that
catalyzes a pathway step in the conversion of pyruvate to isobutanol, wherein said
recombinant yeast microorganism is engineered to comprise reduced PDRC activity,
and wherein said recombinant yeast microorganism is engineered to comprise at
least one modification of YNLZ95W as set forth herein.

[0615] In another aspect, the present application relates to a recombinant yeast
microgrganism comprising an iscbutanol producing metabolic pathway, wherein said
isobutanol producing metabolic pathway comprises al least one exogenous gene
and/or at least one overaxpressed endogenocus gene encoding an enzyme that
catalyzes a pathway step in the conversion of pyruvate to iscbutanol, wherein said
recombpinant yeast microorganism is engineered to comprise reduced PDC activity,
and wherein said recombinant yeast microorganism is engineered to comprise at
least one modification of YJLOS5W as set forth herein.

[0018] In various embodimenis described herein, the recombinant yeast
microorganisms of the application may further be engineered o reduce or eliminate
the expression andfor activity of one or more enzymes selected from a glycerol-3-
phosphate dehydrogenase {(GPD), a 3-keto acid reductase (3-KAR), or an aldehyde
dehydrogenase (ALDH).

00171 In one embodiment, the iscbulanol producing metabolic pathway
comprises at least one exogenous gene encoding a polypeplide that catalyzes a
step in the conversion of pyruvate to isobutanol.  In another embodiment, the
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isobutanol producing metabolic pathway comprises at least two exogencus genes
encoding polypeptides that catalyze sleps in the conversion of pyruvate (o
isobutanol. In yet another embodiment, the isobutanol producing metabolic pathway
comprises at least three exogenous genes encoding polvpeptides that catalyze steps
in the conversion of pyruvate io iscbutanol.  In yel ancther embodiment, the
isobutanol producing metabolic pathway comprises at least four exogenous genes
encoding polypeptides that catalyze sleps in the conversion of pyruvate (o
isobutanol. In yet another embodiment, the isobutanol producing metabolic pathway
comprises at least five exogenous genes encoding polypeptides that catalyze steps
in the conversion of pyruvate fo isobutanol. In yet another embodiment, all of the
isobutanol producing metabolic pathway steps in the conversion of pyruvate (o
isobutanol are converted by exogenously encoded enzymes.

10018} in one embodiment, one or more of the isobutanol pathway genes
encodes an enzyme that is localized o the cytosol. In one embodiment, the
recompinant microorganisms comprise an isobutanol producing metabolic pathway
with at least one isobutanol pathway enzyme localized in the cytosol. In another
embodiment, the recombinant microorganisms comprise an iscbutano! producing
metabolic pathway with at least two iscbutanol pathway enzymes localized in the
cytosol. In yet another embodiment, the recombinant microorganisms comprise an
isobutanol producing metabolic pathway with at least three isobutanol pathway
gnzymes localized in the cytosol.  In yet another embodiment, the recombinant
microorganisms comprise an isobutanol producing metabolic pathway with at least
four isobutanol pathway enzymes localized in the cytosol.  In an exemplary
embodiment, the recombinant microorganisms comprise an isobutano! producing
metabgolic pathway with five isobutanol pathway enzymes localized in the cytosol. In
yet another exemplary embodiment, the recombinant microorganisms comprise an
isobutanol producing metabolic pathway with all isobutanol pathway enzymes
localized in the cytosol.

1061491  in various embodiments described herein, the isocbutanol pathway genes
may encode enzyme(s) selected from the group consisting of acetolactate synthase
(ALS), ketol-acid reductoisomerase (KARY), dihydroxyacid dehydratase (DHAD), 2-
keto-acid decarboxylase, &.g., keto-isovalerate decarboxylase (KIVD), and aicohol
dehydrogenase (ADH). In one embodiment, the KARI is an NADH-dependent KARI
(NKR)}. In another embodiment, the ADH is an NADH-dependent ADH. In yet

6
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another embodiment, the KARI is an NADH-dependent KARI (NKR) and the ADH is
an NADH-dependent ADH.

{0028 As described herein, in preferred embodiments, the recombinant
microorganisms of the application are recombinant yeast microorganisms.

00211 In some embodiments, the recombinant yeast microorganisms may be
members  of the Saccharomyces clade, Saccharomyces sensu  siricto
microorganisms, Crabitree-negalive yeast microorganisms, Crabtree-posilive yeast
microorganisms, post-WGD {(whole genome duplication} yeast microorganisms, pre-
WGD (whole genome duplication) yeast microorganisms, and non-fermenting yeast
MiCroorganisms.

1006221 in some embodiments, the recombinant microorganisms may be yeas!
recombinant microorganisms of the Saccharomyces clade.

100237 in some embodiments, the recombinant microorganisms may be
Saccharomyces sensu  Sirictc  microorganisms. in one embodiment, the
Saccharomyces sensu stricto is selected from the group consisting of 5. cerevisiag,
S. kudriavzevii, S, mikatag, S. bayanus, S, uvarum, S, carccanis and hybrids thereof.
(00241  In some embodiments, the recombinant microorganisms may be Crablree-
negative recombinant yeast microorganisms.  In one embodiment, the Crablree-
negative yeast microorganism is classified into a genera selecied from the group
consisting of Saccharomyces, Kluyveromyees, Pichia, Issalchenkia, Hansenula, or
Candida. in additional embodiments, the Crabtree-negative yeast microorganism is
selected from Saccharomyces kluyver, Kluyveromyces lactis, Kluyveromyces
marxianus, Pichia anomala, Pichia stipitis, Fichia kudrniavzevii, Hansenula anomala,
Candida utilis and Kluyveromyces waltii.

[0625]  In some embodiments, the recombinant microorganisms may be Crablree-
positive recombinant yeast microorganisms. In one embodiment, the Crablree-
positive yeast microorganism s classified inlo a genera selected from the group
consisting of Saccharomyces, Kluyveromyces, Zygosaccharomyces, Debaryomyces,
Candida, Fichia and Schizosaccharomyces. In additional embodiments, the
Crabtree-positive yeast microorganiam is selected from the group consisting of
Saccharomyces cerevisiae, Saccharomyces uvarum, Saccharomyces bayanus,
Saccharomyces paradoxus, Saccharomyces castelli, Kiuyveromyces
thermoiolerans, Candida glabrata, £, bailli, £. rouxii, Debaryomyces hansenii, Fichia

pastorius, Schizosaccharomyces pombe, and Saccharomyces uvarum.
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1006261 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 wvarum, Saccharomyces bayanus,
Saccharomyces paradoxus, Saccharomyces castelli, and Candida glabrata.

(00271  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, Kiuyveromyces,
Candida, Pichia, Issatchenkia, Debaryomyces, Hansenula, Pachysolen, Yarrowia
and Schizosaccharomyces.  In additional embodiments, the pre-WGD yeast is
selected from the group consisting of Saccharomyces kiuyveri, Kluyveromyces
thermoiolerans, Kiuyveromyces marxianus, Kluyveromyces waltii, Kluyveromyces
lactis, Candida tropicalis, Pichia pastoris, Pichia anomala, PFichia stipitis,
issatchenkia orientalis, lIssaichenkia occidentalis, Debaryomyces hansenii,
Hansenula  anomala, Pachysclen  tannophilis,  Yarrowia  fipolylica, and
Schizosaccharomyces pombe.

[0628] In some embodiments, the recombinant microorganisms may be
microorganisms that are non-fermenting yeast microorganisms, including, but not
limited to those, classified into a genera selected from the group consisting of
Tricosporon, Rhodotorula, Myxozyma, or Candida. iIn a speciiic embodiment, the
non-fermenting yeast is C. xesiobil.

106291  In ancther aspect, the present invention provides methods of producing a
pyruvate-derived metabolite using a recombinant microorganism as described
herein. In one embodiment, the method includes cultivating the recombinant
microorganism in a culiure medium containing a feedstock providing a carbon source
untit the pyruvate-derived metabolite is produced and optionally, recovering the
pyruvate-derived metabolite. In one embaodiment, the microorganism produces the
pyruvate-derived metabolite from a carbon source at a vield of at least about 5
percent theoretical. In another embodiment, the microorganism produces the
pyruvate-derived metabolite at a yield of al least about 10 percent, at least about 15
percent, about least about 20 percent, at least about 25 percent, at least about 30
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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, al least about 60
percent, at least about 65 percent, at least about 70 percent, at least aboul 75
percent, at least about 80 percent, at least about 85 percent, at least about 80
percent, at least about 95 percent, or at least about 97.5 percent theoretical. In an
axemplary embodiment, the pyruvate-derived metabolite is ischutanol.

(08301  In one embodiment, the recombinant microorganism converts the carbon
source o the pyruvate-derived metabolite under aerobic conditions. In another
embodiment, the recombinant microorganism converis the carbon source to the
pyruvaie-derived meiabolite under microaerobic condilions. in yelt another
embodiment, the recombinant microorganism converts the carbon source {o the

pyruvate-derived metabolite under anaerobic conditions.

BRIEF DESCRIPTION OF DRAWINGS

[0031] iHiustrative embodiments of the invention are illustrated in the drawings, in
which:

10032] Figure 1 illustrates an exemplary embodiment of an isobutanol pathway.
(00331 Figure 2 illusirates an exemplary embodiment of an NADH-dependent
isobutanol pathway.

10034} Figure 3 illustrates varicus biosynthetlic pathways which use pyruvate as
an intermediate (adapted from Liu ef af, 2010, Annu. Rev. Genet. 44: 53-69).

[0035] Figure 4 illustrates the ODggo measured during aerobic fermentation of the
anaercbically-growing isolates GEVOS563 and GEVOU5E7 as compared to the
parent sirain GEVOS140 and the comparator control strain, GEVOE125.

[0036] Figure 5 ilustrates the isobutanol tilers of the anaerobic sirains
GEVOE563 and GEVOS567 over the course of the 30 hour production phase under
aerobic conditions as compared to GEVOY125 and GEVO9140.

[00371 Figure § illustrates the specific iscbutanol titers [g/L/0D] of the anaerobic
strains GEVQY563 and GEVO9567 throughout the course of the 30 hour production
phase under aercbic conditions as compared to GEVO8125 and GEVOE140.

10038} Figure 7 illustrates the estimated specific isobutanol productivity (g/g-h) of
the anaerobic strains GEVOY563 and GEVOG567, the parent, GEVO8140, and the

comparator control strain GEVO2125 calculated from € howrs o 21 hours of
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production in a singie shake flask fermentation.

DETAILED DESCRIPTION

55N »

(00391  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 10 "a polynuclectide” includes a plurality of such
polynuclectides and reference to "the microorganism” includes reference to one or
mare microgrganisms, and so forth.

(004487 Unless defined otherwise, all technical and scientific terms used herein
have the same meaning as commonly undersiood 1o one of ordinary skill in the art o
which this disclosure belongs. Although methods and materials similar or equivalent
to those described herain can be used in the practice of the disclosed methods and
compuositions, the exemplary methods, devices and malerials are described herein.
10044  Any publications discussed above and throughout the text are provided
solely for their disclosure prior o the filing date of the present application. Nothing
herein is to be construed as an admission that the inventors are not entitied to
antedate such disclosure by virtue of prior disclosure.

{00421 The term "microorganism” includes prokaryotic and eukaryotic microbial
speacies from the Domains Archaes, Bacteria and Eucarya, the latter including yeast
and flamentous fungi, protozoa, algae, or higher Prolista. The terms "microbial
cells” and "microbes” are used interchangeably with the term microorganism.

(080431 The term "prokaryotes” is art recognized and refers to celis which contain
no nucieus or other cell organelles. The prokaryoies are generally classified in one of
two domains, the Bacteria and the Archaea. The definitive difference between
organisms of the Archaea and Bacteriza domains is based on fundamental
differences in the nuclectide base sequence in the 1638 ribosomal RNA,

[0044] The term "Archaea” refers to a categorization of organisms of the division
Mendosicutes, typically found in unusual environments and distinguished from the
rest of the prokaryotes by several criteria, including the number of ribosomal proteins
and the lack of muramic acid in cell walls. On the basis of ssrRNA analysis, the
Archaea consist of two phyvlogenetically-distingt groups: Crenarchasola and
Eurvarchaeota. On the basis of their physiology, the Archaea can be organized info

three types: methanogens (prokaryotes that produce methane); exiremne halophiles
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{prokaryotes that live at very high concentrations of salt (NaCl); and extreme {hyper)
thermophiles {prokaryotes that live at very high temperatures). Beasides the unifying
archaeal features that distinguish them from Bacteria {ie., no murein in cell wall,
gster-linked membrane lipids, etc.), these prokaryotes exhibit unigue structural or
biochemical atiributes which adapt them to their particular habitats. The
Crenarchaeota consist mainly of hyperthermophilic sulfur-dependent prokaryoles
and the Euryarchaeocta contain the methanogens and extreme halophiles.

[0045] "Bacteria®, or "eubacteria”, refers to a domain of prokaryotic organisms.
Bacteria include at least eleven distingt groups as follows: {1) Gram-positive {gram-+)
bacteria, of which there are two major subdivisions: (1} high G+C group
(Actinomycetes, Mycobacteria, Micrococcus, others) (2} low G+C group (Bacillus,
Clostridia,  Lactobacifius,  Staphylococei,  Streptococci,  Mycoplasmas),  (2)
Protecbacteria, e.g., Purple photosynthetic +non-photosynthetic  Gram-negative
bacteria {includes most "common” Gram-negative bacteria); (3) Cyanobacteria, e.g.,
oxygenic phototrophs; (4} Spirochetes and related species; {5} Planctomyces; (6}
Bacteroides, Flavobacteria; (7) Chiamydia; (8) Green sulfur bacteria; (9) Green non-
sulfur bacteria {(also anaerobic phototrophs); (10) Radioresistant micrococci and
relatives; {11} Thermotoga and Thermosipho thermophiles.

100461 “"Gram-negative bacteria” include coccl, nonenteric rods, and enteric rods.
The genera of Gram-negative bacteria include, for example, Neisseria, Spirifium,
Pasteurella, Brucella, Yersinia, Francisglia, Haemophilus, Bordelella, Escherichia,
Saimonella, Shigella, Klebsiclla, Proteus, Vibrio, Pseudomonas, Bacteroides,
Acetobacter, Aerobacter, Agrobacterium, Azotobacter, Spirifla, Serratia, Vibrio,
Rhizobium, Chiamydia, Ricketisia, Treponema, and Fusobacterium.

1006477 “"Gram positive bacteria” include coccl, nonsporulating rods, and
sporulating rods. The genera of gram positive bacteria include, for example,
Actinomyces, Bacillus, Closiridium, Corynebacterium, Erysipsiothrix, Lactobacillus,
Listeria, Mycobacterium, Myxococcus, Nocardia, Staphylococcus, Streptococous,
and Sfreptomyces.

(00481 The ferm “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., Cole, 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 Trustess.
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100491 The term “species” is defined as a colleclion of closely related organisms
with greater than 87% 168 ribosomal RNA seguence homaology and greater than
70% genomic hybridization and sufficiently different from all other organisms so as to
be recognized as a distinct unit.

L LI 1

(00501 The terms "recombinant microorganism,” "modified microorganism,” and
“recombinant host cell” are used inlerchangeably herein and refer 1o microorganisms
that have been geneticaily modified (o express or {0 overexpress endogenous
polynucleotides, o express helerologous polynucleotides, such as those included in
a vector, in an integration construct, or which have an alleration in exprassion of an
endogencus gene. By "alteration” it is meant that the expression of the gene, or
level of a RNA molecule or eguivalent RNA molecules encoding one or more
polypeptides or polypeplide subunits, or activily of one or more polypeptides or
polypeptide subunits is up reguiated or down regulated, such that exprassion, level,
or activity is grealer than or less than that observed in the absence of the alteration.
For example, the term "alter” can mean "inhibit,” but the use of the word "alier” is not
limited to this definition. It is understood that the terms "recombinant microorganism”
and ‘“recombinant host cell” refer not only to the particular recombinant
microorganism but o the progeny or potential progeny of such a microorganism.
Because certain modifications may occur in succeeding generations due o 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.

