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CONSTRUCTION OF PROTROPHIC/CELLULOYTIC YEAST STRAINS
EXPRESSING TETHERED AND SECRETED CELLULASES

BACKGROUND OF THE INVENTION

[0001] The potential of plant biomass as a cheap and renewable substrate for the
production of fuel and chemicals has gained considerable interest in recent years. The
biological saccharification of cellulose, the main component of plant biomass, is of
particular interest in the field of fuel ethanol production. At least four biologically
mediated process steps are involved in the current cellulose-to-ethanol technology: (1)
cellulose enzyme production; (ii) enzymatic saccharification of cellulose; (iii)
fermentation of hexose sugars (end-products of cellulose hydrolysis); and (iv)
fermentation of pentose sugars (end-products of hemicellulose hydrolysis) to ethanol.
Lynd, L. R. et al., "Microbial cellulose utilization: fundamentals and biotechnology,"
Microbiol. Mol. Biol. Rev. 66:506-577 (2002) Combining the four process steps above
into a one-step conversion of cellulose to fuel ethanol (termed consolidated bioprocessing
(CBP)) would result in a considerable reduction in processing costs See id.

[0002] The yeast Saccharomyces cerevisiae (S. cerevisiae) has superior ethanol formation
properties, but is noncellulolytic. The expression of cellulases in S. cerevisiae would be a
prerequisite for cellulose conversion via CBP. S. cerevisiae has received a great deal of
interest regarding heterologous protein expression as well as the production of ethanol
and other commodity products. See id.; Romanos, M. A. et al., "Foreign gene expression
in yeast: a review," Yeast 8:423-488 (1992) Expression of a functional cellulase system in
S. cerevisiae would require the co-expression of at least three groups of enzymes, namely

“endoglucanases (EC 3.2.1.4); exoglucanases (EC 3.2.1.91) and B-glucosidases (EC
3.2.1.21). These enzymes act synergistically to efficiently degrade cellulose Mansfield,
S.D. and R. Meder, "Cellulose hydrolysis — the role of the mono-component cellulases in
crystalline cellulose degradation,” Cellulose 10, 159—-169 (2003)

[0003] Various cellulase genes have been expressed in S. cerevisiae with the aim of direct
ethanol production from cellulose. Often, however, heterologous cellulase enzymes are
produced by recombinant organisms in such low concentrations that the amount of
saccharified substrate available is unable to sustain growth of the organisms. In an

attempt to alleviate enzyme concentration deficiencies, yeast strains displaying cell
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surface proteins have been developed. Fujita, Y et al., “Direct and Efficient Production
of Ethanol from Cellulosic Material with a Yeast Strain Displaying Cellulolytic
Enzymes,” Applied and Environmental Microbiology 68: 5136-5141 (2002) describes an
S. cerevisiae strain expressing tethered B-glucosidase I (Bgll) and endoglucanase II
(Egll). However, this strain, while able to grown on a linear, soluble polysaccharide, is
unable to grown on insoluble celluose.

[0004] Improvements on such strains have been described and characterized, where the
expression of four different tethered cellulase enzymes result in a strain having the
capability of growth on insoluble cellulose. See, U.S. Application, entitled "Recombinant
Yeast Strains Expressing Tethered Cellulase Enzyme," to McBride et al., filed November
20, 2007, and assigned to Dartmouth University. In this previously-described strain,
tethered versions of endoglucanase 1 (Egl), cellobiohydrolase 1 (Cbhl), and
cellobiohydrolase II (Cbh2) from Trichoderma reesei (T. reesei) and the B-glucosidase I
(Bgll) from Saccharomycopsis fibuligera (S. fibuligera) were used to transform S.
cerevisiae. This tethered Egl/Cbh1/Cbh2/Bgl1 transformed yeast strain was capable of
growth on the insoluble cellulose substrate phosphoric acid swollen cellulose (PASC) and
the crystalline insoluble cellulose substrate bacterial microcrystalline cellulose (BMCC).

[0005] Given that both the Egl and Cbhl from the 7. reesei have cellulose binding
domains (CBDs) at their carboxy terminus, and that this is also where they are attached to
the anchoring domain, these tethered constructs may not, however, necessarily provide
sufficient activity on insoluble substrates. Additionally, 7. reesei Cbhl is typically not
well secreted. While a codon optimized version may be somewhat improved, evidence
suggests the improvement is not large if at all. Finally, tethered cellulase enzymes may
not gain the access to the substrate that secreted versions do for stearic reasons. Thus,
there is a need in the art to improve such tethered cellulase enzyme systems.

[0006] An additional approach to increase cellulose conversion via CBP in S. cerevisiae
is to improve cellulose utilization by selection-based methods. Selection-based
improvement of strains, including yeast strains, for improving cellulose utilization
promises to be a powerful tool for engineering recombinant organisms for consolidated
bioprocessing. However, to date, no demonstration of this technique has been

accomplished.
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[0007] Previous attempts to create strains built for selection experiments were not
suitable for further experiments. This is due, in part, to the inability to separate the effect
of amino acid utilization from cellulose utilization, and, in part, to the slow rate of growth
rate of the previous strains which rendered them unsuitable for continuous culture
because those strains were likely to wash out of the continuous culture at elevated dilution
rates.

[0008] The solutions to these issues could come from a number of sources. First,
prototrophic versions of these strains could be created, because these versions allow
media to be formulated without adding any amino acids. When this is done, it can be
calculated that the total carbon available to the cell in synthetic complete media (Yeast
Nitrogen Base without amino acids from Difco) is 1.9 mg/L, all of which is present in
vitamin components. This virtually eliminates concerns about the utilization of
non-cellulose carbon sources during continuous cultures.

{0009] In addition to strain modification, an easier way to hydrolyze substrate other than

(™

Avicel ™ PH105 is desired. However, such substrates are generally not available in large

quantities, and producing them is prohibitively time consuming. Additionally, Avicel™
PHI105 is easy to work with in well mixed systems and does not, for example, clog
tubing. One other solution to the issue of slow growth rate and low cell concentration is
to add soluble sugar as a co-feed in the system. This co-feed allows the cells to replicate
at a relatively high rate and yet still to gain a selective benefit by being cellulolytic, since
the soluble sugar concentration in the reactor can be kept very close to zero.

[0010] The present invention addresses the limitations of the systems described above.
First, with regard to the improvement of tethered cellulase systems, the present invention
provides for a transformed host cell with greater ability to grow on insoluble cellulose by
the addition of a highly expressed, secreted Cbhl to the Egl/Cbh1/Cbh2/Bgll tethered
system.

[0011] In addition, with regard to the selection-based approach, the present invention
provides for a selection method and the creation of a new cellulolytic, prototrophic strain
of S. cerevisiae utilizing this selection method. The new strain exhibits a number of
phenotypic improvements with respect to cellulose utilization, including improved growth
on mixes of Avicel™ and cellobiose, improved growth on bacterial microcrystalline

cellulose (BMCC)-containing media, and biomass formation on solid Avicel™ containing
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media. Improved strains of the present invention attained cell counts on BMCC

containing media about ten times faster than previously created strains.

BRIEF DESCRIPTION OF THE INVENTION

[0012] In some embodiments of the present invention a transformed host cell is provided
which comprises: (a) at least one heterologous polynucleotide which encodes an
endoglucanase which when expressed is tethered to the cell surface; (b) at least one
heterologous polynucleotide which encodes a cellobiohydrolase which when expressed is
tethered to the cell surface and (c) at least one heterologous polynucleotide which
encodes a B-glucosidase which when expressed is tethered to the cell surface, wherein
said transformed host cell further comprises a heterologous polynucleotide which encodes
at least one additional endoglucanase, cellobiohydrolase, or B-glucosidase which when
expressed, is secreted by the cell.

[0013] In other embodiments of the present invention, a host cell with the ability to
saccharify cellulose and produce ethanol therefrom is provided. In these embodiments,
the host cell comprises a tethered endoglucanase, a tethered cellobiohydrolase, a tethered
B-glucosidase and additionally comprising at least one secreted endoglucanase,
cellobiohydrolase, or B-glucosidase. In some embodiments, the cellulose is crystalline
cellulose.

. [0014] In yet another embodiment of the present invention, a method of fermenting
cellulose is disclosed. In these embodiments the host cells are transformed with: (a) at
least one heterologous polynucleotide which encodes an endoglucanase which when
expressed is tethered to the cell surface; (b) at least one heterologous polynucleotide
which encodes a cellobiohydrolase which when expressed is tethered to the cell surface
and (c) at least one heterologous polynucleotide which encodes a B-glucosidase which
when expressed is tethered to the cell surface, wherein said transformed host cell further
comprises a heterologous polynucleotide which encodes at least one additional
endoglucanase, cellobiohydrolase, or B-glucosidase which when expressed, is secreted by
the cell.

[0015] In still other embodiments of the present invention, a recombinant host cell which
is capable of producing ethanol when grown using crystalline cellulose as the sole carbon

source is provided.
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[0016] In yet other embodiments of the present invention, a method of improving the
ability of a host cell to use cellulose as a carbon source is provided. These methods
comprise: (a) culturing said host cell in media containing cellulose; (b) maintaining the
culture conditions in a substantially steady state; (c) allowing variant progeny of the
original host cell to acquire a selective advantage in the culture according to the ability of
said variant progeny to display increased reproductive capacity in the cellulose-containing
media; (d) growing the cells selected in step (¢) on media containing cellulose; and, (e)
iteratively repeating steps (b) and (c) until a variant of the original cell is produced, wherein
said variant has acquired the ability to grow at least 2 fold faster than the original host cell
on cellulose as a sole carbon source.

[0017] In other embodiments, a host cell able to use cellulose as a sole carbon source is
produced by a process comprising: (a) culturing said host cell in media containing
cellulose; (b) maintaining the culture conditions in a substantially steady state whereby
variant progeny of the original host cell acquire a selective advantage in the culture
according to the ability of said variant progeny to display increased reproductive capacity
in the cellulose-containing media; (c) continuously growing the cells of step b on media
containing cellulose; and, (d) repeating the selection of steps (b) and (c) until a variant of
the original cell is produced, wherein said variant acquires the ability to grow to a cell
density at least 2 fold greater than the original, pre-selected host cell on cellulose as a sole
carbon source.

Other embodiments of the present invention relate to method of fermenting
cellulose using the host cell defined herein, the method comprising culturing the
transformed host cell in medium that contains crystalline cellulose under suitable
conditions for a period sufficient to allow saccharification and fermentation of the

cellulose.

BRIEF DESCRIPTION OF THE DRAWINGS

[0018] Figure 1 depicts a graph showing growth of constructed strains on Avicel ™ PH105
in aerobic shake flasks. Black circles are M0360, Blue diamonds are M0149, Yellow
triangles are M0359, and Brown squares are M0361.
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[0019] Figure 2 depicts a graph showing washout of cells at a dilution rate of 0.02hr -1.
Caclulated umax based on this data for strain with all secreted cellulases is 0.012 hr -1, and
for the strain with tethered and secreted cellulases is 0.013 hr -1. Blue diamonds are
M0359, and Yellow triangles are M0360.

[0020] Figure 3 depicts a graph showing ethanol production from PASC by a number of

yeast strains with YNB and amino acids as media components. Initial ethanol
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concentration was subtracted from all subsequent data points, and negative values
indicate that ethanol concentration dropped over time.

[0021] Figure 4 depicts a graph showing ethanol production from BMCC by a number of
yeast strains with YNB and amino acids as media components. Initial ethanol
concentration was subtracted from all subsequent data points, and negative values
indicate that ethanol concentration dropped over time.

[0022] Figure 5 depicts a graph showing ethanol production from PASC by a number of
yeast strains with YP and amino acids as media components. Initial ethanol concentration
was subtracted from all subsequent data points, and negative values indicate that ethanol
concentration dropped over time.

[0023] Figure 6 depicts a comparison of parental (M0149) and strain with added secreted
CBHI1 (M0360) in 50mL shake flask culture on Avicel™ PH105 as the sole carbon
source, CEN.PK 113-11C is included as the negative control.

[0024] Figure 7 depicts data from long-term adaptation of M0360 in continuous culture
where cellulose and glucose were co-fed. Dilution rate and glucose feed rate were
adjusted at 200 hrs and 700 hrs. Data for CO, evolution was averaged over 3 residence
times. Condition 1: D=0.1 hr”, glucose feed rate=0.2 g/L/hr; Condition 2: D=0.067 hr',
glucose feed rate: 0.38 g/L/hr; Condition 3: D=0.055 hr”', glucose feed rate=0.11 g/L/hr
(abbreviations: D = dilution rate).

[0025] Figure 8 depicts the calculated conversion and mass balance from continuous
culture presented in Figure 2. Conversion of cellulose was calculated based on the
measured concentration of cellulose fed to the reactor, and the cell mass corrected total
dry weight. The mass balance averaged 104% +/- 5%. Condition 1: D=0.1 hr!, glucose
feed rate=0.2 g/L/hr; Condition 2: D=0.067 hr”', glucose feed rate: 0.38 g/L/hr; Condition
3: D=0.055 hr”', glucose feed rate=0.11 g/L/hr (abbreviations: D = dilution rate).

[0026] Figure 9 depicts the cell concentration and CO, evolution rate data from glucose
continuous culture with M0360. Dilution rate was 0.065 hr' and glucose feed rate was
0.11 g/L/hr.

[0027] Figure 10 depicts the increase in cell concentration as a function of residence time
in the reactor for the continuous culture data presented in Figures 7 and 8. Condition 2

(D=0.067 hr’', glucose feed rate: 0.38 g/L/hr) was from 200 to 700 hrs, and Condition 3
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(D=0.055 hr'', glucose feed rate=0.11 g/L/hr) was from 700 to 1500 hrs. The glucose
control chemostat was run at D=0.065 hr”' and a glucose feed rate=0.39 g/L/ht.

[0028] Figure 11 depicts batch growth experiment of selected and original strains on
Avicel™ and cellobiose in shake flask cultures. The left panel (Figure 11A) shows the
cell count data for growth of a population sample from the reactor run shown in Figure 7
as compared to the original strain. The right panel (Figure 11B) shows the number of
cells formed per amount of cellobiose consumed during the experiment for 3 separate
cultures for the selected (1 whole population, and 2 isolated colonies) and original strains
(3 separate colonies). The initial cellobiose concentration for all batches was measured by
HPLC to be 10.6 £ 0.3 g/L.

[0029] Figure 12 depicts growth of selected and original M0360 on BMCC as the sole
carbon source. A number of strains were tested for growth kinetics on BMCC and the
average number of new cells (cell count minus original count) was averaged for 3 cultures
of the selected strain, and 2 cultures of the original strain. For the untransformed strain
histidine and uracil were added to the media to account for the strains auxotrophies.

[0030] Figure 13 depicts growth test on 2% Avicel™ PH105 plate with YNB and
complete amino acid mix added. The box at the bottom is where the control strain was
streaked. 30 colonies from each of original and selected strains of M0360 were picked
from YNB-glucose plates and streaked onto this plate. The colonies on the right hand-

side were examined microscopically and were yeast.

DETAILED DESCRIPTION OF THE INVENTION

[0031] The disclosed methods and materials are useful generally in the field of

engineered yeast.

Definitions

[0032] A "vector," e.g., a "plasmid" or "YAC" (yeast artificial chromosome) refers to an
extrachromosomal element often carrying one or more genes that are not part of the
central metabolism of the cell, and is usually in the form of a circular double-stranded
DNA molecule. Such elements may be autonomously replicating sequences, genome
integrating sequences, phage or nucleotide sequences, linear, circular, or supercoiled, of a

single- or double-stranded DNA or RNA, derived from any source, in which a number of
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nucleotide sequences have been joined or recombined into a unique construction which is
capable of introducing a promoter fragment and DNA sequence for a selected gene
product along with appropriate 3' untranslated sequence into a cell. Preferably, the
plasmids or vectors of the present invention are stable and self-replicating.

[0033] An "expression vector” is a vector that is capable of directing the expression of
genes to which it is operably associated.

[0034] The term "heterologous" as used herein refers to an element of a vector, plasmid
or host cell that is derived from a source other than the endogenous source. Thus, for
example, a heterologous sequence could be a sequence that is derived from a different
gene or plasmid from the same host, from a different strain of host cell, or from an
organism of a different taxonomic group (e.g., different kingdom, phylum, class, order,
family genus, or species, or any subgroup within one of these classifications). The term
"heterologous" is also used synonymously herein with the term "exogenous."

[0035] The term "domain" as used herein refers to a part of a molecule or structure that -
shares common physical or chemical features, for example hydrophobic, polar, globular,
helical domains or properties, e.g., a DNA binding domain or an ATP binding domain.
Domains can be identified by their homology to conserved structural or functional motifs.
Examples of cellobiohydrolase (CBH) domains include the catalytic domain (CD) and the
cellulose binding domain (CBD).

[0036] A "nucleic acid," "polynucleotide,” or "nucleic acid molecule” is a polymeric
compound comprised of covalently linked subunits called nucleotides. Nucleic acid
includes polyribonucleic acid (RNA) and polydeoxyribonucleic acid (DNA), both of
which may be single-stranded or double-stranded. DNA includes cDNA, genomic DNA,
synthetic DNA, and semi-synthetic DNA.

[0037] An "isolated nucleic acid molecule”" or "isolated nucleic acid fragment” refers to
the phosphate ester polymeric form of ribonucleosides (adenosine, guanosine, uridine or
cytidine; "RNA molecules") or deoxyribonucleosides (deoxyadenosine, deoxyguanosine,
deoxythymidine, or deoxycytidine; "DNA molecules"), or any phosphoester anologs
thereof, such as phosphorothioates and thioesters, in either single stranded form, or a
double-stranded helix. Double stranded DNA-DNA, DNA-RNA and RNA-RNA helices
are possible. The term nucleic acid molecule, and in particular DNA or RNA molecule,

refers only to the primary and secondary structure of the molecule, and does not limit it to
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any particular tertiary forms. Thus, this term includes double-stranded DNA found, inter
alia, in linear or circular DNA molecules (e.g., restriction fragments), plasmids, and
chromosomes. In discussing the structure of particular double-stranded DNA molecules,
sequences may be described herein according to the normal convention of giving only the
sequence in the 5' to 3' direction along the non-transcribed strand of DNA (i.e., the strand
having a sequence homologous to the mRNA).

[0038] A "gene" refers to an assembly of nucleotides that encode a polypeptide, and
includes ¢cDNA and genomic DNA nucleic acids. "Gene" also refers to a nucleic acid
fragment that expresses a specific protein, including intervening sequences (introns)
between individual coding segments (exons), as well as regulatory sequences preceding
(5' non-coding sequences) and following (3' non-coding sequences) the coding sequence.
"Native gene" refers to a gene as found in nature with its own regulatory sequences.

[0039] A nucleic acid molecule is "hybridizable" to another nucleic acid molecule, such
as a cDNA, genomic DNA, or RNA, when a single stranded form of the nucleic acid
molecule can anneal to the other nucleic acid molecule under the appropriate conditions
of temperature and solution ionic strength. Hybridization and washing conditions are well
known and exemplified, e.g., in Sambrook, J., Fritsch, E. F. and Maniatis, T.
MOLECULAR CLONING: A LABORATORY MANUAL, Second Edition, Cold Spring
Harbor Laboratory Press, Cold Spring Harbor (1989), particularly Chapter 11 and Table
11.1 therein (hereinafter "Maniatis"). 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 homologous sequences from distantly
related organisms, to highly similar fragments, such as genes that duplicate functional
enzymes from closely related organisms. Post-hybridization washes determine stringency
conditions. One set of conditions uses a serics 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. For more
stringent conditions, washes are performed at 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 are increased to 60°C. Another set of highly stringent conditions
uses two final washes in 0.1X SSC, 0.1% SDS at 65°C. An additional set of highly

stringent conditions are
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defined by hybridization at 0.1X SSC, 0.1% SDS, 65°C and washed with 2X SSC, 0.1%
SDS followed by 0.1X SSC, 0.1% SDS.

[0040] 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 complementation, variables
well known in the art. The greater the degree of similarity or homology between two
nucleotide sequences, the greater the value of Tm for 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, e.g., Maniatis at 9.50-9.51). For hybridizations with shorter nucleic acids,
1.e., oligonucleotides, the position of mismatches becomes more important, and the length
of the oligonucleotide determines its specificity (see, e.g., Maniatis, at 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 30 nucleotides. Furthermore, the skilled artisan will recognize that the
temperature and wash solution salt concentration may be adjusted as necessary according
to factors such as length of the probe.

[0041] 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.

[0042] As known in the art, "similarity" between two polypeptides is determined by
comparing the amino acid sequence and conserved amino acid substitutes thereto of the
polypeptide to the sequence of a second polypeptide.

[0043] "Identity” and "similarity"” can be readily calculated by known methods, including
but not limited to those described in: Computational Molecular Biology (Lesk, A. M., ed.)
Oxford University Press, NY (1988); Biocomputing: Informatics and Genome Projects
(Smith, D. W., ed.) Academic Press, NY (1993); Computer Analysis of Sequence Data,
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Part 1 (Griffin, A. M., and Griffin, H. G., eds.) Humana Press, NJ (1994); Sequence
Analysis in Molecular Biology (von Heinje, G., ed.) Academic Press (1987); and
Sequence Analysis Primer (Gribskov, M. and Devereux, J., eds.) Stockton Press, NY
(1991). 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 may be performed using the Megalign program of the LASERGENE
bioinformatics computing suite (DNASTAR Inc., Madison, Wis.). Multiple alignments
of the sequences disclosed herein were performed using the Clustal method of alignment
(Higgins and Sharp (1989) CABIOS. 5:151-153) with the default parameters (GAP
PENALTY=10, GAP LENGTH PENALTY=10). Default parameters for pairwise
alignments using the Clustal method were KTUPLE 1, GAP PENALTY=3, WINDOW=5
and DIAGONALS SAVED=S.

[0044] Suitable nucleic acid sequences or fragments thereof (isolated polynucleotides of
the present invention) encode polypeptides that are at least about 70% to 75% identical to
the amino acid sequences reported herein, at least about 80%, 85%, or 90% 1dentical to
the amino acid sequences reported herein, or at least about 95%, 96%, 97%, 98%, 99%,
or 100% identical to the amino acid sequences reported herein. Suitable nucleic acid
fragments are at least about 70%, 75%, or 80% identical to the nucleic acid sequences
reported herein, at least about 80%, 85%, or 90% identical to the nucleic acid sequences
reported herein, or at least about 95%, 96%, 97%, 98%, 99%, or 100% identical to the
nucleic acid sequences reported herein. Suitable nucleic acid fragments not only have the
above identities/similarities but typically encode a polypeptide having at least 50 amino
acids, at least 100 amino acids, at least 150 amino acids, at least 200 amino acids, or at
least 250 amino acids.

[0045] A DNA or RNA "coding region" is a DNA or RNA molecule which is transcribed
and/or translated into a polypeptide in a cell in vitro or in vivo when placed under the
control of appropriate regulatory sequences. "Suitable regulatory regions" refer to nucleic
acid regions located upstream (5' non-coding sequences), within, or downstream (3' non-
coding sequences) of a coding region, and which influence the transcription, RNA
processing or stability, or translation of the associated coding region. Regulatory regions

may include promoters, translation leader sequences, RNA processing site, effector
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binding site and stem-loop structure. The boundaries of the coding region are determined
by a start codon at the 5' (amino) terminus and a translation stop codon at the 3'
(carboxyl) terminus. A coding region can include, but is not limited to, prokaryotic
regions, cDNA from mRNA, genomic DNA molecules, synthetic DNA molecules, or
RNA molecules. If the coding region is intended for expression in a eukaryotic cell, a
polyadenylation signal and transcription termination sequence will usually be located 3' to
the coding region.

