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LIGNOCELLULOSIC HYDROLYSATES AS FEEDSTOCKS FOR
ISOBUTANOL FERMENTATION

Reference To Sequence Listing Submitted Electronically

[0001] The content of the electronically submitted sequence listing in ASCII text file
(Name: 20120615 CL5194WOPCT _SeqList.txt, Size: 1,164,854 bytes, and Date of
Creation: June 14, 2012) filed with the application is incorporated herein by reference in

its entirety.

BACKGROUND

Field of the Invention

[0002] The invention relates generally to the field of industrial microbiology and butanol
production. More specifically, the invention relates to the use of microbes to convert 5-
carbon sugars, including the 5-carbon sugars in hydrolysates of lignocellulosic biomass,
to butanol as well as processes for recovering butanol from fermentation in the presence

of mixed sugars.

Background of the Invention

[0003] Butanol is an important industrial chemical with a variety of applications,
including use as a fuel additive, as a feedstock chemical in the plastics industry, and as a
food-grade extractant in the food and flavor industry. Accordingly, there is a high
demand for butanol, as well as for efficient and environmentally friendly production
methods.

[0004] Production of butanol utilizing fermentation by microorganisms is one such
environmentally friendly production method. A number of feedstocks can be used for
such fermentative products. Among these are hydrolysates of lignocellulosic biomass,
including corn cob, corn stover, switchgrass, bagasse, and wood waste. However,
lignocellulosic hydrolysates also contain compounds that inhibit the growth and
metabolism of the microorganisms used for their fermentation, and in particular, inhibit

the growth and metabolism of microorganisms that are capable of producing butanol.
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[0005] The present invention satisfies the current need to improve the production of
butanol from such lignocellulosic hydrolysates by providing methods to efficiently
convert 5-carbon sugars, obtainable from the lignocellulosic hydrolysates, to butanol as
well as processes for recovering butanol from fermentation in the presence of mixed

sugars.
BRIEF SUMMARY OF THE INVENTION

[0006] The invention relates generally to the methods and compositions for butanol
production from mixed sources of 5-carbon sugars and six-carbon sugars such as
lignocellulosic hydrolysates and improved butanol production from said sugars with in
situ product recovery methods. More specifically, the invention relates to the use of an
xylulose or xylulose-5-phosphate-producing enzyme and micro-aerobic or anaerobic
conditions to increase butanol production. _

[0007] In some embodiments, a method for producing butanol comprises (a) providing a
composition comprising (i) a micfoorganism capable of producing butanol and (ii) an
enzyme or combination of enzymes capable of converting a 5-carbon sugar to xylulose or
xylulose-5-phosphate; (b) contacting the composition with a carbon substrate comprising
mixed sugars; and (c) culturing the microorganism under conditions of limited oxygen

utilization, whereby butanol is produced.
BRIEF DESCRIPTION OF THE DRAWINGS/FIGURES

[0008] The various embodiments of the invention can be more fully understood from the
following detailed description, the figures, and the accompanying sequence descriptions,
which form a part of this application.

[0009] Figure 1: Growth on corn cob hydrolysate. Growth was monitored by packed cell
volume using PCV tubes according to the manufacturer’s instructions (TPP, Trasadingen,
Switzerland). Results of triplicate flasks are shown. The isobutanologen (PNY1504,
dashed lines) was grown in 0.5X LCH. The ethanologen (solid lines) was grown in 1X
LCH.

[0010] Figure 2: Consumption of glucose and production of isobutanol and glycerol by
PNY1504. The results were measured over 148 hours, and metabolites were determined
using HPLC.
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[0011] Figure 3: Consumption of glucose and production of ethanol and glycerol by
CEN.PK113-7D. The results were fneasured over 148 hours, and metabolites were
determined using HPLC.

[0012] Figure 4: Fermentation of glucose to isobutanol by PNY1504. Profiles of glucose
consumption (Glc), growth (Biomass, by Packed Cell Volume), and isobutanol
production (Iso), in the presence (+AA; solid lines) or absence (-AA; dotted lines) of
antimycin A are shown.

[0013] Figure 5: Fermentation of xylose to isobutanol by PNY1504 in the presence of
xylose isomerase. Profiles of xylose (Xyl) and xylulose (Xls) concentrations, growth
(Biomass, by Packed Cell Volume), and isobutanol production (Iso), in the presence
(+AA; solid lines) or absence (-AA; dotted lines) of antimycin A are shown.

[0014] Figure 6: Profiles of glucose and xylose in lignocellulosic hydfolysate during
fermentation to isobutanol. Cultures were either treated (solid line) or not treated (dotted
lines) with antimycin A, and supplied (closed symbols) or not supplied (open symbols)
with xylose isomerase.

[0015] Figure 7: Isobutanol effective titers produced during fermentation of
lignocellulosic hydrolysate. Cultures were either treated (solid line) or not'(dotted lines)
with antimycin A, and supplied (closed symbols) or not (open symbols) with xylose

isomerase.
DETAILED DESCRIPTION OF THE INVENTION

[0016] Unless defined otherwise, all technical and scientific terms used herein have the
same meaning as commonly understood by one of ordinary skill in the art to which this
invention belongs. In case of conflict, the present application including the definitions
will control. Unless otherwise required by context, singular terms shall include pluralities
and plural terms shall include the singular. All publications, patents and other references
mentioned herein are incorporated by reference in their entireties for all purposes.

[0017] Although methods and materials similar or equivalent to those disclosed herein
can be used in practice or testing of the present invention, suitable methods and materials
are disclosed below. The materials, methods, and examples are illustrative only and are
not intended to be limiting. Other features and advantages of the invention will be

apparent from the detailed description and from the claims.
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[0018] In order to further define this invention, the following terms, abbreviations and
definitions are provided.

[0019] As used herein, the terms "comprises," "comprising," "includes," "including,"

"has," "having," "contains," or "containing," or any other variation thereof, are intended to
be non-exclusive or open-ended. For example, a composition, a mixture, a process, a
method, an article, or an apparatus that comprises a list of elements is not necessarily
limited to only those elements but can include other elements not expressly listed or
inherent to such composition, mixture, process, method, article, or apparatus. Further,
unless expressly stated to the contrary, "or" refers to an inclusive or and not to an
exclusive or. For example, a condition A or B is satisfied by any one of the following: A
is true (or present) and B is false (or not present), A is false (or not present) and B is true
(or present), and both A and B are true (or present).

[0020] Also, the indefinite articles "a" and "an" preceding an element or component of
the invention are intended to be nonrestrictive regarding the number of instances, ie.,
occurrences, of the element or component. Therefore "a" or "an" should be read to
include one or at least one, and the singular word form of the element or component also
includes the plural unless the number is obviously meant to be singular.

[0021] The term "invention" or "present invention" as used herein is a non-limiting term
and is not intended to refer to any single embodiment of the particular invention but
encompasses all possible embodiments as disclosed in the application.

[0022] As used herein, the term "about” modifying the quantity of an ingredient or
reactant employed refers to variation in the numerical quantity that cén occur, for
example, through typical measuring and liquid handling procedures used for making
concentrates or use solutions in the real world; through inadvertent error in these
procedures; through differences in the manufacture, source, or purity of the ingredients
employed to make the compositions or to carry out the methods; and the like. The term
"about" also encompasses amounts that differ due to different equilibrium conditions for a
composition resulting from a particular-initial mixture. Whether or not modified by the
term "about," the claims include equivalents to the quantities. In one embodiment, the
term "about" means within 10% of the reported numerical value, preferably within 5% of

the reported numerical value.
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[0023] "Biomass" as used herein refers to a natural product containing a hydrolysable
polysaccharide or carbohydrate that provides a fefmentable sugar, including any
cellulosic or lignocellulosic material and materials comprising cellulose, and optionally
further comprising hemicellulose, lignin, starch, oligosaccharideé, disaccharides, and/or
monosaccharides. Biomass can also comprise additional components, such as protein
and/or lipids. Biomass can be derived from a single source, or biomass can comprise a
mixture derived from more than one source. For example, biomass can comprise a
mixture of corn cobs and corn stover, or a mixture of grass stems and leaves. Biomass
includes, but is not limited to, bioenergy crops, agricultural residues, municipal solid
waste, industrial solid waste, sludge from paper manufactufe, yard waste, wood, and
forestry waste. Examples of biomass include, but are not limited to, corn grain, corn

'cobs, agricultural crop residues such as corn husks, corn stover, grasses, wheat, rye,
wheat straw, barley, barley straw, hay, rice straw, switchgrass, waste paper, sugar cane
bagasse, sorghum, soy, components obtained from milling of grains, trees, branches,
roots, leaves, wood chips, sawdust, shrubs and bushes, vegetables, fruits, flowers, animal
manure, municipal wastes and mixtures thereof.

[0024] "Butanol" as used herein refers with specificity to the butanol isomers 1-butanol
(1-BuOH), 2-butanol (2-BuOH), isobutanol (iBuOH), and/or tert-butanol (t-BuOH),
either individually or as mixtures thereof.

[0025] "Fermentable carbon source" as used herein means a carbon substrate from
biomass capable of being metabolized by the microorganisms disclosed herein. Suitable
fermentable carbon sources include, but are not limited to, monosaccharides, such as
glucose or fructose, xylose and arabinose; disaccharides, such as maltose, lactose or
sucrose; oligosaccharides; polysaccharides, such as starch or cellulose; one carbon
substrates; and mixtures thereof.

[0026] "Feedstock" as used herein means a product containing a fermentable carbon
source. Suitable feedstocks include, but are not limited to, rye, wheat, corn, cane, stover,
switchgrass, bagasse and mixtures thereof.

[0027] "Fermentation broth" as used herein means the mixture of water, sugars
(fermentable carbon sources), dissolved solids, microorganisms producing alcohol,
product alcohol and all other constituents of the material held in the fermentation vessel

in which product alcohol is being made by the reaction of sugars to alcohol, water and
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carbon dioxide (CO,) by the microorganisms present. From time to time, as used herein
the term "fermentation medium" and "fermented mixture" can be used synonymously
with "fermentation broth".

[0028] The term "carbon substrate" refers to a carbon source from biomass capable of
being metabolized by the microorganisms and cells disclosed herein. Non-limiting
examples of carbon substrates are provided herein and include, but are not limited to,
monosaccharides, oligosaccharides, polysaccharides, ethanol, lactate, succinate, glycerol,
carbon dioxide, methanol, glucose, fructose, sucrose, xylose, arabinose, dextrose, or
mixtures thereof. ’

[0029] The term "effective titer" as used herein, refers to the total amount of a particular
alcohol (e.g., butanol) produced by fermentation per liter of fermentation medium.

[0030] T}le term "separation” as used herein is synonymous with "recovery" and refers to
removing a chemical compound from an initial mixture to obtain the compound in greater
purity or at a higher concentration than the purity or concentration of the compound in the
initial mixture.

[0031] The term "aqueous phase,” as used herein, refers to the aqueous phase of a
biphasic mixture obtained by contacting a fermentation broth with a water-immiscible
organic extractant. In an embodiment of a process described herein that includes
fermentative extraction, the term "fermentation broth" then specifically refers to the
aqueous phase in biphasic fermentative extraction.

[0032] The term "organic phase," as used herein, refers to the non-aqueous phase of a
biphasic mixture obtained by contacting a fermentation broth with a water-immiscible
organic extractant.

[0033] The term "polynucleotide" is intended to encompass a singular nucleic acid as
well as plural nucleic acids, and refers to a nucleic acid molecule or construct, e.g.,
messenger RNA (mRNA) or plasmid DNA (pDNA). A polynucleotide can contain the
nucleotide sequence of the full-length cDNA sequence, or a fragment thereof, including
the untranslated 5' and 3' sequences and the coding sequences. The polynucleotide can be
composed of any polyribonucleotide or polydeoxyribonucleotide, which can be
unmodified RNA or DNA or modified RNA or DNA. For example, polynucleotides can
be composed of single- and double-stranded DNA, DNA that is a mixture of single- and
double-stranded regions, single- and double-stranded RNA, and RNA that is mixture of
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single- and double-stranded regions, hybrid molecules comprising DNA and RNA that
can be single-stranded or, more typically, double-stranded or a mixture of single- and
double-stranded regions. "Polynucleotide" embraces chemically, enzymatically, or
metabolically modified forms.

[0034] A polynucleotide sequence can be referred to as "isolated,” in which it has been
removed from its native environment. For example, a heterologous polynucleotide
encoding a polypeptide or polypeptide fragment having enzymatic activity (e.g. the
ability to convert a substrate to xylulose) contained in a vector is considered isolated for
the purposes of the present invention. Further examples of an isolated polynucleotide
include recombinant polynucleotides maintained in heterologous host cells or purified
(partially or substantially) polynucleotides in solution. Isolated polynucleotides or
nucleic acids according to the present invention further include such molecules produced
synthetically. An isolated polynucleotide fragment in the form of a polymer of DNA can
be comprised of one or more segments of cDNA, genomic DNA, or synthetic DNA.

[0035] The term "gene" refers to a nucleic acid fragment that is capable of being
expressed as a specific protein, optionally including regulatory sequences preceding
(5' non-coding sequences) and following (3' non-coding sequences) the coding sequence.

[0036] As used herein the term "coding region" refers to a DNA sequence that codes for a
specific amino acid sequence. "Suitable regulatory sequences" refer to nucleotide
sequences located upstream (5' non-coding sequences), within, or downstream (3'non-
coding sequences) of a coding sequence that influence the transcription, RNA processing
or stability, or translation of the associated coding sequence. Regulatory sequences can
include promoters, translation leader sequences, introns, polyadenylation recognition
sequences, RNA processing sites, effector binding sites and stem-loop structures.

{0037] As used herein, the term "polypeptide" is intended to encompass a singular
"polypeptide" as well as plural "polypeptides” and refers to a molecule composed of
monomers (amino acids) linearly linked by amide bonds (also known as peptide bonds).
The term "polypeptide" refers to any chain or chains of two or more amino acids, and
does not refer to a specific length of the product. Thus, "peptides," "dipeptides,"
"tripeptides,” "oligopeptides," "protein, " "amino acid chain," or any other term used to
refer to a chain or chains of two or more amino acids, are included within the definition of

"polypeptide," and the term "polypeptide" can be used instead of, or interchangeably
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with, any of these terms. A polypeptide can be derived from a natural biological source
or produced by recombinant technology, but is not necessarily translated from a
designated nucleic acid sequence. It can be generated in any manner, including by
chemical synthesis.

[0038] By an "isolated" polypeptide or a fragment, variant, or derivative thereof is
intended a polypeptide that is not in its natural milieu. No particular level of purification
is required. For example, an isolated polypeptide can be removed from its native or
natural environment. Recombinantly produced polypeptides and proteins expressed in
host cells are considered isolated for purposes of the invention, as are native or
recombinant polypeptides which have been separated, fractionated, or partially or
substantially purified by any suitable technique.

[0039] As used herein, "native" refers to the form of a polynucleotide, gene, or
polypeptide as found in nature with its own regulatory sequences, if pfesent.‘

[0040] As used herein, "endogenous" refers to the native form of a polynucleotide, gene
or polypeptide in its natural location in the organism or in the genome of an organism.
"Endogenous polynucleotide” includes a native polynucleotide in its natural location in
the genome of an organism. "Endogenous gene" includes a native gene in its natural
locationlin the genome of an organism. "Endogenous polypeptide" includes a native
polypeptide in its natural location in the organism.

[0041] As used herein, "heterologous" refers to a polynucleotide, gene, or polypeptide not
normally found in the host organism but that is introduced into the host organism.
"Heterologous polynucleotide” includes a native coding region, or portion thereof, that is
reintroduced into the source organism in a form that is different from the corresponding
native polynucleotide. "Heterologous gene" includes a native coding region, or portion
thereof, that is reintroduced into the source organism in a form that is different from the
corresponding native gene. For example, a heterologous gene can include a native coding
region that is a portion of a chimeric gene including non-native regulatory fegions that is
reintroduced into the native host. "Heterologous polypeptide" includes a native
polypeptide that is reintroduced into the source organism in a form that is different from
the corresponding native polypeptide.

[0042] As used herein, the term "modification" refers to a change in a polynucleotide

disclosed herein that results in altered activity of a polypeptide encoded by the
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polynucleotide, as well as a change in a polypeptide disclosed herein that results in
altered activity of the polypeptide. Such changes can be made by methods well known in
the art, including, but not limited to, deleting, mutating (e.g., spontaneous mutagenesis,
random mutagenesis, mutagenesis caused by mutator genes, or transposon mutagenesis),
substituting, inserting, altering the cellular location, altering the state of the
polynucleotide or polypeptide (e.g., methylation, phosphorylation or ubiquitination),
removing a cofactor, chemical modification, covalent modification, irradiation with UV
or X-rays, homologous recombination, mitotic recombination, promoter replacement
methods, and/or combinations thereof. Guidance in determining which nucleotides or
amino acid residues can be modified, can be found by comparing the sequence of the
particular polynucleotide or polypeptide with that of homologous polynucleotides or
polypeptides, e.g., yeast or bacterial, and maximizing the number of modifications made
in regions of high homology (conserved regions) or consensus sequences.

[0043] As used herein, the term "variant" refers to a polypeptide differing from a
specifically recited polypeptide of the invention by amino acid insertions, deletions,
mutations, and substitutions, created using, e.g., recombinant DNA techniques, such as
mutagenesis. Guidance in determining which amino acid residues can be replaced,
added, or deleted without abolishing activities of interest, can be found by comparing the
sequence of the particular polypeptide with that of homologous polypeptides, e.g., yeast
or bacterial, and minimizing the number of amino acid sequence changes made in regions
of high homology (conserved regions) or by replacing amino acids with consensus
sequences.

[0044] - Alternatively, recombinant polynucleotide variants encoding these same or similar
polypeptides can be synthesized or selected by making use of the "redundancy" in the
genetic code. Various codon substitutions, such as silent changes which produce various
restriction sites, can be introduced to optimize cloning into a plasmid or viral vector for
expression. Mutations in the polynucleotide sequence can be reflected in the polypeptide
or domains of other peptides added to the polypeptide to modify the properties of any part
of the polypeptide.

[0045] Amino acid "substitutions" can be the result of replacing one amino acid with
another amino acid having similar structural and/or chemical properties, i.e.; conservative

amino acid replacements, or they can be the result of replacing one amino acid with an
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amino acid having different structural and/or chemical properties, i.e., non-conservative
amino acid replacements. "Conservative" amino acid substitutions can be made on the
basis of similarity in polarity, charge, solubility, hydrophobicity, hydrophilicity, or the
amphipathic nature of the residues involved. For example, nonpolar (hydrophobic) amino
acids include alanine, leucine, isoleucine, valine, proline, phenylalanine, tryptophan, and
methionine; polar neutral amino acids include glycine, serine, threonine, cysteine,
tyrosine, asparagine, and glutamine; positively charged (basic) amino acids include
arginine, lysine, and histidine; and negatively charged (acidic) amino acids include
aspartic acid and glutamic acid.  Alternatively, "non-conservative" amino acid
substitutions can be made by selecting the differences in polarity, charge, solubility,
hydrophobicity, hydrophilicity, or the amphipathic nature of any of these amino acids.
"Insertions" or "deletions" can. be within the range of variation as structurally or
functionally tolerated by the recombinant proteins. The variation allowed can be
experimentally determined by systematically making insertions, deletions, or substitutions
of amino acids in a polypeptide molecule using recombinant DNA techniques and
assaying the resulting recombinant variants for activity.

[0046] The term "promoter" refers to a DNA sequence capable of controlling the
transcription of a coding sequence or functional RNA. In general, a coding sequence is
located 3' to a promoter sequence. Promoters can be derived in their entirety from a
native gene, or be composed of different elements derived from different promoters found
in nature, or even comprise synthetic DNA segments. It is understood by those skilled in
the art that different promoters can direct the expression of a gene in different host cell
types, or at different stages of development, or in response to different environmental or
physiological conditions. Promoters which cause a gene to be expressed in most cell
types at most times are commonly referred to as "constitutive promoters.” It is further
recognized that since in most cases the exact boundaries of regulatory sequences have not
been completely defined, DNA fragments of different lengths can have identical promoter
activity.

[0047] The term "operably linked" refers to the association of nucleic acid sequences on a
single nucleic acid fragment so that the function of one is affected by the other. For
example, a promoter is operably linked with a coding sequence when it is capable of

effecting the expression of that coding sequence (i.e., that the coding sequence is under
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the transcriptional control of the promoter). Coding sequences can be operably linked to
regulatory sequences in sense or antisense orientation.

[0048] The term "expression," as used herein, refers to the transcription and stable
accumulation of sense (MRNA) or antisense RNA derived from the nucleic acid fragment
of the invention. Expression can also refer to translation of mRNA into a polypeptide.

[0049] The term "overexpression,” as used herein, refers to an increase in the level of
nucleic acid or protein in a host cell. Thus, overexpression can result from increasing the
level of transcription or translation of an endogenous sequence in a host cell or can result
from the introduction of a heterologous sequence into a host cell. Overexpression can
also result from increasing the stability of a nucleic acid or protein sequence.

[0050] The term "reduced activity and/or expression" of an endogenous protein such an
enzyme can mean either a reduced specific catalytic activity of the protein (e.g. reduced
activity) and/or decreased concentrations of the protein in the cell (e.g. reduced
expression), while "deleted activity and/or expression" of an endogenous protein such an
enzyme can mean either no or negligible specific catalytic activity of the enzyme (e.g.
deleted activity) and/or no or negligible concentrations of the enzyme in the cell (e.g.
deleted expression).

[0051] As used herein the term "transformation” refers to the transfer of a nucleic acid
fragment into a host organism, resulting in genetically stable inheritance. Host organisms
containing the transformed nucleic acid fragments are referred to as "transgenic" or
"recombinant” or "transformed" organisms.

[0052] The terms "plasmid" and "vector" as used herein, refer to an extra-chromosomal
element often carrying genes which are not part of the central metabolism of the cell, and
usually in the form of circular double-stranded DNA molecules. Such elements can
include be autonomously replicating sequences, genome integrating sequences, phage or
nucleotide sequences, linear or circular, of a single- or double-stranded DNA or RNA,
derived from any source, in which a number of nucleotide sequences have been joined or
recombined into a unique construction which is capable of introducing a promoter
fragment and coding region for a selected gene product along with appropriate 3'
untranslated sequence into a cell.

[0053] As used herein the term "codon degeneracy" refers to the nature in the genetic

code permitting variation of the nucleotide sequence without affecting the amino acid



WO 2012/173659 PCT/US2012/000289
-12-

sequence of an encoded polypeptide. The skilled artisan is well aware of the "codon-bias"
exhibited by a specific host cell in usage of nucleotide codons to specify a given amino
acid. Therefore, when synthesizing a gene for improved expression in a host cell, it is
desirable to design the gene such that its frequency of codon usage approaches the
frequency of preferred codon usage of the host cell. '

[0054] The term "codon-optimized" as it refers to genes or coding regions of nucleic acid
molecules for transformation of various hosts, refers to the alteration of codons in the
genes or coding regions of the nucleic acid molecules to reflect the typical codon usage of
the host organism without altering the polypeptide encoded by the DNA. Such
optimization includes replacing at least one, or more than one, or a significant number, of
codons with one or more synonymous codons that are more frequently used in the genes
of that organism. Codon-optimized coding regions can be designed by various methods
known to those skilled in the art including software packages such as "synthetic gene

designer" (http://phenotype.biosci.umbe.edu/codon/sgd/index.php).

[0055] Deviations in the nucleotide sequence that comprise the codons encoding the
amino acids of any polypeptide chain allow for variations in the sequence coding for the
gene. Since each codon consists of three nucleotides, and the nucleotides comprising
DNA are restricted to four specific bases, there are 64 possible corpbinations of
nucleotides, 61 of which encode amino acids (the remaining three codons encode signals
ending translation). The "genetic code"” which shows which codons encode which amino
acids is reproduced herein as Table 1. As a result, many amino acids are designated by
more than one codon. For example, the amino acids alanine and proline are coded for by
four triplets, serine and arginine by six, whereas tryptophan and methionine are coded by
just one triplet. This degeneracy allows for DNA base composition to vary over a wide

range without altering the amino acid sequence of the proteins encoded by the DNA.



WO 2012/173659 PCT/US2012/000289

[0056]

-13 -
Table 1: The Standard Genetic Code
Ir IC A _ 6
TTT Phe (F) [TCT Ser (S) [TAT Tyr (Y) [TGT Cys (C)
TTC" TCC " TAC " TGC
T  [TTALeu(L) [TCA" TAA Ter  [TGA Ter
TTG " TCG " TAGTer  [TGG Trp (W)
CTT Leu (L) |CCT Pro (P) |CAT His (H) |CGT Arg (R)
CTC " cce CAC" CGC "
C [CTA" CCA " CAAGIn(Q) |cGa™®
CTG " lceg CAG " CGG "
e lacT The (1) AT Asn (N) [AGT Ser (5)
TA ACC " AAC " AGC "
A lioMe JACA AAA Lys (K) |AGA Arg (R)
ACG " AAG " AGG "
(M)
GTT Val (V) |GCT Ala (A) [GAT Asp (D) |[GGT Gly (G)
loTc " Gce " GAC " GGC "
G [oTA" GCA " GAA Glu (E) |GGA™"
GTG " GCG " GAG " GGG "

Given the large number of gene sequences available for a wide variety of animal,
plant and microbial species, it is possible to calculate the relative frequencies of codon
usage. Codon usage tables are readily available, for example, at the "Codon Usage
Database" available at http://www.kazusa.or.jp/codon/ (visited March 20, 2008), and
these tables can be adapted in a number of ways. See Nakamura, Y., ef a_l. Nucl. Acids
Res. 28:292 (2000). Codon usage tables for yeast, calculated from GenBank Release
128.0 [15 February 2002], are reproduced below as Table 2. This table uses mRNA
nomenclature, and so instead of thymine (T) which is found in DNA, the tables use uracil
(U) which is found in RNA. The Table has been adapted so that frequencies are

calculated for each amino acid, rather than for all 64 codons.

Table 2: Codon Usage Table for Saccharomyces cerevisiae Genes

Amino Acid | Codon Number Frequency per
thousand
Phe Uuu 170666 26.1
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Amino Acid | Codon Number Frequency per
thousand

Phe UucC 120510 18.4
Leu UUA 170884 ’ 26.2
Leu UuUG 177573 27.2
Leu CUU 80076 12.3
Leu CucC 35545 5.4
Leu CUA 87619 13.4
Leu CUG 68494 10.5
Ile AUU 196893 30.1
Ile AUC 112176 17.2
Ile AUA 116254 17.8
Met | AUG | 136805 120.9
Val GUU 144243 22.1
Val GUC 76947 11.8
Val GUA 76927 11.8
Val GUG 70337 10.8
Ser UCu 153557 23.5
Ser UCC 92923 14.2
Ser UCA 122028 18.7
Ser UCG 55951 8.6
Ser AGU 92466 14.2
Ser AGC 63726 9.8
Pro CCU 88263 13.5
Pro CCC 44309 6.8
Pro CCA 119641 18.3
Pro CCG 34597 5.3
Thr ACU 132522 20.3
Thr ACC 83207 12.7
Thr ACA 116084 17.8
Thr ACG 52045 8.0
Ala GCU 138358 21.2
Ala GCC 82357 12.6
Ala GCA 105910 16.2
Ala GCG 40358 6.2
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Amino Acid | Codon Number Frequency per
' thousand

Tyr UAU 122728 18.8
Tyr UAC 96596 14.8
His CAU 89007 13.6
His CAC 50785 7.8
Gln CAA 178251 27.3
Gln CAG 79121 12.1
Asn AAU 233124 35.7
Asn AAC 162199 24.8
Lys AAA 273618 41.9
Lys AAG 201361 30.8
Asp GAU 245641 37.6
Asp GAC 132048 20.2
Glu GAA 297944 45.6
Glu GAG 125717 19.2
Cys UGU 52903 8.1
Cys UGC 31095 4.8
Trp | UGG | 67789 [10.4
Arg CGU 41791 6.4
Arg CGC 16993 2.6
Arg CGA 19562 3.0
Arg CGG 11351 1.7
Arg AGA 139081 21.3
Arg AGG 60289 9.2
Gly GGU 156109 . 23.9
Gly GGC 63903 9.8
Gly GGA 71216 10.9
Gly GGG 39359 6.0
Stop UAA 6913 1.1
Stop UAG 3312 0.5
Stop UGA 4447 0.7
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[0057] By utilizing this or similar tables, one of ordinary skill in the art can apply the
frequencies to any given polypeptide sequence, and produce a nucleic acid fragment of a
codon-optimized coding region which encodes the polypeptide, but which uses codons
optimal for a given species.