10651] The term "expression” with respect o a gene seguence refers o
transcription of the gene and, as appropriate, translation of the resulting mRNA
transcript o a protein.  Thus, as will be clear from the context, expression of a
protein results from franscriplion and fransiation 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 selecied sequence.
For example, mRNA transcribed from a selected sequence can be quantitated by
gRT-PCR or by Northern hybridization {see Sambrook ef al., Molecular Cloning: A
Laboratory Manual, Cold Spring Harbor Laboratory Press (18989)). Protein encoded
by a selected sequence can be quantitated by various methods, e.g., by ELISA, by

assavying for the biological activily of the protein, or by empioying assays that are
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independent of such activity, such as western blotting or radicimmunoassay, using
antibodies that recognize and bind the protein. See Sambrook ef al, 1989, suprs.
(06521 The term “overexpression” refers {0 an elevaled level {e.g., aberrant level)
of mRNAs encoding for a protein{s), and/or to elevated levels of protein{s) in cells as
compared o similar corresponding unmodified cells expressing basal levels of
mBNAs or having basal levels of proteins.  In particular embodiments mRNA(s) or
protein{(s) may be overexpressed by at least 2-fold, 3-fold, 4-fold, 5-fold, 6-fold, 8-
foid, 10-fold, 12-fold, 15-fold or more in microorganisms engineered o exhibit
increased gene mRNA, protein, and/or activity.

106531  As used herein and as would be understood by one of ordinary skill in the
art, “reduced activity and/or expression” of a protein such as an enzyme can mean
gither a reduced specific calalytic activily of the prolein (e.g. reduced activity) and/or
decreased concentrations of the protein in the cell {e.g. reduced expression). As
would be understood by one or ordinary skill in the art, the reduced activity of a
protein in a cell may resull from decreased concenirations of the protein in the cell.
10654] The term "wild-type microorganism” describes a ¢ell that cccurs in nature,
i.e., a cell that has not been genetically modified. A wild-type microorganism can be
genetically modified 1o express or overexpress a first target enzyme. This
microorganisim can act as a parental microorganism in the generation of 2
microorganism maodified 10 express or overexpress a second target enzyme. In turn,
the micreorganism maodified {0 express or overexpress a first and a second larget
gnzyme can be modified to express or overexpress a third target enzyme.

[0055] Accordingly, a "parental microorganism” funclions as a reference cell for
successive genetic modification  events. Each modification event can be
accomplished by infroducing a nucleic acid molecule in o the reference cell. The
introduction facilitates the expression or overexpression of a larget enzyme. H is
understood that the term "facilitates” encompasses the activation of endogenous
polynucleotides encoding a target enzyme through genetic modification of e.g., a
promoter sequence in a parental microorganism. [ is further understood that the
term "facilitates” encompasses the introduction of heterologous polynuclectides
encoding a target enzyme in {0 a parental microorganism

[0056] The term "engineer” refers (o any manipulation of a microorganism that
results in a detectable change in the microorganism, wherein the manipulation

includes but s not limited to inserling a polynucleotide and/or polypeptide
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heterologous to the microorganism and mutating a polynuciectide and/or polypeptide
native 1o the microorganism.

(06571 The term "mutation” as used herein indicates any modification of a nucleic
acid andfor polypeptide which resulls in an allered nucleic acid or polypeptide.
Mutations include, for example, point mutations, deletions, or insertions of single or
multiple residues in a polynuciectide, which includes alterations arising within a
protein-encoding region of a gene as well as alterations in regions outside of a
protein-encoding sequence, such as, but not limited to, regulatory or promoter
sequences. A genelic alteration may be a mutation of any type. For instance, the
muiation may constitute a point mutation, a frame-shift mutation, g nonsense
mutation, an insertion, or a delgtion 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 polynuclectide. In some
embodiments, the mutations are naturally-occurring. In other embodiments, the
mutations are identified and/or enriched through artificial selection pressure. In still
other embodiments, the mutations in the microorganism genome are the result of
genetic engineering.

[0058] The term "biosynthelic pathway”, also referred {0 as "melabolic pathway”,
refers to a set of anabolic or catabolic biochemical reactions for converting one
chemical species into another. Gene producis belong o the same "metabolic
pathway” if they, in paraliel or in serigs, acl on the same substrate, produce the
same product, or act on or produce a metabolic intermediate (i.e., metabolite)
between the same substrate and metabolite end product.

106581  As used herein, the term “isobutanol producing metabolic pathway” refers
to an enzyme pathway which produces isobutanal from pyruvate.

{00601 The term "NADH-dependent” as used herein with reference to an enzyme,
e.g., KAR! and/or ADH, refers 10 an enzyme that catalyzes the reduction of a
substrate coupled to the oxidation of NADH with a calalytic efficiency that is greater
than the reduction of the same substrate coupled {0 the oxidation of NADPH at equal
subsirate and cofactor concentrations.

10064] The term "exogencous” as used herein with reference 1o various molecules,
e.g., polynucieotides, polypeptides, enzymes, ete,, refers o molecules that are not
normally or naturally found in andfor produced by a given yeast, bacterium,

organism, microorganism, or cell in nature.
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106621 On the other hand, the term “endogenous” or “native” as used herein with
reference to various molecules, e.g., polynuclectides, polypeptides, enzymaes, elc,,
refers o molecules that are normally or naturaily found in andior produced by a
given yeast, bacterium, organism, microorganism, or cell in nature.

(00631 The term "heterologous” as used hergin in the context of a modified host
cell refers to various molecules, ¢.g., polynucieotides, polypeplides, enzymes, stc,,
wherein at least one of the following is true: (&) the molecule(s) is/are foreign
{("exogenous”} io {i.e., not naturally found in) the host cell; (b) the molecule(s) is/are
naturally found in {e.g., is “endogenous 10"} a given host microorganism or host cell
but is either produced in an unnatural location or in an unnatural amount in the celi;
andfor {¢} the molecule(s) differ(s} in nucleotide or aming acid sequence from the
endogenous nucleotide or amine acid sequence(s) such that the molecule differing in
nuclectide or amino acid sequence from the endogenous nuclectide or amino acid
as found endogenously is produced in an unnatural (e.g., greater than naturally
found)} amount in the cell.

[0064] The term “feedsiock” is defined as a raw material or mixture 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 feedstock for a microorganism that
produces a biofuel in a fermentation process. However, a feedstock may contain
nulrients other than a carbon source.

10865] The term "substrate” or "suitable substrate” refers o any substance or
compound that is converied or meant to be converted into another compound by the
action of an enzyme. The term includes not only a single compound, butl also
combinations of compounds, such as solutions, mixtures and other materials which
contain at least one substraie, or derivatives thereof. Further, the term "substrate”
gncompasses not anly 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 metabolites used in a pathway associated with a recombinant
microorganism as described herein.

10068] The term “fermentation” or Yermentation process” is defined as a process
it which a microorganism is cullivated in a culiure medium containing raw malerials,
such as feedstock and nutrients, wherein the microorganism converts raw materials,

such as a feedstock, into products.
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(06671 The term “volumelric productivity” or “production rate” is defined as the
armount of product formed per volume of medium per unit of time. Volumetric
productivity is reported in gram per liter per hour {g/L/h).

100681 The term "specific productivity” or “specific production rate” is defined as
the amount of product formed per volume of medium per unil of time per amount of
cells, Specitic productivity is reported in gram {(or milligram) per gram call dry weight
per hour (g/g h}.

(00691 The term “vield” is defined as the amount of product obtained per unit
weight of raw material and may be expressed as g product per g subsirate (g/g).
Yield may be expressed as a percentage of the theoretical yvield. “Theoretical yield”
is defined as the maximum amount of product that can be generated per a given
amount of substrate as dictaled by the stoichiomelry 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 isobutano! from glucose of 0.38
g/g would be expressed as 85% of theoretical or 85% theoretical vield.

1067017 The term “liter” is defined as the strength of a solution or the concentration
of a substance in solution. For example, the titer of a biofuel in a fermentation broth
is described as g of biofuel in solution per liter of fermentation broth {(g/l).

(0671} “Aercbic conditions” are defined as conditions under which the oxygen
concentration in the fermentation medium is sufficiently high for an aerobic or
facuitative anaerobic microorganism (o use as a terminal electron acceptor.

10072} In contrast, “anasrobic conditions” are defined as conditions under which
the oxygen concentration in the fermentslion medium i3 oo low for the
microorganism to 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 acceplor.
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. Methods for the production of
isobutanol under anaerobic conditions are described in commonly owned and co-
pending publication, US 2010/0143897, the disclosures of which are herein
ncorporated by reference in its entirety for all purposes.

100731 “Aerobic metabolism” refers (o g biochemical process in which oxygen is
used as a terminal electron acceptor {o make energy, typically in the form of ATP,
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from carbohydrates. Aerobic metabolism occurs e.g. via glycolysis and the TCA
cycle, wherein a single glucose molecule is metabolized completely into carbon
dioxide in the presence of oxygen.

00747  In contrast, “anaercobic metabolism” refers {0 a biochemical process in
which oxygen is not the final acceplor of electrons contained in NADH. Anaerobic
metabolism can be divided info anaerobic respiration, in which compounds other
than oxygen serve as the terminal electron acceplor, and substrate level
phosphorylation, in which the electrons from NADH are ulilized to generate a
reduced product via a “fermentative pathway.”

1006751 In “fermentative pathways”, NAD(P)H donates ils electrons fo a molecule
produced by the same metabolic pathway that produced the electrons carried in
NAD{PIH. For example, in one of the fermentative pathways of cerlain yeast siraing,
NAD(PIH generated through glycolysis transfers its electrons to pyruvate, yielding
ethanol, Fermentative pathways are usually active under anaergbic condilions but
may also occur under aerobic conditions, under conditions where NADH is not fully
oxidized via the respiralory chain. For example, above certain glucose
concentrations, Crablree posilive yeasts produce large amounts of ethanol under
aerobic conditions.

(06761 The term "byproduct” or “by-product” means an undesired product related
to the production of an amino acid, amino acid precursor, chemical, chamical
precursor, biofuel, biofuel precursor, higher alcohol, or higher alcohol precursor.
100771  The term “substantially free” when used in reference to the presence or
absence of a protein aclivity (3-KAR enzymatic activity, ALDH enzymatic activily,
PDC enzymatic activity, GPD enzymatic activity, elc.}) means the level of the protein
activity is substantially less than that of the same protein activity in the wild-type
host, wherein less than about 50% of the wild-type level is preferred and less than
about 30% is more preferred. The activily may be less than about 20%, less than
about 10%, less than about 5%, or less than about 1% of wild-type actlivity.
Microorganisms which are “substantially free” of a particular protein activity (3-KAR
enzymatic activity, ALDH enzymatic activity, PDC enzymatic activily, GPD enzymatic
activity, etc.} may be created through recombinant means or identified in nature.
[0078] The term "non-fermeniing veast” is a vyeast species thal fails to
demonstraie an anaerobic metabolism in which the electrons from NADH are utilized
{0 generate a reduced product via a fermentative pathway such as the production of
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ethanol and CO; from glucose. Non-fermeniative yeast can be identified by the
“Durham Tube Test” (J.A Bamell, RW. Payne, and D. Yarrow. 2000, Yeasis
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 COp

106791 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 nucleoctides, nucleosides or analogs thereof, including but not limited o
single stranded or double stranded, sense or antisense deoxyribonucleic acid {DNA)
of any length and, where appropriate, single stranded or double stranded, sense or
antisense ribonucleic acid (RNA) of any length, including siRNA. The term
‘nucleotide” refers to any of several compounds that consist of a ribose or
deoxyribose sugar joined 10 a purine or a pyrimiding base and to a phosphate group,
and that are the basic structural units of nucleic acids. The term "nucleoside” refers
{0 a compound {(as guanosine or adenosing} that consists of a purine or pyrimidine
base combined with deoxyribose or ribose and is found especially in nucleic acids.
The term “nucleotide analog” or “nucleoside analog” refers, respectively, to a
nucleotide 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
polynuclectide includes nucleic acids of any length, DNA, RNA, anslogs and
fragments thereof. A polynuciestide of three or more nuclectides is aiso cailed
nucleotidic oligomer or oligonuclieotide.

(00801 it is undersiood that the polynucleoctides described herein include "genes”
and that the nucleic acid molecuies described herein include "vectors” or "plasmids.”
Accordingly, the term "geng", also called a “structural gene” refers o a
polynucleotide that codes for a particular sequence of amino acids, which comprise
all or part of one or more proteing or enzymes, and may include regulatory (non-
transcribed) DNA sequences, such as promoter sequences, which delermine for
axampie the conditions under which the gene is expressed. The transcribed region
of the gene may include untransiated regions, including introns, 5-untranslated
region (UTR), and 3-UTR, as well as the coding seguence.

[0081] 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 contiguous genes. | is understood that
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transcription of an entire operon can be modified {(ie., increased, decreased, or
eliminated} by modifying the common promoter. Alternatively, any geng 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 aclivities on the
encoded polypeptide.  Exemplary new activilies include the use of allermnative
subsirates and/or the ability to function in alternative environmental conditions.
(00821 A "vecior” is any means by which a nucleic acid can be propagated and/or
transferred between organisms, celis, or cellular components. Veclors include
viruses, bacteriophage, pro-viruses, plasmids, phagemids, transposons, and artificial
chromosomes such as YACs (yeast artificial chromosomes), BACs (bacterial artificial
chromosomes), and PLACs {plant artificial chromosomes), and the like, thal are
"episomes,” that is, that replicate autonomously or can integrate inlo a chromosome
of a host cell. A veclor can alse be a naked RNA polynucieotide, a naked DNA
polynuclectide, a polynuclectide composed of both DNA and RNA within the same
strand, a poly-lysine -conjugated DNA or RNA, a peptide-conjugated DNA or RNA, a
liposome-conjugated DNA, or the like, that are not episomal in nature, or if can be an
organism which comprises one or more of the above polynudcleotide constructs such
as an agrobacterium or a bacterium.

[0683]  "Transformation” refers to the process by which a vector is infroduced into
a host cell. Transformation (or transduction, or transfection), can be achieved by any
one of a number of means including chemical transformation {(e.g. lithium acetate
transformation), electroporation, microinjection, biclistics {or parlicle bombardment-
mediated delivery}, or agrobacterium mediated transformation.

[0684] 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 totally or partially composed of a polypeptide, but can include enzymes
composed of a different molecule including polynuclectides.

100851 The term "protein,” "peptide,” or “polypeptide” as used herein indicales an
arganic polymer composed of two or more aming acidic monomers and/or analogs
thereof. As used herein, the term "amino acid” or "amino acidic monomer” refers o
any naiural and/or synthetic amino acids including glycine and both D or L optical
isomers. The term “amino acid analog” refers {o an amino acid in which one or more

individual atoms have beean replaced, either with a different atom, or with a different
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functional group. Accordingly, the term polypeptide includes amino acidic polymer of
any length including full length proteins, and peplides as well as analogs and
fragments thereof. A polypeptide of three or more amino acids is also called a protein
oligomer or oligopeptide

[0086] The term "homolog,” used with respect to an original polynucleotide or
polypeptide of a first family or species, refers to distinct polynucleotides or
polypeptides of a second family or species which are delermined by functional,
structural or genomic analyses o be a polynuclectide or polypeptide of the second
family or species which corresponds to the original polynucieotide or polypeptide of
the first family or species. Most often, homologs will have functional, structural or
genomic similarities. Technigues are known by which homologs of a polynuciectide
or polypeptide 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.

100871 A polypeptide has "homology” or is "homologous”™ to a second polypeptide
if the amino acid sequence encoded by a gene has a similar amino acid sequence {0
that of the second gene. Aliernatively, a polypeptide has homology to a second
polypeptide if the two polypeptides have "similar™ amino acid seguences. (Thus, the
terms "homologous polypeptides” or “homologous proteins” are defined to mean that
the two polypeptides have similar aming acid sequences).

(08881 The term "analog” or “analogous” refers to polynucleotide or polypeptide
sequences 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
seguence but may share a similar structure, due to convergent evolution. For
axample, two enzymes are analogs or analogous if the enzymes catalyze the same
reaction of conversion of a subsirate o a product, are unrelated in sequence, and

irrespactive of whether the two enzymaes are related in structure.

Recombinant Yeast Microorganisms With Improved Growih Under Anaerobic
Condilions
100881 To engineer a yeast biocatalyst that produces isobutanol at high vield, it is

necaessary o reduce the yeast's ability to produce ethanol, as unwanted ethano
production diverts carbon flow away from the desired pyruvate-derived compound,

isobutanol. One disclosed method for reducing sthanol production is the disruption,

20



WO 2014/004616 PCT/US2013/047789

mutation, or deletion of one or more endogencus pyruvate decarboxylase (PDC)
encoding genes.  See commuonly owned US Pat. No. 8,017,375, which i3 herein
incorporated by reference in its entirety.