Cellulase Systems Combining Tethered and Secreted Enzymes

[0046] As used herein, a protein is “tethered” to an organism’s cell surface if at least one
terminus of the protein is bound, covalently and/or electrostatically for example, to the
cell membrane or cell wall. It will be appreciated that a tethered protein may include one
or more enzymatic regions that may be joined to one or more other types of regions at the
nucleic acid and/or protein levels (e.g., a promoter, a terminator, an anchoring domain, a
linker, a signaling region, etc.). While the one or more enzymatic regions may not be
directly bound to the cell membrane or cell wall (e.g., such as when binding occurs via an
anchoring domain), the protein is nonetheless considered a “tethered enzyme” according
to the present specification.

[0047] Tethering may, for example, be accomplished by incorporation of an anchoring
domain into a recombinant protein that is heterologously expressed by a cell, or by
prenylation, fatty acyl linkage, glycosyl phosphatidyl inositol anchors or other suitable
molecular anchors which may anchor the tethered protein to the cell membrane or cell
wall of the host cell. A tethered protein maybe tethered at its amino terminal end or
optionally at its carboxy terminal end.

[0048] As used herein, "secreted" means released into the extracellular milieu, for
example into the media. Although tethered proteins may have secretion signals as part of
their immature amino acid sequence, they are maintained as attached to the cell surface,
and do not fall within the scope of secreted proteins as used herein.

[0049] As used herein, "flexible linker sequence” refers to an amino acid sequence which
links a cell wall anchoring amino acid sequence with an amino acid sequence that
contains the desired enzymatic activity. The flexible linker sequence allows for necessary

freedom for the amino acid sequence that contains the desired enzymatic activity to have
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reduced steric hindrance with respect to proximity to the cell and may also facilitate
proper folding of the amino acid sequence that contains the desired enzymatic activity.

[0050} The present invention provides for a cellulase system, where the cellulase system
is a host cell comprising: (a) at least one heterologous polynucleotide comprising a
nucleic acid which encodes an endoglucanase which, when expressed, is tethered to the
cell surface; (b) at least one heterologous polynucleotide comprising a nucleic acid which
encodes a cellobiohydrolase which, when expressed, is tethered to the cell surface; (c) at
least one heterologous polynucleotide comprising a nucleic acid sequence which encodes
a B-glucosidase which, when expressed, is tethered to the cell surface; and (d) at least one
additional heterologous polynucleotide comprising a nucleic acid which encodes an
endoglucanase, cellobiohydrolase, or B-glucosidase which, when expressed, is secreted by
the cell. Additional embodiments are directed to host cells comprising vectors containing
polynucleotides as described above, as well as polypeptides encoded by the
polynucleotides described above.

[0051] In certain embodiments, the cellulase system comprises two heterologous
polynucleotides comprising nucleic acids encoding a cellobiohydrolase 1 and a
cellobiohydrolase II.

[0052] In certain embodiments of the invention, the endoglucanase(s) can be an
endoglucanase I or an endoglucanase II isoform, paralogue or orthologue. An “isoform”
is a protein that has the same function as another protein but which is encoded by a
different gene and may have small differences in its sequence. A “paralogue” is a protein
encoded by a gene related by duplication within a genome. An “orthologue” is gene from
a different species that has evolved from a common ancestral gene by speciation.
Normally, orthologues retain the same function in the course of evolution as the ancestral
gene.

[0053] In further embodiments, the endoglucanase expressed by the host cells of the
present invention can be recombinant endo-1,4-B-glucanase. In particular embodiments,
the endoglucanase is an endoglucanase I from Trichoderma reesei. In certain other
embodiments, the endoglucanase is encoded by a polynucleotide sequence at least about
70, about 80, about 90, about 95, about 96, about 97, about 98, about 99, or 100%

identical to a T. reesei egl polynucleotide.
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[0054] In certain embodiments, the B-glucosidase is a B-glucosidase I or a B-glucosidase
1T isoform, paralogue or orthologue. In certain embodiments of the present invention the
B-glucosidase is derived from Saccharomycopsis fibuligera. In particular embodiments,
the B-glucosidase is encoded by a polynucleotide sequence at least about 70, about 80,
about 90, about 95, about 96, about 97, about 98, about 99, or 100% identical to an S.
figuligera bgll polynucleotide..

[0055] In certain embodiments of the invention, the cellobiohydrolase(s) can be a
cellobiohydrolase I and/or an cellobiohydrolase II isoform, paralogue or orthologue. In
particular embodiments of the present invention the cellobiohydrolases are
cellobiohydrolase 1 or II from Trichoderma reesei. In other embodiments, one
cellobiohydrolase is tethered to the cell surface and an additional cellobiohydrolase is
secreted into the extra-cellular milieu. In another embodiment, the B-glucosidase is
encoded by a polynucleotide sequence at least about 70, about 80, about 90, about 95,
about 96, about 97, about 98, about 99, or 100% identical to a T. reesei cbhl or cbh2.

[0056] In certain embodiments the secreted cellobiohydrolase is encoded by a
polynucleotide comprising a nucleic acid encoding TI. emersonii, H. grisea, T.
aurantiacus Cbhl or Cbh2, or domain, fragment, variant, or derivative thereof, as
described further below. In particular embodiments, the secreted cellobiohydrolase is
encoded by a polynucleotide comprising a nucleic acid encoding T. emersonii Cbhl or a
T. emersonii Cbhl fused to a domain of 7. reesei Cbhl or Cbh2, as described further
below.

[0057] In further embodiments the secreted cellobiohydrolase is a polypeptide
comprising an amino acid sequence at least about 70, about 80, about 90, about 95, about
96, about 97, about 98, about 99, or 100% identical to an amino acid sequence encoding
for a cellobiohydrolase listed in Tables 3-4 or 7.

[0058] In certain aspects, the endoglucanase, cellobiohydrolase and B-glucosidase can be
any suitable endoglucanase, cellobiohydrolase and B8-glucosidase derived from, for
example, a fungal or bacterial source.

[0059] In some embodiments of the present invention, the tethered cellulase enzymes are
tethered by a flexible linker sequence linked to an anchoring domain. In some
embodiments, the anchoring domain is of CWP2 (for carboxy terminal anchoring) or

FLO1 (for amino terminal anchoring) from S. cerevisiae. In particular embodiments, the
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anchoring domain is encoded by the CWP portion of SEQ ID NO: 48. In other
embodiments, the novel flexible linker sequence is encoded by the linker sequences of
any one of SEQ ID NOs: 20-21 or 48.

[0060] In some embodiments, heterologous secretion signals may be added to the
expression vectors of the present invention to facilitate the extra-cellular expression of
cellulase proteins. In some embodiments, the heterologous secretion signal is the
secretion signal from S. cerevisiea Xyn2.

[0061] In some embodiments, exogenous cellulase enzymes are added to the media.
These may include the cellulase enzymes also expressed by the transformed host cells of
the present invention such as cellobiohydrolases, endoglucanases, and B-glucosidases.
However exogenously added enzymes may also include xylanases, amylases, and
ligninases (such as laccases). One skilled in the art would recognize the need for various
mixtures of exogenous enzymes depending on the host cell embodiments, and the
particular substrates of the present invention.

[0062] In alternative embodiments, host cells of the present invention may themselves
express xylanases, amylases, and ligninases (such as laccases).

[0063] In certain aspects of the invention, the cellulase system is a host cell comprising:
(a) one heterologous polynucleotide comprising a nucleic acid which encodes an
endoglucanase which, when expressed, is tethered to the cell surface; (b) two
heterologous polynucleotides comprising nucleic acids which encode a cellobiohydrolase
I and a cellobiohydrolase II which, when expressed, are tethered to the cell surface; (c)
one heterologous polynucleotide comprising a nucleic acid sequence which encodes a 53-
glucosidase which, when expressed, is tethered to the cell surface; and (d) one additional
heterologous polynucleotide comprising a nucleic acid which encodes a cellobiohydrolase
which, when expressed, is secreted by the cell. In further aspects of the invention, the
tethered endoglucanase is encoded by T. reesei egl, the tethered cellobiohydrolase I and
II are encoded by T. reesei cbhl and cbh2, the tethered B-glucosidase is encoded by S.
fibuligera bgll, and the secreted cellobiohydrolase is encoded by T. emersonii cbhl or a
fusion protein comprising T. emersonii cbhl. or T. reesei Cbhl or Cbh2, or domain,
fragment, variant, or derivative thereof.

[0064] The T. emersonii cbhl nucleic acid sequence is available in GenBank (Accession

Number AY081766), and has the following sequence:
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CTCAGACTCAAACACTCCATCAGCAGCTTCGAAAGCGGTCTTTTTGCTATCATCATGCTTCGA
CGGGCTCTTCTTCTATCCTCTTCCGCCATCCTTGCTGTCAAGGCACAGCAGGCCGGCACGGCG
ACGGCAGAGAACCACCCGCCCCTGACATGGCAGGAATGCACCGCCCCTGGGAGCTGCACCA
CCCAGAACGGGGCGGTCGTTCTTGATGCGAACTGGCGTTGGGTGCACGATGTGAACGGATAC
ACCAACTGCTACACGGGCAATACCTGGGACCCCACGTACTGCCCTGACGACGAAACCTGCGC
CCAGAACTGTGCGCTGGACGGCGCGGATTACGAGGGCACCTACGGCGTGACTTCGTCGGGCA
GCTCCTTGAAACTCAATTTCGTCACCGGGTCGAACGTCGGATCCCGTCTCTACCTGCTGCAGG
ACGACTCGACCTATCAGATCTTCAAGCTTCTGAACCGCGAGTTCAGCTTTGACGTCGATGTCT
CCAATCTTCCGTGCGGATTGAACGGCGCTCTGTACTTTGTCGCCATGGACGCCGACGGCGGC
GTGTCCAAGTACCCGAACAACAAGGCTGGTGCCAAGTACGGAACCGGGTATTGCGACTCCCA
ATGCCCACGGGACCTCAAGTTCATCGACGGCGAGGCCAACGTCGAGGGCTGGCAGCCGTCTT
CGAACAACGCCAACACCGGAATTGGCGACCACGGCTCCTGCTGTGCGGAGATGGATGTCTGG
GAAGCAAACAGCATCTCCAATGCGGTCACTCCGCACCCGTGCGACACGCCAGGCCAGACGA
TGTGCTCTGGAGATGACTGCGGTGGCACATACTCTAACGATCGCTACGCGGGAACCTGCGAT
CCTGACGGCTGTGACTTCAACCCTTACCGCATGGGCAACACTTCTITTCTACGGGCCTGGCAAG
ATCATCGATACCACCAAGCCCTTCACTGTCGTGACGCAGTTCCTCACTGATGATGGTACGGAT
ACTGGAACTCTCAGCGAGATCAAGCGCTTCTACATCCAGAACAGCAACGTCATTCCGCAGCC
CAACTCGGACATCAGTGGCGTGACCGGCAACTCGATCACGACGGAGTTCTGCACTGCTCAGA
AGCAGGCCTTTGGCGACACGGACGACTTCTCTCAGCACGGTGGCCTGGCCAAGATGGGAGCG
GCCATGCAGCAGGGTATGGTCCTGGTGATGAGTTTGTGGGACGACTACGCCGCGCAGATGCT
GTGGTTGGATTCCGACTACCCGACGGATGCGGACCCCACGACCCCTGGTATTGCCCGTGGAA
CGTGTCCGACGGACTCGGGCGTCCCATCGGATGTCGAGTCGCAGAGCCCCAACTCCTACGTG
ACCTACTCGAACATTAAGTTTGGTCCGATCAACTCGACCTTCACCGCTTCGTGAGTCTTGGTT
ACATTTGAAGTAGACGGAAGTAGCTCTGCGATGGAACTGGCATATGGAGAAGACCACACAA
AACTGCATCGAAGAAAAGAGGGGGGAAAAGAGAAAAGCAAAGTTATTTAGTTTGAAAATGA
AACTACGCTCGTTTTTATTCTTGAAAATCGCCACTCTTGCCTTTTTTTTCTTTITTICTTITTITATT
TTTTTTCCTTTTGAAATCTTCAATTTAAATGTACATATTGTTAAATCAAATCAAGTAAATATAC
TTGAAAAAAAAAAAAAAAAAAA (SEQIDNO: 1)

[0065] The H. grisea cbhl nucleic acid sequence is available in GenBank (Accession
Number X17258), and has the following sequence:

GCCGTGACCTTGCGCGCTTTGGGTGGCGGTGGCGAGTCGTGGACGGTGCTTGCTGGTCGCCG
GCCTTCCCGGCGATCCGCGTGATGAGAGGGCCACCAACGGCGGGATGATGCTCCATGGGGA
ACTTCCCCATGGAGAAGAGAGAGAAACTTGCGGAGCCGTGATCTGGGGAAAGATGCTCCGT
GTCTCGTCTATATAACTCGAGTCTCCCCGAGCCCTCAACACCACCAGCTCTGATCTCACCATC
CCCATCGACAATCACGCAAACACAGCAGTTGTCGGGCCATTCCTTCAGACACATCAGTCACC
CTCCTTCAAAATGCGTACCGCCAAGTTCGCCACCCTCGCCGCCCTTGTGGCCTCGGCCGCCGC
CCAGCAGGCGTGCAGTCTCACCACCGAGAGGCACCCTTCCCTCTCTTGGAACAAGTGCACCG
CCGGCGGCCAGTGCCAGACCGTCCAGGCTTCCATCACTCTCGACTCCAACTGGCGCTGGACT
CACCAGGTGTCTGGCTCCACCAACTGCTACACGGGCAACAAGTGGGATACTAGCATCTGCAC
TGATGCCAAGTCGTGCGCTCAGAACTGCTGCGTCGATGGTGCCGACTACACCAGCACCTATG
GCATCACCACCAACGGTGATTCCCTGAGCCTCAAGTTCGTCACCAAGGGCCAGCACTCGACC
AACGTCGGCTCGCGTACCTACCTGATGGACGGCGAGGACAAGTATCAGAGTACGTTCTATCT
TCAGCCTTCTCGCGCCTTGAATCCTGGCTAACGTTTACACTTCACAGCCTTCGAGCTCCTCGG
CAACGAGTTCACCTTCGATGTCGATGTCTCCAACATCGGCTGCGGTCTCAACGGCGCCCTGTA
CTTCGTCTCCATGGACGCCGATGGTGGTCTCAGCCGCTATCCTGGCAACAAGGCTGGTGCCA
AGTACGGTACCGGCTACTGCGATGCTCAGTGCCCCCGTGACATCAAGTTCATCAACGGCGAG
GCCAACATTGAGGGCTGGACCGGCTCCACCAACGACCCCAACGCCGGCGCGGGCCGCTATG
GTACCTGCTGCTCTGAGATGGATATCTGGGAAGCCAACAACATGGCTACTGCCTTCACTCCTC
ACCCTTGCACCATCATTGGCCAGAGCCGCTGCGAGGGCGACTCGTGCGGTGGCACCTACAGC
AACGAGCGCTACGCCGGCGTCTGCGACCCCGATGGCTGCGACTTCAACTCGTACCGCCAGGG
CAACAAGACCTTCTACGGCAAGGGCATGACCGTCGACACCACCAAGAAGATCACTGTCGTCA
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CCCAGTTCCTCAAGGATGCCAACGGCGATCTCGGCGAGATCAAGCGCTTCTACGTCCAGGAT
GGCAAGATCATCCCCAACTCCGAGTCCACCATCCCCGGCGTCGAGGGCAATTCCATCACCCA
GGACTGGTGCGACCGCCAGAAGGTTGCCTTTGGCGACATTGACGACTTCAACCGCAAGGGCG
GCATGAAGCAGATGGGCAAGGCCCTCGCCGGCCCCATGGTCCTGGTCATGTCCATCTGGGAT
GACCACGCCTCCAACATGCTCTGGCTCGACTCGACCTTCCCTGTCGATGCCGCTGGCAAGCCC
GGCGCCGAGCGCGGTGCCTGCCCGACCACCTCGGGTGTCCCTGCTGAGGTTGAGGCCGAGGC
CCCCAACAGCAACGTCGTCTTCTCCAACATCCGCTTCGGCCCCATCGGCTCGACCGTTGCTGG
TCTCCCCGGCGCGGGCAACGGCGGCAACAACGGCGGCAACCCCCCGCCCCCCACCACCACC
ACCTCCTCGGCTCCGGCCACCACCACCACCGCCAGCGCTGGCCCCAAGGCTGGCCGCTGGCA
GCAGTGCGGCGGCATCGGCTTCACTGGCCCGACCCAGTGCGAGGAGCCCTACATTTGCACCA
AGCTCAACGACTGGTACTCTCAGTGCCTGTAAATTCTGAGTCGCTGACTCGACGATCACGGC
CGGTTTTTGCATGAAAGGAAACAAACGACCGCGATAAAAATGGAGGGTAATGAGATGTC
(SEQ ID NO: 2)

[0066] The T. aurantiacus cbhl nucleic acid sequence is available in GenBank
(Accession Number AF478686), and has the following sequence:

GAATTCTAGACCTTTATCCTTTCATCCGACCAGACTTCCCTTTTITGACCTTGGCGCCCTGTTGA
CTACCTACCTACCTAGGTAGTAACGTCGTCGACCCTCTTGAATGATCCTTGTCACACTGCAAA
CATCCGAAAACATACGGCAAAAGATGATTGGGCATGGATGCAGGAGACATCGAATGAGGGC
TTAGAAGGAAATGAAAACCTGGGACCAGGACGCTAGGTACGATGAAATCCGCCAATGGTGA |
AACTTTAAGTCGTGCCTACAGCACAGGCTCTGTGAAGATTGCGCTGTTCAGACTTAATCTTCT
CATCACAGTCCAAGTCTTTATGAAAAGGAAAAAGAGAGGGAAGAGCGCTATTTCGAGCTGTT
GGCCTCATAGGGAGACAGTCGAGCATACCAGCGGTATCGACGTTAGACTCAACCAAGAATA
ATGACGAGAATAAACACAGAAGTCAACCTTGAACTGGATAGCAGGGTTCCAGCAGCAGATA
GTTACTTGCATAAAGACAACTCCCCGAGGGCTCTCTGCATACACCAGGATGTTCCGGAATTA
TTCACTGCTCGTTTCCGACGTGGCGTCAGTGATCCGTCTCCACAGAACTCTACCTGGGAATAA
CCCAGGGGAGGAATCTGCAAGTAAGAACTTAATACCAATCCCCGGGGCTGCCGAGGTGAAT
CGAATCTCCCGCGGGAAATTAAACCCATACGATGTTTTTGCACCACATGCATGCTTAGCACG
ATTTCTCCGCAAGGGAGTCACAGAGAAAGACATATTTCGCATACTACTGTGACTCTGCAGAG
TTACATATCACTCAGGATACATTGCAGATCATTGTCCGGGCATCAAAAATGGACCTGCAGGA
TCAACGGCCCGACAAAACACAAGTGGCTAAAGCTGGGGGATGCCCGAAACCCTCTGGTGCA
ATATCATTTGATGGATGTTCCCCCCGCATTTCTAAGACATCGACGGATCGGCCCGCATACTAA
TCCTTTTATCAACCAAAAGTTCCACTCGACTAGAGAAAAAAAAGGCCAAGGCCACTAGTTGC
AGTCGGATACTGGTCTTTTCGCCGTCCAACACCTTCATCCATGATCCCCTTAGCCACCAATGC
CCCACATAATACATGTTGACATAGGTACGTAGCTCTGTTATCCAATCGGATCCGAACCTCTTT
AACGGACCCCTCCTACACACCTTATCCTAACTTCAGAAGACTGTTGCCCATTGGGGATTGAG
GAGGTCCGGGTCGCAGGATGCGTTCTAGGCTAAATTCTCGGCCGGTAGCCATCTCGAATCTC
TCGTGAAGCCTTCATCTGAACGGTTGGCGGCCCGTCAAGCCGATGACCATGGGTTCCTGATA
GAGCTTGTGCCTGACCGGCCTTGGCGGCATAGACGAGCTGAACACATCAGGTATGAACAGAT
CAGATATAAAGTCGGATTGAGTCCTAGTACGAAGCAATCCGCCACCACCAAATCAAGCAAC
GAGCGACACGAATAACAATATCAATCGAATCGCAATGTATCAGCGCGCTCTTCTCTTCTCTTT
CTTCCTCGCCGCCGCCCGCGCGCACGAGGCCGGTACCGTAACCGCAGAGAATCACCCTTCCC
TGACCTGGCAGCAATGCTCCAGCGGCGGTAGTTGTACCACGCAGAATGGAAAAGTCGTTATC
GATGCGAACTGGCGTTGGGTCCATACCACCTCTGGATACACCAACTGCTACACGGGCAATAC
GTGGGACACCAGTATCTGTCCCGACGACGTGACCTGCGCTCAGAATTGTGCCTTGGATGGAG
CGGATTACAGTGGCACCTATGGTGTTACGACCAGTGGCAACGCCCTGAGACTGAACTTTGTC
ACCCAAAGCTCAGGGAAGAACATTGGCTCGCGCCTGTACCTGCTGCAGGACGACACCACTTA
TCAGATCTTCAAGCTGCTGGGTCAGGAGTTTACCTTCGATGTCGACGTCTCCAATCTCCCTTG
CGGGCTGAACGGCGCCCTCTACTTTGTGGCCATGGACGCCGACGGCAATTTGTCCAAATACC
CTGGCAACAAGGCAGGCGCTAAGTATGGCACTGGTTACTGCGACTCTCAGTGCCCTCGGGAT
CTCAAGTTCATCAACGGTCAGGTACGTCAGAAGTGATAACTAGCCAGCAGAGCCCATGAATC
ATTAACTAACGCTGTCAAATACAGGCCAACGTTGAAGGCTGGCAGCCGTCTGCCAACGACCC



CA 02724036 2010-11-10

WO 2009/139839 PCT/US2009/002902
18

AAATGCCGGCGTTGGTAACCACGGTTCCTCGTGCGCTGAGATGGATGTCTGGGAAGCCAACA
GCATCTCTACTGCGGTGACGCCTCACCCATGCGACACCCCCGGCCAGACCATGTGCCAGGGA
GACGACTGTGGTGGAACCTACTCCTCCACTCGATATGCTGGTACCTGCGACCCTGATGGCTG
CGACTTCAATCCTTACCAGCCAGGCAACCACTCGTTCTACGGCCCCGGGAAGATCGTCGACA
CTAGCTCCAAATTCACCGTCGTCACCCAGTTCATCACCGACGACGGGACACCCTCCGGCACC
CTGACGGAGATCAAACGCTTCTACGTCCAGAACGGCAAGGTGATCCCCCAGTCGGAGTCGAC
GATCAGCGGCGTCACCGGCAACTCAATCACCACCGAGTATTGCACGGCCCAGAAGGCAGCCT
TCGGCGACAACACCGGCTTCTTCACGCACGGCGGGCTTCAGAAGATCAGTCAGGCTCTGGCT
CAGGGCATGGTCCTCGTCATGAGCCTGTGGGACGATCACGCCGCCAACATGCTCTGGCTGGA
CAGCACCTACCCGACTGATGCGGACCCGGACACCCCTGGCGTCGCGCGCGGTACCTGCCCCA
CGACCTCCGGCGTCCCGGCCGACGTTGAGTCGCAGAACCCCAATTCATATGTTATCTACTCCA
ACATCAAGGTCGGACCCATCAACTCGACCTTCACCGCCAACTAAGTAAGTAACGGGCACTCT
ACCACCGAGAGCTTCGTGAAGATACAGGGGTAGTTGGGAGATTGTCGTGTACAGGGGACAT
GCGATGCTCAAAAATCTACATCAGTTTGCCAATTGAACCATGAAGAAAAGGGGGAGATCAA
AGAAGTCTGTCAGAAGAGAGGGGCTGTGGCAGCTTAAGCCTTGTTGTAGATCGTTCAGAGAA
AAAAAAAGTTTGCGTACTTATTATATTAGGTCGATCATTATCCGATTGACTCCGTGACAAGA
ATTAAAAAGAGTACTGCTTGCTTGCCTATTTAAATTGTTATATACGCCGTAGCGCTTGCGGAC
CACCCCTCACAGTATATCGGTTCGCCTCTTCTTGTCTCTTCATCTCACATCACAGGTCCAGGTC
CAGCCCGGCCCGGTCCGGGTGCCATGCATGCACAGGGGGACTAATATATTAATCGTGACCCT
GTVCCTAAGCTAGGGTCCCTGCATTTTGAACCTGTGGACGTCTG (SEQID NO: 3)