[0058] Randomly assigning codons at an optimized frequency to encode a given
polypeptide sequence can be done manually by calculating codon frequencies for each
amino acid, and then assigning the codons to the polypeptide sequence randomly.
Additionally, various algorithms and computer software programs are readily available to
those of ordinary skill in the art. For example, the "EditSeq" function in the Lasergene
Package, available from DNAstar, Inc., Madison, WI, the backtranslation function in the
VectorNTI Suite, available from InforMax, Inc., Bethesda, MD, and the "backtranslate"
function in the GCG--Wisconsin Package, available from Accelrys, Inc., San Diego, CA.
In addition, various resources are publicly available to codon-optimize coding region
sequences, e.g., the "backtranslation” function at
http://www.entelechon.com/bioinformatics/backtranslation.php?lang=eng (visited April
15, 2008) and the "backtranseq" function available at
http://bioinfo.pbi.nre.ca:8090/EMBOSS/index.html (visited July 9, 2002). Constructing a
rudimentary algorithm to assign codons based on a given frequency can also easily be
accomplished with basic mathematical functions by one of ordinary skill in the art.

[0059] Codon-optimized coding regions can be designed by various methods known to
those skilled in the art including software packages such as "synthetic gene designer”
(http://phenotype.biosci.umbe.edu/codon/sgd/index.php).

[0060] A polynucleotide or nucleic acid fragment is "hybridizable" to another nucleic
acid fragment, such as a cDNA, genomic DNA, or RNA molecule, when a single-
stranded form of the nucleic acid fragment can anneal to the other nucleic acid fragment
under the appropriate conditions of temperature and solution ionic strength.
Hybridization and washing conditions are well known and exemplified in Sambrook, J.,
Fritsch, E. F. and Maniatis, T. Molecular Cloning: A Laboratory Manual, 2" ed., Cold
Spring Harbor Laboratory: Cold Spring Harbor, NY (1989), particularly Chapter 11 and
Table 11.1 therein (entirely incorporated herein by reference). The conditions of
temperature and ionic strength determine the "stringency” of the hybridization.

Stringency conditions can be adjusted to screen for moderately similar fragments (such as
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.homologous sequences from distantly related organisms), to highly similar fragments
(such as genes that duplicate functional enzymes from closely relatec.l organisms).
Post-hybridization washes determine stringency conditions. One set of preferred
conditions uses a series of washes starting with 6X SSC, 0.5% SDS at room temperature
for 15 min, then repeated with 2X SSC, 0.5% SDS at 45 °C for 30 min, and then repeated
twice with 0.2X SSC, 0.5% SDS at 50 °C for 30 min. A more preferred set of stringent -
conditions uses higher temperatures in which the washes are identical to those above
except for the temperature of the final two 30 min washes in 0.2X SSC, 0.5% SDS was
increased to 60 °C. Another preferred set of highly stringent conditions uses two final
washes in 0.1X SSC, 0.1% SDS at 65 °C. An additional set of stringent conditions
include hybridization at 0.1X SSC, 0.1% SDS, 65 °C and washes with 2X SSC, 0.1%
SDS followed by 0.1X SSC, 0.1% SDS, for example.

[0061] Hybridization requires that the two nucleic acids contain complementary
sequences, although depending on the stringency of the hybridization, mismatches
between bases are possible. The appropriate stringency for hybridizing .nucleic acids
depends on the length of the nucleic acids and the degree of complementarity, variables
well known in the art. The greater the degree of similarity or homology between
two nucleotide sequences, the greater the value of Tm fbr hybrids of nucleic acids having
those sequences. The relative stability (corresponding to higher Tm) of nucleic acid
hybridizations decreases in the following order: RNA:RNA, DNA:RNA, DNA:DNA.
For hybrids of greater than 100 nucleotides in length, equations for calculating Tm have
been derived (see Sambrook et al., supra, 9.50-9.51). For hybridizations with shorter
nucleic acids, i.e., oligonucleotides, the position of mismatches becomes more important,
and the length of the oligonucleotide determines its specificity (see Sambrook ef al.,
supra, 11.7-11.8). In one embodiment the length for a hybridizable nucleic acid is at least
about 10 nucleotides. Preferably a minimum length for a hybridizable nucleic acid is at
least about 15 nucleotides; more preferably at least about 20 nucleotides; and most
preferably the length is at least about 30 nucleotides. Furthermore, the skilléd artisan will
recognize that the temperature and wash solution salt concentration can be adjusted as
necessary according to factors such as length of the probe.

[0062] A "substantial portion" of an amino acid or nucleotide sequence is that portion

comprising enough of the amino acid sequence of a polypeptide or the nucleotide
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sequence of a gene to putatively identify that polypeptide or gene, either by manual
evaluation of the sequence by one skilled in the art, or by computer-automated sequence
comparison and identification using algorithms such as BLAST (Altschul, S. F., et al,,
J. Mol. Biol., 215:403;410 (1993)). In general, a sequence of ten or more contiguous
amino acids or thirty or more nucleotides is necessary in order to putatively identify a
polypeptide or nucleic acid sequence as homologous to a known protein or gene.
Moreover, with respect to nucleotide sequences, gene-specific oligonucleotide probes
comprising 20-30 contiguous nucleotides can be used in sequence-dependent methods of
gene identification (e.g., Southern hybridization) and isolation (e.g., in situ hybridization
of bacterial colonies or bacteriophage plaques). In addition, short oligonucleotides of 12-
15 bases can be used as amplification primers in PCR in order to obtain a particular
nucleic acid fragment comprising the primers. Accordingly, a "substantial portion" of a
nucleotide sequence comprises enough of the sequence to specifically identify and/or
isolate a nucleic acid fragment comprising the sequence. The instant speciﬁcation-
teaches the complete amino acid and nucleotide sequence encoding particular proteins.
The skilled artisan, having the benefit of the sequences as reported herein, can now use all
or a substantial portion of the disclosed sequences for purposes known to those skilled in
this art. Accordingly, the instant invention comprises the complete sequences as provided
herein, as well as substantial portions of those sequences as defined above. -

[0063] The term "complementary" is used to describe the relationship between nucleotide
bases that are capable of hybridizing to one another. For example, with respect to DNA,
adenosine is complementary to thymine and cytosine is complementary to guanine.

[0064] The term "percent identity," as known in the art, is a relationship between two or
more polypeptide sequences or two or more polynucleotide sequences, as determined by
comparing the sequences. In the art, "identity" also means the degree of sequence
relatedness between polypeptide or polynucleotide sequences, as the case may be, as
determined by the match between strings of such sequences. "Identity" and "similarity"
can be readily calculated by known methods, including but not limited to those disclosed
in: 1.) Computational Molecular Biology (Lesk, A. M., Ed.) Oxford University: NY
(1988); 2.) Biocomputing: Informatics and Genome Projects (Smith, D. W., Ed.)
Academic: NY (1993); 3.) Computer Analysis of Sequence Data, Part I (Griffin, A. M.,
and Griffin, H. G., Eds.) Humania: NJ (1994); 4.) Sequence Analysis in Molecular
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Biology (von Heinje, G., Ed.) Academic (1987); and 5.) Sequence Analysis Primer
(Gribskov, M. and Devereux, J., Eds.) Stockton: NY (1991).

[0065] Preferred methods to determine identity are designed to give the best match
between the sequences tested. Methods to determine identity and similarity are codified

in publicly available computer programs. Sequence alignments and percent identity

calculations can be performed using the MegAlign™ program of the LASERGENE
bioinformatics computing suite (DNASTAR Inc., Madison, WI). Multiple alignment of
the sequences is performed using the "Clustal method of alignment” which encompasses
several varieties of the algorithm including the "Clustal V method of alignment”
corresponding to the alignment method labeled Clustal V (disclosed by Higgins and
Sharp, CABIOS. 5:151-153 (1989); Higgins, D.G. et al., Comput. Appl. Bios;:i., 8:189-191

(1992)) and found in the MegAlign™ program of the LASERGENE bioinformatics
computing suite (DNASTAR Inc.). For multiple alignments, the default values
correspond to GAP PENALTY=10 and GAP LENGTH PENALTY=10. Default
parameters for pairwise alignments and calculation of percent identity of protein
sequences using the Clustal method are KTUPLE=1, GAP PENALTY=3, WINDOW=5
and DIAGONALS SAVED=5. For nucleic acids these parameters are KTUPLE=2, GAP
PENALTY=5, WINDOW=4 and DIAGONALS SAVED=4. After alignment of the
sequences using the Clustal V program, it is possible to obtain a "percent identity” by
viewing the "sequence distances" table in the same program. Additionally the "Clustal W
method of alignment" is available and corresponds to the alignment method labeled
Clustal W (described by Higgins and Sharp, CABIOS. 5:151-153 (1989); Higgins, D.G. et

al., Comput. Appl. Biosci. 8:189-191(1992)) and found in the MegAlign™ v6.1 program
of the LASERGENE bioinformatics computing suite (DNASTAR Inc.). Default
parameters for multiple alignment (GAP PENALTY=10, GAP LENGTH
PENALTY=0.2, Delay Divergen Seqs(%)=30, DNA Transition Weight=0.5, Protein
Weight Matrix=Gonnet Series, DNA Weight Matrix=IUB ). After alignment of the
sequences using the Clustal W program, it is possible to obtain a "percent identity" by
viewing the "sequence distances"” table in the same program.

[0066] It is well understood by one skilled in the art that many levels of sequence identity
are useful in identifying polypeptides, from other species, wherein such polypeptides

have the same or similar function or activity. Useful examples of percent identities
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include, but are not limited to: 55%, 60%, 65%, 70%, 75%, 80%, 85%, 90%, or 95%, or
any integer percentage from 55% to 100% can be useful in describing the present
invention, such as 55%, 56%, 57%, 58%, 59%, 60%, 61%, 62%, 63%, 64%, 65%, 66%,
67%, 68%, 69%, 70%, 71%, 72%, 73%, 74%, 75%, 76%, 77%, 78%, 79%, 80%, 81%,
82%, 83%, 84%, 85%, 86%, 87%, 88%, 89%, 90%, 91%, 92%, 93%, 94%, 95%, 96%,
97%, 98% or 99%. Suitable nucleic acid fragments not only have the above homologies
but typically encode a polypeptide having at least 50 amino acids, preferably at least
100 amino acids, more preferably at least 150 amino acids, still more preferably at least
200 amino acids, and most preferably at least 250 amino acids.

[0067] The term "sequence analysis software" refers to any computer algorithm or
software program that is useful for the analysis of nucleotide or amino acid sequences.
"Sequence analysis software" can be commercially available or independently developed.
Typical sequence analysis software will include, but is not limited to: 1.) the GCG suite
of programs (Wisconsin Package Version 9.0, Genetics Computer Group (GCG),
Madison, WI); 2.) BLASTP, BLASTN, BLASTX (Altschul etal., J Mol Biol,
215:403-410 (1990)); 3.) DNASTAR (DNASTAR, Inc. Madison, WI); 4.) Sequencher
(Gene Codes Corporation, Ann Arbor, MI); and 5.) the FASTA program incorporating
the Smith-Waterman algorithm (W. R. Pearson, Comput. Methods Genome Res., [Proc.
Int. Symp.] (1994), Meeting Date 1992, 111-20. Editor(s): Suhai, Sandor. Plenum: New
York, NY). Within the context of this application it will be understood that where
sequence analysis software is used for analysis, that the results of the analysis will be
based on the "default values" of the program referenced, unless otherwise specified. As
used herein "default values" will mean any set of values or parameters that originally load
with the software when first initialized. »

[0068] Standard recombinant DNA and molecular cloning techniques used here are well
known in the art and are described by Sambrook, J., Fritsch, E. F. and Maniatis, T.,
Molecular Cloning: A Laboratory Manual, Second Edition, Cold Spring Harbor
Laboratory Press, Cold Spring Harbor, NY (1989) (hereinafter "Maniatis"); and by
Silhavy, T. J., Bennan, M. L. and Enquist, L. W., Experiments with Gene Fusions, Cold
Spring Harbor Laboratory Press, Cold Spring Harbor, NY (1984); and by Ausubel, F. M.
et al., Current Protocols in Molecular Biology, published by Greene Publishing Assoc.
and Wiley-Interscience (1987). Additional methods used here are in Methods in
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Enzymology, Volume 194, Guide to Yeast Genetics and Molecular and Cell Biology (Part
A, 2004, Christine Guthrie and Gerald R. Fink (Eds.), Elsevier Academic Press, San
Diego, CA).

[0069] The genetic manipulations of cells disclosed herein can be performed using
standard genetic techniques and screening and can be made in any cell that is suitable to
genetic manipulation (Methods in Yeast Genetics, 2005, Cold Spring Harbor Laboratory
Press, Cold Spring Harbor, NY, pp. 201-202).

Sources of 5-Carbon Sugars

[0070] Hydrolysates of lignocellulosic biomass are a valuable feedstock for the
production of biofuels that provide both 5- and 6-carbon sugars. However, these
hydrolysates can contain compounds that are inhibitory to the growth and metabolism of
microorganisms that are used to ferment the 5-carbon sugars. Thus, the amount of
butanol that can be produced from lignocellulosic hydrolysates is limited because the 5-
carbon sugars are not readily usable without certain genetic modifications and without
some processing to ameliorate inhibitor activity. However, the methods described herein
provide ways of increasing the yield of butanol from such lignocellulosic hydrolysates by
allowing for the growth and metabolism of butanol-producing microorganisms and for the
fermentation of 5-carbon sugars. _

[0071] Biomass refers to any cellulosic or lignocellulosic material and includes materials
comprising cellulose, and optionally further comprising hemicellulose, lignin, starch,
oligosaccharides and/or monosaccharides. Biomass can also comprise additional
components, such as protein and/or lipid. Biomass can be derived from a single source,
or biomass can comprise a mixture derived from more than one source; for example,
biomass can comprise a mixture of corn cobs and corn stover, or a mixture of grass and
leaves. Biomass includes, but is not limited to, bioenergy crops, agricultural residues,
municipal solid waste, industrial solid waste, sludge from paper manufacture, yard waste,
wood and forestry waste. Examples of biomass include, but are not limited to, corn grain,
corn cobs, crop residues such as corn husks, corn stover, grasses, wheat, wheat straw,
barley, barley straw, hay, rice straw, switchgrass, waste paper, sugar cane bagasse,

sorghum, soy, components obtained from milling of grains, trees, branches, roots, leaves,



WO 2012/173659 PCT/US2012/000289
222 -

wood chips, sawdust, shrubs and bushes, vegetables, fruits, flowers, animal manure,
agave, and mixtures thereof.

[0072] Fermentable sugars can be derived from such cellulosic or lignocellulosic biomass
through processes of pretreatment and saccharification, as described, for example, in U.S.
Patent No. 7,781,191, which is herein incorporated by reference. By way of example, a
relatively high concentration of biomass can be pretreated with a low concentration of
ammonia relative to the dry weight of the biomass. Following the pretreatment, the
biomass can be treated with a saccharification enzyme consortium to produce fermentable
sugars. Thus, the pretreatment can comprise a) contacting biomass with an aqueous
solution comprising ammonia to form a biomass-aqueous ammonia mixture, wherein the
ammonia is present at a concentration at least sufficient to maintain alkaline pH of the
biomass-aqueous ammonia mixture but wherein said ammonia is present at less than
about 12 weight percent relative to dry weight of biomass, and further wherein the dry
weight of biomass is at a high solids concentration of at least about 15 weight percent
relative to the weight of the biomass-aqueous ammonia mixture; and b) contacting the
product of step (a) with a saccharification enzyme consortium under suitable conditions,
to produce fermentable sugars.

[0073] Lignocellulosic hydrolysates and other sources of 5-carbon sugars can provide 5-
carbon sugars and can provide 5-carbon sugars in combination with 6-carbon sugars or
other carbon substrates which are suitable for fermentation. In some embodiments, the 5-
carbon sugars are xylose. In some embodiments, the S-carbon sugars are arabinose. In
some embodiments, the 5-carbon sugars include both xylose and arabinose. The sources
of 5-carbon sugars can also include other carbon substrates bsuch as monosaccharides,
polysaccharides, one-carbon substrates, two carbon substrates, and other carbon
substrates. Hence it is contemplated that the source of carbon utilized in the present
invention can encompass any number of carbons substrates in addition to the 5-carbon
sugars. '

[0074] In some embodiments, the lignocellulosic hydrolysate is present in the
composition for fermentation at a particular concentration. For example, in some
embodiments, the lignocellulosic hydrolysate is present at a concentration of at least
about 5 g/L, 10 g/L, 15 g/L, 20 g/L, 25 g/L, 30 g/L, 35 g/L, 40 g/L, 45 g/L, 50 g/L, 55
g/L, 60 g/L, 65 g/L, 70 g/L, 75 g/L, 80 g/L, 85 g/L, 90 g/L, 95 g/L, 100 g/L, 110 g/L, 120
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g/L, 130 g/L, 140 g/L, 150 g/L, 160 g/L, 170 g/L, 180 g/L, 190 g/L, or 200 g/L. In some
embodiments, the lignocellulosic hydrolysate is present at a concentration of about 5-500
g/L, about 5-400 g/L, about 5-300 g/L, about 5-200 g/L, or about 5-150 g/L In some
embodiments, the lignocellulosic hydrolysate is present at a concentration of about 25-
500 g/L, about 25-400 g/L, about 25-300 g/L, about 25-200 g/L, or about 25-150 g/L. In
some embodiments, the lignocellulosic hydrolysate is present at a concentration of about
50-500 g/L, about 50-400 g/L, about 50-300 g/L, about 50-200 g/L, or about 50-150 g/L..

[0075] In addition, in some embodiments, the lignocellulosic hydrolysate is consumed at
a particular rate. Thus, in some embodiments, asssuming 6 g/l cell mass like in corn and
a TS level of 20% for straw gives C5 consumption at 0.44 g/1-h or a specific rate of 0.07 g
C5/g cell hour.

[0076] In particular, 5-carbon sugars can be consumed from the lignocellulosic

hydrolysate at a particular rate.

Production of Xylulose from Sources of 5-Carbon Sugars

[0077] Microorganisms that can be used according to the methods described herein can
ferment xylulose via the pentose phosphate pathway. However, many sources of 5-
carbon sugars, such a lignocellulosic hydrolysates, can contain 5-carbon sugars other than
xylulose that cannot be directly fermented by the microorganisms. Therefore, the
methods described herein provide enzymes that are capable of converting other 5-carbon
sugars to D-xylulose and/or D-xylulose-5-P. For example, enzymes that can convert
xylose or arabinose to xylulose are known to those of skill in the art. By way of example:
xylose isomerase can convert xylose to D-xylulose; xylose reductase and xylitol
dehydrogenase can convert xylose to D-xylulose; arabinose reductase, arabitol
dehydrogenase, L-xylulose reductase, and xylitol dehydrogenase can convert arabinose to
D-xylulose; arabinose isomerase, ribulokinase, and ribulose-phosphate-5-epimerase can
convert arabinose to D-xylulose-5-P. In addition, aldose reductase, which can covert
alditol to aldose is useful in converting arabinose and xylose into D-xylulose 5-P.

[0078] The enzyme or enzymes capable of converting other 5-carbon sugars to xylulose
can be provided from an exogenous source or can be produced by recombinant

microorganisms in the fermenting composition.
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[0079] For example, xylulose-producing enzymes can be produced by any means known
to those of skill in the art (including natural production, recombinant production and
chemical synthesis), and a composition comprising the xylulose-producing enzymes can
be added to butanol-producing microorganisms in order to ferment 5-carbon sugars.
Xylulose-producing enzymes, such as xylose isomerase can be purchased from
commercial sources, e.g., "Sweetzyme" produced by Novozyme.

[0080] Additionally, and/or alternatively, cells and/or microorganisms -that express
xylulose- and/or xylulose-5-P-producing enzymes can be added to the butanol-producing
organisms in order to ferment S-carbon sugars. The cells and/or microorganisms can be
cells and/or microorganisms that convert 5-carbon sugars to xylulose and/or xylulose-5-P
endogenously or can be cells and/or microorganisms that have been engineered to
recombinantly produce xylulose- and/or xylulose-5-P-producing enzymes. Additionally,
and/or alternatively, the butanol-producing microorganisms can be engineered to
recombinantly produce xylulose- and/or D-xylulose-5-P-producing enzymes. Further, in
the host cells of the invention, the expression of the araA, araB and araD enzymes, which
provide for utilization of L-arabinose, combined with genetic modification that reduces
unspecific aldose reductase activity, provide for efficient utilization of L-arabinose in the
pentose-phosphate pathway (PPP). See e.g., U.S. Patent NO. 7,354,755, herein
incorporated by reference. The genetic modification leading to the reduction of
unspecific aldose reductase activity may be combined with any of the modifications
increasing the flux of the pentose phosphate pathway and/or with any of the modifications
increasing the specific xylulose kinase activity in the host cells as described herein. Thus,
a host cell expressing araA, araB, and araD, comprising an additional genetic

 modification that reduces unspecific aldose reductase activity is specifically included in
the invention. The genes expressing araA, araB and araD may be derived from E. coli or
B. subtilis. Where the host cell is a yeast strain, in certain embodiments the yeast strain
includes at least one arabinose transporter gene selected from the group consisting of
GAL2, KmLATI1 and PgLAT2. The L-arabinose transporter with high affinity may be
sourced from Kluyveromyces marxianus and Pichia guilliermondii (also known as
Candida guilliermondii), respectively. Both Kluyveromyces marxianus and Pichia
guilliermondii may be considered efficient utilizers of L-arabinose, which renders them a

sources for cloning L-arabinose transporter genes. In certain embodiments the yeast strain
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further may overexpress a GAL2-encoded galactose permease. See also, U.S. Pat. No.
5,514,583, which is herein incorporated by reference. Other xylose utilizing strains
include CP4(pZB5) (U.S. Pat. No. 5,514,583), ATCC31821/pZB5 (U.S. Pat. No.
6,566,107), 8b (US 20030162271; Mohagheghi et al., (2004) Biotechnol. Lett. 25; 321-
325), and ZW658 (ATTCC #PTA-7858), which may be modified for butanol production
from mixed sugars including xylose and glucose.

[0081] Thus, in order to improve butanol production, microorganisms can be engineered
to express enzymes capable of producing xylulose and/or xylulo.se-S-P. The overall
activity of xylulose- and/or xylulose-5-P-producing enzymes in a host cell can be
increased by the introduction of heterologous nucleic acid and/or protein sequences or by
mutation of endogenous nucleic acid and/or protein sequences. When a heterologous
xylulose- and/or xylulose-5-P-producing enzyme gene or protein is introduced into a host
cell, the enzymatic activity of the host cell is increased relative to the enzymatic activity
in the absence of the heterologous nucleic acids or proteins. When an endogenous
nucleic acid or protein is mutated in a host cell, the activity of the enzymes in the host cell
is increased relative to the enzymatic activity in the absence of the mutation. In some
embodiments, the rate of xylulose and/or xylulose-5-P production in a cell is increased
relative to a wild-type yeast strain.

[0082] Xylulose- and/or D-xylulose-5-P-producing enzymes can be overexpressed
individually or in combination in host strains. In some embodiments, xylose isomerase is
overexpressed. In some embodiments, xylose reductase and xylitol dehydrogenase are
overexpressed. In some embodiments, enzymes that produce xylulose and/or xylulose-5-
P from arabinose are overexpressed. In some embodiments, xylose isomerase, xylose
reductase, and xylitol dehydrogenase are overexpressed. In some embodiments, enzymes
that convert xylose to xylulose and enzymes that convert arabinose to X);lulose and/or
xylulose-5-P are both overexpressed.

[0083] The introduction of xylulose- and/or xylulose-5-P-producing enzymes into a
recombinant host cell can increase butanol production. In some embodiments of the
methods described herein, a polynucleotide encoding a protein with the desired activity
can be introduced into a cell using recombinant DNA technologies that are well known in
the art. In some embodiments, the introduction of a polynucleotide encoding a protein

with, for example, xylose isomerase, xylose reductase, or xylitol dehydrogenase activity
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results in improved isobutanol concentrations and increased specific isobutanol
production rates.

Methods of making microorganisms that express xylulose-producing enzymes are
known in the art. For example, International Publication No. WO 2009/109630, which is
hereby incorporated by reference in its entirety, illustrates the production of pentose-sugar
fermenting cells that express xylose isomerase. Additional examples of xylulose- and/or
xylulose-5-P-producing enzyme genes and polypeptides that can beé expressed in a host
cell disclosed herein include, but are not limited to, those in Table 3 below, with
sequences provided in attached Tables, herein incorporated by reference. Example xylose
isomerase enzymes and source organisms for such polypeptides are disclosed in
US20110318801A1. Examples of xylose isomerase and source organisms include, but
are not limited those in Tables 4 and 5 below (e.g. SEQ ID NOs: 89-394) as well as SEQ
ID NOs: 74, 75, and 395-399.

Table 3. Xylulose-Producing Enzymes.

Entire GenBank records are given in FASTA format. Coding regions for tlie enzymes of

interest are given at the end of the header line in parentheses

Enzyme EC Number SEQ ID NO
D-Xylulose 1.1.1.9 >gi|3262]emb|X55392.1| Pichia stipitis XYL2 gene for xylitol
reductase dehydrogenase (319-1410)

TCTAGACCACCCTAAGTCGTCCCTATGTCGTATGTTTGCCT
CTACTACAAAGTTACTAGCAAATATCCGCAGCAACAACAG
CTGCCCTCTTCCAGCTTCTTAGTGTGTTGGCCGAAAAGGCG
CTTTCGGGCTCCAGCTTCTGTCCTCTGCGGCTGCTGCACAT
AACGCGGGGACAATGACTTCTCCAGCTTTTATTATAAAAG
GAGCCATCTCCTCCAGGTGAAAAATTACGATCAACTTTTA
CTCTTTTCCATTGTCTCTTGTGTATACTCACTTTAGTTTGTT
TCAATCACCCCTAATACTCTTCACACAATTAAAATGACTGC
TAACCCTTCCTTGGTGTTGAACAAGATCGACGACATTTCGT
TCGAAACTTACGATGCCCCAGAAATCTCTGAACCTACCGA
TGTCCTCGTCCAGGTCAAGAAAACCGGTATCTGTGGTTCC
GACATCCACTTCTACGCCCATGGTAGAA/TCGGTAACTTCGT
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TTTGACCAAGCCAATGGTCTTGGGTCACGAATCCGCCGGT
ACTGTTGTCCAGGTTGGTAAGGGTGTCACCTCTCTTAAGGT
TGGTGACAACGTCGCTATCGAACCAGGTATTCCATCCAGA
TTCTCCGACGAATACAAGAGCGGTCACTACAACTTGTGTC
CTCACATGGCCTTCGCCGCTACTCCTAACTCCAAGGAAGG
CGAACCAAACCCACCAGGTACCTTATGTAAGTACTTCAAG
TCGCCAGAAGACTTCTTGGTCAAGTTGCCAGACCACGTCA
GCTTGGAACTCGGTGCTCTTGTTGAGCCATTGTCTGTTGGT
GTCCACGCCTCCAAGTTGGGTTCCGTTGCTTTCGGCGACTA
CGTTGCCGTCTTTGGTGCTGGTCCTGTTGGTCTTTTGGCTG

- CTGCTGTCGCCAAGACCTTCGGTGCTAAGGGTGTCATCGTC

GTTGACATTTTCGACAACAAGTTGAAGATGGCCAAGGACA
TTGGTGCTGCTACTCACACCTTCAACTCCAAGACCGGTGGT
TCTGAAGAATTGATCAAGGCTTTCGGTGGTAACGTGCCAA
ACGTCGTTTTGGAATGTACTGGTGCTGAACCTTGTATCAAG
TTGGGTGTTGACGCCATTGCCCCAGGTGGTCGTTTCGTTCA
AGTTGGTAACGCTGCTGGTCCAGTCAGCTTCCCAATCACC
GTTTTCGCCATGAAGGAATTGACTTTGTTCGGTTCTTTCAG
ATACGGATTCAACGACTACAAGACTGCTGTTGGAATCTTT
GACACTAACTACCAAAACGGTAGAGAAAATGCTCCAATTG
ACTTTGAACAATTGATCACCCACAGATACAAGTTCAAGGA
CGCTATTGAAGCCTACGACTTGGTCAGAGCCGGTAAGGGT
GCTGTCAAGTGTCTCATTGACGGCCCTGAGTAAGTCAACC
GCTTGGCTGGCCCAAAGTGAACCAGAAACGAAAATGATTA
TCAAATAGCTTTATAGACCTTTATCGAAATTTATGTAAACT
AATAGAAAAGACAGTGTAGAAGTTATATGGTTGCATCACG
TGAGTTTCTTGAATTCTTGAAAGTGAAGTCTTGGTCGGAAC
AAACAAACAAAAAAATATTTTCAGCAAGAGTTGATTTCTT
TTCTGGAGATTTTGGTAATTGACAGAGAACCCCTTTCTGCT
ATTGCCATCTAAACATCCTTGAATAGAACTTTACTGGATGG
CCGCCTAGTGTTGAGTATATATTATCAACCAAAATCCTGTA
TATAGTCTCTGAAAAATTTGACTATCCTAACTTAACAAAA
GAGCACCATAATGCAAGCTCATAGTTCTTAGAGACACCAA
CTATACTTAGCCAAACAAAATGTCCTTGGCCTCTAAAGAA
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GCATTCAGCAAGCTTCCCCAGAAGTTGCACAACTTCTTCAT
CAAGTTTACCCCCAGACCGTTTGCCGAATATTCGGAAAAG
CCTTCGACTATAGTGGATCC (SEQ ID NO: 76)