100807 When the production of ethanol is reduced by the disruption, mutation, or
deletion of endogenous PDC genes in Crabtree-positive yeast such as S. cerevisiae,
a number of problems arise which prohibit the use of such strains in industrial
processes. One significant problem in particular is thal the modified yeast are
generally unable to grow anaerobically.

00811 To overcome this growth defect, the present inventors identified
modifications which allow PDC-deficient mutants to grow anaercobically. By virtue of
one or more of these modifications, the resulting veast strains exhibit improved
growth under low aegralion conditions, allowing for more economical production of
desired pyruvate-derived metaboliles {(e.g., isobutanai}.

[0092] As used herein, a “pyruvate-derived metabolite” can include any
biosynthelic pathway which uses pyruvate as the starting material and/or as an
intermediate. As is understond in the arl, veast cells convert sugars o produce
pyruvate, which is then utilized in a number of pathways of cellular metabolism. In
recent years, yeast celis have been engineered to produce a number of desirable
products vig pyruvate-driven biosynthetic pathways. Amongst the biosynthetic
pathways which derive from pyruvate include pathways for the production of
isobutanol, 2-butanol, 1-butancl, 2-butanone, 23-butanediol, acetoin, diacelyl,
valing, leucine, pantothenic acid, isobutylene, 3-methyl-1-butanol, 4-methyl-1-
pentanct, coenzyme A, lactic acid, and malic acid. Engineered biosynthelic
pathways for the synthesis of these beneficial pyruvate-derived metabolites are
found in Table 1 and Figure 3.

Table 1. Pyruvate-Derived Biosynthetic Pathways.

Biosynthetic Pathway | Reference®

Isobutanol US 2009/0226981 (Feldman ef &l.), US 2011/0020889 (Feldman «&f
aly, and US 2010/01430097 (Busiter of a1

1-Butanol US 2010/0159546 (Aristidou of al), WORHM0/017230 (Lynch},
WOREDIOITTE {Wu el al), and KR2011002130 (Les et &)

2-Butanol WORHIZTI30E18 (Donaldson ef al), WO/Z2007/130521 {(Bonaldson
ef al.), and WORGNG/M34276 (Donaldson ef gl)

2-Butanone WOZG07/1305818 (Donaldson ef al), WO2007/130521 {Donaldson
et al.}, and WO/2009/134276 {(Donaldson ef gl.}

2-3-Butanediol WOZG07/1305818 (Donaldson ef al), WO2007/130521 {Donaldson
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ef al}, and WO/2009/134276 (Donaldson ef al.)

Acetoin WO/2007/130518 (Donaldson et &), WO/Z007/130521 {Donaldson
ef al}, and WO/2009/134276 (Donaldson ef al.)

Diacetyl Gonzalez ef gl., 2000, J. Biol Chem 275 35878-85 and Ehsani ef
al., 2009, App. Environ. Micro. 75 3196-205

Valine WOR2001/021772 (Yocum ef al) and McCourt ef al, 2008, Amino
Acids 31 173-210

Laucine WOR2001/021772 (Yocum ef al) and McCourt ef al, 2008, Amino
Acids 31 173-210

Pantothenic Acid WORGHIOZ217T72 (Yocum ef al.)

3-Methyl-1-Butanol WORG08/098227 (Liao of al), Atsumi ef al, 2008, Nalure 451 86-
8%, and Connor ef al,, 2008, Appl. Environ. Microbiol. 74: 53769-5775

4-Mesthyl-1-Pentanol WOR010/045628 (Liao ef al), Zhang ef &l, 2008, Proc Natf Acad
Sci USA 105:20653-20658

Coenzyme A WORGHI021772 (Yocum ef al)

Lactic Acid WORZH07/032752 (Suominen et al}, US 2810/6137551 {(Rajgarhia
aly

Malic Acid US 2008/0090273 (Winkler et a/.)

® — The contents of each of the refersnces in this tabie are herein incorporated by reference in their
entireties for all purposes.

(00931 Each of the products listed in Table 1 are derived from pyruvate. As would
be understood in the art, another compound which is derived from pyruvate is
gthanol, the production of which can divert carbon flow away from the desired
pyruvate-derived compound, thereby reducing optimal vield of the desired pyruvate-
derived compound. To support the commercial production of pyruvate-derived
metabolites, recombinant yeast sirains with reduced PDC activity have been
constructed. See, e.g., commoniy-owned US Patent No. 8,017,375, The
commercial production of desired pyruvate-derived metabolites further depends in
part, on the ability of the yeast to grow under conditions which are economically
favored, ie., growth under anaerobic conditions. PDC-deficient yeast, however,
generally do not tolerate growth under anaerobic conditions.

00841 As described hergin, the present inventors have discovered that ong or
more modifications can be introduced into PDRC-deficient yeast strains to improve
growth under low aeration conditions. Specifically, as shown in Example 3, the
present inventors have found that modifications to NDET andfor NDEZ result in
improved growth under low aeration conditions. Specifically, the present inveniors
have determined that deletion, disruption, or mutation of a gene selected from NDET
and NDEZ improves the growth of PDC-deficient veast under low aeration
conditions.

100951 Accordingly, in & first aspect, the present application relales o a
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recombinant yeast microorganism comprising a metabolic pathway for the production
of a pyruvate-derived metabuolite, wherein said metabolic pathway comprises at least
one exogencus gene and/or at least one overexpressed endogenous gene encoding
an enzyme that catalyzes a pathway step in the production of the pyruvate-derived
melabolite, wherein said recombinant veast microorganism is engineered 1o
comprise reduced PDC activity, and wherein said recombinant yeast microorganism
s engineered to reduce or eliminate the expression or activity of an endogenous
polypeptide encoded by a gene selected from NDET and NDEZ,

(008981 Thus, the application relates o recombinant yeast celis engineered t©
provide reduced endogenous expression and/or activity of a protein encoded by
NDET andior NDEZ {i.e., herein referred to as Ndel or Ndetp, or in the case of
NDE2, as Nde2 or Ndedp). In general, cells that have a reduced expression and/or
activity of Ndel and/or Nde2 or homologs thereof will exhibit an enhanced ability to
grow under low aeration conditions.

100871 Ndelp and NdeZp are mitochondrial external NADH dehydrogenases (i,
NADH dehydrogenase, external). See Luttik ef al, 1908, J Biol Chem. 273{38}):
24529-34. See also Small ef af, 1898, J. Bacteriol 180(16). 4051-55. In veast,
Ndelp and Nde2p contribute to the reoxidation of cyiosolic NADH by the
mitochondria. Seg Overkamp et al., 2000, J. Bacteriol. 182(10) 2823-30. Ndelp
and NdeZp are iocated in the inner mitochondrial membrane with catalylic sites
facing the inlermembranal space. See Pahiman ef 8/, 2002, J. Biol. Chem. 277{31}):
27981-85. Accordingly, disruption or mutation of Ndeip and/or NdeZp at these
catalviic sites would generally be expected to reduce their enzymatic activity. In
Ndeip/Ndedp double mutants, oxidation of external NADH is completely absent,
confirming thelr external location. See Melo ef al, 2004, Microbiol Mol Biol. Rev.
68(4): 603-16.

[0088] As described hergin, delstion, disruplion, or mutation of one or more
endogencus genes encoding for Ndelp andfor Ndedp andior a positive
transcriptional regulator thereof can be made 1o improve the growth of veast cells
under low aeration condilions. in one embodiment, the recombinant yeast
microorganism includes a mutation in at least one gene selected from NDET and
NDEZ, In a further embodiment, the mutation is a point mutation.  In some
embodiments, the point mutation results in a truncation of a polypeptide encoded by
a gene selecied from NDET and NDEZ. In certain embodiments, the truncation
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oceurs within 100 amino acids of the N-terminus of g polypeptide encoded by a gene
selected from NDET and NDEZ2. In further embodiments, the fruncalion occurs
within 50, within 20, within 10, within 7, or within 5 amino acids of the N-terminus of a
polypeptide encoded by a gene selected from NDET and NDEZ. In a specific
embodiment, the fruncation removes 1, 2, 3, 4, 5, or § amino acids from the N-
terminus of the Nde1p polypeptide, ¢.g., resulling in the removal of M, M-I, MR, M-
-R-Q, M--R-Q-8, or M-I-R-Q-8-L. In a specific embodiment, the truncation oceurs at
the Q4 position of a polypeptide encoded by NDET. In another embodiment, the
recombinant yeast microorganism includes a partial delation in at least ong gene
selected from NDET and NDEZ. In another embodiment, the recombinant yeast
microgrganism comprises a complete deletion of at least one gene selected from
NDET and NDEZ. In yet another embodiment, the recombinant yeast microorganism
includes a modification of the requistory region associated with at least one gene
selected from NDET and NDEZ. In yet another embodiment, the recombinant yeast
microorganism comprises a modification of the transcriptional regulator of at least
one gene selected from NDET and NDEZ.

(00991 As is understood by those skilled in the art, however, there are several
additional mechanisms for reducing or disruption the expression and/or aclivity of a
protein encoded by NDET andfor NDEZ, including, but not limited to, the use of &
regulated promaoter, use of a weak constifutive promoter, disruption of ong of the two
copies of the gene in a diploid yeast, disruption of both copies of the gene in a
diploid yeast, expression of an anti-sense nucleic acid, expression of an siRNA,
overexpression of a negative regulator of the endogenous promoter, alteration of the
activity of an endogenous or heterologous gene, use of a heterologous gene with
lower specific activity, the like or combinations thereof.

(001001 One aspect of the application is therefore directed to a recombinant yeast
microorganism comprising a metabolic pathway for the production of a pyruvate-
derived metabolite, wherein said metabolic pathway comprises at least one
axogencus gene and/or at least one overexpressed endogenous gene encoding an
enzyme that calalyzes a pathway step in the production of the pyruvate-derived
metabolite, wherein said recombinant yeast microorganism is engineered 1o
comprise reduced PDC activity, and wherein said recombinant yeast microorganism
is engineered 1o reduce or eliminate the expression or aclivity of an endogenous

polypeptide encoded by a gene selected from NDET and NDEZ  In one
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embodiment, the Ndei polypeptide comprises SEQ 1D NO: 2. In another
ambaodiment, the Nde2 polypeptide comprises SEQ 1D NO: 4. Homologs of Nde1
and NdeZ are known 1o occur in yeast other than S. cerevisiae. Accordingly, in
additional embodiments, a Ndet and/or NdeZ polypeptide derived from 3 yeast
selected from Ajellomyces, Arthroderma, Ashbya, Aspergilius, Bolryotinia, Candida,
Chaetomium, Clavispora, Coccidioides, Debaryomyces, Gibberclla, Glomersila,
Grosmannia,  Issalchenkia, Kiluyveromyces, Leptosphaeria, Lodderomyces,
Magnaporthe, Metarhizium, Meyerozyma, Mycosphaerella, Neclria, Neosartorys,
Neurospora, Paracoccidioides, PFenicillium, Phaeosphaeria, Fichia, Podospora,
Pyrenophora, Saccharomyces, Scheffersomyces, Schizosaccharomyces,
Sclerotinia,  Sordaria,  Talaromyces,  Trichodermea,  Trichophyton,  Tuber,
Uncinocarpus, Verticiflium, Yarrowia or Zygosaccharomyces may be disrupted,
deleted, or mutated. Seguences for a variety of Nde1 homologs from yeast other
than S. cerevisiae are available in the arl, e.g., SEQ 1D NO: 6, SEQ 1D NO: 8, SEQ
D NQO: 10, SEQ 1D NO: 12, SEQ 1D NO: 14, and SEQ ID NO: 16. Likewise,
sequences for a variety of Nde2 homaologs from yeast other than 8. cerevisiae are
available in the art, .g., SEQ ID NO: 18, SEQ ID NO: 20, SEQ ID NO: 22, SEQ ID
NG: 24, SEQ ID NO: 26, and SEQ 1D NO: 28.

[00101] Additionally shown in Example 3 are observations made by the present
inventors regarding the presence of YNLZQ5W (8EQ ID NO: 29) and YJLOGSW
(SEQ 1D NO: 31) mutations in yeast strains exhibiting improved growth under low
aeration conditions. Specifically, a T441 to A sleration was obhserved in YNLZ95W,
while a D89 to E substitution was seen in YJLOS5W.

1004021 Accordingly, in another aspect, the present application reistes 0 a
recombinant yeast microorganism comprising a metabglic pathway for the production
of a pyruvate-derived metabolite, wherein said metabolic pathway comprises at least
one exogenous gene and/or at least one overexpressed endogenous gene encading
an enzyme that catalyzes a pathway step in the production of the pyruvate-derived
metabolite, wherein said recombinant veast microorganism is engineerad 1o
comprise reduced PDC activity, and wherein said recombinant yeast microorganism
is engineered o comprise at least one modification of YNL29GW. In some
embodiments, the maodification of YNL295W is a mutalion, disruption, or deletion of
YNLZ85W. In one embodiment, the modification of YNLZ295W is a mutation of
YNL28SW.  In certain embodiments, the modification of YNL285W is a point
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mutation of YNL295W. In a specific embodiment, the modification of YNLZ295W is a
point mutation of YNL295W which results in an amino acid substitution at an amino
acid position which is within & Angstroms of T441 of the protein encoded by
YNLZG5W. In a specific embodiment, the modification of YNL285W is a point
mutation of YNL295W which results in an amino acid substitution at the T441 of the
protein encoded by YNLZ95W, wherein said T441 residue is replaced with a residue
saglected from the group consisting of argining, histidine, lysine, aspartic acig,
glutamic acid, serine, asparagine, glutamine, cysteineg, glycine, proline, alanine,
isoleucine, leucing, methionine, phenyialanine, tryptophan, tyrosing, and valine. Ina
further specific embodiment, the modification of YNLZ05W is a point mutation of
YNLZB5W which results in an amino acid substitution at the T441 residue of the
protein encoded by YNLZ25W, wherein said T441 residue is replaced with an
alanine residue.

(00103} In an additional aspect, the present application relates 10 a recombinant
yveast microorganism comprising a metabolic pathway for the production of a
pyruvate-derived metabolite, wherein said metabolic pathway comprises at least one
exogenous gene and/or at least one overexpressed endogenous gene encoding an
enzyme that catalyzes a pathway step in the production of the pyruvate-derived
metabolite, wherein said recombinant veast microorganism is engineered to
comprise reduced PDC activity, and wherein said recombinant yeast microorganism
s engineered to comprise al least one modification of YJLOSSW. In some
embodiments, the modification of YJLOSEW is a mutation, disruption, or deletion of
YILOSEW. In one embodiment, the modification of YJLOSSW is a mutation of
YJLOEEW. in certain embodiments, the modification of YJLGS5W is a point mutation
of YAO55W. In a specific embodiment, the modification of YJLOSSW is a point
mutation of YJLOSSW which results in an amino acid substitution at an amino acid
position which is within § Angstroms of D83 of the protein encoded by YJLOSEW. In
a specific embodiment, the modification of YJL055W is a point mulation of YJLO56W
which results in an amino acid substitution at the D88 of the protein encoded by
YJLOE5W, wherein said DOD residue is replaced with a residue selected from the
group consisting of arginineg, histidine, lysine, glulamic acid, serine, threonine,
asparagine, glutamine, cysleing, glycing, proline, alanine, isoleucine, leucine,
methionine, phenylalanine, tryptophan, tyrosine, and vaiine. In a further specific
ambaodiment, the modification of YJULOSEW is a point mutation of YJLOSSW which
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results in an amino acid substifution at the DY residue of the protein encoded by
YJLOGEW, wherein said D8 residue is replaced with a glulamic acid residus.
[00104] In various aspects, the recombinant yeast microorganism is engineered (o
reduce PDC activity by deleling, disrupting, or mutating one or more genes encoding
for pyruvate decarboxylase and/or a posilive transcriptional regulator thereof. In one
embodiment, said pyruvate decarboxylase gene targeted for disruption, deletion, or
mutation is selected from the group consisting of PDCTY, PDCS, and PDCE, or
homologs or variants thereof. In an exemplary embodiment, all three of PDCT,
PDCS, and PDCE are targeted for disruption, delelion, or mutation. In yel ancther
embodiment, a positive transcriptional regulator of the POCT, PLRCS, andior PDCE is
targeted for disruplion, deletion or mutation. In one embodiment, said positive
transcriptional regulator is PDCZ, or homologs or variants thereof.