[0067] The T. reesei cbhl nucleic acid sequence is available in GenBank (Accession
Number E00389), and has the following sequence:

AAGGTTAGCCAAGAACAATAGCCGATAAAGATAGCCTCATTAAACGGAATGAGCTAGTAGG
CAAAGTCAGCGAATGTGTATATATAAAGGTTCGAGGTCCGTGCCTCCCTCATGCTCTCCCCAT
CTACTCATCAACTCAGATCCTCCAGGAGACTTGTACACCATCTTTTGAGGCACAGAAACCCA
ATAGTCAACCGCGGACTGGCATCATGTATCGGAAGTTGGCCGTCATCACGGCCTTCTTGGCC
ACAGCTCGTGCTCAGTCGGCCTGCACTCTCCAATCGGAGACTCACCCGCCTCTGACATGGCA
GAAATGCTCGTCTGGTGGCACTTGCACTCAACAGACAGGCTCCGTGGTCATCGACGCCAACT
GGCGCTGGACTCACGCTACGAACAGCAGCACGAACTGCTACGATGGCAACACTTGGAGCTC
GACCCTATGTCCTGACAACGAGACCTGCGCGAAGAACTGCTGTCTGGACGGTGCCGCCTACG
CGTCCACGTACGGAGTTACCACGAGCGGTAACAGCCTCTCCATTGGCTTTGTCACCCAGTCTG
CGCAGAAGAACGTTGGCGCTCGCCTTTACCTTATGGCGAGCGACACGACCTACCAGGAATTC
ACCCTGCTTGGCAACGAGTTCTCTTTCGATGTTGATGTTTCGCAGCTGCCGTAAGTGACTTAC
CATGAACCCCTGACGTATCTTCTTGTGGGCTCCCAGCTGACTGGCCAATTTAAGGTGCGGCTT
GAACGGAGCTCTCTACTTCGTGTCCATGGACGCGGATGGTGGCGTGAGCAAGTATCCCACCA
ACAACGCTGGCGCCAAGTACGGCACGGGGTACTGTGACAGCCAGTGTCCCCGCGATCTGAA
GTTCATCAATGGCCAGGCCAACGTTGAGGGCTGGGAGCCGTCATCCAACAACGCAAACACG
GGCATTGGAGGACACGGAAGCTGCTGCTCTGAGATGGATATCTGGGAGGCCAACTCCATCTC
CGAGGCTCTTACCCCCCACCCTTGCACGACTGTCGGCCAGGAGATCTGCGAGGGTGATGGGT
GCGGCGGAACTTACTCCGATAACAGATATGGCGGCACTTGCGATCCCGATGGCTGCGACTGG
AACCCATACCGCCTGGGCAACACCAGCTTCTACGGCCCTGGCTCAAGCTTTACCCTCGATAC
CACCAAGAAATTGACCGTTGTCACCCAGTTCGAGACGTCGGGTGCCATCAACCGATACTATG
TCCAGAATGGCGTCACTTTCCAGCAGCCCAACGCCGAGCTTGGTAGTTACTCTGGCAACGAG
CTCAACGATGATTACTGCACAGCTGAGGAGACAGAATTCGGCGGATCTCTTTCTCAGACAAG
GGCGGCCTGACTCAGTTCAAGAAGGCTACCTCTGGCGGCATGGTTCTGGTCATGAGTCTGTG
GGATGATGTGAGTTTGATGGACAAACATGCGCGTTGACAAAGAGTCAAGCAGCTGACTGAG
ATGTTACAGTACTACGCCAACATGCTGTGGCTGGACTCCACCTACCCGACAAACGAGACCTC
CTCCACACCCGGTGCCGTGCGCGGAAGCTGCTCCACCAGCTCCGGTGTCCCTGCTCAGGTCG
AATCTCAGTCTCCCAACGCCAAGGTCACCTTCTCCAACATCAAGTTCGGACCCATTGGCAGC
ACCGGCAACCCTAGCGGCGGCAACCCTCCCGGCGGAAACCGTGGCACCACCACCACCCGCC
GCCCAGCCACTACCACTGGAAGCTCTCCCGGACCTACCCAGTCTCACTACGGCCAGTGCGGC
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GGTATTGGCTACAGCGGCCCCACGGTCTGCGCCAGCGGCACAACTTGCCAGGTCCTGAACCC
TTACTACTCTCAGTGCCTGTAAAGCTCCGTGCGAAAGCCTGACGCACCGGTAGATTCTTGGTG
AGCCCGTATCATGACGGCGGCGGGAGCTACATGGCCCCGGGTGATTITATTTTITTTTGTATCTA
CTTCTGACCCTTTTCAAATATACGGTCAACTCATCTTTCACTGGAGATGCGGCCTGCTTGGTA
TTGCGATGTTGTCAGCTTGGCAAATTGTGGCTTTCGAAAACACAAAACGATTCCTTAGTAGCC
ATGCATTTTAAGATAACGGAATAGAAGAAAGAGGAAATTAAAAAAAAAAAAAAAACAAAC
ATCCCGTTCATAACCCGTAGAATCGCCGCTCTTCGTGTATCCCAGTACCA (SEQ ID NO: 4)

[0068] The T. emersonii cbh2 nucleic acid sequence is available in GenBank (Accession
Number AF439936), and has the following sequence:

GACGGACCTGCACTTAGTCGGTAGGTTATGTATGTAGCTGGAGATTGGGATAGGGAAGTTAG
CTAATAGTCTACTTCGTGTGAGGGTTGATTTTGATGGTCGACAGTATTCGTTTCTTATACGCA
GCGTCATGGATCTGTGTTTCTGTCACATGTCGGGTGGATGGTTCCTGGACAGCAGCACACAA
ATGGTGTTCTGTAGATAGGCGATACTCGGCAGGGGATTGTGCAGGGGATTGTATCGTAGATG
GTTCTAGTAAAATAGATCCCGAGTATGGTTAGCTCTCATACCTCGAGTNGATGAAGCACAAT
ATGCTACGATATGCCAAGTAAAACTCTATTGTATTCTGCAGCTAGCAATTGAAGAATCCGAC
ATTCCCATTGTCATCTAATCGGGCAGACATGTGCAAAGAGGGACGATTCGTGATCGAAGTGC
TCCAATCCATGGCGTAGGACCAGACAGCTCCATCCGATCTAGAGCTATATGGAGCTCCTCGC
AACTCCGACACTCCGCGAGACAGCTCTCACAAGCACTATAAATATGGCCAAGAACCCTGCAG
AACAGCTTCACTCTACAGCCCGTTGAGCAGAACAAACAAAATATCACTCCAGAGAGAAAGC
AACATGCGGAATCTTCTTGCTCTTGCACCGGCCGCGCTGCTTGTCGGCGCAGCGGAAGCGCA
ACAATCCCTCTGGGGACAATGTGAGCAGCTCCTAAACGTCTGTCTGAGGGATTATGTCTGAC
TGCTCAGGCGGCGGGAGTTCGTGGACTGGCGCGACGAGCTGTGCTGCTGGAGCGACGTGCA
GCACAATCAATCCTTGTACGTCTGCTGAACGATAATCCTACATTGTTGACGTGCTAACTGCGT
AGACTACGCACAATGCGTTCCTGCAACGGCCACTCCGACCACGCTGACGACAACGACAAAA
CCAACGTCCACCGGCGGCGCTGCTCCAACGACTCCTCCTCCGACAACGACTGGAACAACGAC
ATCGCCCGTCGTCACCAGGCCCGCGTCTGCCTCCGGCAACCCGTTCGAAGGCTACCAGCTCT
ACGCCAATCCGTACTATGCGTCGGAGGTGATTAGTTTGGCAATTCCCTCGCTGAGCAGCGAG
CTGGTTCCCAAGGCGAGCGAGGTGGCCAAGGTGCCGTCTTTCGTCTGGCTGTAAGTAAATTC
CCCCAGGCTGTCATTTCCCCTTACTGATCTTGTCCAGCGACCAAGCCGCCAAGGTGCCCAGCA
TGGGCGACTATCTGAAAGACATCCAGTCGCAGAACGCAGCCGGCGCAGACCCCCCGATTGC
AGGCATCTTTGTCGTCTACGACCTGCCTGACCGCGACTGCGCGGCTGCAGCCAGCAATGGCG
AGTTCTCCATCGCCAACAACGGCGTCGCCCTGTACAAGCAGTACATCGACTCGATCCGCGAG
CAGCTGACGACCTATTCAGATGTGCACACCATCCTGGTCATCGGTAGTTCCAGTCCTCTTCTG
TGATGTTGATGAAAAAAATACTGACTGACTCCTGCAGAACCCGACAGCCTTGCGAACGTGGT
CACCAACCTGAACGTGCCGAAATGCGCAAATGCCCAGGACGCCTATCTCGAATGCATCAACT
ACGCCATCACCCAGCTCGATCTGCCAAACGTGGCCATGTATCTTGATGCTGGTGAGTCCTCAC
ATACAAGTGAATAAAAATAAAACTGATGCAGTGCAGGACACGCCGGATGGCTAGGCTGGCA
AGCCAACCTCGCCCCCGCCGCCCAGCTGTTTGCCTCGGTGTACAAAAACGCCTCCTCTCCGGC
ATCCGTCCGCGGTCTCGCCACCAACGTCGCCAACTACAACGCCTGGTCGATCAGCCGGTGCC
CGTCGTACACGCAGGGCGACGCCAATTGCGACGAGGAGGATTACGTGAATGCCTTGGGGCC
GTTGTTCCAGGAACAGGGATTCCCGGCATATTTTATCATTGATACATGTAAGCTTTACCCCAG
AACCCCTCCATAGAAGGTCAATCTAACGGTAATGTACAGCCCGCAATGGCGTCCGACCCACC
AAGCAAAGCCAATGGGGCGACTGGTGCAACGTCATCGGCACGGGCTTCGGCGTCCGGCCCA
CGACCGACACCGGCAATCCTCTCGAGGACGCTTTCGTCTGGGTCAAGCCCGGTGGCGAGAGC
GATGGCACGTCCAACACGACCTCTCCGCGGTACGACTACCACTGCGGGCTGAGCGATGCGCT
GCAGCCGGCGCCGGAGGCGGGGACTTGGTTCCAGGTATGACGCGCCTTCGTATTAGCAATTA
CGATACATGTGCATGCTGACCATGCGACAGGCGTACTTTGAGCAGTTGCTCACGAATGCTAA
CCCGCTGTTCTGA (SEQ ID NO: 5)
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[0069] The T. reesei cbh2 nucleic acid sequence is available in GenBank (Accession
Number M16190), and has the following sequence:

TCGAACTGACAAGTTGTTATATTGCCTGTGTACCAAGCGCGAATGTGGACAGGATTAATGCC
AGAGTTCATTAGCCTCAAGTAGAGCCTATTTCCTCGCCGGAAAGTCATCTCTCTTATTGCATT
TCTGCCCTTCCCACTAACTCAGGGTGCAGCGCAACACTACACGCAACATATACACTTITATTAG
CCGTGCAACAAGGCTATTCTACGAAAAATGCTACACTCCACATGTTAAAGGCGCATTCAACC
AGCTTCTTTATTGGGTAATATACAGCCAGGCGGGGATGAAGCTCATTAGCCGCCACTCAAGG
CTATACAATGTTGCCAACTCTCCGGGCTTTATCCTGTGCTCCCGAATACCACATCGTGATGAT
GCTTCAGCGCACGGAAGTCACAGACACCGCCTGTATAAAAGGGGGACTGTGACCCTGTATGA
GGCGCAACATGGTCTCACAGCAGCTCACCTGAAGAGGCTTGTAAGATCACCCTCTGTGTATT
GCACCATGATTGTCGGCATTCTCACCACGCTGGCTACGCTGGCCACACTCGCAGCTAGTGTG
CCTCTAGAGGAGCGGCAAGCTTGCTCAAGCGTCTGGTAATTATGTGAACCCTCTCAAGAGAC
CCAAATACTGAGATATGTCAAGGGGCCAATGTGGTGGCCAGAATTGGTCGGGTCCGACTTGC
TGTGCTTCCGGAAGCACATGCGTCTACTCCAACGACTATTACTCCCAGTGTCTTCCCGGCGCT
GCAAGCTCAAGCTCGTCCACGCGCGCCGCGTCGACGACTTCTCGAGTATCCCCCACAACATC
CCGGTCGAGCTCCGCGACGCCTCCACCTGGTTCTACTACTACCAGAGTACCTCCAGTCGGATC
GGGAACCGCTACGTATTCAGGCAACCCTTTTGTTGGGGTCACTCCTTGGGCCAATGCATATTA
CGCCTCTGAAGTTAGCAGCCTCGCTATTCCTAGCTTGACTGGAGCCATGGCCACTGCTGCAGC
AGCTGTCGCAAAGGTTCCCTCTTTTATGTGGCTGTAGGTCCTCCCGGAACCAAGGCAATCTGT
TACTGAAGGCTCATCATTCACTGCAGAGATACTCTTGACAAGACCCCTCTCATGGAGCAAAC
CTTGGCCGACATCCGCACCGCCAACAAGAATGGCGGTAACTATGCCGGACAGTTTGTGGTGT
ATGACTTGCCGGATCGCGATTGCGCTGCCCTTGCCTCGAATGGCGAATACTCTATTGCCGATG
GTGGCGTCGCCAAATATAAGAACTATATCGACACCATTCGTCAAATTGTCGTGGAATATTCC
GATATCCGGACCCTCCTGGTTATTGGTGAGTTTAAACACCTGCCTCCCCCCCCCCTTCCCTTC
CTTTCCCGCCGGCATCTTGTCGTTGTGCTAACTATTGTTCCCTCTTCCAGAGCCTGACTCTCTT
GCCAACCTGGTGACCAACCTCGGTACTCCAAAGTGTGCCAATGCTCAGTCAGCCTACCTTGA
GTGCATCAACTACGCCGTCACACAGCTGAACCTTCCAAATGTTGCGATGTATTTGGACGCTG
GCCATGCAGGATGGCTTGGCTGGCCGGCAAACCAAGACCCGGCCGCTCAGCTATTTGCAAAT
GTTTACAAGAATGCATCGTCTCCGAGAGCTCTTCGCGGATTGGCAACCAATGTCGCCAACTA
CAACGGGTGGAACATTACCAGCCCCCCATCGTACACGCAAGGCAACGCTGTCTACAACGAG
AAGCTGTACATCCACGCTATTGGACCTCTTCTTGCCAATCACGGCTGGTCCAACGCCTTCTTC
ATCACTGATCAAGGTCGATCGGGAAAGCAGCCTACCGGACAGCAACAGTGGGGAGACTGGT
GCAATGTGATCGGCACCGGATTTGGTATTCGCCCATCCGCAAACACTGGGGACTCGTTGCTG
GATTCGTTTGTCTGGGTCAAGCCAGGCGGCGAGTGTGACGGCACCAGCGACAGCAGTGCGCC
ACGATTTGACTCCCACTGTGCGCTCCCAGATGCCTTGCAACCGGCGCCTCAAGCTGGTGCTTG
GTTCCAAGCCTACTTTGTGCAGCTTCTCACAAACGCAAACCCATCGTTCCTGTAAGGCTTTCG
TGACCGGGCTTCAAACAATGATGTGCGATGGTGTGGTTCCCGGTTGGCGGAGTCTTTGTCTAC
TTTGGTTGT (SEQ ID NO: 6)

[0070} The present invention also provides for the use of an isolated polynucleotide
comprising a nucleic acid at least about 70%, 75%, or 80% identical, at least about 90%
to about 95% identical, or at least about 96%, 97%, 98%, 99% or 100% identical to any
of SEQ ID NOs:1-6, or fragments, variants, or derivatives thereof.

[0071] In certain aspects, the present invention relates to a polynucleotide comprising a
nucleic acid encoding a functional or structural domain of T. emersonii, H. grisea, T.
aurantiacus or T. reesei Cbhl or Cbh2. For example, the domains of 7. reesei Cbh 1

include, without limitation: (1) a signal sequence, from amino acid 1 to 33 of SEQ ID
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NO: 17; (2) a catalytic domain (CD) from about amino acid 41 to about amino acid 465
of SEQ ID NO: 17; and (3) a cellulose binding module (CBM) from about amino acid
503 to about amino acid 535 of SEQ ID NO: 17. The domains of T. reesei Cbh 2 include,
without limitation: (1) a signal sequence, from amino acid 1 to 33 of SEQ ID NO: 18; (2)
a catalytic domain (CD) from about amino acid 145 to about amino acid 458 of SEQ ID
NO: 18; and (3) a cellulose binding module (CBM) from about amino acid 52 to about
amino acid 83 of SEQ ID NO: 18.

[0072] The present invention also encompasses an isolated polynucleotide comprising a
nucleic acid that 1s at least about 70%, 75%, or 80% identical, at least about 90% to about
95% identical, or at least about 96%, 97%, 98%, 99% or 100% identical to a nucleic acid
encoding a T. emersonii, H. grisea, T. aurantiacus or T. reesei Cbhl or Cbh2 domain, as
described above.

[0073] The present invention also encompasses variants of the chhl or cbh 2 genes, as
described above. Variants may contain alterations in the coding regions, ndn-coding
regions, or both. Examples are polynucleotide variants containing alterations which
produce silent substitutions, additions, or deletions, but do not alter the properties or
activities of the encoded polypeptide. In certain embodiments, nucleotide variants are
produced by silent substitutions due to the degeneracy of the genetic code. In further
embodiments, 7. emersonii, H. grisea, T. aurantiacus, and T. reesei cbhl or cbh2
polynucleotide variants can be produced for a variety of reasons, e.g., to optimize codon
expression for a particular host (e.g., change codons in the 7. emersonii cbhl mRNA to
those preferred by a host such as the yeast Saccharomyces cerevisiae).

[0074] Codon-optimized polynucleotides of the present invention are discussed further
below.

[0075] The present invention also encompasses an isolated polynucleotide encoding a
fusion protein. In certain embodiments, the nucleic acid encoding a fusion protein
comprises a first polynucleotide encoding for a 7. emersonii cbhl, H. grisea cbhl, or T.
aurantiacusi cbhl, T. emersonii cbhl and a second polynucleotide encoding for the CBM
domain of T. reesei cbhl or T. reesei cbh2. In particular embodiments of the nucleic acid
encoding a fusion protein, the first polynucleotide is 7. emersonii cbhl and the second
polynucleotide encodes for a CBM from T. reesei Cbhl or Cbh2. In further embodiments

of the fusion protein, the first and second polynucleotides are in the same orientation, or
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the second polynucleotide is in the reverse orientation of the first polynucleotide. In
additional embodiments, the first polynucleotide 1s either N-terminal or C-terminal to the
second polynucleotide. In certain other embodiments, the first polynucleotide and/or the
second polynucleotide are encoded by codon-optimized polynucleotides, for example,
polynucleotides codon-optimized for S. cerevisiae. In particular embodiments of the
nucleic acid encoding a fusion protein, the first polynucleotide is a codon-optimized 7.
emersonii cbhl and the second polynucleotide encodes for a codon-optimized CBM from
T. reesei Cbhl or Cbh2.

[0076] Also provided in the present invention are allelic variants, orthologs, and/or
species homologs. Procedures known in the art can be used to obtain full-length genes,
allelic variants, splice variants, full-length coding portions, orthologs, and/or species
homologs of genes corresponding to any of SEQ ID NOs: 1-6, using information from the
sequences disclosed herein or the clones deposited with the ATCC. For example, allelic
variants and/or species homologs may be isolated and identified by making suitable
probes or primers from the sequences provided herein and screening a suitable nucleic
acid source for allelic variants and/or the desired homologue.

[0077] By a nucleic acid having a nucleotide sequence at least, for example, 95%
"identical" to a reference nucleotide sequence of the present invention, it is intended that
the nucleotide sequence of the nucleic acid is identical to the reference sequence except
that the nucleotide sequence may include up to five point mutations per each 100
nucleotides of the reference nucleotide sequence encoding the particular polypeptide. In
other words, to obtain a nucleic acid having a nucleotide sequence at least 95% identical
to a reference nucleotide sequence, up to 5% of the nucleotides in the reference sequence
may be deleted or substituted with another nucleotide, or a number of nucleotides up to
5% of the total nucleotides in the reference sequence may be inserted into the reference
sequence. The query sequence may be an entire sequence shown of any of SEQ ID
NOs:1-6, or any fragment or domain specified as described herein.

[0078] As a practical matter, whether any particular nucleic acid molecule or polypeptide
is at least 80%, 85%, 90%, 95%, 96%, 97%, 98% or 99% identical to a nucleotide
sequence or polypeptide of the present invention can be determined conventionally using
known computer programs. A method for determining the best overall match between a

query sequence (a sequence of the present invention) and a subject sequence, also referred
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to as a global sequence alignment, can be determined using the FASTDB computer
program based on the algorithm of Brutlag et al. (Comp. App. Biosci. (1990) 6:237-245.)
In a sequence alignment the query and subjec_t sequences are both DNA sequences. An
RNA sequence can be compared by converting U’s to T’s. The result of said global
sequence alignment is in percent identity. Preferred parameters used in a FASTDB
alignment of DNA sequences to calculate percent identity are: Matrix=Unitary, k-
tuple=4, Mismatch Penalty=1, Joining Penalty=30, Randomization Group Length=0,
Cutoff Score=1, Gap Penalty=5, Gap Size Penalty 0.05, Window Size=500 or the length
of the subject nucleotide sequence, whichever is shorter.

[0079] If the subject sequence is shorter than the query sequence because of 5° or 3’
deletions, not because of internal deletions, a manual correction must be made to the
results. This is because the FASTDB program does not account for 5’ and 3’ truncations
of the subject sequence when calculating percent identity. For subject sequences
truncated at the 5’ or 3’ ends, relative to the query sequence, the percent identity is
corrected by calculating the number of bases of the query sequence that are 5’ and 3’ of
the subject sequence, which are not matched/aligned, as a percent of the total bases of the
query sequence. Whether a nucleotide is matched/aligned is determined by results of the
FASTDB sequence alignment. This percentage is then subtracted from the percent
identity, calculated by the above FASTDB program using the specified parameters, to
arrive at a final percent identity score. This corrected score is what is used for the
purposes of the present invention. Only bases outside the 5° and 3’ bases of the subject
sequence, as displayed by the FASTDB alignment, which are not matched/aligned with
the query sequence, are calculated for the purposes of manually adjusting the percent
identity score.