L-Xylulose

reductase

1.1.1.10

>gi|20378203|gb|AF375616.1] Hypocrea jecorina  L-xylulose
reductase mRNA, complete cds (85-885)
GCCTCGTCCGCCATCTCCCGTCTCACCAGTCGCTGTCAATC
AAGATTCATCACGAAATACTCCCCATCCTTTGCATCGCCCA
TCATGCCTCAGCCTGTCCCCACCGCCAACAGACTCCTTGAT
CTCTTCAGCTTGAAGGGCAAGGTCGTCGTCGTCACCGGCG
CTTCCGGCCCTCGAGGCATGGGAATCGAAGCTGCCCGTGG
CTGCGCCGAGATGGGCGCTGACCTCGCCATCACCTACTCG
TCTCGCAAGGAGGGCGCGGAGAAGAACGCCGAGGAATTG
ACCAAGGAATACGGCGTCAAAGTCAAGGTGTACAAGGTC
AACCAGAGCGACTACAACGATGTTGAGCGCTTTGTGAACC
AGGTCGTGTCTGACTTTGGCAAGATCGATGCCTTTATTGCC
AACGCCGGAGCCACAGCTAATAGCGGAGTTGTTGACGGCA
GCGCCAGCGATTGGGACCATGTCATCCAGGTCGACCTGAG
CGGCACCGCATACTGCGCAAAGGCTGTTGGCGCGCACTTC
AAGAAGCAGGGCCACGGCTCCCTTGTCATCACAGCTTCAA
TGTCCGGCCACGTCGCAAACTATCCCCAGGAACAGACCTC
ATACAACGTCGCCAAGGCCGGTTGCATCCATCTGGCGCGG
TCTCTGGCCAACGAGTGGCGTGATTTTGCCCGCGTCAACA
GCATTTCGCCCGGTTATATCGATACCGGCCTGTCCGACTTC
ATCGACGAGAAGACGCAAGAGCTGTGGAGGAGCATGATC
CCCATGGGACGAAACGGCGATGCCAAGGAGCTCAAGGGC
GCGTATGTATATCTGGTCAGCGACGCTAGCTCGTACACGA
CGGGAGCCGATATTGTGATTGACGGAGGTTAdACTACACG
ATAAAGAAATAATGTATTGTTAGACTATAATCAATGTGAC
GAACAAGATTTGTGATTAAGAAAAAAAAAAAAAAAAAAA
AAAAA (SEQID NO: 77)

L-Arabitol
4-
dehydrogenas

c

1.1.1.12

>gi|15811374|gb|AF355628.1| Hypocrea jecorina L-arabinitol 4-
dehydrogenase (LAD1) mRNA, complete cds (164-1297)
CCCAAGAAGGCCTGGAACAGAAGATCAAAAGCAGAGAAG
AGAGCGTATATAAGCATACATACACTCCCTCTGCTCCGGT
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ATTGTGGTTGATCTCCAAACGCGTCATCCCTCCCAACCCTC
AAACGCCTTGTTCGCCGGAGACCGCGCGCATTCACAGCTC
GCCATGTCGCCTTCCGCAGTCGATGACGCTCCCAAGGCCA
CAGGGGCAGCCATCTCAGTCAAGCCCAACATTGGCGTCTT
CACAAATCCAAAACATGACCTCTGGATTAGCGAAGCTGAA
CCCAGCGCCGATGCCGTCAAATCTGGCGCTGATCTGAAGC
CCGGCGAGGTGACCATTGCTGTCCGCAGCACTGGTATCTG
TGGTTCAGATGTCCATTTCTGGCACGCCGGCTGCATTGGGC
CCATGATCGTCGAGGGCGACCACATCCTCGGCCACGAGTC
TGCCGGCGAGGTCATCGCCGTCCACCCGACTGTCAGTAGC
CTCCAAATCGGCGATCGGGTTGCCATCGAGCCCAACATCA

- TCTGCAACGCATGCGAGCCCTGCCTGACAGGTCGATACAA

CGGCTGCGAAAAGGTCGAGTTCCTATCCACGCCGCCAGTG
CCCGGACTGCTGCGACGCTACGTCAACCACCCAGCCGTTT
GGTGCCACAAGATTGGCAACATGTCGTGGGAGAACGGCGC
GCTGCTGGAGCCCCTGAGCGTGGCTCTGGCCGGCATGCAG
AGGGCCAAGGTTCAGCTCGGTGACCCCGTGCTGGTCTGCG
GCGCTGGTCCGATTGGATTGGTGTCAATGCTGTGCGCTGCT
GCCGCCGGTGCTTGCCCGCTTGTCATCACAGACATTTCAGA
GAGCCGTCTGGCGTTTGCAAAGGAGATCTGCCCCCGCGTC
ACCACGCACCGCATCGAGATTGGCAAGTCGGCTGAGGAAA
CGGCCAAAAGCATCGTCAGCTCTTTTGGGGGCGTCGAGCC
AGCCGTGACCCTGGAGTGCACCGGTGTGGAGAGCAGCATT
GCAGCGGCCATCTGGGCCAGCAAGTTTGGAGGAAAGGTCT
TTGTGATCGGCGTCGGCAAGAATGAAATCAGCATTCCCTT
TATGAGGGCCAGTGTACGCGAGGTCGATATCCAGCTGCAG
TATCGCTACAGCAACACCTGGCCTCGTGCCATCCGGCTCAT
CGAGAGCGGTGTCATCGATCTATCCAAATTTGTGACGCAT
CGCTTCCCGCTGGAGGATGCCGTCAAGGCATTTGAGACGT
CAGCAGATCCCAAGAGCGGCGCCATTAAGGTCATGATTCA
GAGCCTGGATTGAGAGTGAGGTGCTACCAGGTAGAGGTAG
ATAATAGATAGATGATGAAGATGGAAAGACTGCGGGCGC
AAGAATCGGGCGGATAGGGAGTTGGCTGTAATGGTTTGCA
AAGCATAAAAAAAAAAAAAAAAAAAAA (SEQ ID NO: 78)
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Aldose

reductase

1.1.1.21

>gi|3260/lemb|X59465.1] P.stipitis XYLIl-gene for NAD(P)H-
dependent Xylose reductase (356-1312) ,
GATCCACAGACACTAATTGGTTCTACATTATTCGTGTTCAG
ACACAAACCCCAGCGTTGGCGGTTTCTGTCTGCGTTCCTCC
AGCACCTTCTTGCTCAACCCCAGAAGGTGCACACTGCAGA
CACACATACATACGAGAACCTGGAACAAATATCGGTGTCG
GTGACCGAAATGTGCAAACCCAGACACGACTAATAAACCT
GGCAGCTCCAATACCGCCGACAACAGGTGAGGTGACCGAT
GGGGTGCCAATTAATGTCTGAAAATTGGGGTATATAAATA
TGGCGATTCTCCGGAGAATTTTTCAGTTTTCTTTTCATTTCT
CCAGTATTCTTTTCTATACAACTATACTACAATGCCTTCTA
TTAAGTTGAACTCTGGTTACGACATGCCAGCCGTCGGTTTC
GGCTGTTGGAAAGTCGACGTCGACACCTGTTCTGAACAGA
TCTACCGTGCTATCAAGACCGGTTACAGATTGTTCGACGGT
GCCGAAGATTACGCCAACGAAAAGTTAGTTGGTGCCGGTG
TCAAGAAGGCCATTGACGAAGGTATCGTCAAGCGTGAAGA
CTTGTTCCTTACCTCCAAGTTGTGGAACAACTACCACCACC
CAGACAACGTCGAAAAGGCCTTGAACAGAACCCTTTCTGA
CTTGCAAGTTGACTACGTTGACTTGTTCTTGATCCACTTCC
CAGTCACCTTCAAGTTCGTTCCATTAGAAGAAAAGTACCC
ACCAGGATTCTACTGTGGTAAGGGTGACAACTTCGACTAC
GAAGATGTTCCAATTTTAGAGACCTGGAAGGCTCTTGAAA
AGTTGGTCAAGGCCGGTAAGATCAGATCTATCGGTGTTTC
TAACTTCCCAGGTGCTTTGCTCTTGGACTTGTTGAGAGGTG
CTACCATCAAGCCATCTGTCTTGCAAGTTGAACACCACCC
ATACTTGCAACAACCAAGATTGATCGAATTCGCTCAATCC
CGTGGTATTGCTGTCACCGCTTACTCTTCGTTCGGTCCTCA
ATCTTTCGTTGAATTGAACCAAGGTAGAGCTTTGAACACTT
CTCCATTGTTCGAGAACGAAACTATCAAGGCTATCGCTGC
TAAGCACGGTAAGTCTCCAGCTCAAGTCTTGTTGAGATGG
TCTTCCCAAAGAGGCATTGCCATCATTCCAAAGTCCAACA
CTGTCCCAAGATTGTTGGAAAACAAGGACGTCAACAGCTT
CGACTTGGACGAACAAGATTTCGCTGACATTGCCAAGTTG
GACATCAACTTGAGATTCAACGACCCATGGGACTGGGACA
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AGATTCCTATCTTCGTCTAAGAAGGTTGCTTTATAGAGAGG
AAATAAAACCTAATATACATTGATTGTACATTTAAAATTG
AATATTGTAGCTAGCAGATTCGGAAATTTAAAATGGGAAG
GTGATTCTATCCGTACGAATGATCTCTATGTACATACACGT
TGAAGATAGCAGTACAGTAGACATCAAGTCTACAGATCAT
TAAACATATCTTAAATTGTAGAAAACTATAAACTTTTCAAT
TCAAACCATGTCTGCCAAGGAATCAAATGAGATTTTTTTCG
CAGCCAAACTTGAATCCAAAAATAAAAAACGTCATTGTCT
GAAACAACTCTATCTTATCTTTCACCTCATCAATTCATTGC
ATATCATAAAAGCCTCCGATAGCATACAAAACTACTTCTG
CATCATATCTAAATCATAGTGCCATATTCAGTAACAATACC
GGTAAGAAACTTCTATTTTTTTAGTCTGCCTTAACGAGATG
CAGATCGATGCAACGTAAGATCAAACCCCTCCAGTTGTAC
AGTCAGTCATATAGTGAACACCGTACAATATGGTATCTAC
GTTCAAATAGACTCCAATACAGCTGGTCTGCCCAAGTTGA
GCAACTTTAATTTAGAGACAAAGTCGTCTCTGTTGATGTAG
GCACCACACATTCTTCTCTTGCCCGTGAACTCTGTTCTGGA
GTGGAAACATCTCCAGTTGTCAAATATCAAACACTGACCA
GGCTTCAACTGGTAGAAGATTTCGTTTTCGG (SEQ ID NO:
79)

Ribulokinase

2.7.1.16

>gi[145303|gb|M15263.1lJECOARAABD E.coli araBAD operon
encoding L-ribulokinase, L-arabinose isomerase, and L-ribulose 5-
phosphate 4-epimerase (120-1820)

CGTCACACTTTGCTATGCCATAGCATTTTTATCCATAAGAT
TAGCGGATCCTACCTGACGCTTTTTATCGCAACTCTCTACT
GTTTCTCCATACCCGTTTTTTTGGATGGAGTGAAACGATGG
CGATTGCAATTGGCCTCGATTTTGGCAGTGATTCTGTGCGA
GCTTTGGCGGTGGACTGCGCCAGCGGTGAAGAGATCGCCA
CCAGCGTAGAGTGGTATCCCCGTTGGCAAAAACGGCAATT
TTGTGATGCCCCGAATAACCAGTTCCGTCATCATCCGCGTG
ACTACATTGAGTCAATGGAAGCGGCACTGAAAACCGTGCT
TGCAGAGCTTAGCGTCGAACAGCGCGCAGCTGTGGTCGGG
ATTGGCGTTGACAGTACCGGCTCGACGCCCGCACCGATTG
ATGCCGACGGTAACGTGCTGGCGCTGCGCCCGGAGTTTGC
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CGAAAACCCGAACGCGATGTTCGTATTGTGGAAAGACCAC
ACTGCGGTTGAAAGAAGCGAAGAGATTACCCGTTTGTGCC
ACGCGCCGGGCAATGTTGACTACTCCCGCTATATTGGCGG
TATTTATTCCAGCGAATGGTTCTGGGCAAAAATCCTGCATG
TGACTCGCCAGGACAGCGCCGTGGCGCAATCTGCCGCATC
GTGGATTGAGCTGTGCGACTGGGTGCCAGCTCTGCTTTCCG
GTACCACCCGCCCGCAGGATATTCGTCGCGGACGTTGCAG
CGCCGGGCATAAATCTCTGTGGCACGAAAGCTGGGGCGGC
TTGCCGCCAGCCAGTTTCTTTGATGAGCTGGACCCGATCCT
CAATCGCCATTTGCCTTCCCCGCTGTTCACTGACACCTGGA
CTGCCGATATTCCGGTGGGCACCTTATGCCCGGAATGGGC
GCAGCGTCTCGGCCTGCCTGAAAGCGTGGTGATTTCCGGC
GGCGCGTTTGACTGCCATATGGGCGCAGTTGGCGCAGGCG
CACAGCCTAACGCACTGGTAAAAGTTATCGGTACTTCCAC
CTGCGACATTCTGATTGCCGACAAACAGAGCGTTGGCGAG
CGGGCAGTTAAAGGTATTTGCGGTCAGGTTGATGGCAGCG
TGGTGCCTGGATTTATCGGTCTGGAAGCAGGCCAATCGGC
GTTTGGTGATATCTACGCCTGGTTCGGTCGCGTACTCAGCT
GGCCGCTGGAACAGCTTGCCGCCCAGCATCCGGAACTGAA
AGCGCAAATCAACGCCAGCCAGAAACAACTGCTTCCGGCG
CTGACCGAAGCATGGGCCAAAAATCCGTCTCTGGATCACC
TGCCGGTGGTGCTCGACTGGTTTAACGGTCGTCGCTCGCCA
AACGCTAACCAACGCCTGAAAGGGGTGATTACCGATCTTA
ACCTCGCTACCGACGCTCCGCTGCTGTTCGGCGGTTTGATT
GCTGCCACCGCCTTTGGCGCACGCGCAATCATGGAGTGCT
TTACCGATCAGGGGATCGCCGTCAATAACGTGATGGCGCT
GGGCGGCATCGCGCGGAAAAACCAAGTCATTATGCAGGCC
TGCTGCGACGTGCTGAATCGCCCGCTGCAAATTGTTGCCTC
TGACCAGTGCTGTGCGCTCGGTGCGGCGATTTTTGCTGCCG
TCGCCGCGAAAGTGCACGCAGACATCCCATCAGCCCAGCA
AAAAATGGCCAGTGCGGTAGAGAAAACCCTGCAACCGCG
CAGCGAACAGGCACAACGCTTTGAACAGCTTTATCGCCGC
TATCAGCAATGGGCGATGAGCGCCGAACAACACTATCTTC
CAACTTCCGCCCCGGCACAGGCTGCCCAGGCCGTTGCGAC
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TCTATAAGGACACGATAATGACGATTTTTGATAATTATGA
AGTGTGGTTTGTCATTGGCAGCCAGCATCTGTATGGCCCG
GAAACCCTGCGTCAGGTCACCCAACATGCCGAGCACGTTG
TTAATGCGCTGAATACGGAAGCGAAACTGCCCTGCAAACT
GGTGTTGAAACCGCTGGGCACCACGCCGGATGAAATCACC
GCTATTTGCCGCGACGCGAATTACGACGATCCGTGCGCTG
GTCTGGTGGTGTGGCTGCACACCTTCTCCCCGGCCAAAAT
GTGGATCAACGGCCTGACCATGCTCAACAAACCGTTGCTG
CAATTCCACACCCAGTTCAACGCGGCGCTGCCGTGGGACA
GTATCGATATGGACTTTATGAACCTGAACCAGACTGCACA
TGGCGGTCGCGAGTTCGGCTTCATTGGCGCGCGTATGCGT
CAGCAACATGCCGTCGTTACCGGTCACTGGCAGGATAAAC
AAGCCCATGAGCGTATCGGCTCCTGGATGCGTCAGGCGGT
TTCTAAACAGGATACCCGTCATCTGAAAGTCTGCCGTTTTG
GCGATAACATGCGTGAAGTGGCGGTCACCGATGGTGATAA
AGTTGCCGCACAGATCAAGTTCGGTTTCTCCGTCAATACCT
GGGCGGTTGGCGATCTGGTGCAGGTGGTGAACTCCATCAG
CGACGGCGATGTTAACGCGCTGGTCGATGAGTACGAAAGC
TGCTACACCATGACGCCTGCAACACAAATCCACGGCGAAA
AACGACAGAACGTGCTGGAAGCGGCGCGTATTGAGCTGG
GGATGAAGCGTTTCCTGGAACAAGGTGGCTTCCACGCGTT
CACCACCACCTTTGAAGATTTGCACGGTCTGAAACAGCTT
CCAGGTCTGGCCGTACAGCGTCTGATGCAGCAGGGTTACG
GCTTTGCGGGCGAAGGCGACTGGAAAACCGCCGCCCTGCT
TCGCATCATGAAGGTGATGTCAACCGGTCTGCAGGGCGGC
ACCTCCTTTATGGAGGACTACACCTATCACTTCGAGAAAG
GTAATGACTTGGTGCTCGGCTCCCATATGCTGGAAGTCTGC
CCGTCGATTGCCGTAGAAGAGAAACCGATCCTCGACGTTC
AGCATCTCGGTATTGGTGGTAAGGACGATCCTGCCCGACT
GATCTTCAATACCCAAACCGGTCCAGCGATTGTCGCCAGC
CTGATTGATCTCGGCGATCGTTACCGTCTGCTGGTTAACTG
TATCGACACGGTGAAAACACCGCACTCCCTGCCGAAACTG
CCGGTGGCGAATGCGCTGTGGAAAGCGCAACCGGATCTGC
CAACTGCTTCCGAAGCGTGGATCCTCGCTGGTGGCGCGCA
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CCATACCGTCTTCAGCCATGCGCTGAACCTCAACGATATG
CGCCAGTTCGCCGAGATGCACGACATTGAAATCACGGTGA
TTGATAACGATACCCGCCTGCCAGCGTTTAAAGACGCGCT
GCGCTGGAACGAAGTGTATTACGGATTTCGTCGCTAAGTA
GTCGCATCAGGTGTGTAACGCCTGATGCGGCCTGACGCGT
CTTATCAGGCCTACACGCTGCGATTTTGTAGGCCGGATAA
GCAAAGCGCATCCGGCATTCAACGCCTGATGCGACGCTGG
CGCGTCTTATCAGGCCTACGCGTTCCGATTTTGTAGGCCGG
ATAAGCAAAGCGCATCCGGCATTCAACGCCTGATGCGACG
CTGGCGCGTCTTATCAGGCCTACACGCTGCGATTTTGTAGG
CCGGATAAGCAAAGCGCATCCGGCACGAAGGAGTCAACA
TGTTAGAAGATCTCAAACGCCAGGTATTAGAGGCCAACCT
GGCGCTGCCAAAACATAACCTGGTCACGCTCACATGGGGC
AACGTCAGCGCCGTTGATCGCGAGCGCGGCGTCTTTGTGA
TCAAACCTTCCGGCGTCGATTACAGCATCATGACCGCTGA
CGATATGGTCGTGGTTAGCATCGAAACCGGTGAAGTGGTT
GAAGGTGCGAAAAAGCCCTCCTCCGATACGCCAACTCACC
GACTGCTCTATCAGGCATTCCCGTCCATTGGCGGCATTGTG
CACACACACTCGCGCCACGCCACTATCTGGGCGCAGGCGG
GCCAGTCGATTCCAGCAACCGGCACCACCCACGCCGACTA
TTTCTACGGCACCATTCCCTGCACCCGCAAAATGACCGAC
GCAGAAATCAACGGTGAATATGAGTGGGAAACCGGTAAC
GTCATCGTAGAAACCTTCGAAAAACAGGGTATCGATGCAG
CGCAAATGCCCGGCGTCCTGGTCCATTCTCACGGCCCATTT
GCATGGGGCAAAAATGCCGAAGATGCGGTGCATAACGCC
ATCGTGCTGGAAGAGGTCGCTTATATGGGGATATTCTGCC
GTCAGTTAGCGCCGCAGTTACCGGATATGCAGCAAACGCT
GCTGAATAAACACTATCTGCGTAAGCATGGCGCGAAGGCA
TATTACGGGCAGTAATGACTGTATAAAACCACAGCCAATC
AAACGAAACCAGGCTATAATCAAGCCTGGTTTTTTGATGG
AATTACAGCGTGGCGCAGGCAGGTTTTATCTTAACCCGAC
ACTGGCGGGACACCCCGCAAGGGACAGAAGTCTCCTTCTG
GCTGGCGACGGACAACGGGCC (SEQ ID NO: 80)

Xylulokinase

2.7.1.17

>gi|755795|emb|X82408.1| S.cerevisiae XKS1, G7579, G7576 and
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G7572 genes (complement 7022-8530)
GAATTCATAATGTGATAGAATAATGGGTGAAGTGTATAAA
GAAGAATATATAATATTACTGTGTAGAAATATCAATTTCC
CTTTGTGAGTTCTCATAACCTCGAGGAGAAGTTTTTTTACC
CCTCTCCACAGATCGATACTTATCATTAAGAAAATGGGAC
ACCAAGGTTACGGAAAAATCTACCCGGTCTACCTAATTAC
TCTCTTGGCGCACTAGTTTTCCGAAAAAAACAGGTAAATT
CTTCTTTAGATAAAGATAAATATAAAACTTCACAGCCATTC
ACTCACACAAACTAGTCCCTTAGGGTGCGTATAATGATCT
GTACATCTTATTTCTATATATCTTACCGTGTATTTTTTCTTT
TCTCAATTCTTGTTCGCAAATAAAAAGATATTCGTGTTTGT
GGAAGAACACTAGTTCCGTTTTGTATTCAACCTGGAAATTT
ACAATAGATCTTCATCATCGTATGTCTACCATGTTAATCTC
CCGTTAAACTGTTTCACGTTATCAAGATTATGTCATCTATT
CCTGGGCGAACATAATTCCTTACAAAAACATTTGTCATTAC
ACAAGTGTAAGGGGTAATGAAAAGTAATTTTGTTACAAGT
ACGCAAAATTCGTTTATTTCAAGAAACACTAAGGATCGTC