100105] As is understood by those skilled in the art, there are several additional
mechanisms available for reducing or disrupting the aclivity of a protein encoded by
PDRCT, PDCE, PDCE, andior PDCE, including, but not limited to, the use of a
regulated promaoter, use of a weak constifutive promoter, disruption of ong of the two
copies of the gene in a diploid yeast, disruption of both copies of the gene in a
diploid yeast, expression of an anti-sense nucleic acid, expraession of an siRNA, over
axpression of a negative reguiator of the endogenous promoter, alteration of the
activity of an endogenous or heterologous gene, use of a heterologous gene with

lower speacific activity, the like or combinations thereof.

isobutang! Producing Recombinant Microgrganisms
[00406] In certain exemplary embodiments, the present application relates o a

recombinant yeast microorganism comprising an engineered isobutano! producing
metabolic pathway. In recent vears, yeast celis have been engineered {0 produce
increased quantities of iscbuianol, an important commadity chemical and biofuel
candidate. Engineered yeast for the production of iscbutanol are described in 2
variety of commonly-owned patents, e.g., US. Pat. Nos. 8,017,375, 8,017,376,
8,071,358, 8,097,440, 8,133,715, 8,183,415, and 8,158,404, and co-pending
publications, US 2009/0226990, US 2010/0143997, US 2011/0020888, US
2011/0076733, US 2011/0201000, US 2012/0045808, and US 2012/0034666.

[001071 As described herein, the present invention relates to recombinant

microorganisms for producing isobutanol, wherein said recombinant microgrganisms
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comprise an isocbutanol producing metabolic pathway. In one embodiment, the
isobutanol producing metabolic pathway to convert pyruvate 1o iscbutanol can be
comprised of the following reactions:

2 pyruvate — acetolactate + COq

acetolactate + NAD(PIH — 2,3-dihydroxyisovalerate + NAD(PY

2, 3-dihydroxyisovalerate — alpha-ketoisovalerate
alpha-ketoisovalerate - isobutyraldehyde + CO;

isobutyraldehyde +NAD(PYH — isobutanol + NADP

[00108] in one embuodiment, thaese reactions are carried out by the enzymes 1)

oo LN

Acetolactate synthase (ALS), 2} Ketol-acid reductoisomerase (KARI), 3) Dihydroxy-
acid dehydratase (DHAD), 4) 2-keto-acid decarboxylase, e.g., Keto-isovalerate
decarboxyiase (KIVD), and 5} an Alcohol dehydrogenase (ADH) (Figure 1). In some
embodiments, the recombinant microorganism may be engineered o overexpress
one or more of these enzymes. In an exemplary embodiment, the recombinant
microorganisim is engineered to overexpress ail of these enzymes.

100108] Alternative pathways for the production of iscbutanol in yeast have been
described in WO/2007/050671 and in Dickinson et al, 1998, J Biof Chem
273:25751-6. These and other isobutanol producing metabualic pathways are within
the scope of the present application. In one embodiment, the isobutanol producing
metabolic pathway comprises five substrate to product reactions.  In another
embadiment, the isobutano! producing metabolic pathway comprises six substrate to
product reactions. In yet another embodiment, the isobutanol producing metabolic
pathway comprises seven substrate to product reactions.

[001101 As described above, the present inventors have discoverad that one or
mare modifications can be introduced into PDC-deficient yeast strains {o improve
growth under low aeration condilions. Specifically, as shown in Example 3, the
present inveniors have found that modifications to NDET andfor NDEZ can be made
to improve growth under low aeration conditions. Specificaily, the present inveniors
have determined that deletion, disruption, or mutation of 8 gene selected from NDET
and NDEZ improves the growth of PDC-deficient yeast under low aeralion
conditions, thereby resulting in PDC-deficient veast strains with improved growth
characieristics, allowing for more economical production of desired pyruvate-derived
metabolites. In an exemplary embodiment, the pyruvate-derived metabolite is
isobutanol.
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[00111] Accordingly, in another aspect, the present application relates t© a
recombinant yeast microorganism comprising an isobuianol producing metabolic
pathway, wherein said iscbulanol producing metabolic pathway comprises at least
one exogenous gene and/or at least one overexpressed endogenous gene encoding
an enzyme that catalyzes a pathway step in the conversion of pyruvate o isobutanol,
wheregin said recombinant yeast microorganism is engingered to comprise reduced
PDC activity, and wherein said recombinant yeast microorganism is engineered (o
reduce or eliminate the expression or activity of an endogenous polypeplide encoded
by a gene selected from NDET and NDEZ.

(001121 In one embodiment, the recombinant yeast microorganism includes a
mutation in at least one gene selected from NDET and NDE2Z. In a further
embadiment, the mutation 8 a point mutation.  In some embodiments, the point
mutation results in a truncation of a polypeptide encoded by a gene selected from
NDET and NDEZ. In certain embodiments, the truncation occurs within 100 amino
acids of the N-terminus of a polypeptide encoded by a gene selected from NDET and
NDEZ. In further embodiments, the truncation occurs within 50, within 20, within 10,
within 7, or within 5 amino acids of the N-lerminus of a polypeptide encoded by a
gene selected from NDET and NDE2. In a specific embodiment, the runcation
removes 1, 2, 3, 4, 5, or & amine acids from the N-erminus of the Ndelp
polypeptide, e.g., resulling in the removal of M, M-, M-I-R, M-I-R-Q, M-I-R-G-§, or
M-[-R-Q-8-L. In a specific embodiment, the truncation occurs at the Q4 position of a
polypeptide encoded by NDET.  In another embodiment, the recombinant yeast
microorganism includes a partial deletion in at least one gene selected from NDET
and NDEZ. In another embodiment, the recombinant yeast microorganism comprises
a complete deletion of at least one gene selected from NDET and NDEZ. In yet
ancther embodiment, the recombinant yeast microorganism includes a modification
of the regulatory region associated with at least one gene selected from NDET and
NDEZ. In yet another embodiment, the recombinant yeast microorganism comprises
a modification of the transcriptional regulator of at least one gene selected from
NDET and NDEZ.

106113] In one embodiment, the Ndel polypeptide comprises SEQ 1D NGO 2. In
another embodiment, the Nde? polypeptide comprises SEQ 1D NO: 4, Homologs of
Nde1 and NdeZ are known to occur in yeast other than 5. cerevisige. Accordingly, in
additional embodiments, a Ndetl and/or Nde2 polypeptide derived from a yeast
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selected from Ajellomyces, Arthroderma, Ashbya, Aspergilius, Botryotinia, Candida,
Chaetomium, Clavispora, Coccidioides, Debaryomyces, Gibberslla, Glomeresila,
Grosmannia, issalchenkia, Kiuyveromyces, Leplosphaeria, Lodderomyces,
Magnaporthe, Metarhizium, Meverozyma, Mycosphaerella, Neciria, Neosartorya,
Neurospora, Paracoccidioides, Penicillium, Phaeosphaeria, Pichia, Podospors,
Pyrenophora, Saccharomyces, Scheffersomyces, Schizosaccharomyces,
Sclerotinia,  Sordaria, Talaromyces,  Trichoderma,  Trichophyion,  Tuber,
Uncinocarpus, Verficiflium, Yarrowia or Zygosaccharomyces may be disrupted,
deleted, or mutated. Seguences for a variety of Ndel1 homologs from yeast other
than 5. cerevisiae are available in the art, e.g., SEQ 1D NO: 6, SEQ 1D NO: 8, SEQ
D NGO 10, SEQ ID NO: 12, SEQ 1D NO: 14, and SEQ 1D NO: 16, Likewise,
saquences for a variety of Nde? homologs from yeast other than 8. cerevisiag are
available in the art, e.g., SEQ 1D NO: 18, SEQ D NO: 20, SEQ 1D NO: 22, SEQ ID
NGO: 24, SEQ ID NO: 26, and SEQ 1D NO: 28.

100114] Additionslly shown in Example 3 are observations made by the present
inventors regarding the presence of YNLZQ5W (8EQ ID NO: 29) and YJLOGSW
(SEQ 1D NO: 31) mutations in yeast strains exhibiting improved growth under low
aeration conditions. Specifically, a T441 {o A alteralion was observed in YNLZ95W,
while a D89 to E substitution was seen in YJLOSSW.

1001151 Accordingly, in another aspect, the present application relaies o a
recombinant yeast microorganism comprising an iscbutano! producing metabolic
pathway, wherein said iscbutanol producing metabolic pathway comprises at least
one exogencus gene and/or at ieast one overexpressaed endogenous gene encoading
an enzyme that catalyzes a pathway step in the conversion of pyruvate to isobutanal,
wherein said recombinant yeast microorganism is engingered to comprise reduced
PDC activity, and wherein said recombinant yeast microorganism is engineered (o
comprise at lgast one modification of YNL28SW. In some embodiments, the
modification of YNLZ285W is a mutation, disruption, or deletion of YNLZ85W. In one
embodiment, the maodification of YNLZB5W is a mutation of YNL2Z2BSW. In cerain
embadiments, the maodification of YNL285W is a point mutation of YNL285W. In a
specific embodiment, the modification of YNL2G5W is a point mutation of YNL285W
which results in an amino acid substitution at an amino acid position which is within &
Angstroms of T441 of the protein encoded by YNLZ285W. In a specific embodiment,
the modification of YNL285W is a point mutation of YNL285W which resulls in an
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amino acid substitution at the T441 of the protein encoded by YNL295W, wherein
said T441 residue is replaced with a residue selected from the group consisting of
arginine, histidine, lysine, aspartic acid, giuiamic acid, serine, asparagine, glutamine,
cysteine, glycing, proling, alaning, isoleucing, leucine, methionine, phenyialanine,
tryptophan, tyrosine, and valine. In a further specific embodiment, the modification
of YNLZ285W is a point mutation of YNLZB5W which results in an amino acid
substitution at the T441 residue of the protein encoded by YNL285W, wherein said
T441 residue is replaced with an alanine residue.

[00116] In an additional aspedt, the present application relates © a recombinant
yeast microorganism comprising an iscbutano!l producing metabolic pathway,
wherein said isobutanol producing metabolic pathway comprises at least one
exogenous gene and/or at least one overexpressed endogenous gene encoding an
enzyme that catalyzes a pathway step in the conversion of pyruvate 1o isobutanol,
wherein said recombinant yeast microorganism is engineered to comprise reduced
PDC activity, and wherein said recombinant yeast microorganism is engineered o
comprise at least one modification of YJLOSSW.  In some embodiments, the
modification of YJLOS5W is a mutation, disruption, or deletion of YJLOS5W. In one
embodiment, the maodification of YJLOSSW is a mutation of YJLOESW. In certain
embodiments, the modification of YJLOS5W is a point mutation of YJULOSSW. In a
specific embaodiment, the modification of YJLOESW is a point mutation of YJLOGSW
which resulls in an amino acid substitution at an aming acid position which is within 5
Angstroms of D89 of the protein encoded by YJLOS5W. In a specific embodiment,
the modification of YJLOSSW is a point mutation of YJLOGSW which resulls in an
amino acid substitution at the D83 of the protein encoded by YJLOSSW, wherein said
DOY residue is replaced with a residue selected from the group consisting of
arginine, histidine, lysine, glutamic acid, serine, threonine, asparagine, giutamine,
cysteine, glycing, proling, alaning, isoleucing, leucing, methionine, phenyialaning,
tryptophan, tyrosine, and valine. In a further specific embodiment, the modification
of YJLOESW is a point mutation of YJLOSSW which results in an amino acid
substitution at the D99 residue of the protein encoded by YJLO5EW, wherein said
0399 residue is replaced with a glutamic acid residue

001171 In one embodiment, the yeast microorganism comprising an isobutanot
producing metabolic pathway has reduced or no pyruvate decarboxylase (PDC)
activity. PDC catalyzes the decarboxylation of pyruvate to acetaidehyde, which is
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then reduced to ethanol by ADH via an oxidation of NADH to NAD+. Ethanol
production is the main pathway to oxidize the NADH from glycolysis.  Deletion,
disruption, or mutation of this pathway increases the pyruvate and the reducing
equivalents (NADH) available for an iscbutanol biosynthetic pathway. Accordingly,
deletion, disruplion, or mutation of one or more genes encoding for pyruvate
decarboxylase and/or a posilive transcriptional regulator thereof can further increase
the vyield of isocbutanol. iIn one embodiment, said pyruvale decarboxylase gene
targeted for disruption, deletion, or mutation is selected from the group consisting of
PDCT, PDCS, and PDCE, or homologs or variants thereof. In another embodiment,
all three of PDCY, PDCS5, and PLCS are targeted Tor disruption, deletion, or
mutation.  In yet another embodiment, a positive transcriptional regulator of the
PDCT, PDCS, andlor PDCE is targeted for disruption, deletion or mulation. In one
embodiment, said positive transcriptional regulator is PRC2, or homologs or variants
thereof.

[00418] As is understood by those skilled in the art, there are several additional
mechanisms available for reducing or disrupting the activity of a protein encoded by
PDCT, PDCS, PDCSE, andior PDCZ, including, but not limited fo, the use of a
regulated promoter, use of a weak constitutive promoter, disruption of one of the two
copies of the gene in a diploid veast, disruption of both copies of the gene in a
diploid yeast, expression of an anti-sense nucleic acid, expression of an siRNA, over
expression of a negative regulator of the endogenous promoter, alteration of the
activity of an endogenous or heterclogous geneg, use of a heterologous gene with
lower specific activity, the like or combinations thereof

100119] As described herein, straing that naturally produce low levels of pyruvate
decarboylase ¢an also have applicability for producing increased levels of
isobutanol.  As would be undersicod by one skilled in the art equipped with the
instant  disclosure, strains that naturaily produce low levels of pyruvate
decarboxylase may inherently exhibit low or undetectable levels of pyruvate
decarboxylase aclivity, a trail which may be favorable for the production of
isobutanol.

100128] In various embodiments described herein, the recombinant microorganism
comprises an engineered iscbutano! producing metabolic pathway. In one
embodiment, the iscbulanol producing metabolic pathway comprises at least one
axogenous gene encoding a polypeptide that catalyzes a step in the conversion of
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pyruvatie to isobutanocl. In another embodiment, the iscbutanol producing metabolic
pathway comprises at least two exogenous genes encoding polypeplides that
catalyze steps in the conversion of pyruvate to isobutanol.  In yet anocther
embodiment, the isobutanol producing metabolic pathway comprises at least three
gxogenous genes encoding polypeptides that catalyze steps in the conversion of
pyruvate fo isobutanol. In yet another embodiment, the iscbutanol producing
metabolic pathway comprises at least four exogenous genes encoding polypeptides
that catalyze steps in the conversion of pyruvate to isobutanol. In yet another
embodiment, the isobutanol producing melabolic pathway comprises at least five
exogencus genes encoding polypeptides that catalyze steps in the conversion of
pyruvate to ischutanol. In yet ancther embodiment, all of the isobutanol producing
metabolic pathway steps in the conversion of pyruvate to isobulanol are converted
by exogenously encoded enzymes.

00121} iIn one embodiment, one or more of the isobutanol pathway genes
encodes an enzyme that is localized to the cylosol. In one embodiment, the
recombinant microorganisms comprise an isobulanol producing metabolic pathway
with at least one isobutanol pathway enzyme localized in the cytosol. In another
embodiment, the recombinant microorganisms comprise an isobutano! producing
metabolic pathway with at least two isobutanol pathway enzymes localized in the
cytosol. In yel another embodiment, the recombinant microorganisms comprise an
isobutanol producing metabolic pathway with at least three iscbutanol pathway
egnzymes localized in the cvtosol. In yet another embodiment, the recombinant
microorganisms comprise an isobutanol producing metabolic pathway with al least
four iscbutanol pathway enzymes localized in the cyiosol.  In an exemplary
ambaodiment, the recombinant microorganisms comprise an isobutano! producing
metabolic pathway with five iscbuianol pathway enzymes localized in the cytosol.
Isobutano! producing metabolic pathways in which one or more genes are localized
to the cytosol are described in commonly owned and co-pending publication, US
2011/0076733, which is herein incorporated by reference in its entirety for all
pUrposes.