[0080] For example, a 90 base subject sequence is aligned to a 100 base query sequence
to determine percent identity. The deletions occur at the 5’ end of the subject sequence
and therefore, the FASTDB alignment does not show a matched/alignment of the first 10
bases at 5’ end. The 10 unpaired bases represent 10% of the sequence (number of bases
at the 5° and 3’ ends not matched/total number of bases in the query sequence) so 10% is
subtracted from the percent identity score calculated by the FASTDB program. If the
remaining 90 bases were perfectly matched the final percent identity would be 90%. In

another example, a 90 base subject sequence is compared with a 100 base query
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sequence. This time the deletions are internal deletions so that there are no bases on the
5” or 3’ of the subject sequence which are not matched/aligned with the query. In this
case the percent identity calculated by FASTDB is not manually corrected. Once again,
only bases 5’ and 3’ of the subject sequence which are not matched/aligned with the
query sequence are manually corrected for. No other manual corrections are to be made
for the purposes of the present invention.

[0081] Some embodiments of the invention encompass a nucleic acid molecule
comprising at least 10, 20, 30, 35, 40, 50, 60, 70, 80, 90, 100, 200, 300, 400, 500, 600,
700, or 800 consecutive nucleotides or more of any of SEQ ID NOs:1-6, or domains,
fragments, variants, or derivatives thereof.

[0082] The polynucleotide of the present invention may be in the form of RNA or in the
form of DNA, which DNA includes cDNA, genomic DNA, and synthetic DNA. The
DNA may be double stranded or single-stranded, and if single stranded may be the coding
strand or non-coding (anti-sense) strand. The coding sequence which encodes the mature
polypeptide may be identical to the coding sequence encoding SEQ ID NO:11-14 or 17-
18, or may be a different coding sequence which coding sequence, as a result of the
redundancy or degeneracy of the genetic code, encodes the same mature polypeptide as
the DNA of any one of SEQ ID NOs:1-6,

[0083] In certain embodiments, the present invention provides an isolated polynucleotide
comprising a nucleic acid fragment which encodes at least 10, at least 20, at least 30, at
least 40, at least 50, at least 60, at least 70, at least 80, at least 90, at least 95, or at least
100 or more contiguous amino acids of SEQ ID NOs: 11-14 and 17-18.

[0084] The polynucleotide encoding for the mature polypeptide of SEQ ID NOs: 11-14
and 17-18 or may include: only the coding sequence for the mature polypeptide; the
coding sequence of any domain of the mature polypeptide; and the coding sequence for
the mature polypeptide (or domain-encoding sequence) together with non-coding
sequence, such as introns or non-coding sequence 5' and/or 3' of the coding sequence for
the mature polypeptide.

[0085] Thus, the term "polynucleotide encoding a polypeptide” encompasses a
polynucleotide which includes only sequences encoding for the polypeptide as well as a

polynucleotide which includes additional coding and/or non-coding sequences.
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[0086] In further aspects of the invention, nucleic acid molecules having sequences at
least about 90%, 95%, 96%, 97%, 98% or 99% identical to the nucleic acid sequences
disclosed herein, encode a polypeptide having Cbh, Eg or Bgl functional activity. By "a
polypeptide having Cbh, Eg or Bgl functional activity” is intended polypeptides
exhibiting activity similar, but not necessarily identical, to a functional activity of the
Cbh, Eg or Bgl polypeptides of the present invention, as measured, for example, in a
particular biological assay. For example, a Cbh, Eg or Bgl functional activity can
routinely be measured by determining the ability of a Cbh, Eg or Bgl polypeptide to
hydrolyze cellulose, or by measuring the level of Cbh, Eg or Bgl activity.

[0087] Of course, due to the degeneracy of the genetic code, one of ordinary skill in the
art will immediately recognize that a large portion of the nucleic acid molecules having a
sequence at least 90%, 95%, 96%, 97%, 98%, or 99% identical to the nucleic acid
sequence of any of SEQ ID NOs:1-6, or fragments thereof, will encode polypeptides
"having Cbh, Eg or Bgl functional activity.” In fact, since degenerate variants of any of
these nucleotide sequences all encode the same polypeptide, in many instances, this will
be clear to the skilled artisan even without performing the above described companson
assay. It will be further recognized in the art that, for such nucleic acid molecules that are
not degenerate variants, a reasonable number will also encode a polypeptide having Cbh,
Eg or Bgl functional activity.

[0088] The polynucleotides of the present invention also comprise nucleic acids encoding
a T. emersonii, H. grisea, T. aurantiacus, and T. reesei Cbhl and/or Cbh2, or domain,
fragment, variant, or derivative thereof, fused in frame to a marker sequence which allows
for detection of the polypeptide of the present invention. The marker sequence may be a
yeast selectable marker selected from the group consisting of URA3, HIS3, LEU2, TRPI,
LYS2 or ADE2. Casey, G.P. et al., "A convenient dominant selection marker for gene
transfer in industnial strains of Saccharomyces yeast: SMRI encoded resistance to the
herbicide sulfometuron methyl," J. Inst. Brew. 94:93-97 (1988).

Codon Optimized Polynucleotides Encoding Secreted and Tethered Enzymes

[0089] As used herein the term "codon optimized coding region” means a nucleic acid
coding region that has been adapted for expression in the cells of a given vertebrate by
replacing at least one, or more than one, or a significant number, of codons with one or

more codons that are more frequently used in the genes of that vertebrate.
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[0090] In general, highly expressed genes in an organism are biased towards codons that
are recognized by the most abundant tRNA species in that organism. One measure of this
bias is the "codon adaptation index" or "CAL" which measures the extent to which the
codons used to encode each amino acid in a particular gene are those which occur most
frequently in a reference set of highly expressed genes from an organism.

[0091] The CAI of codon optimized sequences of the present invention corresponds to
between about 0.8 and 1.0, between about 0.8 and 0.9, or about 1.0. A codon optimized
sequence may be further modified for expression in a particular organism, depending on
that organism's biological constraints. For example, large runs of "As" or "Ts" (e.g., runs
greater than 4, 4, 5, 6, 7, 8, 9, or 10 consecutive bases) can be removed from the
sequences if these are known to effect transcription negatively. Furthermore, specific
restriction enzyme sites may be removed for molecular cloning purposes. Examples of
such restriction enzyme sites include Pacl, Ascl, BamHI, Bglll, EcoRI and Xhol.
Additionally, the DNA sequence can be checked for direct repeats, inverted repeats and
mirror repeats with lengths of ten bases or longer, which can be modified manually by
replacing codons with "second best" codons, i.e., codons that occur at the second highest
frequency within the particular organism for which the sequence is being optimized.

[0092] Deviations in the nucleotide sequence thét 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 combinations 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.
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TABLE 1: The Standard Genetic Code
T ic A Ic
TTT Phe (F) [TCT Ser(S) |TAT Tyr(Y) [TGT Cys (C)
TTC " TCC " TAC" TGC
T TTA Leu (L) [TCA" TAA Ter TGA Ter
TTG " TCG " TAG Ter TGG Trp (W)
[CTT Leu (L) [CCT Pro (P) |CAT His (H) |CGT Arg (R)
lctc ™ ccc lcac™ lcee ™
c lcTar CCA " CAA Gln (Q) |cca "
CTG " CCG " CAG " CGG "
ﬁg e JacT Thr (1) |AAT Asn (N) JAGT Ser ()
ATA ACC ™ AAC " AGC "
A LireMe  JACA” AAA Lys (K) |AGA Arg (R)
ACG " AAG " AGG "
(M)
GCT Ala (A) IGAT Asp (D) IGGT Gly (G)
GCC " GAC " GGC "
G GCA " GAA Glu (E) |GGA "
GCG " GAG " GGG "

[0093] Many organisms display a bias for use of particular codons to code for insertion of
a particular amino acid in a growing peptide chain. Codon preference or codon bias,
differences in codon usage between organisms, is afforded by degeneracy of the genetic
code, and is well documented among many organisms. Codon bias often correlates with
the efficiency of translation of messenger RNA (mRNA), which is in turn believed to be
dependent on, inter alia, the properties of the codons being translated and the availability
of particular transfer RNA (tRNA) molecules. The predominance of selected tRNAs in a
cell is generally a reflection of the codons used most frequently in peptide synthesis.
Accordingly, genes can be tailored for optimal gene expression in a given organism based
on codon optimization.

[0094] 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
Codon

usage. usage tables are readily available, for example, at

http://phenotype.biosci.umbc.edu/codon/sgd/index.php (visited May 7, 2008) or at
http://www kazusa.or.jp/codon/ (visited March 20, 2008), and these tables can be adapted
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in a number of ways. See Nakamura, Y., et al. "Codon usage tabulated from the
international DNA sequence databases: status for the year 2000" 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
hundred
Phe UUU 170666 26.1
Phe UuC 120510 18.4
Total
Leu UUA 170884 26.2
Leu UuG 177573 27.2
Leu CUU 80076 12.3
Leu CUC 35545 5.4
Leu CUA 87619 13.4
Leu CUG 68494 10.5
Total
Ile AUU 196893 30.1
Ile AUC 112176 17.2
Ile AUA ' 116254 17.8
Total
Met AUG 136805 20.9
Total
Val GUU 144243 22.1
Val GUC 76947 11.8
Val GUA 76927 11.8
Val GUG 70337 10.8
Total
Ser UCU 153557 23.5
Ser UCC 92923 14.2
Ser UCA 122028 18.7
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Amino Acid | Codon Number Frequency per
hundred
Ser UucCG 55951 8.6
Ser AGU 92466 14.2
Ser AGC 63726 9.8
Total
Pro CCU 88263 13.5
Pro CCC 44309 6.8
Pro CCA 119641 18.3
Pro CCG 34597 53
Total
Thr ACU 132522 20.3
Thr ACC 83207 12.7
Thr ACA 116084 17.8
Thr ACG 52045 8.0
Total
Ala GCU 138358 21.2
Ala GCC 82357 12.6
Ala GCA 105910 16.2
Ala GCG 40358 6.2
Total
Tyr UAU 122728 18.8
Tyr UAC 96596 14.8
Total
His CAU 89007 13.6
His CAC 50785 7.8
Total
Gin CAA 178251 27.3
Gln CAG 79121 12.1
Total
Asn AAU 233124 35.7
Asn AAC 162199 24.8
Total
Lys AAA 273618 41.9
Lys AAG 201361 30.8
Total
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Amino Acid | Codon Number Frequency per
hundred
Asp GAU 245641 37.6
Asp GAC 132048 20.2
Total
Glu GAA 297944 45.6
Glu GAG 125717 19.2
Total
Cys UGU 52903 8.1
Cys UGC 31095 4.8
Total
Trp UGG 67789 10.4
Total
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
Total
Gly GGU 156109 23.9
Gly GGC 63903 9.8
Gly GGA 71216 10.9
Gly GGG 39359 6.0
Total
Stop UAA 6913 1.1
Stop UAG 3312 0.5
Stop UGA 4447 0.7
[0095] 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. Codon-optimized coding regions can be designed by various

different methods.



CA 02724036 2010-11-10

WO 2009/139839 PCT/US2009/002902
31
-31-
[0096] In one method, a codon usage table is used to find the single most frequent codon

[0097]

[0098]

[0099]

used for any given amino acid, and that codon is used each time that particular amino acid
appears in the polypeptide sequence. For example, referring to Table 2 above, for
leucine, the most frequent codon is UUG, which is used 27.2% of the time. Thus all the
leucine residues in a given amino acid sequence would be assigned the codon UUG.

In another method, the actual frequencies of the codons are distributed randomly
throughout the coding sequence. Thus, using this method for optimization, if a
hypothetical polypeptide sequence had 100 leucine residues, referring to Table 2 for
frequency of usage in the S. cerevisiae, about 5, or 5% of the leucine codons would be
CUC, about 11, or 11% of the leucine codons would be CUG, about 12, or 12% of the
leucine codons would be CUU, about 13, or 13% of the leucine codons would be CUA,
about 26, or 26% of the leucine codons would be UUA, and about 27, or 27% of the
leucine codons would be UUG. '

These frequencies would be distributed randomly throughout the leucine codons
in the coding region encoding the hypothetical polypeptide. As will be understood by
those of ordinary skill in the art, the distribution of codons in the sequence will can vary

significantly using this method, however, the sequence always encodes the same

polypeptide.

Codon-optimized sequences of the present invention include those as set forth in

Tables 3 and 4 below:

Table 3. Synthetic DNA constructs for expression vector backbone and tethered cellulase
constructs, provided on plasmids.

Name

Abbre-
viation

Sequence (lower-case denotes restriction sites)

Native sequence of DNA fragment
(Accession Number listed at top)

Amino Acid
Sequence
(from
optimized
sequence,
including
linkers
and/or
anchors
from
synthetic
constructs)

YDRWdelt
a23

)

agtcggtacc TGTTGGAATAAAAATCCACTATCGTCT
ATCAACTAATAGTTATATTATCAATATATTATC
ATATACGGTGTTAAGATGATGACATAAGTTATG
AGAAGCTGTCATCGATGTTAGAGGAAGCTGAA
ACGCAAGGATTGATAATGTAATAGGATCAATG
AATATAAACATATAAAACGGAATGAGGAATAA
TCGTAATATTAGTATGTAGAAATATAGATTCCA
TTTTGAGGATTCCTATATCCTCGAGGAGAACTT
CTAGTATATTCTGTATACCTAATATTATAGCCTT

NC_001136 (S. cerevisiae
Chromosome IV—sequence
contained in)

Same sequence

None
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TATCAACAATGGAATCCCAACAATTATCTAATT
ACCCACATATATCTCAgggccegege (SEQ ID NO:
19)

Endo-
glucanase |
from
Trichoderm
a reesei
(TrEGI)
and short
linker

C2

gagtoccgggCAACAACCAGGAACATCAACACCAG
AAGTCCATCCAAAGTTAACAACCTATAAATGTA
CTAAGAGTGGAGGGTGTGTAGCGCAGGACACA
AGTGTGGTCTTAGACTGGAATTATCGTTGGATG
CATGATGCCAATTATAATTCCTGTACTGTTAAC
GGCGGTGTTAACACTACGTTATGCCCCGATGAA
GCGACTTGTGGTAAGAATTGTTTTATTGAAGGG
GTTGACTACGCCGCTAGTGGTGTTACGACGAGT
GGGTCATCCTTGACGATGAATCAATACATGCCT
TCTTCTAGTGGTGGGTATTCCTCTGTGTCTCCAA
GGCTGTATTTATTGGATTCCGATGGGGAATATG
TTATGTTAAAATTAAATGGGCAAGAACTGAGTT
TTGATGTGGATCTATCTGCATTACCTTGTGGAG
AAAATGGTAGTCTTTATTTATCACAAATGGACG
AAAACGGCGGAGCCAATCAGTACAATACAGCT
GGTGCTAATTATGGTTCAGGCTATTGTGATGCT
CAATGTCCAGTGCAGACTTGGAGGAATGGCAC
CTTAAACACATCACATCAAGGATTTTGCTGTAA
CGAAATGGACATATTAGAAGGTAATTCAAGAG
CTAATGCACTAACTCCGCACTCTTGTACTGCGA
CCGCATGTGATTCTGCCGGTTGTGGTTTCAACC
CTTATGGTTCTGGTTATAAGAGTTACTACGGTC
CGGGAGACACCGTGGATACGTCAAAGACCTTC
ACTATAATCACTCAGTTTAACACAGATAACGGA
TCTCCGAGTGGTAATTTGGTGAGTATTACTAGG
AAATATCAGCAGAACGGTGTTGATATTCCGTCC
GCGCAGCCAGGCGGTGACACTATATCTAGCTGT
CCTTCCGCCAGTGCCTATGGCGGACTTGCTACA
ATGGGTAAGGCATTGTCCTCAGGTATGGTCCTA
GTATTTTCTATTTGGAATGATAATTCACAATAC
ATGAATTGGCTGGATTCTGGTAATGCAGGCCCT
TGCTCCTCTACAGAAGGTAACCCAAGCAATATA
CTAGCTAATAACCCAAATACTCATGTTGTCTTT
AGTAATATTAGATGGGGCGATATAGGTAGCAC
TACGAACAGTACCGCACCTCCTCCTCCACCTGC
TAGCTCCACGACATTTTCCACTACTAGAAGGTC
CAGCACTACCAGCTCATCACCATCTTGTACTCA
AACCCATTGGGGACAGTGTGGTGGTATAGGTTA
CAGCGGTTGCAAAACTTGCACATCTGGTACTAC
ATGCCAATACAGTAATGACTATTACTCACAATG
TTTACCAGGTGCTGCGTCAAGTTCAAGTAGTgga
tec (SEQ ID NO: 20)

AB003694 (Trichoderma reesei EGI
with secretion signal)
Tggccaaatcgtgatcgattgatactcgceatctataag
atggcacagatcgactcttgattcacagacatccgtca
gecectcaageegtttgcaagtccacaaacacaageac
aagcatagcgtcgcaatgaagttecttcaagtecteect
geccteataceggecgecctggeccaaaccagetgt
gaccagtgggcaaccttcactggcaacggctacaca
gtcagcaacaacctitggggagcatcagecggeictg
gatttggctgcgtgacggeggtatcgetcageggegg
ggectectggeacgeagactggeagtggteeggegg
ccagaacaacgtcaagtcgtaccagaactctcagatt
gecattccccagaagaggaccgtcaacagcatcage
agcatgcccaccactgecagetggagctacageggg
agcaacatccgcgctaatgttgegtatgacttgttcace
gcagecaacccgaatcatgtcacgtactcgggagact
acgaactcatgatctggtaagccataagaagtgaccct
ccttgatagtttcgactaacaacatgtcttgaggettgg
caaatacggcgatattgggccgattgggtcctcacag
ggaacagtcaacgteggtggecagagetggacgete
tactatggctacaacggagccatgcaagtctattcetit
gtggeccagaccaacactaccaactacagcggagat
gtcaagaacttcttcaattatctccgagacaataaagga
tacaacgctgcaggccaatatgticttagtaagtcacce
tcactgtgactgggctgagttigttgcaacgtttgctaag
aaaaccttcgtataggctaccaatttggtaccgagecct
tcacgggcagtggaactctgaacgtcgeatectggac
cgcatctatcaactaaaacctggaaacgtgagatgtgg
tgggceatacgttattgagcgagggaaaaaaageattg

gatce (SEQ ID NO: 29)

Qqgpgtstpevh
pkittyketksgg
cvaqdtsvvid
wnyrwmhdan
ynsctvnggvnt
tlcpdeatcgkn
cfiegvdyaasg
vitsgssltmngq
YmpsSsgEyss
vsprlylldsdge
yvmlkingqels
fdvdlsalpcge
ngslylsqmde
ngganqyntag
anygsgycdaq
cpvqtwmgtin
tshqgfccnem
dilegnsranalt
phsctatacdsa
gegfnpygsgy
ksyygpgdtvdt
sktftiitgfntdn
gspsgnlvsitrk
yqqngvdipsa
qpggdtisscps
asaygglatmg
kalssgmvlv{s
iwndnsqymn
wldsgnagpcs
stegnpsnilann
pnthvvfsnirw
gdigsttnstapp
pppassttfsttrr
ssttssspsctqth
wgqcggigysg
cktetsgttecqys
ndyysqclpgaa
sssss (SEQ
ID NO: 39)

Cellobiohyd
rolase I
from
Trichoderm
a reesei
(TrCBHI);
Linker 2;
CWP2—
reoptimized

C3_L2
_Ala

gagtcccgggCAATCCGCTTGTACCCTACAATCCGA
AACTCACCCACCATTGACCTGGCAAAAGTGTTC
TAGCGGTGGAACTTGTACTCAACAAACTGGTTC
TGTTGTTATCGACGCTAACTGGAGATGGACaCA
CGCCACTAACTCTTCTACCAACTGTTACGACGG
TAACACTTGGTCTTCCACTTTATGTCCAGATAA
CGAAACTTGTGCTAAGAATTGCTGTTTGGACGG
TGCCGCCTACGCTTCTACCTACGGTGTTACCAC
CTCCGGTAACTCCTTGTCTATTGGTTTCGTCACT
CAATCCGCTCAAAAGAACGTTGGTGCTAGATTG
TACTTGATGGCTTCTGACACTACTTATCAAGAA
TTTACTTTGTTGGGTAACGAATTTTCTTTCGATG
TTGACGTTTCCCAATTGCCATGTGGCTTGAACG
GTGCTTTGTACTTTGTCTCTATGGATGCTGACG
GTGGTGTTTCTAAGTACCCAACTAACACTGCCG
GTGCTAAGTACGGTACTGGTTACTGTGATTCTC
AATGTCCACGTGACTTGAAGTTCATTAACGGTC
AAGCCAACGTCGAAGGTTGGGAACCATCCTCC
AACAACGCTAACACCGGTATCGGTGGTCACGG
TTCCTGTTGTTCCGAAATGGACATCTGGGAAGC