ATTTCCCTTTCTGACCGATGTTCCTTCTTTTTGCTATTTTTTT

CCCGAGTCATCTCATCGTTTTGAGTTTTTCCTAGTCCATTA
AATTGTCACCTTACTCTCGGAAAAAAGAAACGACAAATGC
TCCTAGTGCCGTTTTTCGAAGCTTGAAAAAAAAAATTGCA
AATTATTTAATTTTGCTGCTAAGGAGTTGAAGTAGGTGCAT
TCCGCCTTATTGATCACCCTGTTAGATTTGTTGCGATCGTT
ATAGTGCTAGTTTGTCCATTGTTGTGTCATAAAAGATAGCT
TTGGGAGAAAATTCATCAAAACAACATATCATCAGCGTTA
TTACAATTCATTGTCCTTCCCAAGTTTTTTTGACGTATAAT
ATTATCGCTATCTGACTCATTAGTACACAAATACAGATATA
CAACCTCAAAATCAAAAATGCCTAGAAACCCATTGAAAAA
GGAATATTGGGCAGATGTAGTTGACGGATTCAAGCCGGCT
ACTTCTCCAGCCTTCGAGAATGAAAAAGAATCTACTACAT
TTGTTACCGAACTAACTTCCAAAACCGATTCTGCATTTCCA
TTAAGTAGCAAGGATTCACCTGGCATAAACCAAACCACAA
ACGATATTACCTCTTCAGATCGCTTCCGTCGTAATGAAGAC
ACAGAGCAGGAAGACATCAACAACACCAACCTGAGTAAA
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GATCTATCCGTGAGACATCTTTTAACTCTAGCTGTCGGGGG
TGCAATAGGTACTGGTTTATATGTGAATACGGGTGCTGCTT
TATCTACAGGTGGTCCGGCCAGTTTAGTTATTGATTGGGTT
ATTATCAGTACATGTCTTTTTACTGTGATTAACTCTCTTGGT
GAGCTGTCCGCTGCTTTTCCCGTTGTTGGTGGGTTCAATGT
TTACAGTATGCGTTTTATTGAGCCTTCATTTGCATTCGCAG
TGAACTTAAACTATTTAGCACAATGGCTAGTTCTTCTACCC
TTGGAATTAGTGGCCGCATCTATTACTATAAAATACTGGA
ATGATAAAATTAATTCCGACGCCTGGGTTGCTATCTTTTAT
GCCACCATTGCACTGGCTAATATGTTGGATGTTAAGTCATT
TGGTGAGACCGAATTTGTATTGTCCATGATTAAAATCCTCT
CCATCATTGGCTTTACTATCTTAGGTATTGTTTTGTCCTGTG
GTGGTGGGCCTCACGGCGGTTACATTGGTGGTAAATACTG
GCATGACCCAGGCGCTTTTGTAGGGCACAGCTCGGGAACT
CAGTTTAAAGGTTTATGTTCAGTTTTTGTTACCGCTGCCTTT
TCTTATTCCGGTATTGAAATGACTGCTGTCTCCGCTGCTGA
AAGTAAAAATCCAAGAGAAACCATTCCCAAGGCAGCAAA
GAGAACTTTTTGGCTGATTACCGCCTCTTATGTGACTATAT
TGACTTTGATTGGTTGCTTGGTTCCATCCAATGACCCTAGG
TTACTAAACGGTTCAAGTTCAGTGGACGCTGCCTCATCTCC
TCTGGTTATCGCAATTGAAAACGGGGGTATTAAAGGTCTA
CCATCATTAATGAACGCCATTATTTTGATTGCTGTTGTTTC
CGTGGCTAACAGTGCTGTTTATGCATGTTCAAGGTGTATGG
TCGCCATGGCTCATATTGGTAATTTACCAAAATTTTTGAAC
CGTGTTGACAAAAGGGGTAGACCAATGAATGCTATCTTGT
TAACTTTGTTTTTTGGTTTGCTTTCCTTTGTGGCAGCAAGTG
ATAAGCAAGCTGAAGTCTTTACATGGTTGAGTGCCTTATCT
GGTTTATCGACAATTTTCTGCTGGATGGCCATTAATCTTTC
CCATATTAGATTTCGCCAAGCCATGAAAGTTCAAGAAAGG
TCTTTAGACGAATTACCCTTCATTTCTCAAACTGGCGTCAA
GGGATCCTGGTATGGTTTTATCGTTTTATTTCTGGTTCTTAT
AGCATCGTTTTGGACTTCTCTGTTCCCATTAGGCGGTTCAG
GAGCCAGCGCAGAATCATTCTTTGAAGGATACTTATCCTTT
CCAATTTTGATTGTCTGTTACGTTGGACATAAACTGTATAC
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TAGAAATTGGACTTTGATGGTGAAACTAGAAGATATGGAT
CTTGATACCGGCAGAAAACAAGTAGATTTGACTCTTCGTA
GGGAAGAAATGAGGATTGAGCGAGAAACATTAGCAAAAA
GATCCTTCGTAACAAGATTTTTACATTTCTGGTGTTGAAGG
GAAAGATATGAGCTATACAGCGGAATTTCCATATCACTCA
GATTTTGTTATCTAATTTTTTCCTTCCCACGTCCGCGGGAA
TCTGTGTATATTACTGCATCTAGATATATGTTATCTTATCTT
GGCGCGTACATTTAATTTTCAACGTATTCTATAAGAAATTG
CGGGAGTTTTTTTCATGTAGATGATACTGACTGCACGCAA
ATATAGGCATGATTTATAGGCATGATTTGATGGCTGTACC
GATAGGAACGCTAAGAGTAACTTCAGAATCGTTATCCTGG
CGGAAAAAATTCATTTGTAAACTTTAAAAAAAAAAGCCAA
TATCCCCAAAATTATTAAGAGCGCCTCCATTATTAACTAAA
ATTTCACTCAGCATCCACAATGTATCAGGTATCTACTACAG
ATATTACATGTGGCGAAAAAGACAAGAACAATGCAATAG
CGCATCAAGAAAAAACACAAAGCTTTCAATCAATGAATCG
AAAATGTCATTAAAATAGTATATAAATTGAAACTAAGTCA
TAAAGCTATAAAAAGAAAATTTATTTAAATGCAAGATTTA
AAGTAAATTCACTTAAGCCTTGGCAACGTGTTCAACCAAG
TCGACAACTCTGGTAGAGTAACCGTATTCGTTGTCGTACCA
GGAGACCAACTTGACGAACTTTGGAGACAATTGGATACCA
GCGGAAGCATCGAAGATGGAAGAGTGAGAGTCACCCAAG
AAGTCAGAGGAGACAACAGCGTCTTCGGTGTAACCCAAAA
CACCCTTCAACTTACCTTCAGCGGCAGCCTTAACAACCTTC
TTGATTTCATCGTAGGTGGTTTCCTTGTTCAACTTGACAGT
CAAGTCAACAACGGAGACATCGACGGTTGGGACTCTGAAA
GCCATACCGGTCAACTTACCTTGCAATTCTGGCAAGACCTT
ACCGACAGCCTTAGCAGCACCGGTGGAGGATGGGATGATG
TTACCGGAAGCGGTTCTACCACCTCTCCAGTCCTTGTGGGA
TGGACCGTCAACAGTCTTTTGAGTAGCAGTCAAAGAGTGG
ACAGTGGTCATCAAACCTTCTTCAATACCGAAAGCATCGT
TGATAACCTTGGCCAATGGAGCCAAACAGTTGGTGGTACA
AGAAGCGTTGGAAACAATCTTCAAGTCAGAAGTGTATTTT
TCTTCGTTAACACCCATGACGAACATTGGGGCGGTGGAAG
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ATGGAGCAGTGATAACAACCTTCTTGGCACCAGCGTCAAT
GTGCTTTTGAGCAGTGTCTAATTCCTTGAAAACACCAGTGG
AGTCAATGGCGATGTCAACGTTGGAAGAACCCCATGGCAA
GTTAGCTGGGTCTCTTTCTTGGTAAGTAGCAATCTTCTTAC
CATCGACAATGATGTGCTTGTCATCGTGGGAAACTTCACC
AGCGTATCTACCGTGAGTGGAGTCGTACTTGAACATGTAA
GCAGCGTAGTCGTTGGTGATGAATGGGTCGTTCAAAGCAA
CAACTTCGACGTTTGGTCTAGACAAAGCAATTCTCATGAC
CAATCTACCGATTCTACCGAAACCGTTAATAGCAACTCTA
ACCATTTTGTTTGTTTATGTGTGTTTATTCGAAACTAAGTTC
TTGGTGTTTTAAAACTAAAAAAAAGACTAACTATAAAAGT
AGAATTTAAGAAGTTTAAGAAATAGATTTACAGAATTACA
ATCAATACCTACCGTCTTTATATACTTATTAGTCAAGTAGG
GGAATAATTTCAGGGAACTGGTTTCAACCTTTTTTTTCAGC
TTTTTCCAAATCAGAGAGAGCAGAAGGTAATAGAAGGTGT
AAGAAAATGAGATAGATACATGCGTGGGTCAATTGCCTTG
TGTCATCATTTACTCCAGGCAGGTTGCATCACTCCATTGAG
GTTGTGCCCGTTTTTTGCCTGTTTGTGCCCCTGTTCTCTGTA
GTTGCGCTAAGAGAATGGACCTATGAACTGATGGTTGGTG
AAGAAAACAATATTTTGGTGCTGGGATTCTTTTTTTTTCTG
GATGCCAGCTTAAAAAGCGGGCTCCATTATATTTAGTGGA
TGCCAGGAATAAACTGTTCACCCAGACACCTACGATGTTA
TATATTCTGTGTAACCCGCCCCCTATTTTGGGCATGTACGG
GTTACAGCAGAATTAAAAGGCTAATTTTTTGACTAAATAA
AGTTAGGAAAATCACTACTATTAATTATTTACGTATTCTTT
GAAATGGCAGTATTGATAATGATAAACTCGAACTGAAAAA
GCGTGTTTTTTATTCAAAATGATTCTAACTCCCTTACGTAA
TCAAGGAATCTTTTTGCCTTGGCCTCCGCGTCATTAAACTT
CTTGTTGTTGACGCTAACATTCAACGCTAGTATATATTCGT
TTTTTTCAGGTAAGTTCTTTTCAACGGGTCTTACTGATGAG
GCAGTCGCGTCTGAACCTGTTAAGAGGTCAAATATGTCTT
CTTGACCGTACGTGTCTTGCATGTTATTAGCTTTGGGAATT
TGCATCAAGTCATAGGAAAATTTAAATCTTGGCTCTCTTGG
GCTCAAGGTGACAAGGTCCTCGAAAATAGGGTCAAAGTAT
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TTCGAATTTGTGTCCATTAGTGGTGTTCCGTGTGAGAACTG
GTAAGCTTCTTTCATGAAAGAGTTCAATGATTCACTCAGTT
TGTCAAACGGAATAGAGGCGGGAGCATGGAACACTAATT
GCTCTTCAAATTCTACAGGAGTAATCTTTGGCTTGTCGGCA
GCTTTTGTTTGAGCTTGCTCGGCTATTTTTGGTTTGAGCTGT
ATAGGTTTAATGTTCGATAAATCGAGACGTTCGTTCTTCTT
GATAAATTCTGTTACCTTGTTAACCGAATCTTGTGGTATTT
TCCCTAGGTATGCTAGCACATCACCCTTTAATAGTCTACCG
TTGGAACCAGATGGCGCAATTTCCTTCAAAGCCTTTTGTTT
GGATATATTGTTCTCAGCCAGTAGTAATGACACGGATGGT
AATAGCGTCTGTTCAAGATTGGCTTGGCTGCCGTCAACGG
TTTTTATTGGTGTAACTGTGGCTTTTTTTAAATGTTGTTGTG
TTGCTTCAGTACTATCTGCGGATGGCTTCTTAATTTCAATA
GATTTCGCATTTGCGGTGTTGGCCTCTTGGGGTAACTTTAT
AGTAGCTAAATCATCATCAACATCAGCAATATAAGCAATA
GGTTCACCAACATCAACATCTTTAGAGCCTTCATCTTTCAG
GATCTTAGCTAGTTTACCATCGTCCAGTGCTTCCACATCAA
TTTGAGATTTATCTGTTTCCACTTCTAATATCACATCGCCC
GCGCTGAATGGTTCGCCAACTTTATATTTCCAAGACACAAT
CCCCCCTTTCTCCATAGTAGGAGACATTGCAGGCATTGAA
AATGTCTTTACAGCAAGTAATTTAGCTGATGCATGATAGTT
GCATTTGGTTAAATATCTTGTACATGATTTTAAAGTGGAGA
CTTTGGAAATTGCACTTAGCATTTTTGAATTTTTCCCTCGA
GATGATTTAACAATAACCTAGCTCTTTCAATGCTCTCTTAT
ATTCTCACTGGAAAGCGCTAATTTGATTTGTCTCTCTCGTT
GCTGGTCGCTCACCCTTTCATAAATTGTTTTTTACTCTTCAT
TTATTGATTTTACTTTTTGTCATTTTCCGAACGGGGAACAA
AATGATGACTACTTGCTACAGTATACGAAACATACAAGGG '
CATTGTCATGTGCACGCATAATAACGGTGATATATATATAT
GTATGTATATTATGTGTCTGTGTTTGTGTGTACTTGTCAGG
GCATGATAAATTATTCAAACATATTTTAGATGAGAGTCTTT
TCCAGTTCGCTTAAGGGGACAATCTTGGAATTATAGCGAT
CCCAATTTTCATTATCCACATCGGATATGCTTTCCATTACA
TGCCATGGAAAATTGTCATTCAGAAATTTATCAAAAGGAA
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CTGCAATTTTATTAGAGTCATATAACAATGACCACATGGC
CTTATAACAACCACCAAGGGCACATGAGTTTGGTGTTTCT
AGCCTAAAATTACCCTTTGTAGCACCAATGACTTGAGCAA
ACTTCTTCACAATAGCATCGTTTTTAGAAGCCCCACCTACA
AAAAAAGTCCTTTCTGCCTTTTATTTAGGTAGTCCCGCAGC
GGAGATTCATCGTAATCAAACTTCACGATTGTATCTTCGTT
CAGTCTCTGTTGTGAGCTTGCGTTTGAATCCGAAAGCAGG
GGAGATATTCTTACCCTGCAACTTAAAGCCTGTGATTCTAC
AATATTTTTGGCATCGTGCCTCTTGTCTTTGAACTTGGCCA
CCTCTCTTTCAATCATACCCGTTTTTGGATTGAAGATAACC
CTTTTGTTTATGGCTTTTACGCTAGGAACGATCTCCCCCAG
AGGAAAATATACACCTAATTCATTTTCACTACTTTCTGAGT
CATCTAGCACAGCTTGATTAAAAAGAGTCCAATCGTTAGT
CTTCTCATAATTATTTTCCCGTTCTTTGTTTAACTCGTCTCT
TATCCTCTCCCTTGCCAAAGAACCATTACAATAACAAATC
ATACCCATATAATGGTTTGGCAGAGTTGGATGAATGAAAA
GATGATAGTTCGGAGAGGGGTGATACTTATCGGTGACCAG
AAGAACTGTAGTACTTGTTCCTAGGGAAACGAGAACGTCA
TTCTTCCGCAGGGGTAAAGAACATATAGTGGCTAAATTAT
CCCCAGTCATGGGAGAGACCTTGCAGTTTGTATTGAAACC
GTACTTCTCAATAAAATATTTACAGATGGTACCCGCTATCA
AATTTTTCATGGGTGCTCTCATTAATTTTTGTCTGATAGTTT
TATCCTTAGAAGAACTATCAATTAGATGTAGTAGCTCATC
ACTGAATTTTCTTTCACGTATATCATAAAGGTTCATACCAC
AGGCATCTGCCTCCTCTAATTCAACAAGATGGCCCACTAA
GATAGAAGTCAAAAAATTAGACACTAAAGAAATGGTCTTT
GTTTTTTCGTAAGCTTCTGGTTCTAATTGTGCAATTTTCAG
AATTTGAGGACCAGTAAATCTAAAATGGGCTCTGGACCCT
GTTAATTGAGCCATTTTTTCAGGCCCACCTATGCACTCTTC
AAACTCTTGACATTGCTTTGCAGTACTGTGGTCTTGCCAAT
TGGGGGCGGTTTGCCTTGCAAATGCTACAGAGCTCACGTA
GTGCAATAAATCTTTTTCCGGTTTCTTATTCAATTGCTCTA
ACAGAGATTCGGCTTGGGAGGACCAGTAGACAGACCCGTG
CTGCTGGCAGGACCCTGAGACGGCCATAACTTTGTTCAAT
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GGAAATTTAGCCTCGCGATATTTCGAGAGAACCAGATCTA
GAGCCTCTAACCACATGGCTACGGGACATTCGATAGTGTC
GCCGTGTATATAGACACCCTTCTTTGTGTGATAATGCGGAA
GATCCTTTTCAAATTCCACTGTTTCTGAATGGACAATTTTT
AGGTCCTGGTTAATGGCGAGACATTTCAGTTGTTGGGTCG
AAAGATCAAACCCAAGATAGTATGAGTCTAAAGACATTGT
GTTGGAAACCTCTCTTGTCTGTCTCTGAATTACTGAACACA
ACATTAAAGTACTAATCTCATCCTCCTTTTGTTTTTCTCGA
GAGGGCCCCCTTATTCGTCCGCCTGAGATTGCATTGGCCG
AATTGAAAAGTGACAGTTATGCACCTCAGCGGCTATTCCC
TGCGTCGCTTGCTGAAGATTGAGGATTATAGGAAGTAGTA
AGCTGGAAATGGTAATTTGTAAAAAGAAAATTTCTAATAC
TGTGACAATGTTATTAAATCGGGGTTGTTTTTGTTTGGGGC
GGCCAGCGGAATAATTTGTTTTCAAGGACAGCAGAAGCTC
AGAAGAACAAAATCTCCGTGATCTTTTAAACTTTTTTCCAT
TCTGATGGAATAATGGTCTTGATCCCCTAAATATTTCCTTT
TTTATTGCAATTATGATAGAAATTAATAGTAGTCTATGCTG
GATGATATATATATCTCTTTTGAGCTTGCTTCAAATTTTTTC
CCGTTATAATGATGAGTGTTTTGCTTATTAAGGGTCTAGGA
CATTTCTATCAGTTTCTATACCA (SEQ ID NO: 81)

L-Ribulose-
5-phosphate

4-epimerase

5.1.34

>gil40938|emb|X56048.1] E. coli araD gene for L-ribulose-
phosphate 4-epimerase (EC 5.1.3.4)(466-1161)
GGATCCTCGCTGGTGGCGCGCACCATACCGTCTTCAGCCA
TGCACTGAACCTCAACGATATGCGCCAATTCGCCGGAGAT
GCACGACATTGAAATCACGGTGATTGATAACGACACCCGC
CTGCCAGCGTTTAAAGACGCGCTGCGCTGGAACGGAAGTG
TATTACGGGTTTCGTCGCTAAGTAGCCGCATCCGGTATGTA
ACGCCTGATGCGACGCTGACGCGTCTTATCTGGCCTACAC
GCTGCGATTTTGTAGGCCGGATAAGCAAAGCGCATCCGGC
ATTCAACGCCTGATGCGACGCTGGCGCGTCTTATCAGGCC
TACGCGCTGCGATTTTGTAGGCCGGATAAGCAAAGCGCAT
CCGGCATTCAACGCCTGATGCGACGCTGGCGCGTCTTATC
AGGCCTACACGCTGCGATTTTGTAGGCCGGATAAGCAAAG
CGCATCCGGCACGAAGGAGTCAACATGTTAGAAGATCTCA
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AACGCCAGGTATTAGAAGCCAACCTGGCGCTGCCAAAACA
CAACCTGGTCACGCTCACATGGGGCAACGTCAGCGCCGTT
GATCGCGAGCGCGGCGTCTTTGTGATCAAACCTTCCGGCG
TCGATTACAGCGTCATGACCGCTGACGATATGGTCGTGGT
TAGCATCGAAACCGGTGAAGTGGTTGAAGGTACGAAAAA
GCCCTCCTCCGACACGCCAACTCACCGGCTGCTCTATCAG
GCATTCCCCTCCATTGGCGGCATTGTGCATACGCACTCGCG
CCACGCCACCATCTGGGCGCAGGCGGGTCAGTCGATTCCA
GCAACCGGCACCACCCACGCCGACTATTTCTACGGCACCA
TTCCCTGCACCCGCAAAATGACCGACGCAGAAATCAACGG
CGAATATGAGTGGGAAACCGGTAACGTCATCGTAGAAACC
TTTGAAAAACAGGGTATCGATGCAGCGCAAATGCCCGGCG
TTCTGGTCCATTCCCACGGCCCGTTTGCATGGGGCAAAAAT
GCCGAAGATGCGGTGCATAACGCCATCGTGCTGGAAGAGG
TCGCTTATATGGGGATATTCTGCCGTCAGTTAGCGCCGCAG
TTACCGGATATGCAGCAAACGCTGCTGGATAAACACTATC
TGCGTAAGCATGGCGCGAAGGCATATTACGGGCAGTAATG
ACTGTATAAAACCACAGCCAATCAAACGAAACCAGGCTAT
ACTCAAGCCTGGTT (SEQ ID NO: 82)

L-Arabinose
isomerase

(araA)

53.14

>gi|1924929]emb|X89408.1| B.subtilis DNA for araA, araB and araD
genes (228-1718)

- AAGCTTCTCATCAATGATTTGAATTGGAGCTCGGGCTGGC

CGTCCTATTGAATTAAAAAGCCGGCTCTGCCCCCGGCTTTT
TTTAAAAGAAAAGAT”TGACAGTATAATAGTCAATTACTAT
AATAAAATTGTTCGTACAAATATTTATTTATAGGTTTTATT
TTCTAATTAGTACGTATCTTTTGTATTTGAAAGCGTTTTATT
TTATGAGAAAGGGGCAGTTTACATGCTTCAGACAAAGGAT
TATGAATTCTGGTTTGTGACAGGAAGCCAGCACCTATACG
GGGAAGAGACGCTGGAACTCGTAGATCAGCATGCTAAAA
GCATTTGTGAGGGGCTCAGCGGGATTTCTTCCAGATATAA
AATCACTCATAAGCCCGTCGTCACTTCACCGGAAACCATT
AGAGAGCTGTTAAGAGAAGCGGAGTACAGTGAGACATGT -
GCTGGCATCATTACATGGATGCACACATTTTCCCCTGCAAA
AATGTGGATAGAAGGCCTTTCCTCTTATCAAAAACCGCTT
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ATGCATTTGCATACCCAATATAATCGCGATATCCCGTGGG
GTACGATTGACATGGATTTTATGAACAGCAACCAATCCGC
GCATGGCGATCGAGAGTACGGTTACATCAACTCGAGAATG
GGGCTTAGCCGAAAAGTCATTGCCGGCTATTGGGATGATG
AAGAAGTGAAAAAAGAAATGTCCCAGTGGATGGATACGG
CGGCTGCATTAAATGAAAGCAGACATATTAAGGTTGCCAG
ATTTGGAGATAACATGCGTCATGTCGCGGTAACGGACGGA
GACAAGGTGGGAGCGCATATTCAATTTGGCTGGCAGGTTG
ACGGATATGGCATCGGGGATCTCGTTGAAGTGATGGATCG
CATTACGGACGACGAGGTTGACACGCTTTATGCCGAGTAT
GACAGACTATATGTGATCAGTGAGGAAACAAAACGTGAC
GAAGCAAAGGTAGCGTCCATTAAAGAACAGGCGAAAATT
GAACTTGGATTAACCGCTTTTCTTGAGCAAGGCGGATACA
CAGCGTTTACGACATCGTTTGAAGTGCTGCACGGAATGAA
ACAGCTGCCGGGACTTGCCGTTCAGCGCCTGATGGAGAAA
GGCTATGGGTTTGCCGGTGAAGGAGATTGGAAGACAGCGG
CCCTTGTACGGATGATGAAAATCATGGCTAAAGGAAAAAG
AACTTCCTTCATGGAAGATTACACGTACCATTTTGAACCGG
GAAATGAAATGATTCTGGGCTCTCACATGCTTGAAGTGTG
TCCGACTGTCGCTTTGGATCAGCCGAAAATCGAGGTTCATT
CGCTTTCGATTGGCGGCAAAGAGGACCCTGCGCGTTTGGT
ATTTAACGGCATCAGCGGTTCTGCCATTCAAGCTAGCATTG
TTGATATTGGCGGGCGTTTCCGCCTTGTGCTGAATGAAGTC
AACGGCCAGGAAATTGAAAAAGACATGCCGAATTTACCG
GTTGCCCGTGTTCTCTGGAAGCCGGAGCCGTCATTGAAAA
CAGCAGCGGAGGCATGGATTTTAGCCGGCGGTGCACACCA
TACCTGCCTGTCTTATGAACTGACAGCGGAGCAAATGCTT
GATTGGGCGGAAATGGCGGGAATCGAAAGTGTTCTCATTT
CCCGTGATACGACAATTCATAAACTGAAACACGAGTTAAA
ATGGAACGAGGCGCTTTACCGGCTTCAAAAGTAGAGGGGG
ATGTCACATGGCTTACACAATAGGGGTTGATTTTGGAACTT
TATCAGGAAGAGCAGTGCTCGTTCATGTCCAAACAGGGGA
GGAACTTGCGGCTGCTGTAAAAGAATACAGGCATGCTGTC
ATTGATACCGTCCTTCCAAAAACGGGTCAAAAGCTGCCGC




WO 2012/173659

PCT/US2012/000289
-44 -

Enzyme

EC Number

SEQ ID NO

GTGACTGGGCGCTGCAGCATTTTGCTGATTACCTCGAAGTC
TTGGAAACAACCATTCCGTCTTTACTCGAACAGACGGGCG
TTGACCCGAAAGACATTATCGGGATTGGAATTGATTTCAC
GGCATGTACGATCCTTCCTATTGACAGCAGCGGGCAGCCG
TTATGCATGCTGCCTGAATATGAAGAGGAGCCGCACAGCT
ATGTGAAGCTCTGGAAGCATCATGCGGCCCAAAAACATGC
TGATCGGCTCAATCAAATCGCGGAAGAAGAAGGAGAGGC
TTTTTTACAGCGGTACGGAGGAAAAATTTCATCAGAATGG
ATGATTCCAAAGGTCATGCAAATTGCCGAGGAAGCGCCTC
ACATTTATGAAGCGGCTGACCGGATCATCGAGGCTGCGGA
CTGGATCGTGTACCAGCTGTGCGGCTCGCTCAAGCGAAGC
AATTGCACCGCAGGGTATAAAGCGATGTGGAGTGAAAAA
GCGGGGTATCCGTCAGATGATTTCTTTGAGAAATTAAATC
CTTCAATGAAAACGATTACAAAGGACAAATTGTCAGGTTC
TATTCATTCAGTAGGAGAAAAAGCCGGCAGTCTGACTGAA
AAAATGGCAAAGCTGACAGGGCTTCTCCCGGGAACGGCTG
TTGCGGTTGCCAATGTGGACGCTCATGTTTCGGTACCGGCG
GTCGGCATTACAGAGCCAGGGAAAATGCTGATGATTATGG
GAACCTCGACGTGCCATGTTCTACTTGGTGAAGAGGTGCA
TATCGTTCCAGGAATGTGCGGCGTTGTGGACAACGGAATT
CTCCCGGGCTATGCGGGATATGAAGCCGGGCAGTCCTGTG
TCGGCGATCATTTTGACTGGTTTGTGAAAACATGTGTCCCG
CCAGCTTATCAAGAGGAAGCAAAGGAAAAAAACATTGGC
GTTCATGAGCTGCTGAGTGAGAAAGCAAACCATCAAGCGC
CTGGTGAAAGCGGCTTGCTTGCTTTAGATTGGTGGAATGG
AAACCGTTCAACTCTTGTTGATGCAGATTTAACAGGGATG
CTGCTTGGCATGACACTGCTGACGAAGCCTGAAGAGATTT
ATAGAGCGTTAGTTGAAGCGACAGCTTACGGAACCCGGAT
GATTATCGAAACATTCAAAGAAAGCGGTGTTCCGATTGAG
GAACTGTTCGCAGCCGGCGGAATAGCTGAGAAAAACCCGT
TTGTCATGCAGATTTATGCGGATGTGACAAACATGGACAT
TAAAATCTCTGGTTCACCGCAAGCCCCAGCCTTAGGATCT
GCCATTTTCGGCGCGCTTGCAGCAGGCAAAGAAAAAGGCG
GCTACGATGATATCAAAAAGGCAGCGGCGAACATGGGAA
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AACTGAAAGATATAACTTATACGCCAAATGCCGAAAACGC
CGCGGTTTATGAAAAATTGTACGCTGAATATAAAGAGCTG
GTTCATTATTTCGGAAAAGAAAACCATGTCATGAAGCGTC

TGAAAACGATCAAAAATCTTCAATTTTCATCTGCCGCCAA

AAAGAATTGATAAAGGGTGATGGAGCATGCTTGAAACATT
AAAAAAAGAAGTGCTGGCTGCCAACCTGAAGCTTCAAGA

GCATCAGCTGGTAACCTTTACGTGGGGAAATGTCAGCGGC
ATTCACCGTGAAAAAGAAAGAATTGTCATCAAACTAGCGG
AGTCGAATACCAGCGACCTGACAGCCGATGACTTGGTTGT
TTTGAACCTTGATGGAGAGGTCGTCGAAGGCTCGCTTAAA

CCTTCTTCAGATACACCTACCCATGTTTATCTATATAAAGC
CTTTCCGAATATCGGGGGAATTGTCCATACCCATTCTCAAT
GGGCGACAAGCTGGGCGCAATCGGGCAGAGACATCCCTCC
GTTAGGCACGACCCATGCTGATTATTTTGACAGTGCGATTC
CATGTACTCGAGAAATGTACGATGAAGAAATCATTCATGA
CTACGAACTGAATACAGGAAAAGTCATAGCGGAAACCTTT
CAGCATCATAATTACGAACAGGTGCCGGGTGTGCTCGTGA
ATAATCACGGACCGTTCTGCTGGGGCACTGACGCCTTAAA
TGCCATTCATAACGCAGTTGTATTAGAAACGCTTGCCGAA

ATGGCCTATCACTCCATTATGCTGAACAAGGATGTAACCC

CAATCAATACAGTCCTGCATGAAAAGCATTTTTATCGAAA
ACACGGAGCAAATGCGTATTATGGCCAGTCATGATACGCC
TGTGTCACCGGCTGGCATTCTGATTGACTTGGACGGTACTG
TATTCAGAGGAAATGAGTTGATCGAAGGAGCAA (SEQ 1D
NO: 83)

Xylose

isomerase

53.1.5

>gi|7161892|emb|AJ249909.1| Piromyces sp. E2 mRNA for xylose
isomerase (xylA gene)(5-1318) '
GTAAATGGCTAAGGAATATTTCCCACAAATTCAAAAGATT
AAGTTCGAAGGTAAGGATTCTAAGAATCCATTAGCCTTCC
ACTACTACGATGCTGAAAAGGAAGTCATGGGTAAGAAAAT
GAAGGATTGGTTACGTTTCGCCATGGCCTGGTGGCACACT
CTTTGCGCCGAAGGTGCTGACCAATTCGGTGGAGGTACAA
AGTCTTTCCCATGGAACGAAGGTACTGATGCTATTGAAAT
TGCCAAGCAAAAGGTTGATGCTGGTTTCGAAATCATGCAA
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AAGCTTGGTATTCCATACTACTGTTTCCACGATGTTGATCT
TGTTTCCGAAGGTAACTCTATTGAAGAATACGAATCCAAC
CTTAAGGCTGTCGTTGCTTACCTCAAGGAAAAGCAAAAGG
AAACCGGTATTAAGCTTCTCTGGAGTACTGCTAACGTCTTC
GGTCACAAGCGTTACATGAACGGTGCCTCCACTAACCCAG
ACTTTGATGTTGTCGCCCGTGCTATTGTTCAAATTAAGAAC
GCCATAGACGCCGGTATTGAACTTGGTGCTGAAAACTACG
TCTTCTGGGGTGGTCGTGAAGGTTACATGAGTCTCCTTAAC
ACTGACCAAAAGCGTGAAAAGGAACACATGGCCACTATG
CTTACCATGGCTCGTGACTACGCTCGTTCCAAGGGATTCAA
GGGTACTTTCCTCATTGAACCAAAGCCAATGGAACCAACC
AAGCACCAATACGATGTTGACACTGAAACCGCTATTGGTT
TCCTTAAGGCCCACAACTTAGACAAGGACTTCAAGGTCAA
CATTGAAGTTAACCACGCTACTCTTGCTGGTCACACTTTCG
AACACGAACTTGCCTGTGCTGTTGATGCTGGTATGCTCGGT
TCCATTGATGCTAACCGTGGTGACTACCAAAACGGTTGGG
ATACTGATCAATTCCCAATTGATCAATACGAACTCGTCCA
AGCTTGGATGGAAATCATCCGTGGTGGTGGTTTCGTTACTG
GTGGTACCAACTTCGATGCCAAGACTCGTCGTAACTCTACT
GACCTCGAAGACATCATCATTGCCCACGTTTCTGGTATGG
ATGCTATGGCTCGTGCTCTTGAAAACGCTGCCAAGCTCCTC
CAAGAATCTCCATACACCAAGATGAAGAAGGAACGTTACG
CTTCCTTCGACAGTGGTATTGGTAAGGACTTTGAAGATGGT
AAGCTCACCCTCGAACAAGTTTACGAATACGGTAAGAAGA
ACGGTGAACCAAAGCAAACTTCTGGTAAGCAAGAACTCTA
CGAAGCTATTGTTGCCATGTACCAATAAGTTAATCGTAGTT
AAATTGGTAAAATAATTGTAAAATCAATAAACTTGTCAAT
CCTCCAATCAAGTTTAAAAGATCCTATCTCTGTACTAATTA
AATATAGTACAAAAAAAAATGTATAAACAAAAAAAAGTC
TAAAAGACGGAAGAATTTAATTTAGGGAAAAAATAAAAA
TAATAATAAACAATAGATAAATCCTTTATATTAGGAAAAT
GTCCCATTGTATTATTTTCATTTCTACTAAAAAAGAAAGTA
AATAAAACACAAGAGGAAATTTTCCCTTTTTTTITTTTTTTG
TAATAAATTTTATGCAAATATAAATATAAATAAAATAATA
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AAAAAAAAAAAAAAAAA (SEQIDNO: 84)

Table 4. SEQ ID numbers of Coding Regions and Proteins for xylose isomerases.

Uniprot accession number (AC) or NCBI GI number given.