100122] As is understood in the art, a variely of organisms can serve as sources
for the isobutanol pathway enzymes, including, but not limited to, Saccharomyces
spp., including & cerevisige and S. uvarum, Kluyveromyces spp., including K

thermotfolerans, K lactis, and K. marxianus, Pichia spp., Hansenula spp., including
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H. polymorpha, Candida spp., Trichosporon spp., Yamadazyma spp., including Y.
sSpp. stipitis, Torulaspora pretoriensis, fssalchenkia orientalis, Schizosaccharomyces
spp., including 5. pombe, Cryptococcus spp., Aspergilius spp., Neurcspora spp., or
Ustilago spp. Souwrces of genes from anaerobic fungi include, but not limited o,
Piromyces spp., Orpinomyces spp., or Neocallimastix spp. Sources of prokaryotic
enzymes that are useful include, but not limited to, Escherichia spp., Zymomonas
spp., Staphylococcus spp., Bacillus spp., Clostridium spp., Corynebacterium spp.,
Pseudomonas spp., Slackia spp., Lactococcus spp., Entercbacter  spp.,
Streptococcus spp., Salmonells spp., Bacteroides spp., Methanococcus spp.,
Ervthrobacter spp., Sphingomonas spp., Sphingobium spp., and Novosphingobium
Spp.
(081231  In some embodiments, ong or more of these enzymes can be encoded by
native genes. Alternatively, one or more of these enzymes c¢an be encoded by
heterologous genes.
[00124] For example, acetolactate synthases capable of converting pyruvate o
acelolaciate may be derived from a variety of sources (g.g., baclerial, yeast,
Archaea, etc.), including B. subfilis (GenBank Accession No. Q04789.3), L. /faclis
{(GenBank Accession No. NP_20673401), S mulans {GenBank Accession No.
giufamicum (GenBank Accession No. P42463.1), £. cloacae (GenBank Accession
No. YP_0036813611.1), M. maripaludis (GenBank Accession No. ABX01060.13, M
grisea {GenBank Accession No. AAB81248.1), 7. sfipifalus {GenBank Accession No.
XP_ 0024858701}, or 5. cerevisise {LVZ {(GenBank Accession No. NP_(13826.1).
Additional acetolactate synthases capable of converting pyruvate to acetolactate are
described in commonly owned US Publication No. 2011/0076733 {now US Patent
No. 8,232,089}, which is herein incorporated by reference in its entirety. A review
articie characterizing the biosynthesis of acetolactate from pyruvale via the aclivity of
acetolactate synthases is provided by Chipman et &l, 1888, Biochimica et
Biophysica Acta 1385: 401-19, which is herein incorporated by reference in iis
entirety. Chipman ef g/, provide an alignment and consensus for the sequences of a
representative number of acefolactate synthases. Molifs shared in common
between the majorily of acetolaciate synthases include:

SGPGA/CNVT/SIN (SEQ 1D NG: 33},
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GX{PIAYGX{VIAIT) (SEQ 1D NO: 343,
GX{Q/GYTIAYLMGYIFMA/GIX(P/GWIAJAX(GITHANY (SEQ 1D NO: 35), and
GIXG/ANG/S/CHF (SEQ 1D NO: 36)
motifs at amino acid positions corresponding 1o the 163-168, 240-245, 521-535, and
549-553 residues, respectively, of the 5. cegrevisiae ILVZ. Thus, a protein harboring
one or more of these amine acid motifs can generally be expecied to exhibit

aceiolactate synthase aclivity.

[00125] Ketol-acid reductoisomerases capable of converting acetolactate 1o 2,3-
dihydroxyisovalerate may be derived from a variety of sources {e.g., bacterial, yeast,
Archaea, eic.), including £. cofi {GenBank Accession No. EGB30587.1), L. lactis
{(GenBank Accession No. YP_D03353710.1), S, exigua {(GenBank Accession No.
ZP 081801301y, €. cuwlam (GenBank Accession No. YP_003151266.1),
Shewanella sp. {GenBank Accession No. YP _732488.1), V. fischeri {GenBank
Accession  No. YP 2088111}, M maripaludis (GenBank Accession No.
YP 001097443.1), B. subtilis (GenBank Accession No. CAB14788), S. pombe
(GenBank Accession No. NP_001018845), B. thetaiotamicron {GenBank Accession
No. NP _810887), or &. cerevisiae ILV5 (GenBank Accession No. NP _013459.1).
Additional ketol-acid reducloisomerases capable of converting acetolactate to 2,3-
dihydroxyisovalerate are described in commonly owned US Publication No.
20110076733 {now US Patent No. 8,232,089}, which is herein incorporated by
reference in its entirety.  An alignment and consensus for the sequences of a
representative number of ketol-acid reductoisomerases is provided in commonly
owned and co-pending US Publicalion No. 2010/0143997, which is herein
incorporated by reference in ifs entirety. Motifs shared in common between the
majority of kelol-acid reductoisomerases include:

GY/C/WHIGKXQ{G/A) (SEQ 1D NO: 373,
(FIYALNSIAHGF/L) (SEQ 1D NQ: 38),

VAR YMILAYA/CIPK (SEQ 1D NO: 39),
DEMXGE{QRIXXLXG (SEQ 1D NQ: 40), and
S(DINITTA(E/Q/RIXG (SEQ ID NO: 41)
motifs at amino acid positions corresponding {o the 89-84, 175-179, 194-200, 262-
272, and 458-465 residues, respectively, of the £ cofi ketol-acid reductoisomerase
encoded by HC. Thus, a protein harboring one or more of these amino acid motifs

can generaily be expectad o exhibit ketol-acid reductoisomerase aclivity,
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[00126] To date, all known, naturally existing kelol-acid reducloisomerases are
known 1o use NADPH as a cofactor. In cerfain embodiments, a ketol-acid
reductoisomerase which has been engineered to used NADH as a cofactor may be
utilized to mediate the conversion of acetolactate to 2,3-dihvdroxyisovalerate.
Enginesred NADH-dependent KARI enzymes ("NKRs") and methods of generating
such NKRs are disclosed in commoniy owned and co-pending US Publication No.
2010/0143097.

(001271 In accordance with the invention, any number of mutations ¢an be made o
a KARI enzyme, and in 2 preferred aspect, multiple mutations can be made o a
KARI enzyme to result in an increased ability to utilize NADH for the conversion of
acelolaciate o 2,3-dihydroxyisovalerate. Such mutations include point mutations,
frame shift mutations, deletions, and insertions, with one or more (&.g., one, two,
three, four, five or more, elc.} point mutations preferred.

[00128] Mulations may be infroduced into naturally existing KARI enzymes to
create NKRs using any methodology known 1o those skilled in the arl. Mutations may
be infroduced randomiy by, for example, conducting a PCR reaction in the presence
of manganese as a divalent metal ion cofactor. Alternatively, oligonucieotide directed
mutagenesis may be used 1o create the NKRs which aliows for all possible classes
of base pair changes at any determined site glong the encoding DNA molecule. In
general, this technigue involves annealing an oligonucieotide complementary {except
for one or more mismaicheas) to a single siranded nuclectide sequence coding for the
KARI enzyme of interest. The mismatched oligonuciectide is then extended by DNA
polymerase, generating a double-stranded DNA molecule which contains the desired
change in sequence in one strand. The changes in sequence can, for example,
rasult in the deletion, substitution, or insertion of an amino acid. The double-stranded
polynucleotide can then be inserted into an appropriate expression vector, and a
mutant or modified polypeptide can thus be produced. The above-described
oligonuciectide directed mutagenesis can, for example, be carried out via PCR.
1004281 Dihydroxy  acid  dehvydratases  capable  of  converting 2,3-
dihydroxyisovalerate to g-ketoisovalerate may be derived from a variely of sources
{e.g., bacterial, yeast, Archaes, elc.), including £ cofi {GenBank Accession No.
YP _020248.1), L. lactis {GenBank Accession No. NP _267379.1), & mutans
{GenBank Accession No. NP 722414 1), M. stadimanae {(GenBank Accession No.
YP_448586.1), M. bractuosa {GenBank Accession No. YP_004053736.1),
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Eubacterium SCB49 {GenBank Accession No. ZP 018901261}, G. forselli
(GenBank Accession No. YP_862145.1), Y. fipohtica (GenBank Accession No.
V3 (GenBank Accession No. NP _(012550.1). Additional dihydroxy acid
dehydralases capable of 2,3-dihydroxyisovalerate to g-keloisovalerate are described
in commaonly owned US Publication No. 2011/0076733 (now US Patent No.
8,232,089). Motifs shared in common between the majority of dihydroxy acid
dehydratases inciude:

SLXSRXXIA (SEQ 1D NO: 42),

CODKOOPG (SEQ 1D NO: 43),

GXOXGXXTAN (SEQ ID NO: 44),
GGSTN (SEQ 1D NO: 45},
GPXGXPGMRXE (SEQ 1D NO: 48),
ALXTDGRXSG (SEQ 1D NO: 47), and

GHXXPEA (SEQ 1D NO: 48)
motifs al aming acid positions corresponding o the 93-101, 122-128, 183-202, 276-
280, 482-491, 509-518, and 5286-532 residues, respeciively, of the £, coli dihydroxy
acid dehydratase encoded by ivDD. Thus, a protein harboring one or more of these
amino acid motifs can generally be expecied o exhibit dihydroxy acid dehydratase
activity.
(001301 2-keto-acid decarboxylases capable of converling a-ketoisovalerate to
isobutyraldehyde may be derived from a variety of sources {¢.g., bacterial, yeast,
Archaea, etc.), including L. factis &vD (GenBank Accession No. YP_003353820.1)},
£. cloacae {GenBank Accession No. P23234.1), M. smegmalis (GenBank Accession
No. AOR480.1), M. tubsreulosis (GenBank Accession No. O53865.1), M avium
{GenBank Accession No. Q742Q2.1, A brasiense {GenBank Accession No.
P51852.1), L. faclis kdcA (GenBank Accession No. AAS48166.1), S. epidermidis
{GenBank Accession No. NP _765765.1), M. caseolyticus {(GenBank Accession No.
YP 002560734.1), B. megsaterium {GenBank Accession No. YP_0035681844.1), &
cerevisiae AROTO (GenBank Accession No. NP_010668.1), or 8. cerevisiae THI3
{GenBank Accession No. CAASBG46.1). Additional Z-keto-acid decarboxylases
capable of converling a-ketoisovalerate o isobutyraldehyde are described in
commonly owned US Publication No. 2011/0076733 (now US Patent No. 8,232,089},
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Motifs shared in common between the majority of Z2-keto-acid decarboxylases
include:
FGVIHPIS)GDEXY/F) (SEQ 1D NG: 40),

(TAVYT(FIY YGV/IAGE/ANL/FS/NY (SEQ 1D NO: 50},
N{G/AHLINVIAG(S/ANY/FIAE (SEQ 1D NO: 513,
(VID(LANVRANVITISYG (SEQ D NO: 52}, and
GDG(S/AYL/F/AQLMT (SEQ ID NO: 53)
motifs al aming acid positions corresponding to the 21-27, 70-78, 81-89, 83-98, and
428-435 residues, respeactively, of the L. lactis 2-keto-acid decarboxylase encoded
by kivD. Thus, a protein harboring one or more of these amino acid motifs can

generally be expected to exhibit 2-keto-acid decarboxylase activity.

[00131] Alcohol dehydrogenases capable of converting iscbutyraldehyde o
isobutanol may be derived from a variely of sources {(e.g., bacterial, yeast, Archaea,
etc.}), including L. factis {GenBank Accession No. YP_003354381), B. cereus
{GenBank Accession No. YP_001374103.1), N. meningifidis {GenBank Accession
No. CBAQ3865.1), & sanguinis {GenBank Accession No. YP_001035842.1), L.
brevis {GenBank Accession No. YP 7944511y, B thuringiensis {GenBank
Accession  No. 2P _041018881), P acidiactici {GenBank Accession  No.
ZP 06187454 1), B. subliis (GenBank Accession No. EHA31115.1), N. crassa
{(GenBank Accession No. CAB91241.1) or S, cerevisiae ADHE {(GenBank Accession
No. NPF_014051.1). Additional alcohol dehydrogenases capable of converting
isobutyraldehyde to iscbutanol are described in commonly owned US Publication
Nos. 2011/0076733 (now US Patent No. 8,232,089) and 2011/0201072. Muotifs
shared in common between the majority of alcohol dehvydrogenases include:

CH/GHT/SYD{L/IH (SEQ 1D NO: 543,
GHEXXGXY (SEQ 1D NO: 55),
{LAVHOQ/KEYVAKOGDVOYRHIVIAY (SEQ 1D NO: 58},
CXXCXXC (SEQ ID NO: 573,
(C/IAYA/GIDNG/AIXT(TAV) (SEQ 1D NO: 58), and
GL/ACYG{G/PYLANG (SEQ 1D NO: 59)

motifs at amino acid positions corresponding to the 39-44, 58-66, 76-82, 91-97, 147-
152, and 171-17¢ residues, respectively, of the L. faclis alcohol dehydrogenase
encoded by adhA. Thus, a protein harboring one or more of these amino acid motifs

can generally be expectad to exhibit alcohol dehydrogenase aclivity.
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1001321 In an exemplary embodiment, pathway steps 2 and 5 of the iscbutanol
pathway may be carried out by KARI and ADH enzymes that utilize NADH (rather
than NADPH) as a cofactor. It has been found previously that utilization of NADH-
dependent KARI (NKR) and ADH enzymes o catalyze pathway steps 2 and 5,
respectively, surprisingly enables production of isobutanol at theoretical vield and/or
under anaerobic conditions. See, e.g., commonly owned and co-pending patent
publication US 2010/0143997.  An example of an NADH-dependent ischutano
pathway is illustrated in Figure 2. Thus, in one embodiment, the recombinant
microorganisms of the present invention may use an NKR to catalyze the conversion
of acetolaciate to produce 2,3-dihydroxyisovalerate. In another embodiment, the
recombinant microorganisms of the present invention may use an NADH-dependent
ADH to catalyze the conversion of isobutyraidehyde to produce isobutanol. In yet
another embodiment, the recombinant microorganisms of the present invention may
use both an NKR io catalyze the conversion of acetolactate (o produce 2.3-
dihydroxyisovalerate, and an NADH-dependent ADH to catalyze the conversion of
isobutyraldehyde to produce iscbutanol.

[00133] in another embodiment, the yeast microorganism may be engineered (o
have increased ability to convert pyruvate to isobuianol. In one embodiment, the
veast microorganism may be engineered o have increased ability to convert
pyruvate to iscbutyraldehyde. In anocther embodiment, the yeast microorganism may
be engineered o have increased ability to convert pyruvate 1o keto-isovalerate. In
ancther embodiment, the vyeast microorganism may be engineered to have
ncreased ability to convert pyruvate o 2,3-dihydroxyisovalerate.  In another
ambodiment, the yeast microorganism may be engineered to have increased ability
to convert pyruvate (o acelolaciate.

[00134] Furthermore, any of the genes encoding the foregoing enzymes {(or any
others meantioned herein {or any of the regulatory elements that control or modulate
axpression thereot)) may be optimized by genetic/profein engineering technigues,
such as directed evolution or rational mutagensesis, which are known {o those of
ordinary skill in the arl. Such aclion allows those of ordinary skill in the art to

optimize the enzymes for expression and activity in veast.
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The Microorganism in General
[00135] As described herein, the recombinant microorganisms of the present

invention can express a plurality of heterologous and/or native enzymes involved in
pathways for the production of a pyruvate-derived metabuolite (e.g., isobutanoi}.
[00136] As described herein, "engineered” or "modified” microorganisms are
produced via the introduction of genetic material info a host or parental
microorganism of choice and/or by maodification of the expression of native genes,
thereby modifying or altering the celiular physiclogy and biochemistry of the
microorganism. Through the introduction of genetic material and/or the modification
of the expression of nalive genes the parenial microorganism acguires new
properties, e.g., the ability {o produce a new, or greater quantities of, an intracellular
andior exiracellular metgbolite. As described herein, the introduction of genstic
material into and/or the maodification of the expression of native genes in a parental
microgrganism resulls in a new or modified ability to produce a desired pyruvate-
derived metabglite (e.g., isobutanol) from a suitable carbon source. The genelic
material introduced into and/or the genes modified for expression in the parental
microorganisim containg gene(s), or parts of genes, coding for one or more of the
enzymes involved in a biosynthetic pathway for the production of a pyruvate-derived
metabolite {e.g., isobutancl} and may also inciude additional elemenis Jor the
expression andfor regulation of expression of these genes, e.g., promoter
sequences.