X69976 (T. reesei CBHI; includes
non-coding regions)
gacattcaaggagtatttagccagggatgcttgagtg
tatcgtgtaaggaggtttgtctgccgatacgacgaat
actgtatagtcacttctgatgaagtggtccatattgaa
atgtaagtcggcactgaacaggcaaaagattgagtt
gaaactgcctaagatctcgggecectegggecttegg
cctitgggtgtacatgttigtgctccgggcaaatgea
aagtgtggtaggatcgaacacactgetgectttacca
agcagctgagggtatgtgataggcaaatgttcaggg
gecactgeatggtticgaatagaaagagaagcettag
ccaagaacaatagccgataaagatagectcattaaa
cggaatgagctagtaggcaaagtcagegaatgtgt
atatataaaggttcgaggtcegtgecteecteatget
ctceccatctactcatcaactcagatcctccaggaga
cttgtacaccatctittgaggcacagaaacccaatag
tcaaccgcggactggcatcatgtatcggaagttggc
cgtcatcteggcecttettggecacagetegtgetcag
tcggcctgeactcteccaatcggagactcaccegect

ctgacatggcagaaatgetcgtetggtggcacgtge

Qsactlgsethp
pltwgkessggt
ctqqtgsvvida
nwrwthatnsst
ncydgntwsstl
cpdnetcakncc
ldgaayastygv
ttsgnslsigfvtq
sagknvgarlyl
masdttygeftl]
gnefsfdvdvsq
Ipcglngalyfvs
mdadggvsky
ptntagakygtg
ycdsqeprdlkf
ngqanvegwe
pssnnantgigg
hgsccsemdiw
eansisealtphp
cttvggeicegd
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TAACAGTATTTCTGAAGCTTTGACACCACACCC
ATGCACCACTGTCGGTCAAGAAATTTGTGAAGG
TGATGGATGTGGTGGAACCTACTCTGATAACAG
ATACGGTGGTACTTGTGACCCAGACGGTTGTGA
CTGGAACCCATACAGATTGGGTAACACTTCTTT
CTATGGTCCAGGTTCTTCTTTCACCTTGGATACC
ACCAAGAAGTTGACTGTTGTTACCCAATTCGAA
ACTTCTGGTGCTATCAACAGATACTACGTTCAA
AACGGTGTCACCTTCCAACAACCAAACGCTGA
ATTGGGTTCTTACTCTGGTAATGAATTGAACGA
CGACTACTGTACCGCTGAAGAAGCTGAATTTGG
TGGTTCCTCTTTCTCCGACAAGGGTGGTTTGAC
CCAATTCAAGAAGGCTACCTCCGGTGGTATGGT
TTTGGTTATGTCCTTGTGGGATGATTACTACGC
AAACATGTTATGGTTAGACAGTACTTACCCAAC
TAACGAAACCTCCTCTACTCCAGGTGCTGTCAG
AGGTTCCTGTTCTACCTCTTCTGGTGTTCCAGCT
CAAGTTGAATCTCAATCTCCAAACGCTAAGGTC
ACTTTCTCCAACATCAAGTTCGGTCCAATCGGT
TCCACTGGTAATCCATCTGGTGGAAACCCTCCA
GGTGGTAACAGAGGTACTACCACTACTCGTAG
GCCAGCTACTACAACTGGTTCTTCCCCAGGCCC
AACCCAATCCCACTACGGTCAATGTGGTGGTAT
CGGTTACTCTGGTCCAACCGTCTGTGCTTCTGG
TACTACCTGTCAAGTTTTAAACCCATACTACTC
TCAATGTTTGCCTGGTGCTGCTTCCAGTTCATCT
AGTggatccGGTGGCGGTGGATCTGGAGGAGGCG
GTTCTTGGTCTCACCCACAATTTGAAAAGGGTG
GAGAAAACTTGTACTTTCAAGGCGGTGGTGGA
GGTTCTGGCGGAGGTGGCTCCggctcagctATCTCT
CAAATCACCGACGGTCAAATCCAAGCCACTAC
CACAGCTACCACTGAAGCTACAACTACCGCTGC
TCCTTCATCTACTGTTGAAACTGTTTCTCCATCT
TCCACCGAAACCATCTCTCAACAAACCGAAAA
CGGTGCTGCTAAGGCTGCTGTTGGTATGGGTGC
TGGTGCTTTGGCTGCTGCTGCTATGTTGTTGTAG
ggegegee (SEQ ID NO: 21)

actcaacagacaggctccgtggtcatcgacgecaa
ctggegetggactcacgetacgaacagcageacga
actgctacgatggeaacacttggagctcgaccectat
gtcetgacaacgagacctgegegaagaactgetgt
ctggacggtgecegectacgegtccacgtacggagt
taccacgagcggtaacagcctctccatiggetttgtc
acccagtctgegeagaagaacgttggegetegectt
taccttatggcgagegacacgacctaccaggaattc
accctgettggcaacgagttctctticgatgttgatgtt
tcgeagetgecgtaagtgacttaccatgaaccectg
acgctatcttettgttggctecccagetgactggcecaat
tcaaggtgeggcetigaacggagctctctacttcgtgt
ccatggacgcggatggtggcgtgagcaagtatece
accaacaccgctggegecaagtacggeacggggt
actgtgacagccagtgtccccgegatctgaagttcat
caatggccaggcecaacgttgagggctgggagecg
tcatccaacaacgcgaacacgggceatiggaggaca
cggaagctgctgetctgagatggatatctgggaggce
caactccatctccgagpctettaccccccacccttge
acgactgtcggecaggagatctgegagggtgatgg
gtgcggeggaacttactccgataacagatatggcg
geacttgegatceccgatggetgegactggaacccat
accgcectgggeaacaccagcettctacggecctgge
tcaagctttaccctegataccaccaagaaattgaccg
ttgtcacccagticgagacgtcgggtgccatcaacc
gatactatgtccagaatggcgtcactttccageagec
caacgcecgagcttggtagttactctggcaacgaget
caacgatgattactgcacagctgaggaggcagaatt
cggceggatectctttctcagacaagggeggectgac
tcagttcaagaaggctacctctggeggeatggtictg
gtcatgagictgtgggatgatgtgagtttgatggaca
aacatgcgcgttgacaaagagtcaageagetgact
gagatgttacagtactacgccaacatgetgtggetg
gactccacctaccegacaaacgagaccteetecac
acccggtgecgtgegeggaagetgetccaccaget
ccggtgtcectgetcaggtcgaatctcagictcecaa
cgccaaggtcaccttctccaacatcaagttcggace
cattggcagcaccggcaaccctageggeggceaac
ccteceggeggaaaccgtggeaccaccaccacce
geegeecagecactaccactggaageteteecegga
cctacccagtctcactacggecagtgeggcggtatt
ggctacageggcecccacggtetgegecageggea
caacttgccaggtcctgaaccettactactctcagtg
cctgtaaagetcegtgegaaagectgacgeacegg
tagattcttggtgageccgtatcatgacggeggegg
gagctacatggcecccgggtgatttatttttttigtatcta
cttctgacccttticaaatatacggtcaactcatcttica
ctggagatgeggectgettggtartgegatgtigtca
gcttggcaaattgtggctttcgaaaacacaaaacgat
tcettagtagecatgeattitaagataacggaatagaa
gaaagaggaaattaaaaaaaaaaaaaaaacaaaca
tcccgttcataaccegtagaatcgecgetcttegtgta
tcccagtaccacggceaaaggtatttcatgatcgtica
atgitgatattgttcccgecagtatggetccaccccee
atctccgegaatctectctictcgaacgeggtgtgge
gcgecaattggtaatgaccccatagggagacaaac
agcataatagcaacagtggaaattagtggcgcaata
attgagaacacagtgagaccatagctggcggectg
gaaagcactgttggagaccaacttgtcegttgcgag
gccaacttgeattgetgtcaagacgatgacaacgta
geegaggaccgtcacaagggacgeaaagttgteg
cggatgaggtctccgtagatggcatageeggceaat
ccgagagtagcectctcaacaggtggecttttcgaaa
ccggtaaaccttgttcagacgtcctageecgeagetc
accgtaccagtatcgaggatigacggcagaatage

geggtysdnryg
gtedpdgedwn
pyrigntsfygp

gssfildttkklty
viqfetsgainry
yvangvtfqap

naelgsysgnel

nddyctaeeaef
ggssfsdkgglt

qfkkatsggmvl
vmslwddyya

nmlwldstyptn
etsstpgavrgsc
stssgvpaqves

gspnakvtfsni

kfgpigstgnps

ggnppggnrgtt
trrpatttgsspg
ptgshygqeggi
gysgptvcasgtt
cqvinpyysqcl
pgaasssssgsg

BEESEERESWS
hpqfekggenly
fqggggesees

gsgsaisqitdgq
igatttatteattta
apsstvetvspss
tetisqqtengaa
kaavgmgagal
aaaamll

(SEQ ID NO:
40)
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agtggctctccaggatttgactggacaaaatcttcca
gtattcccaggtcacagtgtctggcagaagtecctic
tcgegtgegagtcgaaagtcgetatagtgegeaatg
agagcacagtaggagaataggaacccgegageac
attgttcaatctccacatgaattggatgactgetggge
agaatgtgctgcectccaaaatcctgegtccaacaga
tactctggecaggggcticagatgaatgectctgggc
ccccagataagatgeagetetggattcteggttacga
tgatatc (SEQ ID NO: 30)

>YKL096W-A Chr 11 (CWP2 from
Saccharomyces Genome Database)
ATGCAATTCTCTACTGTCGCTTC
CGTTGCTTTCGTCGCTTTGGCTA
ACTTTGTTGCGCTGAATCCGCTG
CCGCCATTTCTCAAATCACTGAC
GGTCAAATCCAAGCTACTACCA
CTGCTACCACCGAAGCTACCAC
CACTGCTGCCCCATCTTCCACCG
TTGAAACTGTTTCTCCATCCAGC
ACCGAAACTATCTCTCAACAAA
CTGAAAATGGTGCTGCTAAGGC
CGCTGTCGGTATGGGTGCCGGT
GCTCTAGCTGCTGCTGCTATGTT
GTTATAA (SEQ ID NO: 31)
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Cellobiohyd | C4_L3 | gagtcccgggGTCCCATTAGAAGAAAGACAAGCCTG
rolase I1 CTCCTCTGTTTGGGGTCAATGTGGTGGTCAAAA
from CTGGTCTGGTCCAACTTGTTGTGCTTCCGGTTCT
Trichoderm ACCTGTGTTTACTCCAACGACTACTATTCCCAA
a reesei TGTTTGCCAGGTGCTGCTTCCTCTTCCTCTTCAA
(TrCBHID); CTAGAGCTGCTTCTACAACTTCTAGGGTCTCCC
Linker 3 CAACCACTTCCAGATCCTCTTCTGCTACTCCAC

CACCAGGTTCTACTACCACTAGAGTTCCACCAG
TCGGTTCCGGTACTGCTACTTACTCTGGTAACC
CTTTCGTCGGTGTTACTCCATGGGCTAACGCTT
ACTACGCTTCTGAAGTTTCTTCTTTGGCTATCCC
ATCTTTGACTGGTGCTATGGCTACCGCTGCTGC
TGCTGTCGCCAAAGTTCCATCCTTCATGTGGTT
GGACACCTTGGACAAAACTCCATTAATGGAAC
AAACCTTGGCAGACATAAGGACTGCTAACAAG
AACGGCGGTAACTACGCTGGTCAATTTGTTGTG
TACGACTTGCCAGACAGAGACTGTGCTGCTTTG
GCTTCCAACGGTGAATACTCCATCGCTGACGGT
GGTGTCGCCAAGTACAAGAACTACATTGATACC
ATTAGACAAATCGTTGTCGAATACTCTGACATC
AGAACCTTGTTAGTCATCGAACCAGATTCTTTA
GCCAATTTAGTCACCAACTTGGGTACTCCAAAG
TGTGCTAACGCTCAATCTGCCTACTTAGAATGT
ATCAATTATGCAGTTACCCAATTGAACTTGCCA
AACGTTGCTATGTACTTGGACGCTGGTCACGCC
GGTTGGTTGGGTTGGCCAGCTAACCAAGACCCA
GCCGCTCAATTATTCGCCAACGTTTACAAGAAT
GCCTCTTCTCCTAGAGCCTTGCGTGGTTTGGCT
ACTAACGTCGCTAACTACAACGGTTGGAACATC
ACTTCTCCACCATCTTACACCCAAGGTAACGCT
GTTTACAACGAAAAGTTGTACATTCACGCTATC
GGTCCATTATTGGCTAACCATGGTTGGTCTAAC
GCCTTCTTCATCACCGACCAAGGTAGATCCGGT
AAACAACCAACTGGTCAACAACAATGGGGTGA
TTGGTGTAACGTCATCGGTACTGGTTTCGGTAT
CAGACCATCCGCTAACACTGGTGATTCCTTGTT
GGATTCCTTCGTCTGGGTTAAGCCAGGTGGTGA
ATGTGATGGCACCTCTGATTCCTCTGCTCCAAG
ATTCGATTCCCACTGCGCCTTGCCAGACGCTTT
GCAACCAGCCCCACAAGCTGGTGCATGGTTCCA

M16190 (T. reesei CBHII; includes
non-coding regions)
tcgaactgacaagttgttatattgcctgtgtaccaage
gcgaatgtggacaggattaatgccagagttcattag
cctcaagtagagectatticctcgecggaaagteate
tctettattgeatttctgeccttcccactaactcagggt
geagcegcaacactacacgceaacatatacactttatta
geegtgeaacaaggctattetacgaaaaatgetaca
ctccacatgttaaaggcgcattcaaccagcttctttatt
gggtaatatacagccaggeggggatgaagetcatt
agccgcecactcaaggcetatacaatgttgecaactete
cgggctttatcctgtgetecegaataccacategtga
tgatgcttcagcgeacggaagtcacagacaccgee
tgtataaaagggggactgtgaccctgtatgaggege
aacatggtctcacagcagcetcacctgaagaggettg
taagatcaccctctgtgtattgcaccatgattgtcggce
attctcaccacgetggetacgetggecacactcgea
getagtgtgectctagaggageggceaagettgetea
agcgtctggtaattatgtgaaccctctcaagagacce
aaatactgagatatgtcaaggggccaatgtggtgac
cagaattggtcgggtccgacttgetgtgettccggaa
geacatgegtctactccaacgactattactcecagtg
tettcceggegetgeaagetcaagetcgtecacgeg
cgcegegtegacgacttctcgagtatcccceacaac
atcccggtegagceteccgegacgecetccacctggtte
tactactaccagagtacctccagtcggatcgggaac
cgctacgtattcaggcaacccttttgttggggtcacte
cttgggccaatgeatattacgectctgaagttageag
cctcgctattcctagettgactggagecatggecact
getgeagceagctgtcgeaaaggttecctettttatgtg
getgtaggtectcccggaaccaaggeaatctgttact
gaaggctcatcattcactgcagagatactcttgacaa
gaccectcteatggageaaaccttggecgacatecg
caccgccaacaagaatggeggtaactatgeeggac
agtttgtggtgtatgacttgccggatcgegattgeget
gcececttgectcgaatggegaatactcetattgecgatg
gtggegtcgcecaaatataagaactatatcgacacca
ttcgtcaaattgtegtggaatattccgatatceggace
ctectggttattggtgagtitaaacacctgectcecee
cceccttcccitectitceegecggeatctigtegtigt

Vpleergacssv

wgqcggqnws
gptccasgstey

ysndyysqclpg
aassssstraastt
srvspttsrsssat
pppgsttirvpp

vgsgtatysgnp
fvgvtpwanay
yasevsslaipslt
gamataaaava
kvpsfmwldtl

dktplmeqtlad
irtanknggnya
gqfvvydlpdrd
caalasngeysia
dggvakyknyi
dtirgivveysdi
rtllviepdslanl
vtnlgtpkcana
gsaylecinyavi
glnlpnvamyl

daghagwlgw

panqdpaagqlfa
nvyknasspral
rglatnvanyng
wnitsppsytqg
navyneklyiha
igpllanhgwsn
affitdqgrsgkq
ptgqqqwgdw
cnvigtgfgirps
antgdslidsfv

wvkpggecdgl
sdssaprfdshc

alpdalqpapqa
gawfqayfvqll
tnanpsflgsgg

ggsggggshhh
hhhggenlyfq
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AGCTTACTTTGTCCAATTGTTGACCAACGCTAA | gctaactattgttccctcttccagagectgactetettg | gggggsggggs
CCCATCTTTCTTGggatccGGTGGCGGTGGATCTG | ccaacctggtgaccaaccteggtactccaaagtgtg | gsa (SEQID
GTGGAGGCGGTTCTCATCACCACCATCATCACG | ccaatgctecagtcagectaccttgagtgeatcaacta | NO: 41)
GTGGCGAAAACTTGTACTTTCAAGGCGGCGGTG | cgeegtcacacagetgaaccttccaaatgttgegat
GAGGTAGTGGAGGAGGTGGCTCCggcetcaget (SEQ | gtatttggacgctggecatgcaggatggettggetg
ID NO: 22) gecggeaaaccaagacceggecgetcagetatttg
caaatgtttacaagaatgcatcgtctccgagagctett
cgcggattggcaaccaatgtcgecaactacaacgg
gtggaacattaccagccccccatcgtacacgcaag
gcaacgctgictacaacgagaagcetgtacatccacg
ctattggacctcticttgecaatcacggetggtecaac
gecttcttcatcactgatcaaggtegatcgggaaage
agcctaccggacagcaacagtggggagactggtg
caatgtgatcggcaccggatttggtattcgeccatec
geaaacactggggactegtigetggattegtttgtct
gggtcaagecaggeggegagtgtgacggeaccag
cgacagcagtgegcceacgatttgactcccactgtge
gctcccagatgecttgeaaccggegectcaagetg
gtgcttggticcaagectactttgtgeagetictcaca
aacgcaaacccatcgttcetgtaaggctttegtgace
gggcttcaaacaatgatgtgegatggtgtggttecc
gettggeggagtctttgtetactttggttgt (SEQ
ID NO: 32)
Linker 1; L1_A | ggatccGGAGGTGGTTCAGGAGGTGGTGGGTCTGC | >YKL096W-A Chr 11 (CWP2 from | Gsgggsggggs
CwP2 1 TTGGCATCCACAATTTGGAGGAGGCGGTGGTG Saccharomyces Genome Database) awhpqfggggg
original AAAATCTGTATTTCCAGGGAGGCGGAGGTGATT | ATGCAATTCTCTACTGTCGCTTC | enlyfqggggd
optimizatio ACAAGGATGACGACAAAGGAGGTGGTGGATCA | CGTTGCTTTCGTCGCTTTGGCTA | ykdddkggggs
n GGAGGTGGTGGCTCCggetcagct ATTAGCCAAATA | ACTTTGTTGCGCTGAATCCGCTG | ggggsgsaisqit
ACTGATGGTCAAATACAAGCAACTACAACAGC | CCGCCATTTCTCAAATCACTGAC | dggiqatttattea
AACAACCGAAGCTACTACCACAGCCGCGCCTTC | GGTCAAATCCAAGCTACTACCA | tttaapsstvetvs
TTCAACTGTTGAGACTGTTAGTCCTTCCTCCAC CTGCTACCACCGAAGCTACCAC | psstetisqqgten
GGAAACGATTTCTCAACAGACTGAAAACGGTG | CACTGCTGCCCCATCTTCCACCG | gaakaavgmga
CAGCCAAAGCAGCAGTCGGCATGGGTGCCGGA | TTGAAACTGTTTCTCCATCCAGC | galaaaamll
GCCCTAGCAGCTGCAGCAATGCTTTTGTAAggeg | ACCGAAACTATCTCTCAACAAA | (SEQID NO:
cgee CTGAAAATGGTGCTGCTAAGGC | 42)
CGCTGTCGGTATGGGTGCCGGT
GCTCTAGCTGCTGCTGCTATGTT
GTTATAA (SEQID NO: 33)
Xyn2 506 gaattcttaattaaAAACAAAATGGTCTCCTTCACCTCC U24191 (T. reesei endo-beta-1,4- Mysfisllagva
secretion CTGCTGGCCGGCGTTGCCGCTATCTCTGGTGTC xylanase) aisgvlaapaae
signal + CTAGCAGCCCCTGCCGCAGAAGTTGAACCTGTC | Caacatggtctccttcacctcectectcgeeggegt | vepvavekreae
spacer GCAGTTGAGAAACGTGAGGCCGAAGCAGAAGC | cgecgecatctegggegtettggeegetceegecg | aea (SEQ ID
Tecegggacte (SEQ ID NO: 23) ccgaggtcgaaccegtggetgtggagaagege NO: 43)
(SEQ ID NO: 34)
Mfalpha S04 gaaticttaattaaAAACAAAATGAGATTTCCATCAATA | >YPL187W Chr 16 (MF alpha from | Efliknkmrfps
pre/pro TTTACAGCAGTTTTGTTTGCGGCGAGTTCAGCC Saccharomyces genome database) iftavifaassala
secretion CTTGCAGCACCCGTCAATACCACGACGGAGGA ATGAGATTTCCTTCAATTTTTAC | apvntttedetaq
signal + TGAGACAGCCCAGATCCCAGCAGAGGCTGTGA | TGCAGTTTTATTCGCAGCATCCT | ipaeavigyldle
spacer TAGGATATTTAGACCTGGAAGGCGATTTTGATG | CCGCATTAGCTGCTCCAGTCAA | gdfdvavipfsn
TGGCCGTATTACCGTTTTCTAACTCTACGAATA | CACTACAACAGAAGATGAAACG | stnngllfinttias
ATGGATTGTTATTTATTAATACTACAATTGCCTC | GCACAAATTCCGGCTGAAGCTG | iaakeegvsldk
TATAGCCGCAAAGGAAGAAGGGGTGTCTTTAG | TCATCGGTTACTTAGATTTAGAA | reaeaeapgt
ATAAGAGAGAAGCTGAGGCTGAAGCCcecgggact | GGGGATTTCGATGTTGCTGTTTT | (SEQID NO:
c (SEQID NO: 24) GCCATTTTCCAACAGCACAAAT | 44)

AACGGGTTATTGTTTATAAATA
CTACTATTGCCAGCATTGCTGCT
AAAGAAGAAGGGGTATCTTTGG
ATAAAAGAGAGGCTGAAGCTTG
GCATTGGTTGCAACTAAAACCT
GGCCAACCAATGTACAAGAGAG
AAGCCGAAGCTGAAGCTTGGCA
TTGGCTGCAACTAAAGCCTGGC
CAACCAATGTACAAAAGAGAAG
CCGACGCTGAAGCTTGGCATTG
GCTGCAACTAAAGCCTGGCCAA
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CCAATGTACAAAAGAGAAGCCG
ACGCTGAAGCTTGGCATTGGTT
GCAGTTAAAACCCGGCCAACCA
ATGTACTAA (SEQ ID NO: 35)

Hybrid Si6 gaattcttaattaaAAACAAAATGAATATATTTTATATT HIL-1B (accession #E11934; full Mnifyiflfllsfv
killer TTCCTATTTCTTTTATCATTTGTGCAGGGATCAT sequence) qgsinctlrdsqq
toxin/hIL- TAAATTGTACATTAAGAGATTCACAACAAAAGT | cttattacag tggcaatgag gatgactigt kstvmsgpyel
b+ CTTTAGTAATGTCAGGTCCATATGAATTAAAAG | tctttgaagce tgatggecct aaacagatga kasldkreaeae
consensus CATCCCTTGATAAAAGGGAAGCCGAAGCCGAA | agtgetcctt ccaggacctg gacctetgee a(SEQID
kex2 and GCTccegggacte (SEQ ID NO: 25) ctctggatgg cggeatceag ctacgaatct NO: 45)
spacer ccgaccacca ctacagcaag ggettcagge

aggecgegte agttgtigtg gecatggaca
agctgaggaa gatgetggtt cectgeecac
agaccttcca ggagaatgac ctgagceacct
tctttcectt catctttgaa gaagaaccta
tcttcttcga cacatgggat aacgaggctt
atgtgcacga tgcacctgta cgatcactga
actgcacgcet ccgggactca cagcaaaaaa
gettggtgat gtetggteca tatgaactga
aagctctcca ccteccaggga caggatatgg
agcaacaagt ggtgttctce atgtectttg
tacaaggaga agadagtaat gacaaaatac
ctgtggectt gggectcaag gaaaagaatc
tgtacctgte ctgegtgttg aaagatgata
agcccactct acagetggag agtgtagatc
ccaaaaatta cccaaagaag aagatggaaa
agcgatttgt cttcaacaag atagaaatca
ataacaagct ggaatttgag tctgeccagt
tccccaactg gtacatcage acctctcaag
cagaaaacat gcecgtette ctgggaggea
ccaaaggegg ccaggatata actgacttca
ccatgcaatt tgtgtettce taaagagagce
tgtacccaga gagtcetgtg ctgaatgtgg
actcaatcce tagggetgge agaaagggaa
cagaaggtit ttgagtacgg ctatagcctg
gactttcetg ttgtctacac caatgeccaa
ctgeetgect tagggtagtg ctaagacgat
ctcetgteca tcagecagga cagtcagcete
tctccttica gggecaatee cagecctttt
gttgagceag gectctctet cacctetect
actcacttaa agcccgectg acagaaacca
ggccacattt tggttctaag aaaccctect
ctgtcatteg ctcecacatt ctgatgagea
accgcttece tatttattta tttatttgtt tgttgtttt
gattcattgg tctaatttat tcaaaggggg
caagaagtag cagtgtctgt aaaagagcect
acttttratt agctatggaa tcaattcaat
ttggactggt gtgctetctt taaatcaagt
cctttaatta agactgaaaa tatataagct
cagattattt aaatgggaat atttataaat
gagcaaatat catactgttc aatggttctc
aaataaactt cactaaaaaa aaaaaaaaaa
aaaaaaaaaa aaaa (SEQ ID NO: 36)

K. lactis killer toxin (accession
#M26799; full sequence)
ataaaatgaa tatattttac atatttttgt ttttgctgtc
attcgttcaa  ggtttggagec  atactcatcg
aagaggcetcc  ttagicaaaa  gagcagtatg
ttatgacact gatcaagttc cacttaatat
tttctttggt  cctccagata  agaagaaaag

agattac (SEQ ID NO: 37)

Kjeldsen S17 gaattcttaattaaAAACAAAATGAAGTTGAAGACTGTT | Kjeldsen (1997)—synthetic construct | Mklktvrsavls
synthetic + AGGTCAGCCGTTTTGAGTAGTTTATTTGCCTCTC slfasqvlggpid
spacer AAGTCTTGGGTCAACCAATTGATGATACGGAA dtesnttsvnim
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AGTAATACCACTTCAGTTAATTTGATGGCTGAC addtesrfatntt]
GATACGGAATCTAGGTTTGCAACGAACACGAC aldvvnlismak
CTTAGCTCTAGATGTTGTGAATTTAATTTCAAT reeaeaeaepkp
GGCTAAAAGAGAAGAGGCTGAAGCTGAGGCGG gt (SEQID
AGCCCAAGcecgggacte (SEQ ID NO: 26) NO: 46)