Organism GI or ACH# SEQ ID NO: SEQ ID NO:
Nucleic Acid Amino Acid

Clavibacter 89 90
michiganensis BORIF

Arthrobacter 91 92
chlorophenolicus 220912923

Actinosynnema mirum 226865307 93 94
Kribbella flavida 227382478 95 96
Mycobacterium 97 98
smegmatis 118469437

Arthrobacter sp. 60615686 99 100
Actinomyces 101 102
urogenitalis 227497116

Streptomyces 103 104
ambofaciens 1,26348424

Salinispora arenicola 159039501 105 106
Streptomyces sp. 38141596 107 108
Meiothermus silvanus 227989553 109 110
Actinoplanes sp. P10654 111 112
Mobiluncus curtisii | 227493823 113 114
Herpetosiphon 115 116
aurantiacus 159898286

Acidothermus 117 118
cellulolyticus 117928271

Streptomyces coelicolor | Q9LOB8 119 120
Streptomyces avermitilis | Q93HF3 121 122
Nocardiopsis 123 124
dassonvillei 229207664

Nakamurella multipartita | 229221673 125 126
Xylanimonas 127 128
cellulosilytica 227427650

Clavibacter ASCPCH 129 130
michiganensis

Salinispora tropica 145596104 131 132
Streptomyces sp. 197764953 133 134
Streptomyces 197776540 135 136
pristinaespiralis

Roseiflexus sp. 148656997 137 138
Meiothermus ruber 227992647 139 140
Arthrobacter sp. P12070 141 142
Thermobaculum 227374836 143 144
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terrenum
Janibacter sp. 84495191 145 146
fB;r:;Z;;?actenum 237671435 147 148
Beutenbergia cavernae | 229821786 149 150
Geodermatophilus
Geodermatop 227404617 151 152
Actinoplanes
missoﬁriensis P12851 133 >4
Streptomyces
violapceus}r’ﬂger P09033 13 156
Actinomyces
odontoly};icus 154508186 17 158
Mobiluncus mulieris 227875705 159 160
Cellulomonas flavigena | 229243977 161 162
Saccharomonospora
sace! P 220886404 163 164
Streptomyces lividans Q9RFM4 165 166
Frankia sp. 158316430 167 168
Streptosporangium 229851079 169 170
roseum
Nocardioides sp. 119716602 171 172
Kribbella flavida 227381155 173 174
Roseiflexus castenholzii | 156742580 175 176
Arthrobacter aurescens | 119964059 177 178
Leifsonia xyli 50954171 179 180
Jonesia denitrificans 227383768 181 182
Streptomyces Q93RJ9 183 184
olivaceoviridis
Stackebrandtia 229862570 185 186
nassauensis
Thermus thermophilus P26997 187 188
Acidobacteria bacterium | 94967932 189 190
Catenulispora acidiphila | 229246901 191 192
Streptomyces Q9S374 193 194
corchorusii 196
Streptomyces
therrevocyj;neoviolaceus QoLSs8 19
marine actinobacterium | 88856315 197 198
Micromonospora sp. 237882534 199 200
Thermobifida fusca 72162004 201 202
Herpetosiphon 159897776 203 204
aurantiacus
Streptomyces griseus 182434863 205 206
Mycobacterium 120406242 207 208
vanbaalenii
Streptomyces P50910 209 210
diastaticus
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Deinococcus 211 212
geothermalis 94972159
Arthrobacter sp. AOJXNS 213 214
Streptomyces 215 216
rubiginosus P24300
Streptomyces murinus P37031 217 218
Thermus caldophilus 4930285 * 219
Thermus caldophilus P56681 * 220
Arthrobacter sp. 231103 * 221
Actinoplanes * 222
missouriensis 443486
Streptomyces * 223
olivochromogenes P15587
Streptomyces * 224
olivochromogenes 157879319
Streptomyces rochei pP22857 * 225
Streptomyces * 226
olivochromogenes 157661044
Streptomyces * 227
diastaticus 7766813
Actinoplanes * 228
missouriensis 349936
Arthrobacter sp. 2914276 * 229
Streptomyces albus P24299 * 230
Actinoplanes * 231
missouriensis 443303
Streptomyces * 232
diastaticus 9256915
Actinoplanes * 233
missouriensis 443526
Streptomyces * 234
rubiginosus 21730248
Actinoplanes * 235
missouriensis 443568

Table 5. SEQ ID numbers of Proteins xylose isomerases. Uniprot accession number
(AC) given for the indicated proteins.

Organism Gl or AC# SEQ ID NO: Amino
Acid

Salmonella enterica B4T952 236

Klebsiella pneumoniae P29442 237

Sinorhizobium meliloti Q92LW9 238

Escherichia coli Q7A9X4 239

Salmonella enterica Q5PLMB 240

Xanthomonas Q3BMF2 241

campestris
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Organism Gl or AC# SEQ ID NO: Amino
Acid
Pectobacterium 242
atrosepticum QeDB05
Rhodopirellula baltica Q7UVG2 243
Xanthomonas 244
axonopodis QBPEWS
Xanthomonas oryzae Q5GUF2 245
Pediococcus 246
pentosaceus QO3HN1
Brucella suis Q8G204 247
Escherichia coli QOTBN7 248
Bifidobacterium longum | Q8G3Q1 249
Brucella canis A9MOH3 250
Burkholderia 251
multivorans ASARGY
Brucella ovis ASVPA1 252
Rhizobium etli B3QOR5 253
Burkholderia 254
xenovorans Q13RB8
Actinobacillus 255
pleuropneumoniae A3N3K2
Burkholderia 256
cenocepacia BAENAS
Solibacter usitatus Q02289 257
Brucella abortus B2SA37 258
Rhodobacter WVT 259
sphaeroides Ad 8
Thermoanaerobacter BOK1L3 260
sp.
Yersinia 261
pseudotuberculosis Q1coD3
Xanthomonas oryzae Q5G6YQ7 262
Bifidobacterium longum | B3DR33 263
Thermoanaerobacter 264
pseudethanolicus P22842
Photobacterium 265
profundum QeLUY7
Escherichia coli B1LJC7 266
Agrobacterium 267
tumefaciens QBU7G6
Tetragenococcus 268
halophilus 082845
Salmonella enterica B4TZ55 269
Yersinia 270
pseudotuberculosis Q8Z9Z1
Yersinia 271
pseudotuberculosis QiCDB8
Rhodobacter A3PNM4 272
sphaeroides
Brucella abortus Q2YMQ2 273
Salmonella enterica Q8ZL90 274

PCT/US2012/000289
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Organism GI or AC# SEQ ID NO: Amino
Acid
Bacteroides vulgatus ABL792 275
Xanthomonas
axonopodis QBPLLY 276
Salmonella enterica Q571G0 277
Escherichia coli B7M3I8 278
Roseobacter
denitrificans Q16286 7
Bacteroides fragilis Q64U20 280
Enterobacter sakazakii | ATMNI5 281
Brucella abortus Q57El4 282
Geobacillus
thermodenitrificans A4IP67 28
Bacteroides ~
thetaiotaomicron QB8ASM2 28
| Haemophilus influenzae | ASUCZ3 285
Yersinia
pseudotuberculosis B2K7D2 286
Xanthomqnas Q4UTUS 287
campestris
Haemophilus somnus BOUT19 288
anaeggg:Iteromonas Q15PGO 289
Escherichia fergusonii B7LTH9 290
Silicibacter sp. Q1GKQ4 291
Salmonella enterica B5R4P8 292
Bifidobacterium A1AOHO 293
adolescentis ‘
Staphylococcus xylosus | P27157 294
Thermotoga maritima Q9X1Z5 295
Salmonella enterica ASMUVO 296
Pseudomonas syringae | Q48J73 297
Shigella boydii Q31V53 298
Burkholderia ambifaria QoB1U7 299
Bacillus . A7Z522 300
amyloliquefaciens
Haemophilus influenzae | ASUIN7 301
Bacillus megaterium 008325 302
Arabidopsis thaliana QOFKK7 303
Escherichia coli Q3YVVO0 304
Bacteroides fragilis Q5LCV9 305
Pseudomonas Q3KDWO 306
fluorescens
Escherichia coli B1X8I1 307
Bacillus subtilis P04788 308
Xanthomonas Q4UNZ4 309
campestris
Pseudomonas syringae | Q4ZSF5 310
Sinorhizobium medicae | A6UD89 311
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Organism Gl or AC# SEQ ID NO: Amino
Acid
Ochrobactrum anthropi | A6X4G3 312
Burkholderia 313
thailandensis Q2SWA0
Salmonella enterica B5EX72 _ 314
Thermotoga sp. B1LBOS8 315
Bacillus cereus Q739D2 316
Salmonella enterica B4SWK9 317
Salmonella enterica Q7C637 318
Enterococcus faecalis Q7C3R3 319
Thermotoga neapolitana | P45687 320
Escherichia coli B7MES1 321
Photorhabdus 322
luminescens Q7N4P7
Enterobacter sp. A4W566 323
Burkholderia 324
cenocepacia B1KB47
Bacillus licheniformis P77832 325
Geobacillus 326
stearothermophilus P54273
Brucella abortus Q8YFX5 327
Rhizobium 328
leguminosarum QiMBL8
Yersinia enterocolitica A1JT10 329
Serratia proteamaculans | ABG7WS8 330
Yersinia 331
pseudotuberculosis ATFPGS
Escherichia coli B7NEL7 332
Yersinia pestis A9R5Q1 333
Fervidobacterium QETEK9 334
| gondwanense
Xanthomonas Q8P3H1 ' 335
campestris
Rhizobium 336
leguminosarum BSZQVE
Bradyrhizobium Q89VC7 337
japonicum
Mesorhizobium sp. Q11EH9 338
Actinobacillus B3H2X9 339
pleuropneumoniae
Yersinia 340
pseudotuberculosis Qee3Y3
Xanthomonas Q8P9TY 341
campestris
Burkholderia AOKES6 342
cenocepacia
Oceanobacillus QBELU7 343
iheyensis
Brucella suis | BOCKM9 344
Thermoanaerobacterium 345
thermosaccharolyticum P29441
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Organism Gl or AC# SEQ ID NO: Amino
Acid

Burkholderia phymatum | B2JFEQ 346
Yersinia 3
pseudotuberculosis B1JH40 347
Bacillus sp. P54272 348
Lactococcus lactis Qo2Y75 349
Novosphingobium
aromaZcivgrans Q2GABS 330
Lactobacillus brevis P29443 351
Mesorhizobium loti QY8CRS8 352
Escherichia coli ABAB23 353
Burkholderia 3
cenocepacia Q1BG90 34
Thermoanaerobacterium 3
thermosulfurigenes P1 9148 5>
Thermotoga petrophila A5ILR5 356
Lactobacillus pentosus | P21938 357
Lactococcus lactis Q9CFG7 358
Ruminococcus 3
flavefaciens Q95306 359
Burkholderia 3
phytofirmans B2T929 300
Salmonella enterica B5FLD6 361
Lactobacillus brevis QO03TX3 362
Burkholderia ambifaria B1Z405 363
Salmonella enterica B5RGL6 364
Bacillus halodurans QOK993 365
Bacillus clausii Q5WKJ3 366
Marinomonas sp. ABVWH1 367
Yersinia 368
pseudotuberculosis A4TSE3
Actinobacillus BOBTIO 369
pleuropneumoniae
Silicibacter pomeroyi Q5LVv46 370
Xanthomonas oryzae Q2NXR2 371
Thermoanaerobacterium 372
saccharolyticum P30435
Escherichia coli B6I3D6 373
Escherichia coli B5YVLS 374
Escherichia coli B7NP65 375
Escherichia coli B2U560 376
Escherichia coli B11ZM7 377
Rhizobium etli Q2K433 378
Escherichia coli P00944 379
Hordeum vulgare Q40082 380
Dinoroseobacter shibae | A8SLP53 381
Rhodobacter 382
sphaeroides Qsiym4
Actinobacillus ABVLMS 383




WO 2012/173659 PCT/US2012/000289

-54 -
Organism Gl or AC# SEQ ID NO: Amino
Acid
succinogenes
Bacillus pumilus ASFE33 384
Escherichia coli Q8FCE3 385
Pseudomonas syringae | Q880Z4 386
Burkholderia 387
vietnamiensis A4JSUS
Escherichia coli A7ZTB2 388
Haemophilus influenzae | P44398 389
Haemophilus influenzae | Q4QLI2 390
Listeria welshimeri AOAF79 391
Thermoanaerobacter 392
yonseiensis QskeL2
Geobacillus 393
kaustophilus QSKYS6
Mannheimia 394
succiniciproducens QB5PYO
[0085] SEQ ID NO: 395 is the coding region for the Actinoplanes missourinesis xylose

isomerase that was codon optimized for Zymomonas. '

[0086] SEQ ID NO: 396 the coding region for the Lactobacillus brevis xylose isomerase
that was codon optimized for Zymomonas.

[0087] SEQ ID NO: 397 is the coding region for the E. coli xylose isomerase that was
codon optimized for Zymomonas.

[0088] SEQ ID NO: 398 is the nucleotide sequence of the codon optimized coding region
for Geodermatophilus obscurus xylose isomerase.

[0089] SEQ ID NO: 399 is the nucleotide sequence of the codon optimized coding region
for Mycobacterium smegmatis xylose isomerase.

[0090] SEQ ID NO: 74 is the nucleotide sequence of the codon optimized coding region
for Salinispora arenicola xylose isomerase.

[0091] SEQ ID NO: 75 is the nucleotide sequence of the codon optimized coding region
for Xylanimonas cellulosilytica xylose isomerase.

[0092] Other examples of polynucleotides, and polypeptides that can be used herein
include, but are not limited to, polynucleotides and/or polypeptides having at least about
70% to about 75%, about 75% to about 80%, about 80% to about 85%, about 85% to
about 90%, about 90% to about 95%, about 96%, about 97%, about 98%, or about 99%
sequence identity to any one of the sequences of Tables 3, 4 or 5, wherein such a

polynucleotide or gene encodes, or such a polypeptide has enzymatic activity. Still other
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examples of polynucleotides and polypeptides that can be used in the described
isomerization and fermentation processes include, but are not limited to, an active variant,
fragment or derivative of any one of the sequences of Tables 3, 4, or 5, wherein such a
polynucleotide or gene encodes, or such a polypeptide has enzymatic activity.

[0093] In embodiments, the sequences of other polynucleotides and/or polypeptides can
be identified in the literature and in bioinformatics databases well known to the skilled
person using sequences disclosed herein and available in the art. For example, such
sequences can be identified through BLAST searching of publicly available databases
with known enzyme-encoding polynucleotide or polypeptide sequences. In such a
method, identities can be based on the Clustal W method of alignment using the default
parameters of GAP PENALTY=10, GAP LENGTH PENALTY=0.1, and Gonnet 250
series of protein weight matrix.

[0094] Additionally, the polynucleotide or polypeptide sequences disclosed herein or
known in the art can be used to identify other homologs in nature. For example, each of
the nucleic acid disclosed herein and fragments of the same can be used to isolate genes
encoding homologous proteins. Isolation of homologous genes using sequence-
dependent protocols is well known in the art. Examples of sequence-dependent protocols
include, but are not limited to: (1) methods of nucleic acid hybridization; (2) methods of
DNA and RNA amplification, as exemplified by various uses of nucleic acid
amplification technologies [e.g., polymerase chain reaction (PCR), Mullis ez al., U.S.
Patent No. 4,683,202; ligase chain reaction (LCR), Tabor et al., Proc. Acad. Sci. USA
82:1074 (1985); or strand displacement amplification (SDA), Walker ez al., Proc. Natl.
Acad. Sci. US.A., 89:392 (1992)]; and (3) methods of library construction and screening
by complementation.

[0095] Methods for gene expression in recombinant host cells, including, but not limited
to, yeast cells are known in the art-(see, for example, Methods in Enzymology, Volume
194, Guide to Yeast Genetics and Molecular and Cell Biology (Part A, 2004, Christine
Guthrie and Gerald R. Fink (Eds.), Elsevier Academic Press, San Diego, CA). Methods
for gene expression by way of episomal plasmids and integrated polynucleotides are both
compatible with the presently described methods.

[0096] In some embodiments, the coding region for the enzymes to be expressed can be

codon optimized for the target host cell, as well known to one skilled in the art.
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Expression of genes in recombinant host cells, including but not limited to yeast cells, can
require a promoter operably linked to a coding region of interest, and a transcriptional
terminator. A number of promoters can be used in constructing expression cassettes for
genes, including, but not limited to, the following constitutive promoters suitable for use
in yeast: FBAI, TDH3, ADHI, and GPMI; and the following inducible promoters suitable
for use in yeast: GALI, GAL10 and CUPI. Suitable transcriptional terminators that can
be used in a chimeric gene construct for expression include, but are not limited to, FBA 1Y,
TDH3t, GPMIt, ERG10t, GALIt, CYCIt, and ADHI:.

[0097] Recombinant polynucleotides are typically cloned for expression using the coding
sequence as part of a chimeric gene used for transformation, which includes a promoter
operably linked to the coding sequence and a termination control region. The coding
region can be from the host cell for transformation and combined with regulatory
sequences that are not native to the natural gene encoding the protein. Alternatively, the
coding region can be from another host cell.

[0098] Vectors useful for the transformation of a variety of host cells are common and
described in the literature. Typically the vector contains a selectable marker and
sequences allowing autonomous replication or chromosomal integration in the desired
host. In addition, suitable vectors can comprise a promoter region which harbors
transcriptional initiation controls and a transcriptional termination control region, between
which a coding region DNA fragment can be inserted, to provide expression of the
inserted coding region. Both control regions can be derived from genes homologous to
the transformed host cell, although it is to be understood that such control regions can
also be derived from genes that are not native to the specific species chosen as a
production host.

[0099] In embodiments, suitable promoters, transcriptional terminators, and enzyme
coding regions can be cloned into E. coli-yeast shuttle vectors, and transformed into yeast
cells. Such vectors allow strain propagation in both E. coli and yeast strains, and can
contain a selectable marker and sequences allowing autonomous replication or
chromosomal integration in the desired host. Typically used plasmids in yeast include,
but are not limited to, shuttle vectors pRS423, pRS424, pRS425, and pRS426 (American
Type Culture Collection, Rockville, MD), which contain an E. coli replication origin

(e.g., pMBI1), a yeast 2-micron origin of replication, and a marker for nutritional
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selection. The selection markers for these four vectors are HIS3 (vector pRS423), TRP1
(vector pRS424), LEU?2 (vector pRS425) and URA3 (vector pRS426).

[00100] In embodiments, construction of expression vectors with a chimeric gene
encoding the described enzyme can be performed by the gap repair recombination method
in yeast. The gap repair cloning approach takes advantage of the highly efficient
homologous recombination system in yeast. In embodiments, a yeast vector DNA is
digested (e.g., in its multiple cloning site) to create a "gap" in its sequence. A number of
insert DNAs of interest are generated that contain an approximately 21 bp sequence at
both the 5' and the 3' ends that sequentially overlap with each other, and with the 5' and 3'
terminus of the vector DNA. For example, to construct a yeast expression vector for
"Gene X," a yeast promoter and a yeast terminator are selected for the expression
cassette. The promoter and terminator are amplified from the yeast genomic DNA, and
Gene X is either PCR amplified from its source organism or obtained from a cloning
vector comprising Gene X sequence. There is at least a 21 bp overlapping sequence
between the 5' end of the linearized vector and the promoter sequence, between the
promoter and Gene X, between Gene X and the terminator sequence, and between the
terminator and the 3' end of the linearized vector. The "gapped" vector and the insert
DNAs are then co-transformed into a yeast strain and plated on the medium containing
the appropriate compound mixtures that allow complementation of the nutritional
selection markers on the plasmids. The presence of correct insert combinations can be
confirmed by PCR mapping using plasmid DNA prepared from the selected cells. The
plasmid DNA isolated from yeast (usually low in concentration) can then be transformed
into an E. coli strain, e.g. TOPI10, followed by mini preps and restriction mapping to
further verify the plasmid construct. Finally the construct can be verified by DNA
sequence analysis.

[0100] Like the gap repair technique, integration into the yeast genome also takes
advantage of the homologous recombination system in yeast. In embodiments, a cassette
containing a coding region plus control elements (promoter and terminator) and
auxotrophic marker is PCR-amplified with a high—ﬁdelity DNA polymerase using primers
that hybridize to the cassette and contain 40-70 base pairs of sequence homology to the
regions 5' and 3' of the genomic locus where insertion is desired. The PCR product is

then transformed into yeast and plated on medium containing the appropriate compound
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mixtures that allow selection for the integrated auxotrophic marker. For example, to
integrate "Gene X" into chromosomal location "Y," the promoter-coding region X-
terminator construct is PCR amplified from a plasmid DNA construct and joined to an
autotrophic marker (such as URA3) by either SOE PCR or by common restriction digests
and cloning. The full cassette, containing the promoter-coding regionX-terminator-URA3
region, is PCR amplified with primer sequences that contain 40-70 bp of homology to the
regions 5' and 3' of location "Y" on the yeast chromosome. The PCR product is
transformed into yeast and selected on growth media lacking uracil. Transformants can
be verified either by colony PCR or by direct sequencing of chromosomal DNA.

[0101] The presence of xylulose-producing enzymatic activity (e.g., xylose isomerase,
xylulose kinases, etc) in the recombinant host cells disclosed herein can be confirmed
using methods known in the art. In a non-limiting example, transformants can be
screened by PCR using primers for the enzyme. In another non-limiting example,
enzymatic activity can be assayed for in a recombinant host cell disclosed herein that
lacks the enzymatic activity endogenously. For example, a polypeptide having enzymatic
activity can convert xylose or arabinose into xylulose. In another non-limiting example,
enzymatic activity can be confirmed by more indirect methods, such as by assaying for a
downstream product in a pathway requiring the enzymatic activity, including, for
example, isobutanol production.

[0102] Improving xylulose production by metabolic engineering will enable isobutanol
production by fermentation in the absence of exogenous enzymes. Thus, fermentation of
5-carbon sugars to butanol can be improved by adding exogenous enzymes, by
recombinantly expressing enzymes, or both. ~ With increased xylulose production, the
efficacy of producing isobutanol from 5-carbon sugars is increased.

[0103] In some embodiments, the use of enzymes that convert substrates to xylulose
results in a particular xylose: Xylulose equilibrium. For example, in some embodiments,
the equilibrium is about 5 xylose: 1 xylulose.

[0104] In some embodiments, the enzymes are present in an amount sufficient to convert
a substrate to xylulose at a rate of at least about 0.1 g/hour, at least about 0.25 g/hour, at
least about 0.5 g/hour, or at least about 1 g/hour.

[0105] The use of enzymes that convert substrates to xylulose allow for increased

production of butanol.
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[0106] In some embodiments, the use of such enzymes results in an increase in the
consumption of 5-carbon sugars. The rate of consumption of 5-carbon sugars can be
measured using any means known in the art. In certain embodiments, in which 6-carbon
sugars are also consumed, the rate of consumption of 5-carbon sugars can be at least
about 0.5%, 0.75%, 1%, 2%, 3%, 4%, 5%, 10%, 20%, 30%, 40%, 50%, 60%, or 70% the
rate of consumption of 6-carbon sugars.

[0107] In some embodiments, the microorganisms capable of producing butanol are
genetically stable. Chromosomal aberrations and plasmid loss are minimized in
genetically stable microorganisms. In some embodiments, the microorganisms capable of
producing butanol are genetically stable when grown in industrially relevant cultivation
media. In some embodiments, the microorganisms capable of producing butanol are
genetically stable when grown in mineral medium. In some embodiments, the
microorganisms capable of producing butanol are genetically stable when grown in
defined medium. In some embodiments, the microorganisms capable of producing

butanol are genetically stable over periods of prolonged continuous culture.

Isomerization and Fermentation

[0108] Butanol-producing microorganisms can be cultured under any conditions that
allow for butanol production. In particular, it has been observed that growth of the
microorganism in the presence of aeration followed by fermentation in the absence of
respiration increases butano! production (anaerobic or microoaerobic fermentation).

[0109] Respiration can be measured using any means known in the art. By way of
example, respiration can be assessed by ATP production, carbon dioxide production,
and/or oxygen use. Respiration can be inhibited by any means known in the art. For
example, inhibitors of respiration can be added to the fermenting composition. Suitable
inhibitors of respiration include, by way of example, Antimycin A, cyanide, azide,
oligomycin, and rotenone.

[0110] The inhibitor can be present at any concentration that decreases or limits
respiration. In some embodiments, the inhibitor is present at a concentration of about 0.1
to about 10 pM. For example, the concentration of the inhibitor can be about 0.1 to about
5 uM, about 0.1 to about 4 uM, about 0.1 to about 3 uM, about 0.1 to about 2 uM, about
0.1 to about 1.5 uM, or about 0.1 to about 1 pM. The concentration of the inhibitor can
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also be about 0.5 to about 10 uM, about 0.5 to about 5 uM, about 0.5 to about 3 pM,
about 0.5 to about 2 pM, about 0.5 to about 1.5 uM, or about 0.5 to about 1 uM. The
concentration of the inhibitor can also be about 1 pM. |

[0111] The inhibitor can be present at a concentration that is sufficient to reduce
respiration to a level that is no more than about 1%, 5%, 10%, 20%, 30%, 40%, 50%,
60%, or 75% of the level of respiration under the same conditions in the absence of the
inhibitor.

[0112] In some embodiments; the inhibitor of respiration is Antimycin A. In some
embodiments, the Antimycin A is present at a concentration of about 0.1 to about 10 pM. -
For example, the concentration of the Antimycin A can be about 0.1 to about 5 uM, about
0.1 to about 4 uM, about 0.1 to about 3 uM, about 0.1 to about 2 uM, about 0.1 to about
1.5 uM, or about 0.1 to about 1 pM. The concentration of the Antimycin A can also be
about 0.5 to about 10 pM, about 0.5 to about 5 M, about 0.5 to about 3 pM, about 0.5 to
about 2 pM, about 0.5 to about 1.5 pM, or about 0.5 to about 1 pM. The concentration of
the Antimycin A can also be about 1 uM. _

[0113] The Antimycin A can be present at a concentration that is sufficient to reduce
respiration to a level that is no more than about 1%, 5%, 10%, 20%, 30%, 40%, 50%,
60%, or 75% of the level of respiration under the same conditions in the absence of the
Antimycin A.

[0114) In some embodiments, the culture conditions are such that the fermentation occurs
without respiration in the absence of inhibitors. For example, cells can be cultured in a
fermenter under micro-aerobic or anaerobic conditions.

[0115] Other conditions that maximize butanol production can also be provided.

[0116] Typically microorganisms are grown at a temperature in the range of about 20 °C
to about 40°C. Conversion of S-carbon sugars into xylulose (isomerization) and
fermentation can be performed at the same or different temperatures. For example,
temperatures of about 40 °C can be used for the cohversion of 5-carbon sugars into
xylulose, and temperatures of about 30 °C can be used for the fermentation pf xylulose to
butanol. Furthermore, temperatures of about 30 °C to about 40 °C, about 31 °C to about
39 °C, about 32 °C to about 38 °C, about 32 °C to about 37 °C, about 33 °C to about 36
°C, or about 33 °C to about 35 °C can be used for both conversion of 5-carbon sugars into

xylulose and fermentation of xylulose to butanol. In addition, temperatures of about 32



WO 2012/173659 PCT/US2012/000289
-61 -

°C to about 36 °C, about 32 °C to about 35 °C, about 32 °C to about 34 °C, about 33 °C
to about 36 °C, about 33 °C to about 35 °C, or about 33 °C to about 34 °C can be used
for both conversion of 5-carbon sugars into xylulose and fermentation of xylulose to
butanol. In addition, temperatures of about 32 °C to about 36 °C, about 33 °C to about 36
°C, about 34 °C to about 36 °C, about 33 °C to about 35 °C, about 33 °C to about 35 °C,
or about 34 °C to about 35 °C can be used for both conversion of 5-carbon sugars into
xylulose and fermentation of xylulose to butanol. In some embodiments, a temperature of
about 33 °C to about 35°C or a temperature of about 34 °C is used to convert 5-carbon
sugars to xylulose and to ferment xylulose to butanol.

[0117] Suitable pH ranges for the microorganisms are about pH 3.0 to about pH 9.0.
Conversion of 5-carbon sugars into xylulose (isomerization) and fermentation can be
performed at the same or different pH. In some embodiments, the isomerization occurs at
a pH of about pH 5.0 to about pH 8.0, about pH 5.0 to about pH 7.0, about pH 6.0 to
about pH 8.0, about pH 6.0 to about pH 7.0, or about 7.0. In some embodiments, the
fermentation occurs at a pH of about pH 3.0 to about pH 7.0, about pH 4.0 to about pH
6.0, about pH 4.0 to about pH 5.0.

[0118] In some embodiments, isomerization and fermentation occur at a pH of about pH
4.0 to about pH 8.0, about pH 5.0 to about pH 7.0, or about pH 6.0. In some
embodiments, isomerization and fermentation occur at a pH of about pH 5.0 to about pH
8.0, or about pH 6.0 to about pH 8.0. In some embodiments, isomerization and
fermentation occur at a pH that is about pH 4.0 to about pH 7.0, about pH 4.0 to about pH
6.0. In some embodiments, isomerization and fermentation occur at a pH that is about pH
6.0.

[0119] In addition, fermentation media must contain suitable minerals, salts, cofactors,
buffers and other components, known to those skilled in the art, suitable for the growth of
the cultures and promotion of an enzymatic pathway described herein. Non-limiting
examples of media that can be used include yeast extract-peptone, a defined mineral
medium, yeast nitrogen base (YNB), synthetic complete (SC), M122C, MOPS, SOB,
TSY, YMG, YPD, 2XYT, LB, M17, or M9 minimal media. Other examples of media
that can be used include solutions containing potassium phosphate and/or sodium
phosphate. Suitable media can be supplemented with NADH or NADPH. Other suitable

growth media in the present invention are common commercially prepared media such as
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Luria Bertani (LB) broth, Sabouraud Dextrose (SD) broth, Yeast Medium (YM) broth, or
broth that includes yeast nitrogen base, ammonium sulfate, and dextrose (as the
carbon/energy source) or YPD Medium, a blend of peptone, yeast extract, and dextrose in
optimal proportions for growing most Saccharomyces cerevisiae strains. Other defined or
synthetic growth media can also be used, and the appropriate medium for growth of the
particulaf microorganism will be known by one skilled in the art of microbiology or
fermentation science.