1004371 In addition to the introduction of a genetic material into a host or parental
microorganism, an engineered or modified microorganism can also include the
alteration, disruption, deletion or knocking-out of a gene or polynucieoctide o alter the
cellular physiology and biochemistry of the microorganism. Through the alteration,
digruption, deletion or knocking-out of a gene or polynucleotide, the microorganism
acquires new or improved properties {(6.¢., the ability 1o produce a new metabolite or
greater guantities of an intracellular metabolite, to improve the flux of a metabolite
down a desired pathway, and/or to reduce the production of by-products).

[00138] Recombinant microorganiasms  provided herein may  alse  produce
metabolites in quantities not available in the parental microorganism. A "metabolite”
refers 10 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

40



WO 2014/004616 PCT/US2013/047789

{e.g., 2-ketoisovalerate), or an end product {e.g., isobutanol) of metabolism.
Metabolites can be used to construct more complex molecules, or they can be
broken down into simpler ones. Intermediate metabolites may be synthesized from
other metabolites, perhaps used {6 make more complex substances, or broken down
into simpler compounds, often with the release of chemical energy.

1004381 The disclosure identifies specific genes useful in the methods,
compositions and organisms of the disciosure; however it will be recognized that
absolute identity to such genes is not necessary. For example, changes in a
particuiar gene or polynuciectide comprising a seguence encoding a polypeptide or
enzyme can be performed and screened for activity. Typically such changes
comprise conservative mutations and silent mulations.  Such maodified or mutated
polynuclectides and polypeptides can be screened for expression of a funclional
enzyme using methods known in the art.

(001401 Due to the inherent degeneracy of the genetic code, other polynucleotides
which encode substantially the same or functionally equivalent polypeptides can also
be used {o clone and express the polynuclestides encoding such enzymes.

[00141] As will be understood by those of skill in the art, it can be advantageous o
modify a coding sequence 1o enhance its expression in a particular host. The
genetic code is redundant with 84 possible codons, but most organisms typicaily use
a subset of these codons. The codons that are ulilized most often in a species are
called optimal codons, and those not utitized very often are classified as rare or low-
usage codons. Codons can be substituted fo reflect the preferred codon usage of
the host, in a process sometimes called "codon oplimization™ or “controlling for
species codon bias.”

1001421 Optimized coding sequences containing codons preferred by a particular
prokaryotic or eukaryotic host (Murray ef af., 1989, Nud! Acids Kes. 17: 477-508) can
be prepared, for example, 0 increase the rate of translation or to produce
recombinant RNA transcripts having desirable properties, such as a longer half-life,
as compared with transcripts produced from a non-oplimized seguence. Transiation
stop codons can aise be modified to reflect host preference. For example, typical
stop codons for S cersvisiae and mammals are UAA and UGA, respectively. The
typical stop codon for monocotyledonous plants is UGA, whereas ingects and £. coff

commonly use UAA as the stop codon {(Dalphin ef al.,, 18086, Nucl Acids Res. 24:
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2168-8}. 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.
[001431 Those of skill in the art will recognize that, due to the degenerate nature of
the genetic code, a variety of DNA compounds differing in their nucleotide
seqguences can be used {0 encode a given enzyme of the disclosure. The native
DNA sequence encoding the biosynthetic enzymes described above are referenced
hergin merely to illustrate an embodiment of the disclosure, and the disclosure
includes DNA compounds of any sequence that encode the amino acid sequences
of the polypeptides and proteins of the enzymes utilized in the methods of the
digclosure. In similar fashion, a polypeptide can typically tolerate one or more aming
acid substiiutions, deletions, and insertions in its amino acid sequence without loss
or significant loss of a desired activity. The disclosure includes such polypeptides
with different amino acid sequences than the specific proteins described herein so
long as the maodified or variant polypeptides have the enzymatic anabolic or catabolic
activity of the reference polypeptide. Furthermore, the amino acid segquences
encoded by the DNA sequences shown herein merely fliustrate embodiments of the
disclosure.

[00144] in addition, homologs of enzymes useful for generating a pyruvate-derived
metabolite {e.g., isobutanol) are encompassed by the microorganisms and methods
providad herein.

[00145] As used hergin, two proleins {or a region of the proteins) are substantially
homologous when the amino acid sequences have at least about 30%, 40%, 50%
60%, 65%, 70%, 75%, 80%, 85%, 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%,
98%, or 8%% 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.9., gaps can be introduced in one or both of a first and a
second aming acid or nucleic acid sequence for optimal alignment and non-
homologous sequences can be disregarded for comparison purposes). In one
ambodiment, the length of a reference sequence aligned for comparison purposes is
at least 30%, typically at least 40%, maore typically at least 50%, even more typically
at least 60%, and even more typically at least 70%, 80%, 80%, 100% of the length of
the reference sequence. The aming acid residues or nucleotides at corresponding
amino acid positions or nucleotide positions are then compared. When a position in
the first sequence is occupied by the same aming acid residue or nucleotide as the
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corresponding position in the second sequence, then the molecules are identical at
that position (as used hergin 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 posilions shared by the
sequences, taking into account the number of gaps, and the length of each gap,
which need o be introduced for optimal alignment of the two sequences.

[00146] WVWhen "homologous” is used in reference o proteins or peptides, it is
recognized that residue positions that are not identical often differ by conservative
amino acid substitutions. A "conservative amino acid substitution” is one in which an
amino acid residue is substituted by ancther amino acid residue having a side chain
(R group}) with similar chemical properties {g.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 seguences
differ from each other by conservative substilutions, the percent sequence ideniity or
degree of homology may be adjusted upwards o corect for the conservative nature
of the substitution. Means for making this adjustment are well known 10 those of skill
in the art (See, e.g., Pearson W.R., 1994, Methods in Mol Biol 25: 365-88).

[00147] The following six groups each contain amino acids that are conservative
substitutions for one another: 1) Serine (8}, Threonine (T); 2} Aspartic Acid (D),
Glutamic Acid {E); 3) Asparagine (N}, Glutamine {(3); 4} Arginine {(R), Lysine {K}; 5)
isoleucine (1), Leucine (L), Alanine (A}, Valine {V)}, and &) Phenvyialanine {F),
Tyrosine {Y}, Tryptophan {(W).

[00148] Segquence homology for polypeptides, which is also referred to as percent
sequence identity, is typically measured using sequence analysis software. See
commonly owned and co-pending application US 2008/0226881. A typical algorithm
used comparing a molecule sequence (o a database containing a large number of
sequences from different organisms is the computer program BLAST. When
searching a database containing seguences from a large number of different
organisms, it is typical o compare amino acid sequences. Database searching using
amino acid sequences can be measured by algorithms described in commonly
owned U.S. Pat. No. 8,017,375.

(001491 U is understood that a range of microorganisms can be modified to include
a recombinant metabolic pathway suitable for the production of a desired pyruvale-

derived metabolite {e.g., iscbutancl}). In various embodiments, microorganisms may
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be selected from yeast microorganisms. Yeast microorganisms for the production of
a desired pyruvate-derived metabolite {e.g., ischutanol} may be selected based on
certain characteristics:

100150] One characteristic may include the property that the microorganism is
selected to convert various carbon sources inlo a desired pyruvate-derived
metabolite {(e.g., isobutanol). The term ‘carbon source” generally refers to 8
substance suitable to be used as a source of carbon for prokaryolic or eukaryotic cell
growth. Examples of suitable carbon sources are described in commonly owned U.S.
Pat. No. 8,017,375 Accordingly, in one embodiment, the recombinant
microorganisim herein disclosed can convert a variety of carbon sources, including
but not Himited o glucose, galactose, mannose, xyiose, arabinose, lactose, sucrose,
and mixtures thereof, to one or more pyruvate-derived metabolites {e.g., isobutanol).
10601511 The recombinant microorganism may thus further include a pathway for
the production of a desired pyruvate-derived metabolite {e.g., iscbutanol} from five-
carbon {(pentose) sugars including xylose. Most yeast species metabolize xylose via
a complex route, in which xylose is first reduced to xylitol via a xylose reductase (XR)
enzyme. The xylitol is then oxidized to xylulose vig a xylitol dehydrogenase (XDH)
enzyme. The xylulose is then phosphoryiated via a xylulokinase (XK) enzyme. This
pathway operates inefficiently in yeast species because it introduces a redox
imbalance in the cell. The xylose-to-xylitol step uses primarily NADPH as a cofactor
{generating NADP+), whereas the xylitol-lo-xylulose step uses NAD+ as a cofactor
{generating NADH). Other processes must operate 1o restore the redox imbalance
within the cell. This often means that the organism cannot grow anaerobically on
xylose or other pentose sugars. Accordingly, a yeast species that can efficiently
ferment xylose and other pentose sugars into a desired fermentation product is
therefore very desirable.

[00152] Thus, In one aspect, the recombinant microorganism s engineered 0
express a functional exogenous xylose isomerase. Exogenous xylose isomerases
(X1} functional in yveast are known in the arl. See, ¢.g., Rajgarhia ef al, U.5. Pat. No.
7,843,366, which is herein incorporated by reference in its enfirety. In an
embodiment according 1o this aspedt, the exogenous Xl gene is operatively linked to
promoler and terminafor sequences that are funclional in the veast cell. In a
preferred embodiment, the recombinant microorganism further has a deletion or

disruption of a native gene that encodes for an enzyme {(g.g., XR and/or XDH) that
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catalyzes the conversion of xylose o xylitol. In a further preferred embodiment, the
recombinant microorganism aiso containg a functional, exogenous xylulokinase {(XK)
gene operatively linked o promoter and terminator sequences that are functional in
the yeast cell. In one embodiment, the xylulokinase (XK) gene is overexpressed.
[00153] In one embodiment, the microorganism has reduced glycerol-3-phosphate
dehvdrogenase (GPD) activity. GPD catalyzes the reduction of dihydroxyacstone
phosphate (DHAP) to glycerol-3-phosphate (G3P) vie the oxidation of NADH to
NAD+.  Glycerol is then produced from G3P by Glycerol-3-phosphatase (GPP).
Glycerol production is a secondary pathway 1o oxidize excess NADH from glycolysis.
Reduction or elimination of this pathway would increase the pyruvate and reducing
aguivalents (NADH) available for the production of a pyruvate-derived metabolite
{e.g., isobutanol}. Thus, disruption, deletion, or mutation of the genes encoding for
glycerol-3-phosphate dehydrogenases can further increase the yield of the desired
metabolite {e.g., iscbutanol). Yeast strains with reduced GPD activity are described
in commonly owned and co-pending US Patent Publication Nos. 2011/002088% and
2011/0183392.

[00154] In yet another embodiment, the microorganism has reduced 3-keto acid
reductase (3-KAR) activity. 3-KARs catalyze the conversion of 3-kelo acids {e.g.,
acetolactate) to 3-hydroxyacids {(e.g., DHZMB). Yeast strains with reduced 3-KAR
activity are described in commonly owned U.S. Pat. Nos. 8,133,715, 8,183,415, and
8,158,404, which are herein incorporated by reference in their entireties.

1001585] in yet ancther embodiment, the microorganism has reduced aldehyde
dehydrogenase (ALDH) activity.  Aldehyde dehydrogenases catalyze the conversion
of aldehydes {e.g., isohutyraldehyde) to acid by-products {e.g., iscbutyrate). Yeast
strains with reduced ALDH activity are described in commaonly owned U.S. Pat. Nos.
8,133,715, 8,153,415, and 8,158,404, which are herein incorporated by reference in
their entiretias.

[001568] In one embodiment, the yveast microorganisms may be selected from the
“Saccharomyces Yeast Clade”, as described in commonly owned U.S. Pat. No.
8,017 ,375.

1001571 The term “Saccharomyees sensu striclo” taxonomy group is a cluster of
yeast specias that are highly relaled (0 8. cergvisiae {(Rainieri et al., 2003, J Biosci
Bioengin 96: 1-9). Saccharomyces sensu siricio yeast species include but are not

imited to S. cerevisiae, S. kudriavzevii, S, mikatae, S. bayanus, S. uvarum, 8.
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carocanis and hybrids derived from these species (Masneuf ef g/, 1998, Yeast 7: 61-
72}

{00158 An ancient whole genome duplication (WGD)} event occurred during the
gvolution of the hemiascomycete yeast and was discovered using comparative
genomic tools (Kellis ef al., 2004, Nafure 428: 617-24; Dujon ef al., 2004, Nature
430:35-44; Langkjaer ef af, 2003, Nature 428: 848-52; Wolfe ef af., 1897, Nafwre
387: 708-13). Using this major evolutionary event, yeast can be divided into species
that diverged from a common ancestor following the WGD event (termed “post-WGD
yeast” herain} and species that diverged from the yeast lingage prior 1o the WGD
event (termed “pre-WGD yeast” herein).

100158] Accordingly, in one embodiment, the yeast microorganism may be
selected from a post-WGD veast genus, including but not imited to Saccharomyces
and Candida. The favored post-WGD vyeast species include: S, cerevisiag, §.
uvarum, S. bayanus, S. paradoxus, S. castelli and C. glabrata.

10616407 in another embodiment, the veast microorganism may be selected from a
pre-whole genome duplication (pre-WGD) yeast genus including but not limited {o
Saccharomyces, Kluyveromyces, Candida, Pichia, lIssatchenkia, Debaryomyces,
Hansenula, Yarrowia and, Schizosaccharomyces. Representative pre-WGD yeast
species include: S. Kluyveri, K thermofolerans, K. marxianus, K. wallii, K. lactis, C.
tropicalis, P. pastoris, PP. anomala, P. stipitis, |. orientalis, |, occidentalis, 1. scutulata,
D. hansenii, H. anomala, Y. lipolytica, and S, pombe.

106161] A yeast microorganism may be either Crabtree-negative or Crabiree-
positive as described in described in commonly owned U.8. Pat. No. 8,017,375, In
one embodiment the yeast microorganism may be selected from veast with a
Crabtree-negative phenotype including but not limited o the following genera:
Saccharomycses, Kluyveromyces, Pichia, Issalchenkia, Hansenula, and Candida.
Crabtree-negative species include but are not limited to: 5. kluyveri, K. lactis, K.
marxianus, . anomala, P. stipilis, | orignialis, 1. occidentalis, | scutulata, H.
anomala, and C. utifis. In another embodiment, the yeast microorganism may he
selected from yeast with a Crabtree-posilive phenotype, including but not limited o
Saccharomyces, Kluyveromyces, Zygosaccharomyces, Debaryomyces, Pichia and
Schizosaccharomyces. Crabiree-positive yeast species include but are not limited

to: S, cersvisise, & wvarum, §. bayanus, S. paradoxus, S. castelli, K
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thermoiolerans, C. glabrata, £. bailli, Z. rouxii, D. hansenii, . pastorius, and 5.
pombe.

[00162] Ancther characteristic may include the property that the microorganism is
that it is non-fermenting.  In other words, it cannot metabolize a carbon source
anaerobically while the yeast is able to metabolize a carbon source in the presence
of oxygen. Nonfermenting yeast refers {o both naturally occurring yeasts as well as
genetically modified yeast. Buring anaerobic fermentation with fermeniative yeast,
the main pathway to oxidize the NADH from glycolysis is through the production of
gthanol, Ethanol is produced by alcohol dehydrogenase (ADH) via the reduction of
acetaidehyde, which is generated from pyruvaie by pyruvate decarboxylase (PDC).
In one embodiment, a fermentalive yeast can be engineered {0 be non-fermentative
by the reduction or elimination of the native PDC aclivity. Thus, most of the pyruvate
produced by glycolysis is not consumed by PDC and is available for the ischutanol
pathway. Deletion of this pathway increases the pyruvate and the reducing
aguivalenis available for the biosynthetic pathway.  Fermentative pathways
coniribute to low vield and low productivity of pyruvate-derived metabolites such as
isobutanol. Accordingly, deletion of one or more PDC genes may increase yield and
productivity of iscbutanol.

[06163] In some embodiments, the recombinant microorganisms may be
microorganisms that are non-fermenting yeast microorganisms, including, but not
imited to those, classified into a genera selected from the group consisting of
Tricosporon, Rhodotorula, Myxozyma, or Candida. iIn a specific embodiment, the

non-fermenting veast is C. xesiobil.