Flol N- A2 ttaattaasaacaaaatgacaatgccccatagatatatgttittagctgtattcactt Flot S. cerevisiae (Accession mtmphrymfla

terminal tgttggctitgacatcggtagegtetggegeaacagaggettgettaccagetg #NP_009424) vitllaltsvasga

anchor ggceaacgtaaaagceggtatgaacataaacttctaccaatattcattgaaagattc | aaaaaaaagtgcatitatttaggtaagtctcattaccta teaclpagqrks
atctacctacagcaacgcetgectacatggectacggttacgcetictaaaactaa aacgccagtttgtttcacgtaattggtaacgatgagg | gmninfyqysl
gttgggatctgtcggegggcaaactgacattageatcgattacaacataccttg | gaaccgcagtagaaaaaactticattcacaaacgatt kdsstysnaay
cgtaagcagttcaggeactiteccgigtccacaggaagattcatatggtaactg | aaagtgttatgetagecagtitcaggctititgttttatg | maygyasktkl
gggttgcaaaggeatgggtgeatgetctaactcacaaggtattgeatattggag | caagagaacattegactagatgtceagttaagtgtge | gsvggqtdisid
tacagaccttttcgggtictacacaactccaacaaatgttaccttagaaatgace | gteacttttcctacggtgectegeacatgaatgttatc | ynipevsssgtfp
ggttatttcttgectectcaaaccggetcttacactttcaaatttgeaacagtagat | cggegeacgatacttatcaccgaaaaaccttattcta cpqedsygnwg
gattccgccatattgagtgtggetggtgccactgcetttcaattgetgtgetcaac cggaaaaccttatttacattaaagttggaaaaatttcct | ckgmgacsnsq
aacagccacctattactictacaaattitacaattgatggtattaagecatggggt | ctitttcctaataaggtggagettttggettecagtatg | giaywstdlIfgf
ggalctcttccgecaaatatcgaaggtacagtatatatgtatgetgggtattatta | ctttcacggaattatttctcatgtacatttagetecattte | yttptnvtlemig
cccgatgaaggttgtttactccaatgeagtctectggggtacattaccaatttcg | cagtgectccgatagggaggeatcatggtactaceg yflppqtgsytfk
gtcactctacctgatggtacgacagtgagtgacgatttcgagggatatgtctatt | tgacggagaatacgtaggctgactttttegtcagtttg | fatvddsailsvg
cttttgatgatgatctttcacaaagtaactgtacggtccccgatecatcaaattatg | ttgtccgtttacaaaattggtgaatgaattctagecttc gatafnccaqqq
cagtttctaccaccactactacaaccgagecttggacaggaactttcacatcga | ctetgctcattaattgecctcacaagaatttggaagtg | ppitstnftidgik
caagcactgaaatgacaacagtaactggcactaatggagttcctacagacgaa | cgtagacaggtaaaagattgtactacagaggtattgt pwggslppnie
accgttatcgtgatcaggacteccacgacagectctacgataatcacaacaact | ggaaccttctacagtacttcggaatacacctaaaag | gtvymyagyyy
gaaccttggaatagtacttttacttcaacgagtactgagttaactacagttacagg | gttgttggatgctaaatttagcaaaagtctttittagetc | pmkvvysnavs
tacgaacggtgttagaacggatgaaaccattattgttataaggaccectacgac | actattaggcttgttaaagtctgaaattgttgaaagge | wgtlpisvtlpdg
tgcgacaaccgcaattacgacaacagagcecttggaacagceacgttcaccagt | actcaaaaagataaatcaacaatcagcattaacgge ttvsddfegyvy
acttctaccgaattaactaccgtaactggeactaacggettgecgactgacgaa | acagttgaaagagtcacceacttgaaattageteggt | sfdddlsqsncty
acaataattgtaatcagaacgccaactactgctaccactgecatgactacaact | tatcaaatataattatctctggtaaagagetctgcage pdpsnyavstttt
cagccctggaatgatacattcacttccacttcaacagaattaacaacagttactg | agggttaatctattcgcatacttacgeigtaggaacat ttepwtgtfistst
gtactaatgggctgccaacggatgagacaatcatcgtaatacgtaccectace | titattattaggatccgactactgectacatatttatteg | emttvigtngvp
acagccaccactgcgatgactacgacccaacctiggaacgatactttcacticg | gaaggcatgatgtcgaaaatttttgagettataaaag | tdetvivirtptta
acatcaactgaactgacaactgtaactggaactaatggacttcctactgacgag | gaacatatttcactcttgetegttgatgtaagetctette stiitttepwnstft
actataatagtaattcgtactccaactacagctactactgetatgactactactca | cgggticttatttttaattcttgtcaccagtanacagaa | ststelttvtgtng
accatggaatgacacitttacticaacaagcactgagatcacaactgttacaggt | catccaaaaatgacaatgcctcatcgetatatgtttitg | vrtdetiivirtptt
acaaatggtcttccaacagatgagactattatcgttattcgtacacctacaacag | geagtctttacacttctggeactaactagtgtggecte | attaitttepwnst
caacaacagctatgacaactccccaaccgtggaacgacacctttacaagtaca | aggagecacagaggegtgettaccageaggecag | fiststelttvtgm
agtactgagatgactactgtaacaggaacaaacggtttacctacagacgaaac | aggaaaagtgggatgaatataaatttttaccagtattc | glptdetiivirtpt
tattattgttattagaacgccaacaactgctactacagcaataacaactactgaa | attgaaagattcctccacatattcgaatgeageatata | tattamtttqpw
ccetggaatagtacatitaccagtaccagtacagagatgaccacagttaceggt | tggettatggatatgectcaaaaaccaaactaggttct | ndtftststelttvt
acgaatggcctaccaacggatgaaaccataattgicattcgtactccaacaaca | gtcggaggacaaactgatatctegattgattataatat | gnglptdetiivi
gcaactactgcaatcactacaacgcaaccatggaatgacacatttacctctace | tccctgtgttagttcatcaggceacatttecttgtectea | ripttattamttiq
tctactgaaatgacgacggtcaccggeactaacggtctgecaacagacgaga | agaagattcctatggaaactggggatgeaaaggaat | pwndtfiststelt
ctattattgtgattagaactccgactactgecacgactgcaatgacgacaacac | gggtgcttgtictaatagtcaaggaattgeatactgg | tvtgtnglptdeti
aaccgtggaacgacacctttacttcaacttctaccgagattacgacagttactgg | agtactgatttatitggtttctatactaccccaacaaac | ivirtpttattamti
aacgactggtttgcctaccgatgagacaattattgttatcagaacgectaccact | gtaaccctagaaatgacaggttattitttaccaccaca tqpwndtfistst
gccactacagecatgacgactacccaaccctggaatgatacatttacttccaca | gacgggttcttacacattcaagtttgctacagttgacg eittvtgtnglptd
tcaactgagatgacaacagttacgggtacgaacggtgtccccactgatgaaac | actctgeaattctatcagtaggtggtgeaaccgegtt | etiivirtpttatta
tgttattgttattaggactccaacctetgaaggcettgataagtaccacgacagaa | caactgtigtgctcaacagcaaccgecgatcacatc | mttpgpwndtfi
ccttggaccggtacgtitacatccacatccacggaaatgacaacagttactgge | aacgaactttaccattgacggtatcaagecatggggt | ststemttvtgtn
acaaacggacaaccaaccgatgaaaccgtcattgtaatcagaactectacttc | ggaagtttgccacctaatatcgaaggaaccgtctata | glptdetiivirtp!
agaaggattagtaactacgactactgagccatggacagggacattcacctcaa | tgtacgetggetactattatccaatgaaggttgtttact | tattaitttepwns
cttcaacggagatgacgacgatcaccggaacaaatggtgtgccaaccgacg cgaacgctgtttcttggggtacacttccaattagtgtg | tfiststemttvtg
aaactgttatagtcattcgtactccaacttctgaaggtttgatttcaacaacaaca acacttccagatggtaccactgtaagtgatgacticg | tnglptdetiivin
gaaccatggactggaacctttacaagtacctctaccgaaatgacgactattace | aagggtacgtctattcctttgacgatgacctaagtca | pttattaitttqpw
ggtactaatggacaacccactgatgaaacggtcatcgteatcaggaccectac | atctaactgtactgtcectgaccettcaaattatgetgt | ndtftststemtty
cagtgagggactaatatccaccactacagaaccgtggacaggaacgtitactt | cagtaccactacaactacaacggaaccatggaccg | tgtnglptdetiiv
ctacctctacagaaatgacacacgttaccgggactaacggtgttccaacagat | gtactttcacttctacatctactgaaatgaccacegtc | irtpttattamtttc
gaaacagtaatagtaatacgtacacctactagcgaaggtctaatttcaactacta | accggtaccaacggcgttccaactgacgaaaccgt pwndtfiststeit
ctgagccatggactggaactttcaccagtaccagtactgaggtgactactatca | cattgtcatcagaactccaacaactgctagcaccatc tvigtiglptdeti
caggtactaatggtcagcctactgacgagacggttatagttattcgtacaccaa | ataactacaactgagccatggaacagcacttttacet | virtpttattamttt
caagtgagggtcttatatcaacaactacagaacctiggactggtacttttacgag | ctacttctaccgaattgaccacagtcactggcaccaa gpwndtfistste
tacaagtactgaaatgactactgtaactggtactaacggacaacctactgatga | tggtgtacgaactgacgaaaccatcattgtaatcaga | mitvtgtngvpt
gacagtaattgttataagaacacctacaagcgagggtctagtaactacgacca | acaccaacaacagecactactgecataactacaact | detvivirtptseg
ctgagcctiggacaggtactitcacttcaactagcactgagatgageactgtca gagccatggaacagcactittaccictactictaccg listttepwigtfts
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caggaacaaacggtttgccaacagacgagactgttattgttgttaaaactccaa
ccactgcaattagctcticattgagitccagttctagtggteaaattactagcage
ggatcc (SEQ ID NO: 27)

aattgaccacagtcaccggtaccaatggtttgccaa
ctgatgagaccatcattgtcatcagaacaccaacaa
cagccactactgecatgactacaactcagecatgga
acgacacttttacctctactictaccgaattgaccaca
gtcaccggtaccaatggtttgccaactgatgagace
atcattgtcatcagaacaccaacaacagcecactact
gccatgactacaactcagecatggaacgacacttita
cctctacttctaccgaattgaccacagtcaccggtac
caatggtitgccaactgatgagaccatcattgtcatca
gaacaccaacaacagecactactgecatgactaca
actcagccatggaacgacacttttacctctacatcca
ctgaaatcaccaccgtcaccggtaccaatggtitge
caactgatgagaccatcattgtcatcagaacaccaa
caacagccactactgecatgactacaccteagecat
ggaacgacacttttacctctacatccactgaaatgac
caccgtcaccggtaccaacggtttgecaactgatga
aaccatcattgtcatcagaacaccaacaacagecac
tactgccataactacaactgagcecatggaacageac
ttttacctctacatccactgaaatgaccaccgtcaceg
gtaccaacggtttgccaactgatgaaaccatcattgt
catcagaacaccaacaacagccactactgecataa
ctacaactcagccatggaacgacacttttacctctac
atccactgaaatgaccaccgtcaccggtaccaacg
gittgccaactgatgaaaccatcattgtcatcagaac
accaacaacagcecactactgecatgactacaactca
gccatggaacgacacttttacctctacatceactgaa
atcaccaccgtcaccggtaccaccggtttgecaact
gatgagaccatcattgtcatcagaacaccaacaaca
gecactactgecatgactacaactcagecatggaac
gacacttitacctctacatccactgaaatgaccaccgt
caccggtaccaacggegticcaactgacgaaaccg
tcattgtcatcagaactccaactagtgaaggictaate
agcaccaccactgaaccatggactggtactttcacct
ctacatccactgagatgaccaccgtcaceggtacta
acggtcaaccaactgacgaaaccgtgattgttatca
gaactccaaccagigaaggtttggttacaaccacca
ctgaaccatggactggtacttttacttctacatctactg
aaatgaccaccattactggaaccaacggegttccaa
ctgacgaaaccgtcattgtcatcagaactccaacca
gtgaaggtctaatcagcaccaccactgaaccatgga
ctggtacttttacttctacatctactgaaatgaccacca
ttactggaaccaatggicaaccaacigacgaaaccg
ttattgtrarcagaaciccaactagtgaaggtctaatc
agcactacaacggaaccatggaccggtactttcact
tctacatctactgaaatgacgcacgtcaccggtacca
acggegttceaactgacgaaaccgteattgtcatca
gaactccaaccagtgaaggtctaatcagcaccace
actgaaccatggactggcactttcacttcgacttcca
ctgaggttaccaccatcactggaaccaacggtcaac
caactgacgaaactgtgattgttatcagaactccaac
cagtgaaggtctaatcagcaccaccactgaaccatg
gactggtactttcacttctacatctactgaaatgacca
ccgteaccggtactaacggtcaaccaactgacgaa
accgtgatigttatcagaactccaaccagtgaaggtt
tggttacaaccaccactgaaccatggactggtacttit
acttcgacttccactgaaatgtctactgtcactggaac
caatggcttgccaactgatgaaactgtcattgttgtca
aaactccaactactgccatctcatccagtttgteatea
tcatcticaggacaaatcaccagetctatcacgtctic
gcegteccaattartaccccatictatcctagcaatggaa
cttctgtgatttcttcctcagtaatttcttcctcagecact
tettetetatteacttettctecagteatttettecteagte
atttcttcttctacaacaacctecacttetatattttetga
atcatctaaatcatccgteatticcaaccagtagttcea

cetctggticitctgagagcgaaacgagticagetge

tstemttvtgtng
qptdetvivirtpt
seglvttttepwt
gtfiststemttit
gtngvptdetvi
virtptseglisttt
epwigtfistste
mittitgtnggptd
etvivirtptsegl
istttepwigtfist
stemthvtgtng
vptdetvivirtpt
seglistttepwt
gtftststevttitg
tnggptdetvivi
rtptseglistttep
wigtfiststemtt
vigtngqptdet
vivirtptseglvt
tttepwtgtfistst
emstvtgtnglpt
detvivvktptta
issslsssssgqit
ssgs (SEQ ID
NO: 47)
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ttetgtetcttcttectcttttatctettctgaatcatcaaa
atctcctacatattcttcttcatcattaccacttgttacca
gtgcgacaacaagccaggaaactgettcttcattac
cacctgctaccactacaaaaacgagcgaacaaacc
actttggttaccgtgacatcctgegagtctcatgtgtg
cactgaatccatctcecctgegattgtttccacageta
ctgttactgttagcggegtcacaacagagtataccac
atggtgccctattictactacagagacaacaaagceaa
accaaagggacaacagagcaaaccacagaaacaa
caaaacaaaccacggtagttacaatttcttctigtgaa
tctgacgtatgctctaagactgettctccagecattgt
atctacaagcactgctactattaacggegttactaca
gaatacacaacatggtgtcctatttccaccacagaat
cgaggcaacaaacaacgcetagttactgttacttcctg
cgaatctggtgtgtgttccgaaactgcettcacctgee
attgtttcgacggccacggctactgtgaatgatgttgt
tacggtctatcctacatggaggecacagactgegaa
tgaagagtctgtcagctctaaaatgaacagigetace
ggtgagacaacaaccaatactttagctgctgaaacg
actaccaatactgtagctgctgagacgattaccaata
ctggagcetgctgagacgaaaacagtagtcacctett
cgctttcaagatctaatcacgctgaaacacagacgg
cttccgegaccgatgtgattggtcacageagtagtgt
tgitictgtatccgaaactggcaacaccaagagtcta
acaagttccgggttgagtactatgtcgcaacagecte
gtagcacaccagcaagcagcatggtaggatatagt
acagcttctitagaaatttcaacgtatgetggeagtge
caacagcttactggccggtagtggtttaagtgtcttca
ttgegtecttattgetggeaattatttaataaaattcge
grctttttacgtatctgtgtatctettetttgctaattatac
gcetgacatgaattattttttaactgtttctcctecatactt
tcaaatattcaaattgactaaatgataattcttgegctt
cttattttgaaaaagtagatatgtgtatcataaagaaa
acgttattattattgtcttaggcaacaaaaatccatgaa
aagaattttaccgttatcgatatcattgtatttattttattt
atttattcaattttttttttttiggtttatatcctgcaaacaa
cacttcgaattcaattcgatatttcataagttacaacta
acacttatagaaaccgatgtatgagtacttattattaac
gaggaaaaatgccctattttctttagcaattaatgaac
catcgccaacttttgctttaacaattattgecattttcag
cagtactaacgtaagatctagtgtggttcgcttaggat
gtittcgagtagaaatctgctgceacatgecacacgea
gtacttgaaacttgaaataatggtgataattagttattt
aaagtatgttaatcttccttgtictittatatttatttcgaa
ttettttgcactagtatttaaaatatcagcagaggtgta
aaagtgcaccaaaattattgtaaaactacttgccectaa
aattgatacttcatacttgacatattcaaaaggggtcc
aagtatagatgcatcaaagaaaaaaattatccgatga
tgagcaaatggtagcttticgttcccaggaagtgtag
tagttccatgaagtctaatgagactttggaaaaaggtt
tgtcacgagcacctaactattgtattttggaattttgat
aaacttcaaaacgggaacgaagtgttaaacttagat
geggttgatttaagetttaaaagaggaaaataatgac
tgatgataagaagtcaacaacgattcaaagcaggtg
aatttccattacgtttcg (SEQ ID NO: 38)
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[0100] An amino acid sequence corresponding to optimized linker 1 according to the
invention is a flexible linker - strep tag - TEV site - FLAG - flexible linker fusion and
corresponds to  GGGGSGGGGS AWHPQFGG ENLYFQG DYKDDDK
GGGGSGGGGS (SEQ ID NO; 48).

[0101] The DNA sequence: is as follows:
GGAGGAGGTGGTTCAGGAGGTGGTGGGTCTGCTTGGCATCCACAATTTGGAG
GAGGCGGTGGTGAAAATCTGTATTTCCAGGGAGGCGGAGGTGATTACAAGGA
TGACGACAAAGGAGGTGGTGGATCAGGAGGTGGTGGCTCC (SEQ ID NO: 49).

[0102] An amino acid sequence corresponding to optimized linker 2 is a flexible linker -
strep tag -linker- TEV site - flexible linker and corresponds to GGGGSGGGGS
WSHPQFEK GG ENLYFQG GGGGSGGGGS (SEQ ID NO:50). The DNA sequence

1S as follows:

Ggtggeggtggatctggaggaggeggttettggtctcacccacaatttgaaaagggtggagaaaacttgtactttcaaggeggt

ggtggaggttctggcggaggtggctecggetea (SEQ ID NO:51).
[0103] When using the methods above, the term "about" is used precisely to account for

fractional percentages of codon frequencies for a given amino acid. As used herein,
"about" is defined as one amino acid more or one amino acid less than the value given.
The whole number value of amino acids is rounded up if the fractional frequency of usage
is 0.50 or greater, and is rounded down if the fractional frequency of use is 0.49 or less.
Using again the example of the frequency of usage of leucine in human genes for a
hypothetical polypeptide having 62 leucine residues, the fractional frequency of codon
usage would be calculated by multiplying 62 by the frequencies for the various codons.
Thus, 7.28 percent of 62 equals 4.51 UUA codons, or "about 5," 1.e., 4, 5, or 6 UUA
codons, 12.66 percent of 62 equals 7.85 UUG codons or "about 8," i.e., 7, 8, or 9 UUG
codons, 12.87 percent of 62 equals 7.98 CUU codons, or "about 8," i.e., 7, 8, or 9 CUU
codons, 19.56 percent of 62 equals 12.13 CUC codons or "about 12," i.e., 11, 12, or 13
CUC codons, 7.00 percent of 62 equals 4.34 CUA codons or "about 4," i.e., 3, 4, or 5
CUA codons, and 40.62 percent of 62 equals 25.19 CUG codons, or "about 25," i.e., 24,
25, or 26 CUG codons.

[0104] 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.
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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 Diegd, CA.
In addition, various resources are publicly available to codon-optimize coding region
sequences, eg., 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.nrc.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.

[0105] A number of options are available for synthesizing codon optimized coding
regions designed by any of the methods described above, using standard and routine
molecular biological manipulations well known to those of ordinary skill in the art. In one
approach, a series of complementary oligonucleotide pairs of 80-90 nucleotides each in
length and spanning the length of the desired sequence are synthesized by standard
methods. These oligonucleotide pairs are synthesized such that upon annealing, they
form double stranded fragments of 80-90 base pairs, containing cohesive ends, e.g., each
oligonucleotide in the pair is synthesized to extend 3, 4, 5, 6, 7, 8, 9, 10, or more bases
beyond the region that is complementary to the other oligonucleotide in the pair. The
single-stranded ends of each pair of oligonucleotides is designed to anneal with the
singie-stranded end of another pair of oligonucleotides. The oligonucleotide pairs are
allowed to anneal, and approximately five to six of these double-stranded fragments are
then allowed to anneal together via the cohesive single stranded ends, and then they
ligated together and cloned into a standard bacterial cloning vector, for example, a
TOPO® vector available from Invitrogen Corporation, Carlsbad, CA. The construct is
then sequenced by standard methods. Several of these constructs consisting of 5 to 6
fragments of 80 to 90 base pair fragments ligated together, i.e., fragments of about 500
base pairs, are prepared, such that the entire desired sequence is represented in a series of
plasmid constructs. The inserts of these plasmids are then cut with appropriate restriction

enzymes and ligated together to form the final construct. The final construct is then



CA 02724036 2010-11-10

WO 2009/139839 PCT/US2009/002902

[0106]

[0107]

[0108]

48

cloned into a standard bacterial cloning vector, and sequenced. Additional methods
would be immediately apparent to the skilled artisan. In addition, gene synthesis is
readily available commercially.

In certain embodiments, an entire polypeptide sequence, or fragment, variant, or
derivative thereof is codon optimized by any of the methods described herein. Various
desired fragments, variants or derivatives are designed, and each is then codon-optimized
individually. In addition, partially codon-optimized coding regions of the present
invention can be designed and constructed. For example, the invention includes a nucleic
acid fragment of a codon-optimized coding region encoding a polypeptide in which at
least about 1%, 2%, 3%, 4%, 5%, 10%, 15%, 20%, 25%, 30%, 35%, 40%, 45%, 50%,
55%, 60%, 65%, 70%, 75%, 80%, 85%, 90%, 95%, or 100% of the codon positions have
been codon-optimized for a given species. That is, they contain a codon that is
preferentially used in the genes of a desired species, e.g., a yeast species such as
Saccharomyces cerevisiae, in place of a codon that is normally used in the native nucleic
acid sequence.

In additional embodiments, a full-length polypeptide sequence is codon-optimized
for a given species resulting in a codon-optimized coding region encoding the entire
polypeptide, and then nucleic acid fragments of the codon-optimized coding region,
which encode fragments, variants, and derivatives of the polypeptide are made from the
original codon-optimized coding region. As would be well understood by those of
ordinary skill in the art, if codons have been randomly assigned to the full-length coding
region based on their frequency of use in a given species, nucleic acid fragments
encoding fragments, variants, and derivatives would not necessarily be fully codon
optimized for the given species. However, such sequences are still much closer to the
codon usage of the desired species than the native codon usage. The advantage of this
approach is that synthesizing codon-optimized nucleic acid fragments encoding each
fragment, variant, and derivative of a given polypeptide, although routine, would be time
consuming and would result in significant expense.