[0120] In some embodiments, the fermentation media does not contain yeast extract.

[0121] In some embodiments, antibiotics are included. For example, methods which use
an exogenous source of an xylulose-producing enzyme can introduce bacterial
contaminants. For example, antibiotics such as Penicillins (e.g., Penicillin G or Penicillin
V), Tetracyclines, or Cephalosporins (e.g., Cephalosporin C), virginiamycin, and
chloramphenicol can be used. In some embodiments, the antibiotic is present in an
amount sufficient to inhibit bacterial growth. In some embodiments, the antibiotic is
present in an amount that does not affect yeast growth. In some embodiments, the
antibiotic is present at a concentration of about 5, 10, 15, 20, 25, 30, 35, 40, 45, or 50
ng/L.

[0122] In some embodiments, the compositions are cultured for at least about 20 hours, at
least about 30 hours, at least about 40 hours, at least about 50 hours, at least about 60
hours, at least about 70 hours, at least about 80 hours, at least about 90 hours, at least
about 100 hours, at least about 120 hours, at least about 140 hours, at least about 160
hours, at least about 180 hours, or at least about 200 hours.

[0123] It is contemplated that the production of isobutanol, or other products, can be
practiced using batch, fed-batch or continuous processes and that any known mode of
fermentation would be suitable. Additionally, it is contemplated that cells can be
immobilized on a substrate or in a matrix as whole cell catalysts and subjected to

fermentation conditions for isobutanol production.

[sobutanol Production

[0124] Methods for the production of butanol using 5-carbon sugars are described herein.

In some embodiments, the butanol is isobutanol.
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[0125] For example, butanol can be produced from 5-carbon sugars by (a) providing a
composition comprising a microorganism capable of producing butanol and an enzyme or
combination of enzymes capable of converting a substrate to xylulose; (b) éontacting the
composition with a source of S5-carbon sugars; and (c) culturing the yeast under
conditions that limits yeast respiration.

[0126] Thus, compositions for producing butanol from 5-carbon sugars are also provided.
The compositions comprise (a) a yeast capable of producing butanol; (b) an enzyme or
combination of enzymes capable of converting a 5-carbon sugar to xylulose; (c) a source
of 5-carbon sugars; and (d) a fermentation media.

[0127] In some embodiments, the butanol or isobutanol is produced at a particular yield
or rate.

[0128] Thus, the specific isobutanol producﬁon rate can be at least about 0.10 g/g/h
(grams of isobutanol per gram dry cell weight per hour), at least about 0.11 g/g/h, at least
about 0.12 g/g/h, at least about 0.13 g/g/h, at least about 0.14 g/g/h, at least about 0.15
g/g/h, at least about 0.16 g/g/h, at least about 0.17 g/g/h, at least about 0.18 g/g/h, at least
about 0.19 g/g/h, at least about 0.20 g/g/h, at least about 0.25 g/g/h, at least about 0.30
g/g/h, at least about 0.35 g/g/h, at least about 0.40 g/g/h, at least about 0.45 g/g/h, at least
about 0.50 g/g/h, at least about 0.75 g/g/hr, or at least about 1.0 g/g/hr . The specific
isobutanol production rate can also be about 0.05 g/g/h to about 1.0 g/gh, about 0.05
g/g/h to about 0.75 g/g/h, or about 0.05 g/g/h to about 0.50 g/g/h. The specific isobutanol
production rate can also be about 0.10 g/g/h to about 1.0 g/g/h, about 0.10 g/g/h to about
0.75 g/g/h, or about 0.10 to about 0.50 g/g/h. The specific isobutanol production rate can
also be about 0.15 g/g/h to about 1.0 g/g/h, about 0.15 g/g/h to about 0.75 g/g/h, or about
0.15 g/g/h toaabout 0.5 g/g/h.

[0129] In certain embodiments, the production provides a yield of greater than about 10%
of theoretical, at a yield of greater than about 20% of theoretical, at a yield of greater than
about 25% of theoretical, at a yield of greater than about 30% of theoretical, at a yield of
greater than about 40% of theoretical, at a yield of greater than about 50% of theoretical,
at a yield of greater than about 60% of theoretical, at a yield of greater than about 70% of
theoretical, at a yield of greater than about 75% of theoretical, at a yield of greater than
about 80% of theoretical at a yield of greater than about 85% of theoretical, at a yield of

greater than about 90% of theoretical, at a yield of greater than about 95% of theoretical,
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at a yield of greater than about 96% of theoretical, at a yield of greater than about 97% of
theoretical, at a yield of greater than about 98% of theoretical, at a yield of greater than
about 99% of theoretical, or at a yield of about 100% of theoretical.

[0130] In certain embodiments, where both isobutanol and ethanol are produced, the rate
of isobutanol production can be at and the rate of isobutanol will decrease in the presence

of ethanol production.

Microorganisms

[0131] According to the methods described herein, any microorganism capable of
producing butanol can be used. For example, in some embodiments, the microorganism
is a yeast cell capable of producing butanol. In some embodiments, the yeast cell is a
member of a genus selected from the group consisting of: Saccharomyces,
Schizosaccharomyces, Hansenula, Candida, Kluyveromyces, Yarrowia, Issatchenkia, and
Pichia. In still another aspect, the yeast cell is Saccharomyces cerevisiae.

[0132] The microorganism can be genetically altered in order to allow it to produce
butanol. Biosynthetic pathways for the production of isobutanol that may be used include
those described in U.S. Pat. No. 7,993,889, which is incorporated herein by reference.
For example, the microorganism capable of producing butanol can comprise a
polynucleotide that encodes a polypeptide that cataljrzes the conversion of: (a) pyruvate
to acetolactate; (b) acetolactate to 2,3-dihydroxyisovalerate; (c) 2,3-dihydroxyisovalerate
to 2-ketoisovalerate; (d) 2-ketoisovalerate to isobutyraldehyde; or (e) isobutyraldehyde to
isobutanol. In some embodiments, the microorganism comprises polynucleotides that
encode polypeptides that catalyzes the conversion of: (a) pyruvate to acetolactate; (b)
acetolactate to  2,3-dihydroxyisovalerate; (c) 2,3-dihydroxyisovalerate to 2-
ketoisovalerate; (d) 2-ketoisovalerate to isobutyraldehyde; and (e) isobutyraldehyde to
isobutanol. In some embodiments, the microorganism comprises polynucleotides
encoding polypeptides having acetolactate synthase, keto acid reductoisomerase,
dihydroxy acid dehydratase, ketoisovalerate decafboxylase, and/or alcohol dehydrogenase
activity.

[0133] The microorganism capable of producing butanol can comprise a polynucleotide
that encodes a polypeptide that catalyzes the conversion of: (a) pyruvate to acetolactate;

(b) acetolactate to 2,3-dihydroxyisovalerate; (c) 2,3-dihydroxyisovalerate to o-
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ketoisovalerate; (d) a-ketoisovalerate to valine; (e) valine to isobutylamine; (f)
isobutylamine to isobutyraldehyde, (g) isobutyraldehyde to isobutanol. In some
embodiments, the microorganism comprises polynucleotides that encode polypeptides
that catalyzes the conversion of: (a) pyruvate to acetolactate; (b) acetolactate to 2,3-
dihydroxyisovalerate; (c) 2,3-dihydroxyisovalerate to a-ketoisovalerate; (d) a-
ketoisovalerate to valine; (e) valine to isobutylamine; (f) isobutylamine to
isobutyraldehyde, (g) isobutyraldehyde to isobutanol. In some embodiments, the
microorganism comprises polynucleotides encoding polypeptides having acetolactate
synthase, ketol-acid reductoisomerase, dihydroxyacid dehydratase, transaminase, valine
dehydrogenase, valine decarboxylase, omega transaminase, and/or branched-chain
alcohol dehydrogenase activity.

[0134] The microorganism capable of producing butanol can comprise a polynucleotide
that encodes a polypeptide that catalyzes the conversion of: (a) pyruvate to acetolactate;
(b) acetolactate to 2,3-dihydroxyisovalerate; (c) 2,3-dihydroxyisovalerate to o-
ketoisovalerate; (d) a-ketoisovalerate to isobutyryl-CoA; (e) isobutyryl-CoA to
isobutyraldehyde; and (f) isobutyraldehyde to isobutanol. In some embodiments, the
microorganism comprises polynucleotides that encode polypeptides that catalyzes the
conversion of: (a) pyruvate to acetolactate; (b) acetolactate to 2,3-dihydroxyisovalerate;
(c) 2,3-dihydroxyisovalerate to a-ketoisovalerate; (d) a-ketoisovalerate to isobutyryl-
CoA; () isobutyryl-CoA to isobutyraldehyde; and (f) isobutyraldehyde to isobutanol. In
some embodiments, the microorganism comprises polynucleotides encoding polypeptides
having acetolactate synthase, acetohydroxy acid reductoisomerase, acetohydroxy acid
dehydratase, branched-chain keto acid dehydrogenase, acelylating aldehyde
dehydrogenase, and/or branched-chain alcohol dehydrogenase activity.

[0135] The microorganism capable of producing butanol can comprise a polynucleotide
that encodes a polypeptide that catalyzes the conversion (a) butyryl-CoA to isobutyryl-
CoA, (b) isobutyryl-CoA to isobutyraldehyde; and (c) isobutyraldehyde to isobutanol. In
some embodiments, the microorganism comprises polynucleotides that encode
polypeptides that catalyzes the conversion of: (a) butyryl-CoA to isobutyryl-CoA, (b)
isobutyryl-CoA to isobutyraldehyde; and (c) isobutyraldehyde to isobutanol. In some
embodiments, the microorganism comprises polynucleotides encoding polypeptides

having isobutyryl-CoA mutase, acelylating aldehyde dehydrogenase, and/or branched-
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chain alcohol dehydrogenase activity, as described in steps k, e, and g in Figure 1 from
U.S. Pat. No. 7,993,889, which is herein incorporated by reference

[0136] Biosynthetic pathways for the production of 1-butanol that may be used include
those described in U.S. Appl. Pub. No. 2008/0182308, which is incorporated herein by
reference. The microorganism capable of producing butanol can comprise a
polynucleotide that encodes a polypeptide that catalyzes the conversion of: (a) acetyl-
CoA to acetoacetyl-CoA; (b) acetoacetyl-CoA to 3-hydroxybutyryl-CoA; (¢) 3-
hydroxybutyryl-CoA to crotonyl-CoA; (d) crotonyl-CoA to butyryl-CoA; (e) butyryl-
CoA to butyraldehyde; and (f) butyraldehyde to 1-butanol. In some embodiments, the
microorganism comprises polynucleotides that encode polypeptides that catalyzes the
conversion of: (a) acetyl-CoA to acetoacetyl-CoA; (b) acetoacetyl-CoA to 3-
hydroxybutyryl-CoA; (c) 3-hydroxybutyryl-CoA to crotonyl-CoA; (d) crotonyl-CoA to
butyryl-CoA; (e) butyryl-CoA to butyraldehyde; and (f) butyraldehyde to 1-butanol. In
some embodiments, the microorganism comprises polynucleotides encoding polypeptides
having acetyl-CoA acetyl transferase, 3-hydroxybutyryl-CoA dehydrogenase, crotonase,
butyryl-CoA  dehydrogenase, butyraldehyde dehydrogenase, and/or  butanol
dehydrogenase activity.

[0137] Biosynthetic pathways for the production of 2-butanol that may be used include
those described in U.S. Appl. Pub. No. 2007/0259410 and U.S. Appl. Pub. No.
2009/0155870, which are incorporated herein by reference. The microorganism capable
of producing butanol can comprise a polynucleotide that encodes a polypeptide that
catalyzes the conversion of: (a) pyruvate to alpha-acetolactate; (b) alpha-acetolactate to
acetoin; (c) acetoin to 3-amino-2-butanol; (d) 3-amino-2-butanol to 3-amino-2-butanol
phosphate; (¢) 3-amino-2-butanol phosphate to 2-butanone; and (f) 2-butanone to 2-
butanol. In some embodiments, the microorganism comprises polynucleotides that
encode polypeptides that catalyzes the conversion of: (a) pyruvate to alpha-acetolactate;
(b) alpha-acetolactate to acetoin; (c) acetoin to 3-amino-2-butanol; (d) 3-amino-2-butanol
to 3-amino-2-butanol phosphate; (€) 3-amino-2-butanol phosphate to 2-butanone; and ®
2-butanone to 2-butanol. In som; embodiments, the microorganism comprises
polynucleotides encoding polypeptides having acetolactate synthase, acetolactate
decarboxylase, acetonin aminase, aminobutanol Kkinase, aminobutanol phosphate

phosphorylase, and/or butanol dehydrogenase activity.
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[0138] The microorganism capable of producing butanol can comprise a polynucleotide
that encodes a polypeptide that catalyzes the conversion of: (a) pyruvate to alpha-
acetolactate; (b) alpha-acetolactate to acetoin; (c) acetoin to 2,3-butanediol; (d) 2,3-
butanediol to 2-butanone; and (e) 2-butanone to 2-butanol. In some embodiments, the
microorganism comprises polynucleotides that encode polypeptides that catalyzes the
conversion of: (a) pyruvate to alpha-acetolactate; (b) alpha-acetolactate to acetoin; (c)
acetoin to 2,3-butanediol; (d) 2,3-butanediol to 2-butanone; and (e) 2-butanone to 2-
butanol. In some embodiments, the microorganism comprises polynucleotides encoding
polypeptides having acetolactate synthase, acetolactate decarboxylase, butanediol
dehydrogenase, dial dehydratase, and/or butanol dehydrogenase activity.

[0139] Biosynthetic pathways for the production of 2-butanone that may be used include
those described in U.S. Appl. Pub. No. 2007/0259410 and U.S. Appl. Pub. No.
2009/0155870, which are incorporated herein by reference. The microorganism capable
of producing butanol can comprise a polynucleotide that encodes a polyp'eptide that
catalyzes the conversion of: (a) pyruvate to alpha-acetolactate; (b) alpha-acetolactate to
acetoin; (c) acetoin to 3-amino-2-butanol; (d) 3-amino-2-butanol to 3-amino-2-butanol
phosphate; and (e) 3-amino-2-butanol phosphate to 2-butanone. In some embodiments,
the microorganism comprises polynucleotides that encode polypeptides that catalyzes the
conversion of: (a) pyruvate to alpha-acetolactate; (b) alpha-acetolactate to acetoin; (c)
acetoin to 3-amino-2-butanol; (d) 3-amino-2-butanol to 3-amino—2-butanpl phosphate;
and (¢) 3-amino-2-butanol phosphate to 2-butanone. In some embodiments, the
microorganism comprises polynucleotides encoding polypeptides having acetolactate
synthase, acetolactate decarboxylase, acetonin aminase, aminobutanol kinase, and/or
aminobutanol phosphate phosphorylase activity.

[0140] The microorganism capable of producing butanol can comprise a polynucleotide
that encodes a polypeptide that catalyzes the conversion of: (a) pyruvate to alpha--
acetolactate; (b) alpha-acetolactate to acetoin; (c) acetoin to 2,3-butanediol; and (d) 2,3-
butanediol to 2-butanone. In some embodiments, the microorganism comprises
polynucleotides that encode polypeptides that catalyzes the conversion of: (a) pyruvate to
alpha-acetolactate; (b) alpha-acetolactate to acetoin; (c) acetoin to '2,3-butanediol; and (d)

2,3-butanediol to 2-butanone. In some embodiments, the microorganism comprises
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polynucleotides encoding polypeptides having acetolactate synthase, acetolactate
decarboxylase, butanediol dehydrogenase, and/or dial dehydratase activity.

[0141] In addition, in some embodiments, the microorganism comprises at least one
deletion, mutation, and/or substitution in an endogenous polynucleotide encoding a
polypeptide having pyruvate decarboxylase activity. The polypeptide having pyruvate
decarboxylase activity can be, by way of example, Pdc1, Pdc5, Pdc6, or any combination
thereof. In some embodiments, the microorganism is substantially free of an enzyme
having pyruvate decarboxylase activity. A genetic modification which has the effect of
reducing glucose repression wherein the yeast production host cell is pdc- is described in
U.S. Appl. Publication No. 20110124060, incorporated herein by reference.

[0142] It will be appreciated that microorganisms comprising a butanol biosynthetic
pathway as provided herein may further comprise one or more additional modifications.
U.S. Appl. Pub. No. 20090305363 (incorporated herein by reference) discloses increased
conversion of pyruvate to acetolactate by engineering yeast for expression of a cytosol-
localized acetolactate synthase and substantial elimination of pyruvate decarboxylase
activity. In some embodiments, the host cells comprise modifications to reduce glycerol-
3-phosphate dehydrogenase activity and/or disruption in at least one gene encoding a
polypeptide having pyruvate decarboxylase activity or a disruption in at least one gene
encoding a regulatory element controlling pyruvate decarboxylase gene expression as
described in U.S. Patent Appl. Pub. No. 20090305363 (incorporated herein by reference),
modifications to a host cell that provide for increased carbon flux through an Entner-
Doudoroff Pathway or reducing equivalents balance as described in U.S. Patent Appl.
Pub. No. 20100120105 (incorporated herein by reference). Other modifications include
integration of at least one polynucleotide encoding a polypeptide that catalyzes a step ina
pyruvate-utilizing biosynthetic pathway. Other modifications include at least one
deletion, mutation, and/or substitution in an endogenous polynucleotide encoding a
polypeptide having acetolactate reductase activity. In embodiments, the polypeptide
having acetolactate reductase activity is YMR226C of Saccharomyces cerevisae or a
homolog thereof.  Additional modifications include a deletion, mutation, and/or
substitution in an endogenous polynucleotide encoding a polypeptide having aldehyde
dehydrogenase and/or aldehyde oxidase activity. In embodiments, the polypeptide having

aldehyde dehydrogenase activity is ALD6 from Saccharomyces cerevisiae or a homolog
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thereof. In some emobodiments, microroganisms contain a deletion or downregulation of
a polynucleotide encoding a polypeptide that catalyzes the conversion of glyceraldehyde-
3-phosphate to glycerate 1,3, bisphosphate. In some embodiments, the enzyme that
catalyzes this reaction is glyceraldehyde-3-phosphate dehydrogenase.

In some embodiments, the yeast strain is PNY1504. PNY1504 was derived from
CEN.PK 113-7D (CBS 8340; Centraalbureau voor Schimmelcultures (CBS) Fungal
Biodiversity Centre, Netherlands) and contains deletions of the following genes: URA3,
HIS3, PDC1, PDCS, PDC6, and GPD2. This strain was transformed with plasmids
pYZ090 (SEQ ID NO: 1) and pLH468 (SEQ ID NO: 2) to create strain PNY1504
(BP1083, NGCI-070). Plasmids pYZ090 and pLH468 were described in US Provisional
Application No. 61/246844, which is hereby incorporated by reference in its entirety. In
some embodiments, the microorganism comprises a polynucleotide encoding one or more
polypeptides that function in the pentose phosphate pathway. For example, the
polypeptide can be a transketolase, a transaldolase, a ribulose-phosphate 3-epimerase,
and/or a ribose-5-phosphate isomerase. Sequences of exemplary pentose phosphate

pathway proteins are found in Table 6 below.

Table 6: Pentose Phosphate Pathway Enzymes.

Genomic coding region sequence records from Saccharomyces Genome Database are

shown in FASTA format.

Enzyme EC Number SEQ ID NO

Transketolase >TKL1 YPR074C Chr 16

ATGACTCAATTCACTGACATTGATAAGCTAGCCGTCTCCACC
ATAAGAATTTTGGCTGTGGACACCGTATCCAAGGCCAACTC
AGGTCACCCAGGTGCTCCATTGGGTATGGCACCAGCTGCAC
ACGTTCTATGGAGTCAAATGCGCATGAACCCAACCAACCCA
GACTGGATCAACAGAGATAGATTTGTCTTGTCTAACGGTCA
CGCGGTCGCTTTGTTGTATTCTATGCTACATTTGACTGGTTA
CGATCTGTCTATTGAAGACTTGAAACAGTTCAGACAGTTGG
GTTCCAGAACACCAGGTCATCCTGAATTTGAGTTGCCAGGT
GTTGAAGTTACTACCGGTCCATTAGGTCAAGGTATCTCCAAC
GCTGTTGGTATGGCCATGGCTCAAGCTAACCTGGCTGCCACT
TACAACAAGCCGGGCTTTACCTTGTCTGACAACTACACCTAT
GTTTTCTTGGGTGACGGTTGTTTGCAAGAAGGTATTTCTTCA
GAAGCTTCCTCCTTGGCTGGTCATTTGAAATTGGGTAACTTG
ATTGCCATCTACGATGACAACAAGATCACTATCGATGGTGC
TACCAGTATCTCATTCGATGAAGATGTTGCTAAGAGATACG
22.1.1 AAGCCTACGGTTGGGAAGTTTTGTACGTAGAAAATGGTAAC
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GAAGATCTAGCCGGTATTGCCAAGGCTATTGCTCAAGCTAA
GTTATCCAAGGACAAACCAACTTTGATCAAAATGACCACAA
CCATTGGTTACGGTTCCTTGCATGCCGGCTCTCACTCTGTGC
ACGGTGCCCCATTGAAAGCAGATGATGTTAAACAACTAAAG
AGCAAATTCGGTTTCAACCCAGACAAGTCCTTTGTTGTTCCA
CAAGAAGTTTACGACCACTACCAAAAGACAATTTTAAAGCC
AGGTGTCGAAGCCAACAACAAGTGGAACAAGTTGTTCAGCG
AATACCAAAAGAAATTCCCAGAATTAGGTGCTGAATTGGCT
AGAAGATTGAGCGGCCAACTACCCGCAAATTGGGAATCTAA
GTTGCCAACTTACACCGCCAAGGACTCTGCCGTGGCCACTA
GAAAATTATCAGAAACTGTTCTTGAGGATGTTTACAATCAA
TTGCCAGAGTTGATTGGTGGTTCTGCCGATTTAACACCTTCT
AACTTGACCAGATGGAAGGAAGCCCTTGACTTCCAACCTCC
TTCTTCCGGTTCAGGTAACTACTCTGGTAGATACATTAGGTA
CGGTATTAGAGAACACGCTATGGGTGCCATAATGAACGGTA
TTTCAGCTTTCGGTGCCAACTACAAACCATACGGTGGTACTT
TCTTGAACTTCGTTTCTTATGCTGCTGGTGCCGTTAGATTGTC
CGCTTTGTCTGGCCACCCAGTTATTTGGGTTGCTACACATGA
CTCTATCGGTGTCGGTGAAGATGGTCCAACACATCAACCTA
TTGAAACTTTAGCACACTTCAGATCCCTACCAAACATTCAAG
TTTGGAGACCAGCTGATGGTAACGAAGTTTCTGCCGCCTAC
AAGAACTCTTTAGAATCCAAGCATACTCCAAGTATCATTGCT
TTGTCCAGACAAAACTTGCCACAATTGGAAGGTAGCTCTAT
TGAAAGCGCTTCTAAGGGTGGTTACGTACTACAAGATGTTG
CTAACCCAGATATTATTTTAGTGGCTACTGGTTCCGAAGTGT
CTTTGAGTGTTGAAGCTGCTAAGACTTTGGCCGCAAAGAAC
ATCAAGGCTCGTGTTGTTTCTCTACCAGATTTCTTCACTTTTG
ACAAACAACCCCTAGAATACAGACTATCAGTCTTACCAGAC
AACGTTCCAATCATGTCTGTTGAAGTTTTGGCTACCACATGT
TGGGGCAAATACGCTCATCAATCCTTCGGTATTGACAGATTT
GGTGCCTCCGGTAAGGCACCAGAAGTCTTCAAGTTCTTCGG
TTTCACCCCAGAAGGTGTTGCTGAAAGAGCTCAAAAGACCA
TTGCATTCTATAAGGGTGACAAGCTAATTTCTCCTTTGAAAA
AAGCTTTCTAA (SEQ ID NO: 85)

Transaldolase

22.1.2

>TAL1 YLR354C Chr 12
ATGTCTGAACCAGCTCAAAAGAAACAAAAGGTTGCTAACAA
CTCTCTAGAACAATTGAAAGCCTCCGGCACTGTCGTTGTTGC
CGACACTGGTGATTTCGGCTCTATTGCCAAGTTTCAACCTCA
AGACTCCACAACTAACCCATCATTGATCTTGGCTGCTGCCAA
GCAACCAACTTACGCCAAGTTGATCGATGTTGCCGTGGAAT
ACGGTAAGAAGCATGGTAAGACCACCGAAGAACAAGTCGA
AAATGCTGTGGACAGATTGTTAGTCGAATTCGGTAAGGAGA
TCTTAAAGATTGTTCCAGGCAGAGTCTCCACCGAAGTTGAT
GCTAGATTGTCTTTTGACACTCAAGCTACCATTGAAAAGGCT
AGACATATCATTAAATTGTTTGAACAAGAAGGTGTCTCCAA
GGAAAGAGTCCTTATTAAAATTGCTTCCACTTGGGAAGGTA
TTCAAGCTGCCAAAGAATTGGAAGAAAAGGACGGTATCCAC
TGTAATTTGACTCTATTATTCTCCTTCGTTCAAGCAGTTGCCT
GTGCCGAGGCCCAAGTTACTTTGATTTCCCCATTTGTTGGTA
GAATTCTAGACTGGTACAAATCCAGCACTGGTAAAGATTAC
AAGGGTGAAGCCGACCCAGGTGTTATTTCCGTCAAGAAAAT
CTACAACTACTACAAGAAGTACGGTTACAAGACTATTGTTA
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TGGGTGCTTCTTTCAGAAGCACTGACGAAATCAAAAACTTG

GCTGGTGTTGACTATCTAACAATTTCTCCAGCTTTATTGGAC
AAGTTGATGAACAGTACTGAACCTTTCCCAAGAGTTTTGGA

CCCTGTCTCCGCTAAGAAGGAAGCCGGCGACAAGATTTCTT

ACATCAGCGACGAATCTAAATTCAGATTCGACTTGAATGAA
GACGCTATGGCCACTGAAAAATTGTCCGAAGGTATCAGAAA
ATTCTCTGCCGATATTGTTACTCTATTCGACTTGATTGAAAA

GAAAGTTACCGCTTAA (SEQ ID NO: 86)

Ribulose-
phosphate 3-
epimerase

5.13.1

>RPE1 YJL121C Chr 10
ATGGTCAAACCAATTATAGCTCCCAGTATCCTTGCTTCTGAC
TTCGCCAACTTGGGTTGCGAATGTCATAAGGTCATCAACGC
CGGCGCAGATTGGTTACATATCGATGTCATGGACGGCCATT
TTGTTCCAAACATTACTCTGGGCCAACCAATTGTTACCTCCC
TACGTCGTTCTGTGCCACGCCCTGGCGATGCTAGCAACACA
GAAAAGAAGCCCACTGCGTTCTTCGATTGTCACATGATGGT
TGAAAATCCTGAAAAATGGGTCGACGATTTTGCTAAATGTG
GTGCTGACCAATTTACGTTCCACTACGAGGCCACACAAGAC
CCTTTGCATTTAGTTAAGTTGATTAAGTCTAAGGGCATCAAA
GCTGCATGCGCCATCAAACCTGGTACTTCTGTTGACGTTTTA
TTTGAACTAGCTCCTCATTTGGATATGGCTCTTGTTATGACT
GTGGAACCTGGGTTTGGAGGCCAAAAATTCATGGAAGACAT
GATGCCAAAAGTGGAAACTTTGAGAGCCAAGTTCCCCCATT
TGAATATCCAAGTCGATGGTGGTTTGGGCAAGGAGACCATC
CCGAAAGCCGCCAAAGCCGGTGCCAACGTTATTGTCGCTGG
TACCAGTGTTTTCACTGCAGCTGACCCGCACGATGTTATCTC
CTTCATGAAAGAAGAAGTCTCGAAGGAATTGCGTTCTAGAG
ATTTGCTAGATTAG (SEQ ID NO: 87)

Ribose-5-
phosphate
isomerase

53.1.6

>RKI1 YOR095C Chr 15
ATGGCTGCCGGTGTCCCAAAAATTGATGCGTTAGAATCTTTG
GGCAATCCTTTGGAGGATGCCAAGAGAGCTGCAGCATACAG
AGCAGTTGATGAAAATTTAAAATTTGATGATCACAAAATTA
TTGGAATTGGTAGTGGTAGCACAGTGGTTTATGTTGCCGAA
AGAATTGGACAATATTTGCATGACCCTAAATTTTATGAAGT
AGCGTCTAAATTCATTTGCATTCCAACAGGATTCCAATCAAG
AAACTTGATTTTGGATAACAAGTTGCAATTAGGCTCCATTGA
ACAGTATCCTCGCATTGATATAGCGTTTGACGGTGCTGATGA
AGTGGATGAGAATTTACAATTAATTAAAGGTGGTGGTGCTT
GTCTATTTCAAGAAAAATTGGTTAGTACTAGTGCTAAAACCT
TCATTGTCGTTGCTGATTCAAGAAAAAAGTCACCAAAACAT
TTAGGTAAGAACTGGAGGCAAGGTGTTCCCATTGAAATTGT
ACCTTCCTCATACGTGAGGGTCAAGAATGATCTATTAGAAC
AATTGCATGCTGAAAAAGTTGACATCAGACAAGGAGGTTCT
GCTAAAGCAGGTCCTGTTGTAACTGACAATAATAACTTCATT
ATCGATGCGGATTTCGGTGAAATTTCCGATCCAAGAAAATT
GCATAGAGAAATCAAACTGTTAGTGGGCGTGGTGGAAACAG
GTTTATTCATCGACAACGCTTCAAAAGCCTACTTCGGTAATT
CTGACGGTAGTGTTGAAGTTACCGAAAAGTGA (SEQ ID NO:
88)

[0144]

In addition, the microorganism can comprise any combination of polynucleotides

encoding polypeptides that function in the pentose phosphate pathway.
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[0145] In some embodiments, the compositions used herein comprise both
microorganisms capable of producing butanol and microorganisms that are not capable of
producing butanol. Lignocellulosic hydrolysates can inhibit the growth of butanol-
producing microorganisms and can do so to a greater extent than they inhiBit the growth
of non-butanol-producing microorganisms. The methods described herein, maximize the
growth and yield of butanol-producing microorganisms.