Methods in General

identification of Enzyme Homuologs
[00164] Any method can be used to identify genes that encode for enzymes that

are homologous o the genes described herein {e.g., Nde1 and/or Nde2 homaologs).
Generally, genes that are homologous or similar to the enzymes described herein
may be identified by functional, structural, and/or genetic analysis. In most cases,
homologous or similar genes and/or homologous or similar enzymeas will have

functional, structural, or genetic similarities.
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[00165] Technigues known to those skilled in the art may be suitable to identify
additional homologous genes and homologous enzymes.  Generally, analogous
genes and/or analogous enzymes can be identified by functional analysis and will
have functional similarities. Technigues known to those skilled in the art may be
suitable o identify analogous genes and analogous enzymes. For example, to
identify homologous or analogous genes, protegins, or enzymes, lechniques may
include, bul not limiled to, cloning a gene by POR using primers based on a
published sequence of a genelenzyme or by degenerate PCR using degenerate
primers designed o amplify a conserved region among related protein-encoding
genes. Further, one skilled in the arl can use techniques to identify homologous or
analogous genes, proteins, or enzymes with functional homology or similarity.
Techniques include examining a cell or cell culture for the catalytic activily of an
enzyme through in vitro enzyme assays for said activity {e.g., as described herein or
i Kirltani, K. Branched-Chain Amino Acids Methods Enzymology, 18703, then
isolating the enzyme with said activity through purification, determining the protein
saquence 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 andi/or homologous or similar enzymes, analogous genes and/or
analogous enzymes or proteins, technigues 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.

identification of Endogenous Polypeptides
[006168] In various embodiments, the endogencus nucleic acid or polypeptide

identified herein is the §. cergvisiae version of the nucleic acid or polypeptide {(e.g.,
NDET, NDE2, PDC1, PDC2, PDCSE, PDCE, GPD1, GPD2 YMR228c, ALDE, efc.).
Any method can be used to identify genes that encode for the endogenous
polypeptide of interest in a variety of yeast strains. Generally, genes that are
homologous or similar to the endogenous polypeptide of interest can be identified by
functional, structural, and/or genelic analysis. Homologous or similar polypeptides

will generally have functional, structural, or genetic similarities.
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(0016717 The chromosomal location of the genes encoding endogenous S.
carevisiae polypeptides {e.g., Ndel, NdeZ, Pdct, PdeZ, Pdeh, Pdes, Gpdl, Gpds,
Ymr226c, Aid6, elc.} may be syntenic to chromosomes in many related yeast [Bymne,
K.P.and K. H. Wolfe (2005} “The Yeast Gene Order Browser: combining curated
homology and syntenic context reveals gene fate in polyploid species.” Genome
Res. 15(10):1456-61. Scannell, D. R, K. P. Byrne, J. L. Gordon, 5. Wong, and K. H.
Wolfe (2008) "Multiple rounds of speciation associated with reciprocal gene 10ss in
polyploidy yeasts.” Nature 440: 341-5. Scannell, D. R, A, C. Frank, G. C. Conant,
K. P. Bymme, M. Woolfit, and K. H. Wolfe (2007) Independent sorting-out of
thousands of duplicated gene pairs in two yeast species descended from a whole-
genome duplication.” Proc Nall Acad Sci U 5 A 104 8387-402]. Using this synienic
relationship, species-specific versions of these genes are readily identified in a
variety of yeast, including but not limited to, Ashbya gossypii, Candida glabrata,
Kluyveromyces lactis, Kluyveromyces polyspora, Kluyveromyces thermofolerans,
Kiuyveromyces  wallii, Saccharomyces  kiuyver,  Saccharomyces  castelfi,
Saccharomyces bayanus, and Zygosaccharomyces rouxii,

[00168] As will be undersiood by one skilled in the arl, this technique is therefore
additionally suitable for the identification homologous Ndel, Nde2, Pdct, Pdc2,
Pdch, Pdeb, Gpdl, Gpd2, Ymr226c, and AldS polypeptides in yeast other than 5.

caerevisias.

Genelic Insertions and Deletions
(001691 Any method can be used o introduce a nucleic acid molecule info yeast

and many such methods are well known. For example, transformation and
glectroporation are common methods for introducing nucleic acid into yeast celis.
Seeg, e.qg., Gielz of al., 1892, Nuc Acids Res. 27 68-74; o ef al.,, 1983, J. Bacteriol.
153: 163-8; and Becker et a/., 1891, Meifhods in Enzymology 194: 182-7.

(001781 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 t© this embodiment, an integration
cassetie containing @ module comprising at least one veast marker gene and/or the
gene to be integrated {(internal module} is flanked on either side by DNA fragments
homologous 1o those of the ends of the targeted integration site (recombinogenic

sequences). After transforming the veast with the cassette by appropriate methods,
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a homologous recombination between the recombinogenic sequences may resuit in
the internal module replacing the chromosomal region in between the two sites of the
genome corresponding to the recombinogenic sequences of the integration cassetie.
{Orr-Weaver ef al., 1981, PNAS USA 78 6354-58).

001711 In an embodiment, the integration casselte 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 helerclogous gene includes an
appropriate native gene desired to increase the copy number of a native gene(s).
The seleciable marker gene can be any marker gene used in yeas!, including but not
imited to, HIS3, TRPT, LEU2, URAS3, bar, ble, hph, and kan. The recombinogenic
sequences can be chosen at will, depending on the desired integration site suitable
for the desired application.

100172} in another embodiment, integration of a gene into the chromosome of the
yeast rmicroorganism may occur via random integration (Kooistra ef af., 2004, Yeast
21:781-7982).

[00173] Additionally, in an embodiment, certain infroduced marker genes are
removed from the genome using techniques well known to those skilled in the arl.
For example, URASZ marker loss can be oblained by plating URAZ containing cells in
FOA (&-fluoro-orotic acid) conlaining medium and selecting for FOA resistant
colonies (Boeke of af, 1984, Mol. Gen. Genet 197 345-47).

[00174] The exogenous nucleic acid molecule contained within a yeast cell of the
disclosure can be maintained within that cell in any form. For example, exogenous
nucieic acid molecules can be integrated into the genome of the cell or maintained in
an episomal state that can stably be passed on ("inherited”) to daughter cells. Such
extra-chromosomal genatic elemeants {such as plasmids, mitochondrial genome, efc.)
can additionally contain selection markers that ensure the presence of such genstic
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 multiple copies of a particular exogenous nucleic acid molecule as described
above.
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Reduction of Enzymatic Activity
[00175] Yeast microorganisms within the scope of the invention may have reduced

enzymatic activity such as reduced NDE1, NDEZ2, PDC, GPD, ALDH, or 3-KAR
activity. The term “reduced” as used herein with respedt to a particular polypeptide

activity refers to a iower level of polypeptide activity than thal measured in a
comparable yeast cell of the same species. The ferm reduced also refers to the
elimination of polypeptide activity as compared to & comparable yeast cell of the
same species. Thus, yeast cells lacking aclivity for an endogenous NDE1, NDEZ2,
PDC, GPD, ALDH, or 3-KAR are considered to have reduced activity for NDEA,
NDEZ, PDC, GPD, ALDH, or 3-KAR since most, if not all, comparable yeast strains
have at least some activity for NDE1T, NDEZ2, PDC, GPD, ALDH, or 3-KAR. Such
reduced NDE1, NDE2, PDC, GPD, ALDH, or 3-KAR activities can be the result of
lower NDE1, NDEZ, PDC, GPD, ALDH, or 3-KAR concentration {(e.g., via reduced
expraession), lower specific activity of the NDE1T, NDEZ, PDC, GPD, ALDH, or 3-KAR,
or a combination theregof. Many different methods can be used {0 make yeast having
reduced NDET, NDEZ, PDC, GPD, ALDH, or 3-KAR activity. For example, a yeast
cell can be engineered (o have a disrupted NDE1-, NDEZ-, PDC-, GPD-, ALDH-, or
J3-KAR-encoding locus using common muliagenesis or knock-out technology. Seeg,
e.g., Methods in Yeast Genetics (1997 edition), Adams, Gotlischling, Kaiser, and
Stems, Cold Spring Harbor Press (1888). In addition, a veast cell can be engineered
to partialiy or completely remove the coding sequence for a particular NDE1, NDE2,
PDC, GPD, ALDH, or 3-KAR gene. Furthermore, the promoter sequence and/or
associated regulatory elements can be mutated, disrupted, or deleted to reduce the
expression of a NDE1, NDEZ2, PDC, GPD, ALDH, or 3-KAR gene. Moreover, certain
point-mutation(s} can be introduced which resulis in a NDE1, NDE2, PDRC, GPD,
ALDH, or 3-KAR protein with reduced activity. Also included within the scope of this
invention are yeast strains which when found in nature, are substantially free of one
or more NDE1, NDEZ, PDC, GPD, ALDH, or 3-KAR activilies.

100176] Alternatively, antisense technology can be used to reduce NDET, NDEZ,
PDC, GPD, ALDH, or 3-KAR activity. For example, yeasts can be engineered to
contain a ¢cDNA that encodes an antisense molecule that prevents a NDE1, NDEZ2,
PDC, GPD, ALDH, or 3-KAR from being made. The term “antisense molecule” as
used herein encompasses any nucleic acid molecule that coniains sequences that

correspond o the coding strand of an endogenous polypeptide.  An antisense
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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 moleculs cleaves RNA,

Overexpression of Heterologous Genes
[00177] Methods for overexpressing a polypeptide from a native or heterologous

nucieic acid molecule are well known. Such methods include, without limitation,
constructing a nucleic acid sequence such that a reguiatory element promotes the
expression of a nucleic acid sequence that encodes the desired polypeptide.
Typically, regulatory elements are DNA sequences thatl regulate the expression of
other DNA sequences at the level of transcription.  Thus, reguiatory elemenis
include, without limitation, promoters, enhancers, and the like. For example, the
exogencus genes can be under the contrel 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 {seg, eg., UGS Pat Nos. 4,858,586 and
4,943,529, for Kluyveromyces and, e.g., Gellissen ef af., 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 confain a centromeric sequence.
These centromeric plasmids are generally a single or low copy plasmid. Plasmids
without a ceniromeric sequence and utllizing either a 2 micron (S, cerevisiae) or 1.6
micron (K. lactis) replication origin are high copy plasmids. The selectable marker
can be either prototrophic, such as HIS3, TRPT, LEUZ, URAS or ADEZ, or antibiotic
resistance, such as, bar, ble, hph, or kan.

[06178] In another embodiment, heterclogous control elements can be used t©
activate or repress expression of endogenous genes. Additionally, when expression
is {0 be repressed or eliminated, the gene for the relevant enzyme, protein or RNA
can be eliminated by known deletion technigues.

100178] As described herein, any yeast within the scope of the disclosure can be
identified by selection technigues specific 1o the particular polypeptide {e.g. an
isobutanol pathway enzyme) being expressed, over-expressed or repressed.

Methods of identifving the sirains with the desired phenotype are well known (o those
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skilled in the art. Such methods include, without limitation, PCR, RT-PCR, and
nucleic acid hybridization technigues such as Northern and Southern analysis,
altered growth capabilities on a particular substrate or in the presence of a particular
substrate, a chemical compound, a selection agent and the like. In some cases,
immunchistochemistry and biochemical techniques can be used to determine if a cell
contains 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 determine whether or nol a particular yeast cell contains that
encoded enzyme. Further, biochemical techniques can be used to determine if a cell
containg 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 acelolaciate concentrations compared to a cell
without the vector indicates that the vector is both present and that the gene product
is active. Methods for detecling specific enzymatic actlivities or the presence of
particular products are well known 1o those skilled in the art.  For exampleg, the
presence of acelolaciate can be determined as described by Hugenholtz and
Starrenburg, 1882, Appl. Micro. Biot. 38:17-22.

increase of Enzymatic Activity
[001801 Yeast microorganisms of the invention may be further engineered to have

increased activity of enzymes {(e.g., increased activity of enzymes involved in an
isobutanal producing metabolic pathway). The term “increased” as used hergin with
respect to a particular enzymatic activity refers to a higher level of enzymatic activity
than that measured in a comparable yeast cell of the same species. For example,
overexpression of a specific enzyme can lead to an increased level of aclivity in the
cells for that enzyme. Increased activilies for enzymaes involved in glycolysis or the
isobutanol pathway would result in increased productivity and yield of isobutanol.

100181] Methods 10 increase enzymatic aclivity are known o those skilled in the
art.  Such technigques may include increasing the expression of the enzyme by
increased copy number and/or use of a strong promoter, introduction of mutations to
relieve negative regulation of the enzyme, introduction of specific mulations to

increase specific aclivity and/or decrease the Ky for the substrate, or by directed
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evolution. See, e.g., Methods in Molecular Biology {vol. 231), ed. Armoid and

Georgiou, Humana Press {2003).

Methods of Using REecombinant Yeast Microorganisms for Production of Pyruvale-
Derived Melaboliles
100182] For a biocatalyst o produce a beneficial metabolite most economically, it

is desirable to produce said metabolite at a high yield. Preferably, the only product
produced is the desired metabolite, as extra products {(i.e. by-products) lead 1o a
reduction in the vield of the desired metabolite and an increase in capital and
operating costs, particularly if the extra products have litlle or no value. These extra
products also require additional capital and operating cosis to separate these
products from the desired metabolite.

(061831 In one aspedt, the present invention provides a method of producing a
pyruvate-derived metabpoiite from a recombinant microorganism describad herein. In
one embodiment, the recombinant microorganism comprises a metabolic pathway
for the production of a pyruvate-derived metabolite, wherein said melabolic pathway
comprises at least one exogenous gene and/or at least one overexpressed
andogencus gene encoding an enzyme thal catalyzes a pathway step in the
production of the pyruvale-derived metabolite, wherein said recombinant yeast
microorganism is engineered to comprise reduced PDOC activity, and wherein said
recombinant yeast microorganism s engineered to reduce or eliminate the
axpression or aclivity of an endogenous polypeptide encoded by a gene selected
from NDET and NDE2.

100184] In a further exemplary embodiment, the pyruvate-derived metabolite is
isobutanol. Thus, in a related aspect, the present invention provides a method of
producing iscbutanol from a recombinant yeast microorganism described herein. In
one embodiment, the recombinant yeast microorganism comprises an isobutanol
producing metabolic pathway, wherein said isobutanol producing metabolic pathway
comprises al least one exogenous gene and/or at least one overexpressed
endogencus geng encoding an enzyme that catalyzes a pathway step in the
conversion of pyruvate to iscbutanol, wherein said recombinant yeast microorganism
i3 engineered to comprise reduced PDC aclivity, and wheregin said recombinant
yeast microorganism is engineered to reduce or eliminate the expression or aclivity

of an endogenous polypeplide encodead by a gene selected from NDET and NDEZ.
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[06185] In a method to produce a pyruvate-derived metabolite {e.g., isobulanol)
from a carbon source, the recombinant yeast microorganism is cultured in an
appropriate culture medium containing a carbon source. In certain embodiments,
the method further includes isolating the pyruvate-derived metabolite {e.g.,
isobutanal) from the culture medium. For example, a pyruvate-derived metabolite
{e.g., isobutanol} may be isolated from the culture medium by any method known o
those skilled in the art, such as distillation, pervaporation, or Hguid-liquid extraction.
[00186] In one embodiment, the recombinant microorganism may produce the
pyruvate-derived metabolite (&.¢., isobutanol) from a carbon source at a yield of at
least 5 percent theoretical. In another embodiment, the microorganism may produce
the pyruvate-derived metabolite {e.g., iscbutanol) from a carbon source at a vield of
at least about 10 percent, at least about 15 percent, aboul 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, al least about 50 percent, al least about
55 percent, at least about 80 percent, at least about 65 percent, at least about 70
percent, at least about 75 percent, at least about 80 percent, al least about 85
percent, at least about 90 percent, at least about 85 percent, or at least about 87.5%
theoretical. In a specific embodimeant, the pyruvate-derived metabolite is isobutanol.

Distillers Dried Graing Comprising Spent Yeast Biocalalysis
(001871 In an economic fermentation process, as many of the products of the

fermentation as possible, including the co-products that coniain biocatalyst ¢ell
material, should have value. Insoluble material produced during fermentations using
grain feedstocks, like com, is frequently sold as protein and vitamin rich animal feed
called distiliers dried grains {(DDG). Seg, e.g., commonly owned and co-pending
U.S. Publication No. 2009/0215137, which is herein incorporated by reference in iis
entirety for all purposes. As used herein, the term “DDG generally refers to the
solids remaining after a fermentation, usually consisting of unconsumed feedstock
solids, remaining nulrients, protein, fiber, and oil, as well as spent yeast biccatalysis
or cell debris therefrom that are recovered by further processing from the
fermentation, usually by a solids separation step such as centrifugation.