The codon-optimized coding regions can be versions encoding a Cbhl, Cbh2,
Egl, or Bgll from T. emersonii, H. grisea, T. aurantiacus, or T. reesei, or domains,

fragments, variants, or derivatives thereof.
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[0109] Codon optimization is carried out for a particular vertebrate species by methods
described herein, for example, in certain embodiments codon-optimized coding regions
encoding polypeptides of T. emersonii, H. grisea, T. aurantiacus or T. reesei Cbhl or
Cbh2, or domains, fragments, variants, or derivatives thereof are optimized according to
yeast codon usage, e.g., Saécharomyces cerevisige. In particular, the present invention
relates to codon-optimized coding regions encoding polypeptides of 7. emersonii, H.
grisea, T. aurantiacus or T. reesei Cbhl or Cbh2, or domains, variants, or derivatives
thereof which have been optimized according to yeast codon usage, for example,
Saccharomyces cerevisiae codon usage. Also provided are polynucleotides, vectors, and
other expression constructs comprising codon-optimized coding regions encoding
polypeptides of T. emersonii, H. grisea, T. aurantiacus or T. reesei Cbhl or Cbh2, or
domains, fragments, variants, or derivatives thereof, and various methods of using such
polynucleotides, vectors and other expression constructs.

[0110] In certain embodiments described herein, a codon-optimized coding region
encoding any of SEQ ID NOs:11-14 or 17-18, or domain, fragment, variant, or derivative
thereof, is optimized according to codon usage in yeast (Saccharomyces cerevisiae).
Alternatively, a codon-optimized coding region encoding any of SEQ ID NOs:11-14 or
17-18 may be optimized according to codon usage in any plant, animal, or microbial

species.

Polypeptides of the Invention

[0111] The present invention further relates to the expression of tethered or secreted T.
emersonii, H. grisea, T. aurantiacus or T. reesei Egl, Bgll, Cbhl or Cbh2 polypeptides
in a host cell, such as Saccharomyces cerevisiae. The sequences of T. reesei Egl and
Bgll are set forth above and the sequences of T. emersonii, H. grisea, T. aurantiacus or

T. reesei Cbh1 and/or Cbh2 are set forth in the table below:

Organism and Protein SEQ ID NO:
H. grisea Cbhl 11
T. aurantiacus Cbhl 12
T. emersonii Cbhl 13
T. emersonii Cbh2 14
T. reesel Cbhl 17
T. reeset Cbh2 18
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[0112] The present invention further encompasses polypeptides which comprise, or
alternatively consist of, an amino acid sequence which is at least about 80%, 85%, 90%,
95%, 96%, 97%, 98%, 99% identical to, for example, any of the polypeptide sequences of
SEQ ID NOs: 11-14 or 17-18 or of Tables 3 or 4, and/or domains, fragments, variants, or
derivative thereof, of any of these polypeptides (e.g., those fragments described herein, or
domains of any of the polypeptide sequences of SEQ ID NOs: 11-14 or 17-18 or of
Tables 3 or 4.

[0113] By a polypeptide having an amino acid sequence at least, for example, 95%
"identical” to a query amino acid sequence of the present invention, it is intended that the |
amino acid sequence of the subject polypeptide is identical to the query sequence except
that the subject polypeptide sequence may include up to five amino acid alterations per
each 100 amino acids of the query amino acid sequence. In other words, to obtain a
polypeptide having an amino acid sequence at least 95% identical to a query amino acid
sequence, up to 5% of the amino acid residues in the subject sequence may be inserted,
deleted, (indels) or substituted with another amino acid. These alterations of the
reference sequence may occur at the amino or carboxy terminal positions of the reference
amino acid sequence or anywhere between those terminal positions, interspersed either
individually among residues in the reference sequence or in one or more contiguous
groups within the reference sequence.

[0114] As a practical matter, whether any particular polypeptide is at least 80%, 85%,
90%, 95%, 96%, 97%, 98% or 99% identical to, for instance, the amino acid sequence of
SEQ ID NO:3 or to the amino acid sequence encoded by the deposited clone can be
determined conventionally using known computer programs. As discussed above, a
method for determining the best overall match between a query sequence (a sequence of
the present invention) and a subject sequence, also referred to as a global sequence
alignment, can be determined using the FASTDB computer program based on the
algorithm of Brutlag et al. (Comp. App. Biosci. 6:237-245(1990)). In a sequence
alignment the query and subject sequences are either both nucleotide sequences or both
amino acid sequences. The result of said global sequence alignment is in percent identity.
Preferred parameters used in a FASTDB amino acid alignment are: Matrix=PAM 0, k-
tuple=2, Mismatch Penalty=1, Joining Penalty=20, Randomization Group Length=0,
Cutoff Score=1, Window Size=sequence length, Gap Penalty=5, Gap Size Penalty=0.05,
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Window Si1ze=500 or the length of the subject amino acid sequence, whichever is shorter.
Also as discussed above, manual corrections may be made to the results in certain
instances.

[0115] In certain embodiments, the polypeptide of the present invention encompasses a
fusion protein comprising a first polypeptide, where the first polypeptide is a T. emersonii
Cbhl, H. grisea Cbhl, or T. aurantiacusi Cbhl, T. emersonii Cbh2, T. reesei Cbhl T.
reesei Cbh2, or domain, fragment, variant, or derivative thereof, and a second
polypeptide, where the second polypeptide is a 7. emersonii Cbhl, H. grisea Cbhl, or T.
aurantiacusi Cbhl, T. emersonii Cbh2, T. reesei Cbhl or T. reesei Cbh2, or domain,
fragment, variant, or derivative thereof. In particular embodiments the first polypeptide is
T. emersonii Cbhl and the second polynucleotide is a CBM from 7. reesei Cbhl or Cbh2.
In further embodiments of the fusion protein, the first and second polypeptides are in the
same orientation, or the second polypeptide is in the reverse orientation of the first
polypeptide. In additional embodiments, the first polypeptide is either N-terminal or C-
terminal to the second polypeptide. In certain other embodiments, the first polypeptide
and/or the second polypeptide are encoded by codon-optimized polynucleotides, for
example, polynucleotides codon-optimized for S. cerevisiae. In particular embodiments,
the first polynucleotide is a codon-optimized 7. emersonii cbhl and the second
polynucleotide encodes for a codon-optimized CBM from 7. reesei Cbhl or Cbh2. - In
certain other embodiments, the first polypeptide and the second polypeptide are fused via
a linker sequence.

[0116] In certain aspects of the invention, the polypeptides and polynucleotides of the
present invention are provided in an isolated form, e.g., purified to homogeneity.

[0117] The present invention also encompasses polypeptides which comprise, or
alternatively consist of, an amino acid sequence which is at least about 80%, 85%, 90%,
95%, 96%, 97%, 98%, 99% similar to the polypeptide of any of SEQ ID NOs: 11-14 or
17-18, and to portions of such polypeptide with such portion of the polypeptide generally
containing at least 30 amino acids and more preferably at least 50 amino acids.

[0118] As known in the art "similarity” between two polypeptides is determined by
comparing the amino acid sequence and conserved amino acid substitutes thereto of the

polypeptide to the sequence of a second polypeptide.
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[0119] The present invention further relates to a domain, fragment, vanant, derivative, or
analog of the polypeptide of any of SEQ ID NOs: 11-14 or 17-18 or of Tables 3 or 4.

[0120] Fragments or portions of the polypeptides of the present invention may be
employed for producing the corresponding full-length polypeptide by peptide synthesis,
therefore, the fragments may be employed as intermediates for producing the full-length
polypeptides.

[0121] Fragments of Cbh, Egl, or Bgll polypeptides of the present invention encompass
domains, proteolytic fragments, deletion fragments and in particular, fragments of T.
emersonii, H. grisea, T. aurantiacus or T. reesei Cbhl, Cbh2, Egl or Bgll polypeptides
which retain any specific biological activity of the Cbhl, Cbh2, Egl or Bgll proteins.
Polypeptide fragments further include any portion of the polypeptide which comprises a
catalytic activity of the Cbh1, Cbh2, Egl or Bgll proteins.

[0122] The variant, derivative or analog of the polypeptide of any of SEQ ID NOs: 11-14
or 17-18 or of Tables 3 or 4, or that encoded by the deposited clone, may be (i) one in
which one or more of the amino acid residues are substituted with a conserved or non-
conserved amino acid residue (preferably a conserved amino acid residue) and such
substituted amino acid residue may or may not be one encoded by the genetic code, or (i1)
one in which one or more of the amino acid residues includes a substituent group, or (ii1)
one in which the mature polypeptide is fused with another compound, such as a
compound to increase the half-life of the polypeptide (for example, polyethylene glycol),
or (iv) one in which the additional amino acids are fused to the mature polypeptide for
purification of the polypeptide or (v) one in which a fragment of the polypeptide is
soluble, i.e., not membrane bound, yet still binds ligands to the membrane bound
receptor. Such variants, derivatives and analogs are deemed to be within the scope of
those skilled in the art from the teachings herein.

[0123] The polypeptides of the present invention further include variants of the
polypeptides. A "variant' of the polypeptide can be a conservative variant, or an allelic
variant. As used herein, a conservative variant refers to alterations in the amino acid
sequence that does not adversely affect the biological functions of the protein. A
substitution, insertion or deletion is said to adversely affect the protein when the altered
sequence prevents or disrupts a biological function associated with the protein. For

example, the overall charge, structure or hydrophobic-hydrophilic properties of the
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protein can be altered without adversely affecting a biological activity. Accordingly, the
amino acid sequence can be altered, for example to render the peptide more hydrophobic
or hydrophilic, without adversely affecting the biological activities of the protein.

[0124] By an "allelic variant” is intended alternate forms of a gene occupying a given
locus on a chromosome of an organism. Genes II, Lewin, B., ed., John Wiley & Sons,
New York (1985). Non-naturally occurring variants may be produced using art-known
mutagenesis techniques. Allelic variants, though possessing a slightly different amino
acid sequence than those recited above, will still have the same or similar biological
functions associated with the T. emersonii, H. grisea, T. aurantiacus or T. reesei Cbhl,
Cbh2, Egl, or Bgll protein.

[0125] The allelic variants, the conservative substitution variants, and members of the
endoglucanase, cellobiohydrolase or B-glucosidase protein families, will have an amino
acid sequence having at least 75%, at least 80%, at least 90%, at least 95% amino acid
sequence identity with a T. emersonii, H. grisea, T. aurantiacus or T. reesei Cbhl, Cbh2,
Egl or Bgll amino acid sequence set forth in any one of SEQ ID NOs: 11-14 or 17-18 or
of Tables 3 or 4. Identity or homology with respect to such sequences is defined herein as
the percentage of amino acid residues in the candidate sequence that are identical with the
known peptides, after aligning the sequences and introducing gaps, if necessary, to
achieve the maximum percent homology, and not considering any conservative
substitutions as part of the sequence identity. N terminal, C terminal or internal
extensions, deletions, or insertions into the peptide sequence shall not be construed as
affecting homology.

[0126] Thus, the proteins and peptides of the present invention include molecules
comprising the amino acid sequence of SEQ ID NOs: 11-14 or 17-18 or of Tables 3 or
4or fragments thereof having a consecutive sequence of at least about 3, 4, 5, 6, 10, 15,
20, 25, 30, 35 or more amino acid residues of the T. emersonii, H. grisea, T. aurantiacus
or T. reesei Cbhl, Cbh2, Egl, or Bgll polypeptide sequences; amino acid sequence
variants of such sequences wherein at least one amino acid residue has been inserted N-
or C terminal to, or within, the disclosed sequence; amino acid sequence variants of the
disclosed sequences, or their fragments as defined above, that have been substituted by
another residue. Contemplated variants further include those containing predetermined

mutations by, e.g., homologous recombination, site-directed or PCR mutagenesis, and the
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corresponding proteins of other animal species, including but not limited to bactenal,
fungal, insect, rabbit, rat, porcine, bovine, ovine, equine and non-human primate species,
the alleles or other naturally occurring variants of the family of proteins; and derivatives
wherein the protein has been covalently modified by substitution, chemical, enzymatic, or
other appropriate means with a moiety other than a naturally occurring amino acid (for
example, a detectable moiety such as an enzyme or radioisotope).

[0127] Using known methods of protein engineering and recombinant DNA technology,
variants may be generated to improve or alter the characteristics of the CBH polypeptides.
For instance, one or more amino acids can be deleted from the N-terminus or C-terminus
of the secreted protein without substantial loss of biological function.

[0128] Thus, the invention further includes T. emersonii, H. grisea, T. aurantiacus or T.
reesei Cbhl, Cbh2, Egl or Bgll polypeptide variants which show substantial biological
activity. Such variants include deletions, insertions, inversions, repeats, and substitutions
selected according to general rules known in the art so as have little effect on activity.

[0129] The skilled artisan is fully aware of amino acid substitutions that are either less
likely or not likely to significantly effect protein function (e.g., replacing one aliphatic
amino acid with a second aliphatic amino acid), as further described below.

[0130] For example, guidance concerning how to make phenotypically silent amino acid
substitutions is provided in Bowie et al., "Deciphering the Message in Protein Sequences:
Tolerance to Amino Acid Substitutions," Science 247:1306-1310 (1990), wherein the
authors indicate that there are two main strategies for studying the tolerance of an amino
acid sequence to change.

[0131] The first strategy exploits the tolerance of amino acid substitutions by natural
selection during the process of evolution. By comparing amino acid sequences in
different species, conserved amino acids can be identified. These conserved amino acids
are likely important for protein function. In contrast, the amino acid positions where
substitutions have been tolerated by natural selection indicates that these positions are not
critical for protein function. Thus, positions tolerating amino acid substitution could be
modified while still maintaining biological activity of the protein.

[0132] The second strategy uses genetic engineering to introduce amino acid changes at
specific positions of a cloned gene to identify regions critical for protein function. For

example, site directed mutagenesis or alanine-scanning mutagenesis (introduction of
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single alanine mutations at every residue in the molecule) can be used. (Cunningham and
Wells, Science 244:1081-1085 (1989).) The resulting mutant molecules can then be
tested for biological activity.

[0133] As the authors state, these two strategies have revealed that proteins are often
surprisingly tolerant of amino acid substitutions. The authors further indicate which
amino acid changes are likely to be permissive at certain amino acid positions in the
protein. For example, most buried (within the tertiary structure of the protein) amino acid
residues require nonpolar side chains, whereas few features of surface side chains are
generally conserved. Moreover, tolerated conservative amino acid substitutions involve
replacement of the aliphatic or hydrophobic amino acids Ala, Val, Leu and Ile;
replacement of the hydroxyl residues Ser and Thr; replacement of the acidic residues Asp
and Glu; replacement of the amide residues Asn and Gln, replacement of the basic
residues Lys, Arg, and His; replacement of the aromatic residues Phe, Tyr, and Trp, and
replacement of the small-sized amino acids Ala, Ser, Thr, Met, and Gly.

[0134] The terms "derivative" and "analog" refer to a polypeptide differing from the 7.
emersonii, H. grisea, T. aurantiacus or T. reesei Cbhl, Cbh2, Egl or Bgll polypeptide,
but retaining essential properties thereof. Generally, derivatives and analogs are overall
closely similar, and, in many regions, identical to the 7. emersonii, H. grisea, T.
aurantiacus or T. reesei Cbhl, Cbh2, Egl or Bgll polypeptides. The term "derivative"
and "analog" when referring to T. emersonii, H. grisea, T. aurantiacus or T. reesei Cbhl,
Cbh2, Egl or Bgll polypeptides of the present invention include any polypeptides which
retain at least some of the activity of the corresponding native polypeptide, e.g., the
exoglucanase activity, or the activity of the its catalytic domain.

[0135] Derivatives of T. emersonii, H. grisea, T. aurantiacus or T. reesei Cbhl, Cbh2,
Egl or Bgll polypeptides of the present invention, are polypeptides which have been
altered so as to exhibit additional features not found on the native polypeptide.
Derivatives can be covalently modified by substitution, chemical, enzymatic, or other
appropriate means with a moiety other than a naturally occurring amino acid (for
example, a detectable moiety such as an enzyme or radioisotope). Examples of
derivatives include fusion proteins.

[0136] An analog is another form of a T. emersonii, H. grisea, T. aurantiacus or T. reesei

Cbhl, Cbh2, Egl or Bgll polypeptide of the present invention. An "analog" also retains
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substantially the same biological function or activity as the polypeptide of interest, e.g.,
functions as a cellobiohydrolase. An analog includes a proprotein which can be activated
by cleavage of the proprotein portion to produce an active mature polypeptide.

[0137] The polypeptide of the present invention may be a recombinant polypeptide, a
natural polypeptide or a synthetic polypeptide, preferably a recombinant polypeptide.

Vectors and Host Cells

[0138] The present invention also relates to vectors which include polynucleotides of the
present invention, host cells which are genetically engineered with vectors of the
invention and the production of polypeptides of the invention by recombinant techniques.

[0139] Host cells are genetically engineered (transduced or transformed or transfected)
with the vectors of this invention which may be, for example, a cloning vector or an
>expression vector. The vector may be, for example, in the form of a plasmid, a viral
particle, a phage, etc. The engineered host cells can be cultured in conventional nutrient
media modified as appropriate for activating promoters, selecting transformants or
amplifying the genes of the present invention. The culture conditions, such as
temperature, pH and the like, are those previously used with the host cell selected for
expression, and will be apparent to the ordinarily skilled artisan.

[0140] The polynucleotides of the present invention may be employed for producing
polypeptides by recombinant techniques. Thus, for example, the polynucleotide may be
included in any one of a variety of expression vectors for expressing a polypeptide. Such
vectors include chromosomal, nonchromosomal and synthetic DNA sequences, e.g.,
derivatives of SV40; bacterial plasmids; and yeast plasmids. However, any other vector
may be used as long as it is replicable and viable in the host.

[0141] The appropriate DNA sequence may be inserted into the vector by a variety of
procedures. In general, the DNA sequence is inserted into an appropriate restriction
endonuclease site(s) by procedures known in the art. Such procedures and others are
deemed to be within the scope of those skilled in the art.

[0142] The DNA sequence in the expression vector is operatively associated with an
appropriate expression control sequence(s) (promoter) to direct mRNA synthesis.

Representative examples of such promoters are as follows:
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Gene | Organism Systematic name | Reason for use/benefits

PGK1 | S. cerevisiae YCRO12W Strong constitutive promoter
ENO1 | S. cerevisiae YGR254W Strong constitutive promoter
TDH3 | S. cerevisiae YGR192C Strong constitutive promoter
TDH2 | S. cerevisiae YJRO09C Strong constitutive promoter
TDH1 | S. cerevisiae YJLO52W Strong constitutive promoter
ENO2 | S. cerevisiae YHR174W Strong constitutive promoter
GPM1 | S. cerevisiae YKL152C Strong constitutive promoter
TPI1 | S. cerevisiae YDROS0C Strong constitutive promoter

[0143] Additionally, promoter sequences from stress and starvation response genes are

useful in the present invention. In some embodiments, promoter regions from the S.
cerevisiae genes GAC1, GET3, GLC7, GSHI1, GSH2, HSF1, HSP12, LCBS, LREI, LSPI,
NBP2, PIL1, PIMI1, SGT2, SLG1, WHI2, WSC2, WSC3, WSC4, YAPI, YDCI, HSP104,
HSP26, ENAI, MSN2, MSN4, SIP2, SIP4, SIP5, DPLI, IRS4, KOGI, PEP4, HAP4,
PRBI1, TAX4, ZPRI1, ATG1, ATG2, ATGI10. ATG!11, ATG12, ATG13, ATG14, ATGIS,
ATGI16, ATG17, ATG18, and ATG19 may be used. Any suitable promoter to drive gene
expression in the host cells of the invention may be used.

[0144] Additional the E. coli, lac or trp, and other promoters known to control expression
of genes in prokaryotic or lower eukaryotic cells. The expression vector also contains a
ribosome binding site for translation initiation and a transcription terminator. The vector
may also include appropriate sequences for amplifying expression, or may include
additional regulatory regions.

[0145] In addition, the expression vectors may contain one or more selectable marker
genes to provide a phenotypic trait for selection of transformed host cells such as URA3,
HIS3, LEU2, TRPI1, LYS2 or ADE?2, dihydrofolate reductase, neomycin (G418) resistance
or zeocin resistance for eukaryotic cell culture, or tetracycline or ampicillin resistance in
E. coli.

[0146] The vector containing the appropriate DNA sequence as herein, as well as an
appropriate promoter or control sequence, may be employed to transform an appropriate
host to permit the host to express the protein.

[0147] Thus, in certain aspects, the present invention relates to host cells containing the
above-described constructs. The host cell can be a higher eukaryotic cell, such as a
mammalian cell, or a lower eukaryotic cell, such as a yeast cell, e.g., Saccharomyces

cerevisiae, or the host cell can be a prokaryotic cell, such as a bacterial cell.
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[0148] As representative examples of appropriate hosts, there may be mentioned:
bacterial cells, such as E. coli, Streptomyces, Salmonella typhimurium; thermophilic or
mesophlic bacteria; fungal cells, such as yeast; and plant cells, etc. The selection of an
appropriate host is deemed to be within the scope of those skilled in the art from the
teachings herein.

[0149] Appropriate fungal hosts include yeast. In certain aspects of the invention the
yeast is Saccharomyces cervisiae, Kluveromyces lactus, Schizzosaccharomyces pombe,
Candida albicans, Pichia pastoris, Pichia stipitis, Yarrowia lipolytica, Hansenula
polymorpha, Phaffia thodozyma, Candida utilis, Arxula adeninivorans, Debaryomyces
hansenii, Debaryomyces polymorphus, Schwanniomyces occidentalis, Issatchenkia
orientalis, and Kluveromyces marxianus.

[0150] In particular embodiments, the vector of the present invention is a plasmid of
Table 5 below. Table 6 lists primer sequences utilized to construct various plasmids of

the invention.

Table 5. Plasmids in this study.

*P/T = Promoter/Terminator; **BGL1 = B-glucosidase 1 from Saccharomycopsis fibuligera,

Van Rooyen et al. (2005)

# Name of Plasmid Used for/Genes carried Reference/
accession #
1 pBluescript I SK+ Expression vector backbone for X52328
assembling expression cassettes
2 pTEF1-zeo TEF1/Zeo marker Invitrogen
3 M4297 KanMX marker Prof. David Stillman
3a | ySFI BGLI Van Rooyen (2005)
4 pBK pBluescript; KanMX marker This study
5 pBZ pBluescript; TEF1/Zeo marker This study
6 pBK 1 pBK + PGK P/T* This study
7 pBK 2 pBK + ENO1 P/T* This study
8 pBZ 1 pBZ + PGK P/T* This study
9 pBZ 2 pBZ + ENOI1 P/T* This study
10 | pBKDI1 1 pBK 1 + 1 3 sequence This study
11 | pBKD]_2 pBK 2 + 1 8 sequence This study
12 | pBZDI1 1 pBZ 1+ 1 & sequence This study
13 pBZD1 2 pBZ 2 + 1 3 sequence This study
14 | pBKD_1 pBK 1 + 2 § sequences This study
15 | pBZD 1 pBK 2 + 2 § sequences This study
16 | pBKD 2 pBZ 1+ 2 § sequences This study
17 | pBZD_2 pBZ 2 + 2 § sequences This study
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18 | pBKD_10001 pBKD 1+ L1 Al (original This study
optimization)
19 | pBKD_20001 pBKD 2+ L1 Al (original This study
optimization)

20 | pBZD 20001a pBZD 2+ L2 Ala (re-optimized) This study

21 | pBKD 20511 pBKD 20001 + BGL1 This study

22 | pBKD 11621 pBKD 10001 + S16 + C2 This study

23 | pBKD 10621 pBKD 10001 + S06 + C2 This study

24 | pBKD 10621 20511 pBKD 10621 + 20511 (i.e. only the This study
' cellulase construct)

25 | pBKD 11621 20511 pBKD 11621 + 20511 (i.e. only the This study
cellulase construct)

26 | pBZD 11631 pBZD 1+S16+C3 1.2 Al This study

27 | pBZD 20641 pBZD 20001la+ C4 L3 This study

28 | pBZD_11631_20641 pBZD_11631 + 20641 (i.e. only the This study
cellulase construct)

29 | pBZD_10511 pBZD 1+ 0511 (BGLI with xyn This study

sec)
30 | pBKD non-anchored EGI pBKD 10001 with EGI PCR This study
product
31 | pBKD non-anchored pBKD_10001 with CBHI PCR This study
CBH1 product

32 | pBKD Flol EGI pBKD with Flo1 anchor and EGI This Study

33 | pBKD Flol CBHI pBKD with flo1 anchor and CBHI This Study

34 | pBKD Flol EGI 20511 N-terminally anchored EGI with This Study

BGLI for co-expression
35 | pBZD _Flol CBHI 20641 | N-terminally anchored CBHI with This Study
CBH2 for co-expression

Table 6. Primers used for constructs.