[0146] In some embodiments, the butanol-producing microorganisms are present in a
composition (e.g. , a fermenting composition) at a concentration that is at least equal to the
concentration of microorganisms that are not capable of producing butanol. In addition,
the microorganisms capable of producing butanol can be present at a concentration that is
greater than the concentration of microorganisms that are not capable of producing
butanol. The microorganisms capable of producing butanol can be present at a
concentration that is at least twice the concentration of microorganisms that are not

capable of producing butanol.

Methods for Isobutanol Isolation from the Fermentation Medium

[0147] According to the methods described herein, butanol can be obtained from 5-
carbon sugars by a method comprising (a) providing a composition comprising a
microorganism capable of producing butanol and an enzyme or enzymes capable of
converting a 5-carbon sugar to xylulose; (b) contacting the composition with a source of
5-carbon sugars; (c) culturing the microorganism under conditions that limits respiration;
and (d) purifying isobutanol from the culture.

[0148] Methods described herein can be used in conjunction with methods known in the
art. Methods that can be used in conjunction with methods disclosed herein are disclosed
in US Provisional Application No. 61/356,290, filed on June 18, 2010; as well as U.S.
Provisional Application No. 61/368,451, filed on July 28, 2010; U.S. Provisional
Application No. 61/368,436, filed on July 28, 2010; U.S. Provisional Application No.
61/368,444, filed on July 28, 2010; U.S. Provisional Application No. 61/368,429, filed on
July 28, 2010; U.S. Provisional Application No. 61/379,546, filed on September 2, 2010,
and U.S. Provisional Application No. 61/440,034, filed on February 7, 2011; the entire

contents of which are all herein incorporated by reference.
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[0149] Bioproduced isobutanol can be isolated from the fermentation medium using
methods known in the art for acetone-butanol-ethanol (ABE) fermentations (see, e.g.,
Durre, Appl. Microbiol. Biotechnol. 49:639-648 (1998), Groot et al., Process. Biochem.
27:61-75 (1992), and references therein). For example, solids can be removed from the
fermentation medium by centrifugation, filtration, decantation, or the like. Then, the
isobutanol can be isolated from the fermentation medium using methods such as
distillation, azeotropic distillation, liquid-liquid extraction, adsorption, gas stripping,
membrane evaporation, or pervaporation.

[0150] Because isobutanol forms a low boiling point, azeotropic mixture with water,
distillation can be used to separate the mixture up to its azeotropic composition.
Distillation can be used in combination with another separation method to obtain
separation around the azeotrope. Methods that can be used in combination with
distillation to isolate and purify butanol include, but are not limited to, decantation,
liquid-liquid extraction, adsorption, and membrane-based techniques.  Additionally,
butanol can be isolated using azeotropic distillation using an entrainer (see, e.g., Doherty
and Malone, Conceptual Design of Distillation Systems, McGraw Hill, New York, 2001).

[0151] The butanol-water mixtﬁre forms a heterogeneous azeotrope so that distillation
can be used in combination with decantation to isolate and purify the isobutanol. In this
method, the isobutanol containing fermentation broth is distilled to near the azeotropic
composition. Then, the azeotropic mixture is condensed, and the isobutanol is separated
from the fermentation medium by decantation. The decanted aqueous phase can be
returned to the first distillation column as reflux. The isobutanol-rich decanted organic
phase can be further purified by distillation in a second distillation column.

[0152] The isobutanol can also be isolated from the fermentation medium using liquid-
liquid extraction in combination with distillation. In this method, the isobutanol is
extracted from the fermentation broth using liquid-liquid extraction with a suitable
solvent. The isobutanol-containing organic phase is then distilled to separate the butanol
from the solvent.

[0153] Distillation in combination with adsorption can also be used to isolate isobutanol
from the fermentation medium. In this method, the fermentation broth containing the
isobutanol is distilled to near the azeotropic composition and then the remaining water is

removed by use of an adsorbent, such as molecular sieves (Aden et al. Lignocellulosic
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Biomass to Ethanol Process Design and Economics Utilizing Co-Current Dilute Acid
Prehydrolysis and Enzymatic Hydrolysis for Corn Stover, Report NREL/TP-510-32438,
National Renewable Energy Laboratory, June 2002). '

[0154] Additionally, distillation in combination with pervaporation can be used to isolate
and purify the isobutanol from the fermentation medium. In this method, the
fermentation broth containing the isobutanol is distilled to near the azeotropic
composition, and then the remaining water is removed by pervaporation through a
hydrophilic membrane (Guo et al., J. Membr. Sci. 245, 199-210 (2004)).

[0155] In situ product removal (ISPR) (also referred to as extractive fermentation) can be
used to remove butanol (or other fermentative alcohol) from the fermentation vessel as it
is produced, thereby allowing the microorganism to produce butanol at high yields. One
method for ISPR for removing fermentative alcohol that has been described in the art is
liquid-liquid extraction. In general, with regard to butanol fermentation, for example, the
fermentation medium, which includes the microorganism, is contacted with an organic
extractant at a time before the butanol concentration reaches a toxic level. The organic
extractant and the fermentation medium form a biphasic mixture. The butanol partitions
into the organic extractant phase, decreasing the concentration in the aqueous phase
containing the microorganism, theréby limiting the exposure of the microorganism to the
inhibitory butanol.

[0156] Liquid-liquid extraction can be performed, for example, according to the
processes described in U.S. Pub. No. 2009/0305370, the disclosure of which is hereby
incorporated in its entirety. U.S. Patent Appl. Pub. No. 2009/0305370 describes methods
for producing and recovering butanol from a fermentation broth using liquid-liquid
extraction, the methods comprising the step of contacting the fermentation broth with a
water immiscible extractant to form a two-phase mixture comprising an aqueous phase
and an organic phase. Typically, the extractant can be an organic extractant selected from
the group consisting of saturated, mono-unsaturated, poly-unsaturated (and mixtures
thereof) Cjz to Cy; fatty alcohols, Cy; to Cp; fatty acids, esters of Cjp to Cy, fatty acids,
Cy, to Cy, fatty aldehydes, and mixtures thereof. The extractant(s) for ISPR can be non-
alcohol extractants. The ISPR extractant can be an exogenous organic extractant such as

oleyl alcohol, behenyl alcohol, cetyl alcohol, lauryl alcohol, myristyl alcohol, stearyl
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alcohol, 1-undecanol, oleic acid, lauric acid, myristic acid, stearic acid, methyl myristate,
methyl oleate, undecanal, lauric aldehyde, 20-methylundecanal, and mixtures thereof.

[0157] In some embodiments, the alcohol can be esterified by contacting the alcohol in a
fermentation medium with an organic acid (e.g., fatty acids) and a catalyst (e.g. lipase)
capable of esterifying the alcohol with the ofganic acid. In such embodiments, the
organic acid can serve as an ISPR extractant into which the alcohol esters partition. The
organic acid can be supplied to the fermentation vessel and/or derived from the biomass
supplying fermentable carbon fed to the fermentation vessel.  Lipids present in the
feedstock can be catalytically hydrolyzed to organic acid, and the same catalyst (e.g.,
enzymes) can esterify the organic acid with the alcohol. The catalyst can be supplied to
the feedstock prior to fermentation, or can be supplied to the fermentation vessel before
or contemporaneously with the supplying of the feedstock. When the catalyst is supplied
to the fermentation vessel, alcohol esters can be obtained by hydrolysis of the lipids into
organic acid and substantially simultaneous esterification of the organic acid with butanol
present in the fermentation vessel. Organic acid and/or native oil not derived from the
feedstock can also be fed to the fermentation vessel, with the native oil being hydrolyzed
into organic acid. Any organic acid not esterified with the alcohol can serve as part of the
ISPR extractant. The extractant containing alcohol esters can be separated from the
fermentation medium, and the alcohol can be recovered from the extractant. The
extractant can be recycled to the fermentation vessel. Thus, in the case of butanol
production, for example, the conversion of the butanol to an ester reduces the free butanol
concentration in the fermentation medium, shielding the microorganism from the toxic
effect of increasing butanol concentration. In addition, unfractionated grain can be used
as feedstock without separation of lipids therein, since the lipids can be catalytically
hydrolyzed to organic acid, thereby decreasing the rate of build-up of lipids in the ISPR
extractant.

[0158] In situ product removal can be carried out in a batch mode or a continuous mode.
In a continuous mode of in situ product removal, product is continually removed from the
reactor. In a batchwise mode of in situ product removal, a volume of organic extractant
is added to the fermentation vessel and the extractant is not removed during the process.
For in situ product removal, the organic extractant can contact the fermentation medium

at the start of the fermentation forming a biphasic fermentation.medium. Alternatively,
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the organic extractant can contact the fermentation medium after the microorganism has
achieved a desired amount of growth, which can be determined by measuring the optical
density of the culture. Further, the organic extractant can contact the fermentation
medium at a time at which the product alcohol level in the fermentation medium reaches
a preselected level. In the case of butanol production according to some embodiments of
the present invention, the organic acid extractant can contact the fermentation medium at
a time before the butanol concentration reaches a toxic level, so as to esterify the butanol
with the organic acid to produce butanol esters and consequently reduce the concentration
of butanol in the fermentation vessel. The ester-containing organic phase can then be
removed from the fermentation vessel (and separated from the fermentation broth which
constitutes the aqueous phase) after a desired effective titer of the butanol esters is
achieved. In some embodiments, the ester-containing organic phase is separated from the
aqueous phase after fermentation of the available fermentable sugar in the fermentation

vessel is substantially complete.

EXAMPLES

[0159] The present invention is further defined in the following Examples. It should be
understood that these Examples, while indicating embodiments of the invention, are given
by way of illustration only. From the above discussion and these Examples, one skilled
in the art can ascertain the essential characteristics of this invention, and without
departing from the spirit and scope thereof, can make various changes and modifications
of the invention to adapt it to various uses and conditions.

[0160] All documents cited herein, including journal articles or abstracts, published or
corresponding U.S. or foreign patent applications, issued or foreign patents, or any other
documents, are each entirely incorporated by reference herein, including all data, tables,

figures, and text presented in the cited documents.
Example 1

Conversion of Fermentable Carbons in Lignocellulosic Hydrolysates to Isobutanol
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Methods

[0161] Lignocellulosic hydrolysate (LCH) was produced from ground corn cob that had
been pretreated by a dilute ammonia and heat process then enzymatically hydrolyzed with
a mixture of commercial cellulase and hemicellulase enzyme preparations at 25% percent
pretreated corn cob solids, pH 5.3 and 48 °C for 96 hours, all as described in U.S.
Publication No. 2007/0031918A1, which is herein incorporated by reference. The
primary sugar and acetate concentrations in the resulting hydrolysate were: 75 g/L.
glucose; 54 g/L xylose, 6 g/L arabinose, and 5 g/L acetate.

[0162] Two yeast strains were used. The first, CEN.PK113-7D, is a wildtype
ethanologenic strain. Van Dijken et al., Enzyme Microb Technol 26:706-714 (2000). The
second strain, PNY1504 is an isobutanologenic strain. The strain was created from
PNY1503 (MATa ura3A::loxP his3A pdc6A pdclA::P[PDC1]-DHADIilvD_Sm-PDCIt
pdc5A::P[PDC5]-ADH|sadB_Ax-PDC5t gpd2A::1oxP) by transformation with plasmids
pYZ090 (alsS - L. lactis KARI) and pLH468 (IlvD — hADH - KivDy).

[0163] Synthetic Complete-GE medium consisted of Yeast Nitrogen Base w/o amino
acids, dropout mix —His —Ura —-Trp — Leu (1.4 g/L, Sigma Y2001) plus tryptophan (20
mg/L) and leucine (60 mg/L) (Sherman F, Methods in Enzymology 350:3-41 (2002)), and
3 g/L glucose plus 3 ml/L, 190 proof ethanol (Sigma E7023). Liquid medium was
buffered to pH 5.5 with 0.1 M MES-KOH. Solid medium for Petri plates was formed
with 20 g agar/L.

[0164] Test tubes containing 2 ml of SC-GE medium were inoculated from a plate, and
incubated at 30 °C with shaking for 6 hours. Then this pre-culture was used to inoculate
50 ml SC-GE in a 250 ml flask for overnight incubation at 30°C, 250 rpm. Cells were
recovered by centrifugation and transferred to 10 ml of production medium in 50 ml
flasks. Cultures were propagated at 30 °C for 150 hours and sampled periodically for
analysis of residual sugar and produced alcohol by HPLC. The production media tested
were either LCH or LCH diluted 1:1 with water.

[0165] Before analysis, fermentation samples were passed through a Nanosep MF 0.2
micron centrifugal filter (Pall Life Sciences, Ann Arbor, MI) using a Microfuge 18
Centrifuge (Beckman Coulter) set at 13,000 rpm for 3-5 minute. Glucose, xylose, acetic
acid, glycerol, ethanol, and isobutanol in the fermentation broth were measured by HPLC

with a Waters Alliance HPLC system. The column used was a Transgenomic ION-300
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column (#ICE-99-9850, Transgenomic, Inc., Ohmaha, NE) with a BioRad Micro-Guard
Cartridge Cation-H (#125-0129, Bio-Rad, Hercules, CA). The column was run at 75 °C
and 0.4 mL/min flow rate using 0.01 N H,SOj4 as solvent. The concentrations of starting
sugars and products were determined with a refractive index detector using external

standard calibration curves.

Results

[0166] The isobutanologen, PNY1504, was unable to grow on 1x corn cob hydrolysate.
As can be seen in Fig. 1, it grew on diluted hydrolysate at a rate comparable to the
wildtype strain on undiluted LCH, and it achieved approximately 2/3 the final biomass
concentration of the wildtype strain. Fig. 2 shows the profiles of glucose consumption
and isobutanol production by PNY1504. Glucose was consumed from ~40 g/L down to a
residual concentration of ~15 g/L within 24 hours. In that same period, isobutanol was
produced with a final titer of 3 g/L, resulting in a yield of 0.12 g.g”'. By comparison, in
Fig. 3, the ethanologenic strain is observed to consume the glucose almost completely,
from an initial concentration of ~75 g/L down to <5 g/L, over a period of >48 hours. It

produced approximately 28 g/L ethanol, for a yield of ~0.37 g.g'l.
Example 2
Conversion of C-5 Sugars to C-4 Alcohol in Defined Medium

Methods

[0167] Strain PNY1504 was pre-cultured in the defined medium SC-GE as described
above, except that the medium was buffered to pH 6. Production cultures used the same
SC medium, except either glucose or xylose was added to a final concentration of 35 g/L,
and penicillin G (Sigma P3032) was added at 25 pg/ml.

[0168] Unless it is genetically engineered to do so, S. cerevisiae is unable to ferment
xylose, but it is able to ferment xylulose. In order to test whether xylose is available for
fermentation to isobutanol, it was converted to xylulose in situ by xylose isomerase (10
g/L; Sigma G4166) essentially as described in Lastick S.M., et al., Applied Microbiology
and Biotechnology 30:574-579 (1989), Wang P.Y., et al., Biotechnology Letters 2:273-
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278 (1980) and Chandrakant P & Bisaria VS, 4ppl Microbiol Biotechnol 53:301-309
(2000). ‘

[0169] Xylulose can be taken up by yeast and metabolized via the pentose phosphate
pathway. It has been shown that yeast displays a predominantly respiratory mode of
metabolism when grown on xylose, which results in a high biomass yield and low yields
of fermentative products. Souto-Maior AM, et al., J Biotechnol. 143:119-23 (2009).
Thus, in order to increase flux towards fermentative products, cultures were treated with

the respiratory inhibitor antimycin A (1 uM; Sigma A8674).

Results

[0170] As shown in Fig. 4, the isobutanologen fermented glucose to isobutanol. The
hexose was consumed within 24 hours, irrespective of antimycin A treatment. The
antimycin A-treated culture achieved a somewhat higher isobutanol titer, ~3.3 g/L, for a
yield of approximately 0.08 g.g”'. Low levels of growth were observed, since a high
initial biomass concentration was used to inoculate the production cultures.

[0171] Fig. 5 shows the fermentation profile when xylose was provided as the sole carbon
source, along with xylose isomerase. Xylose conversion to xylulose and its subsequent
utilization are slower than glucose consumption. By 78 hours, only 10 g/L of xylose had
been consumed (indirectly, as xylulose, with which it is in equilibrium due to the
presence of xylose isomerase). This consumption profile was not significantly affected
by the presence or absence of antimycin A. However, the respiratory inhibitor did reduce
biomass accumulation slightly, and a significantly increased production of isobutanol was
observed (0.5 vs. 0.1 g/L at 78 hours, respectively). The isobutanol yield was 0.04 g.g’1

in the presence of antimycin A and 0.01 g.g” in the absence of the drug.
Example 3
Conversion of Xylose in Lignocellulosic Hydrolysates to Isobutanol

Methods

[0172] This experiment used xylose isomerase to convert xylose present in
lignocellulosic hydrolysate (LCH) to xylulose, which is then available for fermentation to

isobutanol by isobutanologenic yeast strains. PNY1504 was pre-grown as described
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above and transferred into 0.5X LCH containing penicillin G at 25 mg/L for cultivation.
Xylose isomerase (10 g/L) and/or antimycin A (1 uM) were added as described in the

Figure legends. Samples were withdrawn periodically for analysis during the course of
170 hours.

Results

[0173] Fig. 6 shows the concentrations of glucose, xylose, and xylulose during the
fermentation. Glucose was consumed within 48 hours, except when antimycin A was
added in the absence of xylose isomerase. Xylose consumption and the formation of
xylulose (not shown) required the addition of xylose isomerase, as expected.

[0174] The effective isobutanol titer during the fermentation is shown in Fig. 7. All four
cultures made isobutanol from glucose during the first 48 hours, with titers ranging from
approximately 4-6 g/L. Subsequently, in the period after glucose was exhausted from the
feedstock, the culture treated with both xylose isomerase and antimycin' A made the
highest amount of isobutanol, through 100 hours. The concentration subsequently
declined, presumably due to evaporation of the alcohol. The culture without xylose
isomerase continued to gradually accumulate isobutanol throughout the experiment,
possibly due to the gradual assimilation of poor carbon sources in the hydrolysate such as

acetic acid.
Example 3
Recovery of Isobutanol

[0175]) The isobutanol produced in the preceding Examples may be recovered by in situ
product recovery process in accordance with the methods of U.S. Provisional Application
No. 61/356,290, filed on June 18, 2010. The in situ product recovery (ISPR) methods
described therein provide for improved butanol production by the removal of inhibitors
prior to and during fermentation. The utilization of mixed sugars by the recombinant
organism with the ISPR techniques may provide for improvements in butanol production
through one or more if increased sugar utilization, decreased inhibitor profiles and

increased alcohol product tolerance.

Example 4
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Construction of Saccharomyces cerevisiae strain BP1083 (“NGCI-070”; PN'Y1504)

[0176] The strain BP1064 was derived from CEN.PK 113-7D (CBS 8340;
Centraalbureau voor Schimmelcultures (CBS) Fungal Biodiversity Centre, Netherlands)
and contains deletions of the following genes: URA3, HIS3, PDC1, PDCS5, PDCe, and
GPD2. BP1064 was transformed with plasmids pYZ090 (SEQ ID NO: 1, described in
U.S. Provisional Application Serial No. 61/246,844) and pLH468 (SEQ ID NO: 2) to
create strain NGCI-070 (BP1083, PNY1504).

[0177] Deletions, which completely removed the entire coding sequence, were created by
homologous recombination with PCR fragments containing regions of homology
upstream and downstream of the target gene and either a G418 resistance marker or
URA3 gene for selection of transformants. The G418 resistance marker, flanked by loxP
sites, was removed using Cre recombinase. The URA3 gene was removed by homologous
recombination to create a scarless deletion or if flanked by loxP sites, was removed using
Cre recombinase.

[0178] The scarless deletion procedure was adapted from Akada, et al., (Yeast 23:399-
405, 2006). In general, the PCR cassette for each scarless deletion was made by
combining four fragments, A-B-U-C, by overlapping PCR. The PCR cassette contained a
selectable/counter-selectable marker, URA3 (Fragment U), consisting of the native
CEN.PK 113-7D URA3 gene, along with the promoter (250 bp upstream of the URA3
gene) and terminator (150 bp downstream of the URA3 gene). Fragments A and C, each
500 bp long, corresponded to the 500 bp immediately upstream of the target gene
(Fragment A) and the 3> 500 bp of the target gene (Fragment C). Fragments A and C
were used for integration of the cassette into the chromosome by homologous
recombination. Fragment B (500 bp long) corresponded to the 500 bp immediately
downstream of the target gene and was used for excision of the URA3 marker and
Fragment C from the chromosome by homologous recombination, as a direct repeat of the
sequence corresponding to Fragment B was created upon integration of the cassette into
the chromosome. Using the PCR product ABUC cassette, the URA3 marker was first
integrated into and then excised from the chromosome by homologous recombination.
The initial integration deleted the gene, excluding the 3’ 500 bp. Upon excision, the 3’
500 bp region of the gene was also deleted. For integration of genes using this method,

the gene to be integrated was included in the PCR cassette between fragments A and B.
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URAZ3 Deletion

[0179] To delete the endogenous URA3 coding region, a ura3::loxP-kanMX-loxP
cassette was PCR-amplified from pLAS54 template DNA (SEQ ID ANO: 3). pLAS54
contains the K. lactis TEF1 promoter and kanMX marker, and is flanked by loxP sites to
allow recombination with Cre recombinase and removal of the marker. PCR was done
using Phusion® DNA polymerase (New England BioLabs Inc., Ipswich, MA) and
primers BK505 and BK506 (SEQ ID NOs: 4 and 5). The URA3 portion of each primer
was derived from the 5' region upstream of the URA3 promoter and 3' region downstream
of the coding region such that integration of the loxP-kanMX-loxP marker resulted in
replacement of the URA3 coding region. The PCR product was transformed into
CEN.PK 113-7D using standard genetic techniques (Methods in Yeast Genetics, 2005,
Cold Spring Harbor Laboratory Press, Cold Spring Harbor, NY, pp. 201-202) and
transformants were selected on YPD containing G418 (100 pg/mL) at 30°C.
Transformants were screened to verify correct integration by PCR using primers LA468

and LA492 (SEQ ID NOs: 6 and 7) and designated CEN.PK 113-7D Aura3::kanMX.

HIS3 Deletion

[0180] The four fragments for the PCR cassette for the scarless HIS3 deletion were
amplified using Phusion® High Fidelity PCR Master Mix (New England BioLabs Inc.,
Ipswich, MA) and CEN.PK 113-7D genomic DNA as template, prepared with a Gentra®
Puregene® Yeast/Bact, kit (Qiagen, Valencia, CA). HIS3 Fragment A was amplified with
primer oBP452 (SEQ ID NO: 14) and primer oBP453 (SEQ ID NO: 15) containing a 5’
tail with homology to the 5’ end of HIS3 Fragment B. HIS3 Fragment B was amplified
with primer 0BP454 (SEQ ID NO: 16) containing a 5” tail with homology to the 3’ end of
HIS3 Fragment A, and primer 0BP455 (SEQ ID NO: 17) containing a 5’ tail with
homology to the 5’ end of HIS3 Fragment U. HIS3 Fragment U was amplified with
primer oBP456 (SEQ ID NO: 18) containing a 5’ tail with homology to the 3° end of
HIS3 Fragment B, and primer oBP457 (SEQ ID NO: 19) containing a 5’ tail with
homology to the 5° end of HIS3 Fragment C. HIS3 Fragment C was amplified with
primer oBP458 (SEQ ID NO: 20) containing a 5° tail with homology to the 3’ end of
HIS3 Fragment U, and primer 0BP459 (SEQ ID NO: 21). PCR products were purified
with a PCR Purification kit (Qiagen, Valencia, CA). HIS3 Fragment AB was created by
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overlapping PCR by mixing HIS3 Fragment A and HIS3 Fragment B and amplifying with
primers 0BP452 (SEQ ID NO: 14) and 0BP455 (SEQ ID NO: 17). HIS3 Fragment UC
was created by overlapping PCR by mixing HIS3 Fragment U and HIS3 Fragment C and
amplifying with primers 0BP456 (SEQ ID NO: 18) and 0BP459 (SEQ ID NO: 21). The
resulting PCR products were purified on an agarose gel followed by a Gel Extraction kit
(Qiagen, Valencia, CA). The HIS3 ABUC cassette was created by overlapping PCR by
mixing HIS3 Fragment AB and HIS3 Fragment UC and amplifying with primers oBP452
(SEQ ID NO: 14) and 0BP459 (SEQ ID NO: 21). The PCR product was purified with a
PCR Purification kit (Qiagen, Valencia, CA).

[0181] Competent cells of CEN.PK 113-7D Aura3::kanMX were made and transformed
with the HIS3 ABUC PCR cassette using a Frozen-EZ Yeast Transformation IT™ kit
(Zymo Research Corporation, Irvine, CA). Transformation mixtures were plated on
synthetic complete media lacking uracil supplemented with 2% glucose at 30°C.
Transformants with a his3 knockout were screened for by PCR with primers oBP460
(SEQ ID NO: 22) and 0BP461 (SEQ ID NO: 23) using genomic DNA prepared with a
Gentra® Puregene® Yeast/Bact. kit (Qiagen, Valencia, CA). A correct transformant was

selected as strain CEN.PK 113-7D Aura3::kanMX Ahis3::URA3.

[0182] KanMX Marker Removal from the Aura3 Site and URA3 Marker Removal from
the Ahis3 Site
[0183] The KanMX marker was removed by transforming CEN.PK 113-7D

Aura3::kanMX Ahis3::URA3 with pRS423::PGAL1-cre (SEQ ID NO: 66, described in
U.S. Provisional Application No. 61/290,639) using a Frozen-EZ Yeast Transformation
II™ kit (Zymo Research Corporation, Irvine, CA) and plating on synthetic complete
medium lacking histidine and uracil supplemented with 2% glucose at 30°C.
Transformants were grown in YP supplemented with 1% galactose at 30°C for ~6 hours
to induce the Cre recombinase and KanMX marker excision and plated onto YPD (2%
glucose) plates at 30°C for recovery. An isolate was grown overnight in YPD and plated
on synthetic complete medium containing 5-fluoro-orotic acid (5 -FOA, 0.1%) at 30°C to
select for isolates that lost the URA3 marker. 5-FOA resistant isolates were grown in and
plated on YPD for removal of the pRS423::PGAL1-cre plasmid. Isolates were checked
for loss of the KanMX marker, URA3 marker, and pRS423::PGALI-cre plasmid by
assaying growth on YPD+G418 plates, synthetic complete medium lacking uracil plates,
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and synthetic complete medium lacking histidine plates. A correct isolate that was
sensitive to G418 and auxotrophic for uracil and histidine was selected as strain CEN.PK
113-7D Aura3::loxP Ahis3 and designated as BP857. The deletions and marker removal
were confirmed by PCR and sequencing with primers oBP450 (SEQ ID NO: 24) and
oBP451 (SEQ ID NO: 25) for Aura3 and primers 0BP460 (SEQ ID NO: 22) and oBP461
(SEQ ID NO: 23) for Ahis3 using genomic DNA prepared with a Gentra® Puregene®
Yeast/Bact. kit (Qiagen, Valencia, CA).