[00188] Distillers dried grains may also include soluble residual material from the
fermentation, or syrup, and are then referred to as “distillers dried grains and

solubles™ (DDGS)Y. Use of DDG or DDGS as animal feed is an economical use of the
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spent biocatalyst following an industrial scale fermentation process.

1001891 Accordingly, in ong aspect, the present invention provides an animal feed
product comprised of DDG derived from a fermentation process for the production of
a beneficial pyruvate-derived metabolite {¢.g., isobutanol), wherein said DBDG
comprise a speni yeast biocalalyst of the present inveniion. In an exemplary
ambodiment, said spent yeast bigcatalyst has been engineered to comprise reduced
PDC activity. In ancther embodiment, said spent yeast biocatalyst has additionally
been engineered o reduce or eliminate the expression or activity of an endogenous
polypeptide encoded by a gene selected from NDET and NDE2Z,

(001881 In certain additional embodiments, the DDG comprising a spent yeast
biocatalyst of the present invention comprise at least one additional product selected
from the group consisting of unconsumed feedsiock solids, nutrients, proteins, fibers,
and oils.

[00191] In ancther aspect, the present invention provides a method for producing
DG derived from a fermentalion process using a yeast biocatalyst {e.g., 8
recombinant yeast microorganism of the present invention), said method comprising:
(2} cultivating said yeast biocatalyst in a fermentation medium comprising at least
one carbon source; (b} harvesting insoluble material derived from the fermeniation
process, said insoluble material comprising said yeast biocatalyst; and (¢} drying
said insoluble material comprising said yeast biocatalyst {0 produce the DDG.
[00192] In certain additional embodiments, the method further comprises step {d)
of adding soluble residual material from the fermentation process to said DDG to
produce DRGS. In some embodiments, said DDGS comprise at least one additional
product selected from the group consisting of unconsumed feedstock solids,
nutrients, proteins, fibers, and oils.

[00193]1 This invention is further iHustrated 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 Figures and the

Seguence Listing, are incorporated herein by reference for all purposes.

EXAMPLES
Example 1: Isolation of Muianis with Improved Growth Under Anaerobic Conditions
100184] The following example illustrates how the isolation of spontaneous

mutants of Pde-deficient yeast capable of growth under anaergbic conditions were
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obtained.

(001851 Strains described in the examples are listed in Table 2.

Table 2. Genotype of Sirains Disclosed in Examples.

Strain Genotype
MATa uraldd
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GEVOS12S | gpdTAPapniBs_alsST_coScToveiPrpcirrse L _kivD _co8cb:Tarpy
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Selected by growth on YPD in anaerobic chamber
(001861 In this example, spontanecus mulants were selected from GEV0OS140
(Table 2}, a strain incapable of growth under anagrobic conditions — GEV0O8140

harbors disruptions in PDCT, PDCS, and PDCE, and expresses the B subtilis alsS,
an engineered NKR from E. cofi (Fc NKRTP'™ See, e.g., US Patent No.
8,087,440), the L. faclis ilvD, the L. lactis kivD, and an engineered ADH from L. factis
(LI adhA™ See, e.g., US Patent No. 8,133,715). The isolation of spontaneous

mutants of GEVOS140 capable of growing under anaerobic conditions were oblained

as follows:
1001871 An overnight culture of GEVOS8140 was grown in YPE media (10 g/l Difco
Yeast Extract, 20 g/l Difco Peptone, and 2% EtOH), from which a concenirated cell
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suspension of GEVO9140 was obtained. 50 ul (4.6 x 107 cfu) of the cell suspension
was plated onto YPD plates [1% (wiv} yeast extract, 2% {(w/v) peplone, and 2% {wiv}
glucose]. The YPD plates were cuilivated at 30°C in the anaerobic chamber for 10
days. From these plates, several colonies representing Pde-deficient yeast capable
of growth under anaerobic conditions were chosen for further analysis as descriped

in Example 2.

Example 2: Fermeniations With Selected Mutants of GEVOO140
[00188] The foliowing example Hlustrates the growth of selected mutants of

GEV08140.

(001981 In this example, the growth of two mulants derived from GEVOS8140 -
GEVQ9563 and GEVOY567 —~ was compared o the parental strain and a comparator
strain, GEVOO125. GEVOE125, like GEVODI40, is & strain which harbors
disruptions in PDCT, PDCS, and PDCE, and expresses similar iscbulanol pathway

genes. GEVO8125 is incapable of growth under anaerobic conditions.

(002001 In this experiment, cultures of GEVOS125, GEVOS140, GEVOR563, and
GEVQY567 were incubated in liguid medium comprising 80 g/l glucose at 33°C and
250 rpm for 42-48 hrs. At this point, they were sampled for GO analysis and
transitioned to 33°C and 75 rpm.

[06201] Figure 4 Hlustrates the growth {as measured at OlDgw) of the anaerohic
siraing GEV0OO563 and GEVODBS567 over the course of 30 hours under aerobic
conditions as compared o GEVOS125 and GEVOE140. The anaerobic strains
GEVO9563 and GEVOOSE7 grew faster on glucose than the parent GEVOB140 and
as well or better than GEVO9125 in this experiment.

[00202] Figure § illustrates the isobutanol titers [gil] of the anaerobic strains
GEVQ8563 and GEVOO567 over the course of the 30 hour production phase under
aerobic conditions as compared to GEVQOS125 and GEVOE8140. GEVOS583 and
GEVOR567 produced approximately 4 g/l isobutanol during growth phase, while the
parent, GEV0O8140, and the comparator control sirain GEVO8125 produced
approximately 0.3 g/L ischbutanol at transition.  importantly, GEVOS8563 and
GEVO8567 produced approximately 8 g/L ischutanol during the 30 hour production
phase, while the pareni, GEVQO8140, and the comparalor control sirain GEVOS8125
produced 3.5 g/l and 4.8 g/L iscbutandl, respectively.

[06203] Figure 6 illustrates the specific isobutano! titers [g/L/OD] of the anaerobic
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strains GEVO8563 and GEVO9567 throughout the course of the 30 hour production
phase under aercbic conditions as compared to GEVOS9125 and GEVOS140.
GEVOE563 and GEVQO567 exhibited specific isobutano! titers at transition of 1.1
g/L/OD and 0.75 g/L/OD, respectively, while the parent, GEV0O8140, and the
comparator control sirain GEVO9125 exhibited specific isobutanol titers at transition
of approximately 0.1 g/L/OD.  Further, GEVO8563 and GEVOULEY had specific
isobutanol titers at 30 hours of production of 2.0 g/lV/OD and 1.5 g/i/OD,
respectively, while the parent, GEV0O8140, and the comparaior control strain
GEVOS125 had specific isobutanol titers at transition of 0.7 g/L/OD and 0.8 g/L/00,
respectively.

100204] Figure 7 illustrates the estimated speacific isobutanol productivity {gfg-h) of
the anaerobic strains GEVO9563 and GEVOS567, the parent, GEVO9140, and the
comparator control strain GEV0O8125 calculated from € hours o 21 hours of
praduction in a single shake flask fermentation. The anaercbic isolates GEVOS563
and GEVOY567 had estimated specific ischutanol productivity of 0.075 g/g-h and
0.045 g/g-h, respectively, while GEVO2140 and GEVO9125 had estimated specific
isobutanol productivities of 0.047 g/g-h and 0.043 g/g-h, respectively.

Example 3: Genome Sequencing of GEVOOA567
106205] The following example demonstrates the identification of a NDET multation

in GEVOS567.

100206] To identify relevant mutations thal occurred during the evolutionary

engineering of GEVOY8567, sequencing of GEVOSSET as well as parental strain
GEV0OY9140 was performed. These data were used to identity mutations linked 1o the
impraved growth under low aeration in GEVOS587.

[00207] Sequencing revealed that GEVOG5GT harbors a C =2 T mutation at the
tenth nuclectide of the Ndelp coding segquence, ie., at the fourth codon. This
mutation results in a change from giutamine o a premature stop codon {(ie., Q4 =2
STOP), resuiting from a CAA to TAA codon alteration.

(002087 While the disruption of the NDET locus is at least responsible, in part, for
the anaerobic-tolerant phenotype of GEVOB5HG7, the evolution system aiso selected
for two additional modifications that can contribute (o the beneficial properties
observed in GEVOEBS67. Specifically, a T441 to A alteration was observed in
YNLZB5W, while a DO9 {o E subslitution was seen in YJLOSSW, a protein involved in
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the metabolism of purine and pyrimidine base analogs. See Stepchenkova ef al,
2005, BMC Genetics 6. 31. See also Ko ef al., 2008, Yeas! 25(2). 155-60.

100208] The foregoing delalled description has been given for cleamness of
understanding only and no unnecessary limitations should be understood there from
as modifications will be obvious to those skilled in the art.

(002107 VWhile the invention has been described in connection with specific
embodiments thereof, it will be understood that if is capable of further modifications
and this application is intended {0 cover any varigtions, 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 1o which the invention pertains and as may be applied to the essential
features hereinbeforeg set forth and as follows in the scope of the appended claims.
[00211] The disclosures, including the claims, figures and/or drawings, of each and
avery patent, patent application, and publication cited herein are hereby incorporated

herain by reference in their entireties.
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WHAT IS CLAIMED 18:

. A recombinant yeast microorganism comprising a melabolic pathway for the
production of a pyruvate-derived metabolite, wherein said metabolic pathway
comprises al least one exogenous gene andlor at ieast one overexpressed
endogenous gene encoding an enzyme that catalyzes a pathway step in the
production of the pyruvate-derived metabolite, wherein said recombinant yeast
microorganism is engineered to comprise reduced pyruvate decarboxylase (PDC)
activity, and wherein said recombinant yeast microorganism is engineered o reduce
or eliminate the expression or activity of an endogenous polypeptide encoded by a
gene selectad from NDET and NDEZ.

. The recombinant yeast microorganism of claim 1, wherein the recombinant yeast
microorganisim is engingered to comprise a mutation in al least one gene selected
from NDET and NDEZ.

3. The recombinant yeast microorganism of claim 2, wherein said mutation is a point

mutation.

. The recombinant yeast microarganism of claim 3, wherein said point mutation results

in a truncation of a polypeptide encoded by a gene selected from NDET and NDEZ.

. The recombinant yeast microorganism of claim 4, wherein said truncation occurs
within twenty amino acids of the N-terminus of a polypeptide encoded by a gene
selected from NDET and NDEZ.

. The recombinant yeast microorganism of claim 4, wherein said truncation occurs
within ten aming acids of the N-terminus of a polypeptide encoded by a gene
selected from NDET and NDEZ,

. The recombinant yeast microorganism of claim 4, wherein said truncation occurs
within five aming acids of the N-terminus of a polypeptide encoded by a gene
selected from NDET and NDEZ.

61



WO 2014/004616 PCT/US2013/047789

8. The recombinant yeast microorganism of claim 4, wherein said truncation occurs at

the Q4 position of a polypeptide encoded by NDET.

9. The recombinant yeast microorganism of claim 1, wherein the recombinant yeast
microorganism is engineered o comprise a partial delstion of at ieast one gene
selected from NDET and NDEZ.

10. The recombinant yeast microorganism of claim 1, wherein the recombinant yeast
microorganism is engineered (o comprise a complete deletion of at least one gene
selected from NDET and NDEZ.

11. The recombinant yeast microorganism of claim 1, wherein the recombinant yeast
microorganisim is engineered o comprise a disruption in at least one gene selected
from NDET and NDEZ.

12.The recombinant yeast microorganism of claim 1, wherein the recombinant yeast
microorganism 8 engineered to comprise a deletion, disruption, or mutation of a

regulatory region associated with at least one gene selected from NOET and NDE2.

13. The recombinant yeast microorganism of claim 1, wherein the recombinant yeast
microorganism IS engineered {o comprise al least one modification of a

transcriptional regulator of at least one gene selected from NDET and NDEZ.

14.A recombinant yeast microorganism comprising a metabgolic pathway for the
production of a pyruvate-derived metabolite, wherein said metabolic pathway
comprises al least one exogenous gene and/or at least one overexpressed
andogencus gene encoding an enzyme thal catalyzes a pathway step in the
production of the pyruvale-derived metabolite, wherein said recombinant yeast
microorganism is engineered to comprise reduced pyruvate decarboxylase (PDC)
activity, and wherein said recombinant yeast microorganism is engingered to

comprise at least one modification of YNLZ2G5W.

15. The recombinant yeast microorganism of claim 14, wherein said modification of
YNL285W is a mutation, disruption, or deletion of YNLZ5W.

62



WO 2014/004616 PCT/US2013/047789

16.The recombinant yeast microorganism of claim 15, wherein said mutation of
YNLZ285W is a point mutation of YNLZ95W.

17. The recombinant yeast microorganism of claim 16, wherein said point mutation of
YNLZ285W results in an amino acid substitution at an amino acid position which is
within 5 Angstroms of T441 of the protein encoded by YNL295W.

18. The recombinant yeast microorganism of claim 17, wherein said T441 residue is

replaced with an alanine residue.

19.A recombinant yeast microorganism comprising a melabolic pathway for the
production of a pyruvate-derived metabolite, wherein said metabolic pathway
comprises al least one exogenous gene andlor at ieast one overexpressed
endogenous gene encoding an enzyme that catalyzes a pathway step in the
production of the pyruvate-derived metabolite, wherein said recombinant yeast
microorganism is engineered to comprise reduced pyruvate decarboxylase (PDC)
aclivity, and wherein said recombinant yeast microorganism s engineered to

comprise at least one modification of YJLOSEW.

20. The recombinant yeast microorganism of claim 19, wherein said modification of
YJLOEEW is a mutation, disruption, or deletion of YJLOSSW.

21.The recombinant yeast microorganism of claim 20, wherein said mutation of
YJLOE5W is a point mutation of YJLO55W.

22 . The recombinant yeast microorganism of claim 21, wherein said point mutation of
YJLOGSW results in an amino acid substitution at an amino acid position which is
within 5 Angstroms of DO9 of the protein encoded by YULOSEW.

23.The recombinant yeast microorganism of claim 22, wherein said D89 residue is
replaced with a giutamic acid residue.

24 . The recombinant veast microorganism according o any of the preceding claims,
wherein the reduction in PDC activity resulls from the deletion, disruption, or
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mutation of one or more genes encoding for pyruvate decarboxylase andior a
positive transcriptional regulator thereot.

25.The recombinant yeast microorganism of claim 24, wherein said pyruvate
decarboxylase gene targeted for disruplion, deletion, or mulation is selected from the
group consisting of PRCT, PDCS, and PDCE, or homologs or variants thereof.

26. The recombinant yeast microorganism of claim 25, wherein all three of PDCT, PDCS,
and PDCE are targeted for disruption, deletion, or mutation.

27. The recombinant yeast microorganism of claim 24, wherein said positive

transcriptional reguiator is PDCZ, or homologs or variants thereof.

28. The recombinant yeast microorganism according to any of the preceding claims,
wherein said recombinant yeast microorganism is engineered o reduce glvcerol-3-

phosphate dehydrogenase (GPD) activity.

28. The recombinant yeast microorganism according to any of the preceding claims,
wherein said recombinant yeast microorganism is engineered io reduce 3-keto acid
reductase (3-KAR} activity.

30.The recombinant yeast microorganism according o any of the preceding claims,
wherein said recombinant yeast microorganism is engineered {o reduce aldehyde

dehydrogenase (ALDH) activity.

31.The recombinant microorganism of any one of the preceding claims, wherein said
pyruvate-derived metabolite is selected from the group consisting of isobutanad, 2-
butanol, 1-butancl, 2-butanone, 23-butanediol, acetoin, diacelyl, valine, leucine,
partothenic acid, isobutylene, 3-methyi-1-butanol, 4-methyl-1-pentanol, coenzyme A,
lactic acid, and malic acid.

32 A method of producing a pyruvate-derived metabolite, comprising:
{a) providing a recombinant yeas! microorganism according to any of the
preceding claims; and
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{b} cultivating the recombinant yeast microorganism in a culture medium
containing a feedstock providing a carbon source, until the pyruvate-derived
metabolite is produced.

33.The method of claim 32, wherein said recombinant yeast microorganism converts

the carbon source o the pyruvate-derived metabolite under anaerobic conditions.

34.The method of claim 32, wherein said recombinant veast microorganism converis

the carbon source 1o the pyruvate-derived metaboliie under microaerobic conditions.

35.The method of any of claims 32-34, wherein said pyruvate-derived metabolite is
isobutanol.
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