PDC6 Deletion

[0184] The four fragments for the PCR cassette for the scarless PDC6 deletion were
amplified using Phusion® High Fidelity PCR Master Mix (New England BioLabs Inc.,
Ipswich, MA) and CEN.PK 113-7D genomic DNA as template, prepared with a Gentra®
Puregene® Yeast/Bact. kit (Qiagen, Valencia, CA). PDC6 Fragment A was amplified
with primer 0BP440 (SEQ ID NO: 26) and primer o0BP441 (SEQ ID NO: 27) containing a
5° tail with homology to the 5’ end of PDC6 Fragment B. PDC6 Fragment B was
amplified with primer 0BP442 (SEQ ID NO: 28), containing a 5’ tail with homology to
the 3* end of PDC6 Fragment A, and primer 0BP443 (SEQ ID NO: 29) containing a 5’
tail with homology to the 5° end of PDC6 Fragment U. PDC6 Fragment U was amplified
with primer oBP444 (SEQ ID NO: 30) containing a 5’ tail with homology tc; the 3’ end of
PDC6 Fragment B, and primer oBP445 (SEQ ID NO: 31) containing a 5’ tail with
homology to the 5° end of PDC6 Fragment C. PDC6 Fragment C was amplified with
primer oBP446 (SEQ ID NO: 32) containing a 5’ tail with homology to the 3’ end of
PDC6 Fragment U, and primer 0BP447 (SEQ ID NO: 33). PCR products were purified
with a PCR Purification kit (Qiagen, Valencia, CA). PDC6 Fragment AB was created by
overlapping PCR by mixing PDC6 Fragment A and PDC6 Fragment B and amplifying
with primers o0BP440 (SEQ ID NO: 26) and oBP443 (SEQ ID NO: 29). PDC6 Fragment
UC was created by overiapping PCR by mixing PDC6 Fragment U and PDC6 Fragment
C and amplifying with primers 0BP444 (SEQ ID NO: 30) and oBP447 (SEQ ID NO: 33).
The resulting PCR products were purified on an agarose gel followed by a Gel Extraction
kit (Qiagen, Valencia, CA). The PDC6 ABUC cassette was created by overlapping PCR
by mixing PDC6 Fragment AB and PDC6 Fragment UC and amplifying.with primers
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0oBP440 (SEQ ID NO: 26) and oBP447 (SEQ ID NO: 33). The PCR product was
purified with a PCR Purification kit (Qiagen, Valencia, CA).

[0185] Competent cells of CEN.PK 113-7D Aura3::loxP Ahis3 were made and
transformed with the PDC6 ABUC PCR cassette using a Frozen-EZ Yeast
Transformation II™ kit (Zymo Research Corporation, Irvine, CA). Transformation
mixtures were plated on synthetic complete media lacking uracil supplemented with 2%
glucose at 30°C. Transformants with a pdc6 knockout were screened for by PCR with
primers 0BP448 (SEQ ID NO: 34) and 0BP449 (SEQ ID NO: 35) using genomic DNA
prepared with a Gentra® Puregene® Yeast/Bact. kit (Qiagen, Valencia, CA). A correct
transformant was selected as strain CEN.PK 113-7D Aura3::loxP Ahis3 Apdc6::URA3.

[0186] CEN.PK 113-7D Aura3::loxP Ahis3 Apdc6::URA3 was grown overnight in YPD
and plated on synthetic complete medium containing 5-fluoro-orotic acid (0.1%) at 30°C
to select for isolates that lost the URA3 marker. The deletion and marker removal were
confirmed by PCR and sequencing with primers 0BP448 (SEQ ID NO: 34) and oBP449
(SEQ ID NO: 35) using genomic DNA prepared with a Gentra® Puregene® Yeast/Bact.
kit (Qiagen, Valencia, CA). The absence of the PDC6 gene from the isolate was
demonstrated by a negative PCR result using primers specific for the coding sequence of
PDC6, 0BP554 (SEQ ID NO: 36) and 0BP555 (SEQ ID NO: 37). The correct isolate was
selected as strain CEN.PK 113-7D Aura3::loxP Ahis3 Apdc6 and designated as BP891.

PDC1 Deletion ilvDSm Integration

[0187] The PDCI gene was deleted and replaced with the ilvD coding region from
Streptococcus mutans ATCC No. 700610. The A fragment followed by the ilvD coding
region from Streptococcus mutans for the PCR cassette for the PDCI1 deletion-ilvDSm
integration was amplified using Phusion® High Fidelity PCR Master Mix (New England
BioLabs Inc., Ipswich, MA) and NYLA83 genomic DNA as template, prepared with a
Gentra® Puregene® Yeast/Bact. kit (Qiagen, Valencia, CA). NYLAS3 is a strain
(construction described in U.S. Patent Application Publication No. 2011/0124060,
incorporated herein by reference in its entirety) which carries the PDCI1 deletion-ilvDSm
integration described in U.S. Patent Application Publication No. 2009/0305363, herein
incorporated by reference in its entirety). PDC1 Fragment A-ilvDSm (SEQ ID NO: 69)
was amplified with primer oBP513 (SEQ ID NO: 38) and primer oBP515 (SEQ ID NO:
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39) containing a 5’ tail with homology to the 5’ end of PDC1 Fragment B. The B, U, and
C fragments for the PCR cassette for the PDC1 deletion-ilvDSm integration were
amplified using Phusion® High Fidelity PCR Master Mix (New England BioLabs Inc.,
Ipswich, MA) and CEN.PK 113-7D genomic DNA as template, prepared with a Gentra®
Puregene® Yeast/Bact. kit (Qiagen, Valencia, CA). PDCI Fragment B was amplified
with primer o0BP516 (SEQ ID NO: 40) containing a 5’ tail with homology to the 3’ end of
PDC1 Fragment A-ilvDSm, and primer oBP517 (SEQ ID NO: 41) containing a 5 tail
with homology to the 5’ end of PDC1 Fragment U. PDC1 Fragment U was amplified with
primer o0BP518 (SEQ ID NO: 42) gontaining a 5’ tail with homology to the 3° end of
PDC1 Fragment B, and primer oBP519 (SEQ ID NO: 43) containing a 5’ tail with
homology to the 5° end of PDC1 Fragment C. PDC1 Fragment C was amplified with
primer 0BP520 (SEQ ID NO: 44), containing a 5 tail with homology to the 3’ end of
PDC1 Fragment U, and primer oBP521 (SEQ ID NO: 45). PCR products were purified
with a PCR Purification kit (Qiagen, Valencia, CA. PDCI Fragment A-ilvDSm-B was
created by overlapping PCR by mixing PDC1 Fragment A-ilvDSm and PDC1 Fragment
B and amplifying with primers 0BP513 (SEQ ID NO: 38) and 0BP517 (SEQ ID NO: 41).
PDC1 Fragment UC was created by overlapping PCR by mixing PDC1 Fragment U and
PDC1 Fragment C and amplifying with primers 0BP518 (SEQ ID NO: 42) and 0BP521
(SEQ ID NO: 45). The resulting PCR products were purified on an agarose gel followed
by a Gel Extraction kit (Qiagen, Valencia, CA). The PDC1 A-ilvDSm-BUC cassette
(SEQ ID NO: 70) was created by overlapping PCR by mixing PDC1 Fragment A-
ilvDSm-B and PDC1 Fragment UC and amplifying with primers oBP513 (SEQ ID NO:
38) and oBP521 (SEQ ID NO: 45). The PCR product was purified with a PCR
Purification kit (Qiagen, Valencia, CA).

[0188] Competent cells of CEN.PK 113-7D Aura3::loxP Ahis3 Apdc6 were made and
transformed with the PDC1 A-ilvDSm-BUC PCR cassette using a Frozen-EZ Yeast
Transformation II™ kit (Zymo Research Corporation, Irvine, CA). Transformation
mixtures were plated on synthetic complete media lacking uracil supplemented with 2%
glucose at 30°C. Transformants with a pdcl knockout ilvDSm integration were screened
for by PCR with primers oBP511 (SEQ ID NO: 46) and oBP512 (SEQ ID NO: 47) using
genomic DNA prepared with a Gentra® Puregene® Yeast/Bact. kit (Qiagen, Valencia,

CA). The absence of the PDC1 gene from the isolate was demonstrated by a negative
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PCR result using primers specific for the coding sequence of PDC1, oBP550 (SEQ ID
NO: 48) and 0BP551 (SEQ ID NO: 49). A correct transformant was selected as strain
CEN.PK 113-7D Aura3::loxP Ahis3 Apdc6 Apdcl::ilvDSm-URA3.

[0189] CEN.PK 113-7D Aura3::loxP Ahis3 Apdc6 Apdcl::ilvDSm-URA3 was grown
overnight in YPD and plated on synthetic complete medium containing 5-fluoro-orotic
acid (0.1%) at 30°C to select for isolates that lost the URA3 marker. The deletion of
PDC1, integration of ilvDSm, and marker removal were confirmed by PCR and
sequencing with primers 0BP511 (SEQ ID NO: 46) and 0BP512 (SEQ ID NO: 47) using
genomic DNA prepared with a Gentra® Puregene® Yeast/Bact. kit (Qiagen, Valencia,
CA). The cofrect isolate was selected as strain CEN.PK 113-7D Aura3::loxP Ahis3
Apdc6 Apdcl::ilvDSm and designated as BP907.

PDC5 Deletion sadB Integration

[0190] The PDC5 gene was deleted and replaced with the sadB coding region from
Achromobacter xylosoxidans. A segment of the PCR cassette for the PDCS deletion-
sadB integration was first cloned into plasmid pUC19-URA3MCS.

[0191] pUC19-URA3MCS is pUC19 based and contains the sequence of the URA3 gene
from Saccharomyces cerevisiae situated within a multiple cloning site (MCS). pUC19
contains the pMB1 replicon and a gene coding for beta-lactamase for réplication and
selection in Escherichia coli. In addition to the coding sequence for URA3, the
sequences from upstream and downstream of this gene were included for expression of
the URA3 gene in yeast. The vector can be used for cloning purposes and can be used as
a yeast integration vector.

[0192] The DNA encompassing the URA3 coding region along with 250 bp upstream and
150 bp downstream of the URA3 coding region from Saccharomyces cerevisiae CEN.PK
113-7D genomic DNA was amplified with primers o0BP438 (SEQ ID NO: 12) containing
BamHI, Ascl, Pmel, and Fsel restriction sites, and o0BP439 (SEQ ID NO: 13) containing
Xbal, Pacl, and Notl restriction sites, using Phusion® High Fidelity PCR Master Mix
(New England BioLabs Inc., Ipswich, MA). Genomic DNA was prepared using a
Gentra® Puregene® Yeast/Bact. kit (Qiagen, Valencia, CA). The PCR product and
pUC19 (SEQ ID NO: 72) were ligated with T4 DNA ligase after digestion with BamHI



WO 2012/173659 PCT/US2012/000289
-88 -

and Xbal to create vector pUC19-URA3MCS. The vector was confirmed by PCR and
sequencing with primers 0BP264 (SEQ ID NO: 10) and oBP265 (SEQ ID NO: 11).

[0193] . The coding sequence of sadB and PDCS5 Fragment B were cloned into pUC19-
URA3MCS to create the sadB-BU portion of the PDC5 A-sadB-BUC PCR cassette. The
coding sequence of sadB was amplified using pLH468-sadB (SEQ ID NO: 67) as
template with primer oBP530 (SEQ ID NO: 50) containing an Ascl restriction site, and
primer 0BP531 (SEQ ID NO: 51) containing a 5’ tail with homology to the 5’ end of
PDCS5 Fragment B. PDCS5 Fragment B was amplified with primer oBP532 (SEQ ID NO:
52) containing a 5’ tail with homology to the 3’ end of sadB, and primer 0BP533 (SEQ
ID NO: 53) containing a Pmel restriction site. PCR products were purified with a PCR
Purification kit (Qiagen, Valencia, CA). sadB-PDC5 Fragment B was created by
overlapping PCR by mixing the sadB and PDC5 Fragment B PCR products and
amplifying with primers o0BP530 (SEQ ID NO: 50) and 0BP533 (SEQ ID NO: 53). The
resulting PCR product was digested with Ascl and Pmel and ligated with T4 DNA ligase
into the corresponding sites of pUC19-URA3MCS after digestion with the appropriate
enzymes. The resulting plasmid was used as a template for amplification of sadB-
Fragment B-Fragment U using primers oBP536 (SEQ ID NO: 54) and 0BP546 (SEQ ID
NO: 55) containing a 5’ tail with homology to the 5° end of PDC5 Fragment C. PDCS5
Fragment C was amplified with primer oBP547 (SEQ ID NO: 56) containing a 5’ tail
with homology to the 3’ end of PDCS sadB-Fragment B-Fragment U, and primer oBP539
(SEQ ID NO: 57). PCR products were purified with a PCR Purification kit (Qiagen,
Valencia, CA). PDC5 sadB-Fragment B-Fragment U-Fragment C was created by
overlapping PCR by mixing PDC5 sadB-Fragment B-Fragment U and PDC5 Fragment C
and amplifying with primers oBP536 (SEQ ID NO: 54) and oBP539 (SEQ ID NO: 57).
The resulting PCR product was purified on an agarose gel followed by a Gel Extraction
kit (Qiagen, Valencia, CA). The PDC5 A-sadB-BUC cassette (SEQ ID NO: 71) was
created by amplifying PDC5 sadB-Fragment B-Fragment U-Fragment C with primers
oBP542 (SEQ ID NO: 58) containing a 5> tail with homology to the 50 nucleotides
immediately upstream of the native PDC5 coding sequence, and oBP539 (SEQ ID NO:
57). The PCR product was purified with a PCR Purification kit (Qiagen, Valencia, CA).

[0194] Competent cells of CEN.PK 113-7D Aura3::loxP Ahis3 Apdc6 Apdcl::ilvDSm
were made and transformed with the PDC5 A-sadB-BUC PCR cassette using a Frozen-
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EZ Yeast Transformation II™ kit (Zymo Research Corporation, Irvine, CA).
Transformation mixtures were plated on synthetic complete media lacking uracil
supplemented with 1% ethanol (no glucose) at 30°C. Transformants with a pdcS
knockout sadB integration were screened for by PCR with primers o0BP540 (SEQ ID NO:
59) and oBP541 (SEQ ID NO: 60) using genomic DNA prepared with a Gentra®
Puregene® Yeast/Bact. kit (Qiagen, Valencia, CA). The absence of the PDC5 gene from
the isolate was demonstrated by a negative PCR result using primers specific for the
coding sequence of PDC5, oBP552 (SEQ ID NO: 61) and oBP553 (SEQ ID NO: 62). A
correct transformant was selected as strain CEN.PK 113-7D Aura3::loxP Ahis3 Apdc6
Apdcl::ilvDSm Apdc5::sadB-URA3.

[0195] CEN.PK 113-7D Aura3::loxP Ahis3 Apdc6 Apdcl:ilvDSm Apdc5::sadB-URA3
was grown overnight in YPE (1% ethanol) and plated on synthetic complete medium
supplemented with ethanol (no glucose) and containing 5-fluoro-orotic acid (0.1%) at
30°C to select for isolates that lost the URA3 marker. The deletion of PDCS, integration
of sadB, and marker removal were confirmed by PCR with primers oBP540 (SEQ ID
NO: 59) and 0oBP541 (SEQ ID NO: 60) using genomic DNA prepared with a Gentra®
Puregene® Yeast/Bact. kit (Qiagen, Valencia, CA). The correct isolate was selected as
strain CEN.PK 113-7D Aura3::loxP Ahis3 Apdc6 Apdcl:ilvDSm Apdc5::sadB and
designated as BP913.

GPD2 Deletion

[0196] To delete the endogenous GPD2 coding region, a gpd2::loxP-URA3-loxP cassette
(SEQ ID NO: 73) was PCR-amplified using loxP-URA3-loxP (SEQ ID NO: 68) as
template DNA. loxP-URA3-loxP contains the URA3 marker from (ATCC No. 77107)
flanked by loxP recombinase sites. PCR was done using Phusion® DNA polymerase
(New England BioLabs Inc., Ipswich, MA) and primers LA512 and LAS13 (SEQ ID
NOs: 8 and 9). The GPD2 portion of each primer was deriveci from the 5' region
upstream of the GPD2 coding region and 3' region downstream of the coding region such
that integration of the loxP-URA3-loxP marker resulted in replacement of the GPD2
coding region. The PCR product was transformed into BP913 and transformants were

selected on synthetic complete media lacking uracil supplemented with 1% ethanol (no
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glucose). Transformants were screened to verify correct integration by PCR using
primers oBP582 and AA270 (SEQ ID NOs: 63 and 64).

[0197] The URA3 marker was recycled by transformation with pRS423::PGALI-cre
(SEQ ID NO: 66) and plating on synthetic complete media lacking histidine
supplemented with 1% ethanol at 30°C. Transformants were streaked on synthetic
complete medium supplemented with 1% ethanol and containing S-fluoro-orotic acid
(0.1%) and incubated at 30°C to select for isolates that lost the URA3 marker. 5-FOA
resistant isolates were grown in YPE (1% ethanol) for removal of the pRS423::PGALI-
cre plasmid. The deletion and marker removal were confirmed by PCR with primers
oBP582 (SEQ ID NO: 63) and oBP591 (SEQ ID NO: 65). The correct isolate was
selected as strain CEN.PK 113-7D Aura3::loxP Ahis3 Apdc6 Apdcl:ilvDSm
Apdc5::sadB Agpd2::loxP and designated as PNY1503 (BP1064).

[0198] BP1064 was transformed with plasmidé pYZ090 (SEQ ID NO: 1) and pLH468
(SEQ ID NO: 2) to create strain NGCI-070 (BP1083; PNY1504).
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WHAT IS CLAIMED IS:

1.

A method of producing butanol comprising:

(a) providing a composition comprising (i) a microorganism capable of producing butanol
and (ii) an enzyme or combination of enzymes capable of converting a 5-carbon sugar to
xylulose or xylulose-5-phosphate; ‘

(b) contacting the composition with a carbon substrate comprising mixed sugars; and

(c) culturing the microorganism under conditions of limited oxygen utilization.
The method of claim 1, wherein the butanol is isobutanol.
The method of claim 1 or 2, wherein the microorganism is yeast.

The method of any one of claims 1-3, wherein the enzyme or combination of enzymes
capable of converting a S5-carbon sugar to xylulose or xylulose-5-phosphate are

recombinantly expressed by a microorganism in the composition.

The method of claim 4, wherein the enzyme or combination of enzymes capable of
converting a 5-carbon sugar to xylulose or xylulose-5-phosphate are recombinantly

expressed by the microorganism capable of producing butanol.

The method of claim 4, wherein the enzyme or combination of enzymes capable of
converting a 5-carbon sugar to xylulose or xylulose-5-phosphate are not produced by the

microorganism capable of producing butanol.

The method of any one of claims 1-3, wherein the enzyme or combination of enzymes
capable of converting a 5-carbon sugar to xylulose or xylulose-5-phosphate are not

produced by a microorganism in the composition.

The method of any one of claims 1-7, wherein the enzyme or combination of enzymes
capable of converting a S-carbon sugar to xylulose or xylulose-5-phosphate is selected
from the group consisting of: (i) xylose isomerase; (ii) xylose reductase; (iii) xylitol

dehydrogenase; (iv) arabinose isomerase; (v) ribulokinase; (vi) ribulose-phosphate-5-
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epimerase; (vii) arabinose reductase; (viii) arabitol dehydrogenase; (ix) xylulose

reductase; (x) xylulokinase; (xi) aldose reductase; and (xii) combinations thereof.

The method of claim 8, wherein the xylose isomerase has the Enzyme Commission
Number EC 5.3.1.5.

The method of claim 8, wherein the xylose reductase has the Enzyme Commission
Number EC 1.1.1.9 or EC 1.1.1.10.

The method of claim 8, wherein the arabinose isomerase has the Enzyme Commission
Number EC 5.3.1.4.

The method of claim 8, wherein the ribulokinase has the Enzyme Commission Number
EC2.7.1.16.

The method of claim 8, wherein the ribulose-phosphate-5-epimerase has the Enzyme
Commission Number EC 5.1.3 4.

The method of claim 8, wherein the arabitol dehydrogenase has the Enzyme Commission
Number EC 1.1.1.12.

The method of claim 8, wherein the xylulokinase has the Enzyme Commission Number

EC2.7.1.17.

The method of claim 8, wherein the aldose reductase has the Enzyme Commission

Number EC 1.1.1.21.

The method of any one of claims 1-16, wherein the source of 5-carbon sugars is a source

of xylose.

The method of any one of claims 1-17, wherein the source of 5-carbon sugars is a source

of arabinose.
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The method of any one of claims 1-18, wherein 5-carbon sugars are converted to butanol.

The method of any one of claims 1-19, wherein the source of 5-carbon sugars is also a

source of 6-carbon sugars.

The method of any one of claims 1-20, additionally comprising contacting the

composition with a source of 6-carbon sugars.

The method of claim 21, wherein 5-carbon and 6-carbon sugars are cumulatively

consumed at a rate of at least about 1.5 g/gdcw/h.

The method of any one of claims 21-22, wherein 5-carbon sugars and 6-carbon sugars are

converted to butanol.

The method of any one of claims 1-23, wherein fermentable carbons are cumulatively

consumed at a rate of at least about 2 g/gdcw/h.

The method of any one of claims 21-24, wherein 5-carbon sugars and 6-carbon sugars are
consumed, and the rate of 5-carbon sugar consumption is at least about 1%-the rate of 6-

carbon sugar consumption.

The method of any one of claims 1-26, wherein the source of 5-carbon sugars is

lignocellulosic biomass.

The method of claim 26, wherein the lignocellulosic biomass is selected from the group
consisting of switchgrass, waste paper, sludge from paper manufacture, corn grain, corn
cobs, corn husks, corn stover, wood waste, grasses, wheat, wheat straw, hay, barley,
barley straw, rice straw, sugar cane bagasse, sorghum, soy, components obtained from
processing of grains, trees, branches, roots, leaves, wood chips, sawdust, shrubs and

bushes, vegetables, fruits, flowers, animal manure, and mixtures thereof.
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The method of claim 26 or 27, wherein the lignocellulose biomass is pretreated with

ammonia.

The method of any one of claims 1-28, wherein the source of 5-carbon sugars is present at

a concentration of at least about 20 g/L.

The method of claim 29, wherein the source of 5-carbon sugars is present at concentration

of at least about 50 g/L.

The method of claim 30, wherein the source of S-carbon sugars is present at a

concentration of at least about 75 g/L.

The method of any one of claims 1-31, wherein the microorganism capable of producing
butanol comprises polynucleotides encoding polypeptides that catalyze the conversion of:
(a) pyruvate to acetolactate; (b) acetolactate to 2,3-dihydroxyisovalerate; (©) 2,3-
dihydroxyisovalerate to 2-ketoisovalerate; (d) 2-ketoisovalerate to isobutyraldehyde; and

() isobutyraldehyde to isobutanol.

The method of claim 32, wherein the microorganism capable of producing butanol
comprises polynucleotides encoding polypeptides having acetolactate synthase, keto acid
reductoisomerase, dihydroxy acid dehydratase, ketoisovalerate decarboxylase, and

alcohol dehydrogenase activity.

The method of any one of claims 1-33, wherein the microorganism capable of producing
butanol comprises at least one deletion, mutation, and/or substitution in an endogenous

polynucleotide encoding a polypeptide having pyruvate decarboxylase activity.

The method of claim 34, wherein the polypeptide having pyruvate decarboxylase activity

is selected from the group consisting of Pdc1, Pdc5, Pdc6, and combinations thereof.

The method of any one of claims 1-35, wherein the microorganism capable of producing

butanol is substantially free of an enzyme having pyruvate decarboxylase activity.
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The method of any one of claims 1-36, wherein the microorganism capable of producing
butanol is PNY1504.

The method of any one of claims 1-37, wherein the culturing is in a fermenter.

The method of any one of claims 1-38, wherein an inhibitor of respiration is added to the

composition.
The method of claim 39, wherein the inhibitor is Antimycin A.

The method of any one of claims 1-40, wherein the composition and/or the source of 5-
carbon sugars further comprises a microorganism that is not capable of producing
butanol, and the microorganism capable of producing butanol is present at a concentration

that is at least equal to 1 g/1.

The method of claim 41, wherein the microorganism capable of producing butanol is
present at a concentration that is in excess of the concentration of the microorganism that

is not capable of producing butanol.

The method of any one of claims 1-42, wherein the specific butanol production is at least

about 0.4 g/g/h.

The method of any one of claims 1-43, further comprising contacting the composition

with a suitable extractant whereby the butanol is recoverable.

The method of any one of claims 1-44, further comprising purifying butanol from the

culture.

The method of claim 45, wherein the purification of butanol from the culture comprises

extraction in oleyl alcohol.
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A butanol composition obtained by the method of any one of claims 1-46

An isobutanol composition obtained by the method of any one of claims 2-47.

A composition for producing butanol comprising:

(a) a microorganism capable of producing butanol;

(b) an enzyme or combination of enzymes capable of converting a 5-carbon sugar to
xylulose or xylulose-5-phosphate;

(c) a source of 5-carbon sugars; and

(d) a fermentation media.

The composition of claim 49, wherein the butanol is isobutanol.

The composition of claim 49 or claim 50, wherein the microorganism is a yeast.

The composition of any one of claims 49-51, wherein the source of 5-carbon sugars is

also a source of 6-carbon sugars.

The composition of any one of claims 49-52, additionally comprising a source of 6-

carbon sugars.

The composition of any one of claims 49-53, wherein the source of 5-carbon sugars is

present at a concentration of at least about 20 g/L.

The composition of claim 54, wherein the source of 5-carbon sugars is present at a

concentration of at least about 50 g/L.

The composition of claim 55, wherein the source of 5-carbon sugars is present at a

concentration of at least about 75 g/L.

The composition of any one of claims 49-56, wherein the microorganism capable of

producing butanol comprises polynucleotides encoding polypeptides that catalyze the
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conversion of: (a) pyruvate to acetolactate; (b) acetolactate to 2,3-dihydroxyisovalerate;
(¢) 2,3-dihydroxyisovalerate to 2-ketoisovalerate; (d) 2-ketoisovalerate to

isobutyraldehyde; and (e) isobutyraldehyde to isobutanol.

The composition of claim 57, wherein the microorganism capable of producing butanol
comprises polynucleotides encoding polypeptides having acetolactate synthase, keto acid
reductoisomerase, dihydroxy acid dehydratase, ketoisovalerate decarboxylase, and

alcohol dehydrogenase activity.

The composition of any one of claims 49-58, wherein the microorganism capable of
producing butanol comprises at least one deletion, mutation, and/or substitution in an
endogenous polynucleotide encoding a polypeptide having pyruvate decarboxylase

activity.

The composition of claim 59, wherein the polypeptide having pyruvate decarboxylase
activity is selected from the group consisting of Pdcl, PdcS, Pdc6, and combinations

thereof.

The composition of any one of claims 49-60, wherein the microorganism capable of

producing butanol is Saccharomyces cerevisiae.

The compo'sition of any one of claims 49-61, further comprising an inhibitor of

respiration.

The composition of any one of claims 49-62, further comprising a microorganism that

does not produce butanol.

The composition of claim 63, wherein the microorganism capable of producing butanol is
present at a concentration that is at least equivalent to the concentration of the

microorganism that do not produce butanol.
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The composition of any one of claims 49-64, wherein the composition is capable of

producing butanol and ethanol.

The composition of any one of claims 49-65, wherein the composition is capable of

producing butanol at least about 0.4 g/g % theoretical yield.

A butanol composition obtained by culturing the composition of any one of claims 49-67

under conditions of limited oxygen utilization.

An isobutanol composition obtained by culturing the composition of any one of claims

49-67 under conditions of limited oxygen utilization.

A method of growing a butanol-producing microorganism in lignocellulosic material
comprising:

(a) providing a composition containing lignocellulosic material;

(b) contacting the composition with (i) a microorganism capable of producing butanol and
(ii) an enzyme or combination of enzymes capable of converting a 5-carbon sugar to
xylulose or xylulose-5-phosphate; and

(c) maintaining the composition under conditions of limited oxygen utilization.

The method of claim 69, wherein the enzyme or combination of enzymes capable of
converting a S5-carbon sugar to xylulose or xylulose-5-phosphate are recombinantly
expressed by the microorganism capable of producing butanol.

A butanol composition obtained by the method of claim 70.

An isobutanol composition obtained by the method of claim 70.

A method for inhibiting the growth of microorganisms that do not produce butanol in a

composition comprising a lignocellulosic material comprising:

(a) providing a composition containing lignocellulosic material;
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(b) contacting the composition with (i) a microorganism capable of producing butanol and
(ii) an enzyme or combination of enzymes capable of converting a 5-carbon sugar to
xylulose or xylulose-5-phosphate; and

(c) maintaining the composition under conditions of limited oxygen utilization.

The method of claim 73, wherein the enzyme or combination of enzymes capable of
converting a S-carbon sugar to xylulose or xylulose-5-phosphate are recombinantly
expressed by the microorganism capable of producing butanol.

A butanol composition obtained by the method of claim 73 or 74.

An isobutanol composition obtained by the method of claim 73 or 74.
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