# | Name Sequence 5° 2 3’

1 | ENOIf TATATGGGCCCACTAGTCTTCTAGGCGGGTTATCTACTGAT
CC (SEQ ID NO: 52)

2 ENOloverlap | GGACTAGAAGGCTTAATCAAAAGCGGCGCGCCGGATCCTT
AATTAAGT GTGTTGATAAGCAGTTGCTTGGTT (SEQ ID NO:

53)

3 |ENOIr GCTACGAATTCGCGGCCGCCGTCGAACAACGTTCTATTAGG
A (SEQ ID NO: 54)
4 |PGKf TATATGGGCCCTCCCTCCTTCTTGAATTGATGT (SEQ ID NO:

55)

5 PGKoverlap GATCTATCGATTTCAATTCAATTCAATGGCGCGCCGGATCC
TTAATTAA TGTAAAAAGTAGATAATTACTTCCTTGATG

(SEQ ID NO: 56)

6 |PGKr CTTAGGAATTCTTTCGAAACGCAGAATTTTC (SEQ ID NO:

57)
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kanMXf

GATCCGAATTCGTTTAGCTTGCCTCGTCCC (SEQ ID NO: 58)

8 | kanMXr CAGTCGACTAGTTTTCGACACTGGATGGCG (SEQ ID NO: 59)

9 | Zeof GCGCTAGAATTCCCCACACACCATAGCTTCAAA (SEQ ID
NO: 60)

10 | Zeor CCGCATACTAGTAATTCAGCTTGCAAATTAAAGCCTTCGAG
(SEQ ID NO: 61)

11 | BGLIf GCCGCCTTAATTAAAAACAAAATGGTCTCCTTCACCTCCCT
(SEQ ID NO: 62)

12 | BGLIr CGGTTGGATCCAATAGTAAACAGGACAGATGTCTTGAT
(SEQ ID NO: 63)

13 | Delta2f AGTCGCGGCCGCTGTTGGAATAAAAATCCACTATCGT (SEQ
ID NO: 64)

14 | Delta2r GCGCCCGCGGTGAGATATATGTGGGTAATTAGATAATTGT
(SEQ ID NO: 65)

15 | MI13f TCCCAGTCACGACGTCGT (SEQ ID NO: 66)

16 | M13r GGAAACAGCTATGACCATG (SEQ ID NO: 67)

17 | PGKseqf TCTTTTTCTCTTTTTTACAGATCATCA (SEQ ID NO: 68)

18 | ENOlseqf TCCTTCTAGCTATTTTTCATAAAAAAC (SEQ ID NO: 69)

19

EGI detect F

CGCTAGTGGTGTTACGACGA (SEQ ID NO: 70)

20

EGI detect R

CTCCAAGTCTGCACTGGACA (SEQID NO: 71)

21

BGL1_detect
F

GAGCCCGCATTATTATCCAA (SEQ ID NO: 72)

22

BGL1 _detect_
R

CAAAGTCAGCGAATCGAACA (SEQ ID NO: 73)

23

CBHI detect
F

AGACGGTTGTGACTGGAACC (SEQ ID NO: 74)

24

CBHI _detect _
R

CAACTTGAGCTGGAACACCA (SEQ ID NO: 75)

25

CBHII detect_
F

CAGAGACTGTGCTGCTTTGG (SEQ ID NO: 76)

26

CBHII_detect_
R

GGATCTACCTTGGTCGGTGA (SEQ ID NO: 77)

27 |EGINterm F | ACTGGGCTCAGCTCAACAACCAGGAACATCAACAC (SEQ
ID NO: 78)
28 |EGINterm R | AGCTGGCGCGCCTTATAAACATTGTGAGTAATAGTCATTA
CTGT (SEQ ID NO: 79)
29 |CBHINterm |ACTGGGCTCAGCTCAATCCGCTTGTACCCTACAA (SEQID
F NO: 80)
30 |CBHINterm | AGCTGGCGCGCCTTACAAACATTGAGAGTAGTATGGGTTT
R AA (SEQ ID NO: 81)
31 |His3F TATTGTGAGGGTCAGTTATT (SEQ ID NO: 82)
32 |His3R TAAAAGGAGCCTTGAGACTC (SEQ ID NO: §83)
33 | Trpl F TACTATTAGCTGAATTGCCA (SEQ ID NO: 84)
34 | Trpl R GGAACGTTTGTATTCATACT (SEQ ID NO: 85)
35 | Leu2 F ACATCGAGACCAAGAAGAAC (SEQ ID NO: 86)
36 | Leu2 R CGAGATTGATGAAGAAAGAA (SEQ ID NO: 87)
37 {Ura3 F AGCTTTTCAATTCAATTCAT (SEQ ID NO: 88)
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[38 [Ura3R | CCGGGTAATAACTGATATAA (SEQ ID NO: 89) |
[0151] Host cells are genetically engineered (transduced or transformed or transfected)

with the vectors of this invention which may be, for example, a cloning vector or an
expression vector. The vector may be, for example, in the form of a plasmid, a viral
particle, a phage, etc. The engineered host cells can be cultured in conventional nutrient
media modified as appropriate for activating promoters, selecting transformants or
amplifying the genes of the present invention. The culture conditions, such as
temperature, pH and the like, are those previously used with the host cell selected for
expression, and will be apparent to the ordinarily skilled artisan.

[0152] The polynucleotides of the present invention may be employed for producing
polypeptides by recombinant techniques. Thus, for example, the polynucleotide may be
included in any one of a variety of expression vectors for expressing a polypeptide. Such
vectors include chromosomal, non-chromosomal and synthetic DNA sequences, e.g.,
derivatives of SV40; bacterial plasmids; and yeast plasmids. However, any other vector
may be used as long as it is replicable and viable in the host.

[0153] The appropriate DNA sequence may be inserted into the vector by a variety of
procedures. In general, the DNA sequence is inserted into an appropriate restriction
endonuclease site(s) by procedures known in the art. Such procedures and others are
deemed to be within the scope of those skilled in the art.

[0154) The DNA sequence in the expression vector is operatively associated with an
appropriate expression control sequence(s) (promoter) to direct mRNA synthesis. As
representative examples of such promoters, there may be mentioned: ENOI, PGKI,
TEFI1, GPDI, ADHI and the E. coli, lac or trp, and other promoters known to control
expression of genes in prokaryotic or lower eukaryotic cells. The expression vector also
contains a ribosome binding site for translation initiation and a transcription terminator.
The vector may also include appropriate sequences for amplifying expression, or may
include additional regulatory regions.

[0155] "Open reading frame" is abbreviated ORF and means a length of nucleic acid,
either DNA, cDNA or RNA, that comprises a translation start signal or initiation codon,
such as an ATG or AUG, and a termination codon and can be potentially translated into a

polypeptide sequence.
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[0156] "Promoter" refers to a DNA fragment capable of controlling the expression of a
coding sequence or functional RNA. In general, a coding region is located 3' to a
promoter.  Promoters may 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 may direct the expression of a gene in different tissues or 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 may have identical
promoter activity. A promoter is generally bounded at its 3' terminus by the transcription
initiation site and extends upstream (5' direction) to include the minimum number of
bases or elements necessary to initiate transcription at levels detectable above
background. = Within the promoter will be found a transcription initiation site
(conveniently defined for example, by mapping with nuclease S1), as well as protein
binding domains (consensus sequences) responsible for the binding of RNA polymerase.

[0157] A coding region is "under the control" of transcriptional and translational control
elements in a cell when RNA polymerase transcribes the coding region into mRNA,
which is then trans-RNA spliced (if the coding region contains introns) and translated into
the protein encoded by the coding region.

[0158] "Transcriptional and translational control regions" are DNA regulatory regions,
such as promoters, enhancers, terminators, and the like, that provide for the expression of
a coding region in a host cell. In eukaryotic cells, polyadenylation signals are control
regions.

[0159] The term "operably associated"” 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 associated with a coding region when it is capable of
affecting the expression of that coding region (i.e., that the coding region is under the
transcriptional control of the promoter). Coding regions can be operably associated to

regulatory regions in sense or antisense orientation.
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[0160] 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 may also refer to translation of mRNA into a polypeptide.

Selection Methods

[0161] As used herein, "selection methods" or "selection protocol(s)" refers to methods
for putting pressure on (or challenging) a given strain to adapt to new conditions. The
selection methods favor sporadic "variants" of the original strain wherein the variants
undergo some genetic or epigenetic change that confers a reproductive and thereby
growth advantage in the culture conditions of the embodiment. Using the methods of the
present invention, it is thereby possible to apply continuous selective pressure on strains
of the invention, causing the variant strains with genetic or epigenetic changes that confer
a reproductive and growth advantage, to eventually dominate the culture. Thereby one
can continue to improve the performance of the organism with respect to its ability to
grow in certain conditions, for example on cellulosic material.

[0162] In some embodiments, a small quantity of a favored carbon source (such as
glucose) may be added to the selection media to allow for a slight increase in growth rate
of the cells. Adding small quantities of a favored carbon source enables the cells
undergoing selection to reproduce more rapidly, allowing for more generations of cells
per unit time. This in turn allows for more opportunities to undergo a genetic or
epigenetic change that confers a reproductive, and thereby growth advantage, in the
culture condition. Additionally, small quantities of glucose or other sugars might be
useful to drive gene expression if polynucleotides of the present invention are operably
linked to promoters influenced by carbon source.

[0163] Favored carbon sources can differ by host cell, but are generally well known to a
person of ordinary skill in the art. Favored carbon sources generally are mono and di
saccharides such as glucose, galactose, maltose, fructose, as well as soluble or insoluble
oligmers of glucuse. For example, cellulose chains from 3 up to to 30 or 40 glucose units
in length would provide high reactivity, but still require some cellulase activity.

[0164] In some embodiments, the selection methods are carried out using a semi-
continuous culture. In some embodiments, the semi-continuous culture comprises: (a) a

residence chamber, wherein host cells of the invention are grown; (b) a fresh media
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chamber, in controlled, flutid communication with the residence chamber; and, (c) a waste
chamber, in controlled fluid communication with the residence chamber. In some
embodiments, the fresh media from the media chamber is pumped into the residence
chamber, and at the same or similar rate, the spent media is pumped from the residence
chamber into the waste chamber. In these embodiments, culture conditions are kept
largely constant or in a "substantially steady state,” meaning the media and culture
conditions are stable. Optionally, in some embodiments, a fourth chamber is used to
separately regulate levels of a media ingredient separately, for example glucose. Thereby
the levels of the separate media ingredient can be altered while keeping the levels of other
media components constant. In some embodiments, transport of fluids between the
residence chamber and the other chambers may be accomplished, for example, by a
peristaltic, or other suitable pump.

[0165] Under conditions described above, cell numbers in the residence chamber remain
constant if the rate of cell division equals the wash out rate of cells from the residence
chamber into the waste chamber. However, if cell division is faster than the cell washout
rate, cell numbers in the residence chamber increase. Conversely, if cell division in the
residence chamber 1s slower than the washout rate, the cell numbers in the residence
chamber decrease. Therefore, by modulating the washout rate and media conditions,
methods of the present invention allow for the selection of cells with ever increasing
ability to grow and divide in various culture conditions.

[0166] In some embodiments of the present invention, the selection methods produce
variant cells that are able to grow to cell densities of at least about 1.2, at least about 1.5,
at least about 2, at least about 4, at least about 8, at least about 10, or at least about 50 fold
greater than the pre-selected parental strain in culture conditions of the invention. In
other embodiments, the selected cells are able to grow at least about 1.2, at least about
1.5, at least about 2, at least about 4, at least about 8, at least about 10, or at least about 50
times faster than the pre-selected parental strain in the culture conditions of the invention.
In still other embodiments, the selection methods produce variant cells that are able to
ferment cellulosic material to produce ethanol at least about 1.2, at least about 1.5, at least
about 2, at least about 4, at least about 8, at least about 10, or at least about 50 fold in

excess of the pre-selected parental strain in the culture conditions of the invention.
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[0167] Methods of measuring cell density are well known in the art and include optical
density measurements of cell cultures or direct counting of cells by hemocytometer.
Monitoring cultures over a period of time by one of these measurements will enable a
person of ordinary skill in the art to calculate growth rate of the cells of the invention.

[0168] Although the results reported herein are for Saccharomyces cerevisiae, the
methods and materials also apply to other types of yeast including, for example,
Schizosaccharomyces pombe, Candida albicans, Kluyveromyces lactis, Pichia pastoris,
Pichia stipitis, Yarrowia lipolytica, Hansenula polymorpha, Phaffia rhodozyma, Candida
utilis, Arxula adeninivorans, Debaryomyces hansenii, Issatchenkia orientalis
Debaryomyces polymorphus and Schwanniomyces occidentalis.

[0169] The yeast may be selected, for example, from the genera Saccharomyces,
Kluyveromyces, Candida, Pichia, Schizosaccharomyces, Hansenula, Kloeckera,
Schwanniomyces, and Yarrowia. Yeast species as host cells may include, for example, S.
cerevisiae, S. bulderi, S. barnetti, S. exiguus, S. uvarum, S. diastaticus, K. lactis, K.
marxianus, and K. fragilis.

[0170] The disclosed recombinant yeast strains have the potential to contribute significant
savings in the lignocellulosic biomass to ethanol conversion. For example, the disclosed
recombinant yeast strains may be suitable for a consolidated bioprocessing co-culture
fermentation where they would convert cellulose to ethanol, and hemicellulose would be
degraded by a pentose-utilizing organism, such as Saccharomyces cerevisiae RWB218,
disclosed by Kuyper, M. et al., “Metabolic engineering of a xylose-isomerase-expressing
Saccharomyces cerevisiae strain for rapid anaerobic xylose fermentation”, FEMS Yeast
Research, 5: 399-409, (2005).

[0171] Substrates for cellulose activity assays can be divided into two categories, soluble
and insoluble, based on their solubility in water. Soluble substrates include cellodextrins
or derivatives, carboxymethyl cellulose (CMC), or hydroxyethyl cellulose (HEC).
Insoluble substrates include crystalline cellulose, microcrystalline cellulose (Avicel™),
amorphous cellulose, such as phosphoric acid swollen cellulose (PASC), dyed or
fluorescent cellulose, and pretreated lignocellulosic biomass. These substrates are
generally highly ordered cellulosic material and thus only sparingly soluble.

[0172] It will be appreciated that suitable lignocellulosic material may be any feedstock

that contains soluble and/or insoluble cellulose, where the insoluble cellulose may be in a
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crystalline or non-crystalline form. In various embodiments, the lignocellulosic biomass
comprises, for example, wood, corn, corn stover, sawdust, bark, leaves, agricultural and
forestry residues, grasses such as switchgrass, ruminant digestion products, municipal
wastes, paper mill effluent, newspaper, cardboard or combinations thereof.

[0173] The following embodiments of the invention will now be described in more detail

by way of these non-limiting examples.

Examples

Example 1: Expression of tethered and secreted cellulases by yeast

[0174] . In order to combine the possible benefits of secreted and tethered cellulases

systems, S. cerevisiae strains containing both types of constructs were created.

Materials and Methods
Strain Construction

[0175] Molecular and transformation methods were used as described in the previous
examples. M0144 was transformed with pRDH105 as well as a PCR product for the His3
gene. Transformants were selected on YNB media + glucose with no amino acids
present. This ensured that the 2 micron plasmid for TeCBHI expression, which was
selectable by the URA3 gene would be present in this strain background. The newly
created strain was called M0360.

Results

[0176] Growth results for this strain can be found in later examples.

Example 2: Growth of recombinant, cellulolytic yeast strains on cellulosic
substrates

[0177] CBP conversion of cellulose to ethanol requires a biocatalyst to grow on cellulosic
material. This growth allows the catalyst to propagate from an initial small inoculum and
consume the cellulosic substrate producing ethanol simultaneously. This example
demonstrates the ability of a number of recombinant yeast strains to grow on a variety of

types of insoluble cellulosic substrates, and demonstrates their cellulolytic capability.
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Materials and methods
Cellulosic Substrates
[0178] Bacterial microcrystalline cellulose (BMCC) was a gift from CP Kelco company.

BMCC as received was stirred O/N at 4C in water. After the substrate was rehydrated, it
was washed 6 times with water and resuspended in water. The dry weight of the substrate
was measured by drying samples at 105C until constant weight was obtained.

[0179] Avicel™ PH105 (FMC Biopolymers) was used as provided by the manufacturer.

[0180] Pretreated mixed hardwoods were generated by autohydrolysis of the substrate at
160 PSI for 10 minutes. Pretreated material was washed 5 times to remove inhibitors and
soluble sugars and resuspended in distilled water. Samples were dried overnight at 105C
to determine the dry weight. Analysis of sugar content by quantitative saccharification

showed a 50% glucan content.

Growth media and cultivation conditions

[0181] Growth media with cellulose substrates as the sole carbon source were made using
the non-glucose components of synthetic complete medium for yeast including, yeast
nitrogen base without amino acids (YNB)—6.7 g/L, and in some cases supplementing
with amino acids. In some cases, Yeast Extract (10 g/L) and Peptone (20 g/L) were used
instead of YNB for the non-carbon components of the media. ~Cultivation conditions
included aerobic and microaerobic conditions. Aerobic conditions were maintained by
using 250 mL shake flasks with Avicel™ containing media. Microaerobic conditions
were maintained by growing strains on BMCC in sealed hungate tubes with an air
atmosphere.

[0182] Washout experiments using semi-continuous culture of Saccharomyces cerevisiae
strains were carried out in 3L (total volume) Sartorius bioreactors. Avicel™ (~20 g/L;
PH105 from FMC Biopolymer) was added to synthetic complete medium for yeast (Yeast
nitrogen base without amino acids 6.7 g/L) lacking a carbon source. Avicel™ containing
media was stirred in a 20L carboy and intermittently pumped into reactors with working
volumes of ~900 mL. Media was pumped out in an intermittent fashion. Conditions in
the reactors were maintained at pH ~5.8 by addition of new media (growth was not
enough to change the pH of the media), stirring at 400 rpm, an aeration rate of 200

mL/min, and a temperature of 35 C. The dilution rate was maintained at ~0.02 hr"-1,
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which was verified by measuring the volume of the media accumulated in a waste carboy.

Cells were quantified by direct counts via haemocytometer.

Strains for cellulose conversion
[0183] Strains expressing tethered and secreted cellulase enzymes described in the
previous three examples were used for the conversion experiments. Pre-cultures were

grown for 1-2 days, and cells were inoculated into cellulose containing media.

Results

[0184] Figures 1 and 2 show a variety of growth demonstrations for the strains created.
Strains were also created where all auxotrophies were corrected, allowing the strains to be
grown on media not containing any supplemental amino acids—i.e. Yeast Nitrogen Base
without amino acids (YNB, DIFCO) as the non-carbon components . In these cases the
carbon available to the yeast strains that is not added as a carbohydrate source is ~2 mg/L.
Therefore, cell growth can be attributed entirely to cellulose utilization. Figure 1 shows
the results of an aerobic growth experiment in shake flasks using YNB + 2% Avicel™
PH105, where a 20% inoculum was used. As can be seen, strains expressing tethered,
secreted, and a combination of tethered and secreted cellulases can grow on Avicel™,

[0185] Figure 2 shows the results of a different type of growth test using prototrophic
strains of S. cerevisiae expressing either all secreted cellulases or a combination of
secreted and tethered cellulases. In this case a continuous culture with Avicel™ PH105
was run at a dilution rate of 0.02 hr*-1. This culture condition eliminates the effect of
inoculation size in determining ability to grow on cellulose. The cells wash out of the
culture, but not as quickly as would be predicted by the dilution effect of adding new
media. The difference between these measurements and the predicted washout rate can
be used to measure the maximum specific growth rate on the carbon source (Wang, P. ef
al., "Kinetic analyses of desulfurization of dibenzothiophene by Rhodococcus erythopolis
in continuous culture," Appl. Env. Micro. 62: 3066-3068 (1996).This technique was used

to measure a maximum specific growth rate of ~0.01 hr”-1.
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Example 3: Recombinant Yeast strains and yeast strain co-cultures fermenting
cellulose to ethanol (PASC, BMCC, AViCGlTM) without added cellulase

[0186] A CBP process requires strains capable of producing ethanol with reduced
cellulase loading, and in the ultimate configuration, with no exogenously added cellulase.
This example demonstrates the ability of the recombinant yeast strains to produce ethanol

directly from cellulose without exogenously added cellulase enzymes.

Materials and Methods
Cellulosic Substrates

[0187] Phosphoric acid swollen cellulose (PASC) was prepared as in Zhang and Lynd,
"Determination of the number average degree of polymerization of cellodextrins and
cellulose with application to enzymatic hydrolysis," Biomacromolecules 6:1510-1515.
(2005), with only slight modifications. Avicel™ PH105 (10 g) was wetted with 100 mL
of distilled water in a 4L flask. 800 mL of 86.2% phosphoric acid was added slowly to
the flask with a first addition of 300mL followed by mixing and subsequent additions of
50mL aliquots. The transparent solution was kept at 4°C for 1 hour to allow complete
solubilization of the cellulose, until no lumps remained in the reaction mixture. Next, 2L
of ice-cooled distilled water was added in 500mL aliquots with mixing between additions.
300 mL aliquots of the mixture were centrifuged at 5,000 rpm for 20 minutes at 2°C and
the supernatant removed. Addition of 300 mL cold distilled water and subsequent
centrifugation was repeated 4X. 4.2 mL of 2M sodium carbonate and 300 mL of water
were added to the cellulose, followed by 2 or 3 washes with distilled water, until the final
pH was ~6. Samples were dried to constant weight in a 105°C oven to measure the dry
weight.

[0188] Bacterial microcrystalline cellulose (BMCC) was a gift from CP Kelco company.
BMCC as received was stirred O/N at 4C in water. After the substrate was rehydrated, it
was washed 6 times with water and resuspended in water. The dry weight of the substrate
was measured by drying samples at 105C until constant weight was obtained.

[0189] Avicel™ PH105 (FMC Biopolymers) was used as provided by the manufacturer.

[0190] Pretreated mixed hardwoods were generated by autohydrolysis of the substrate at
160 PSI for 10 minutes. Pretreated material was washed 5 times to remove inhibitors and

soluble sugars and resuspended in distilled water. Samples were dried overnight at 105C
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to determine the dry weight. Analysis of sugar content by quantitative saccharification

showed a 50% glucan content.

Growth media and cultivation conditions

[0191] Growth media with cellulose substrates as the sole carbon source were made using
the non-glucose components of synthetic complete medium for yeast including, yeast
nitrogen base without amino acids—6.7 g/L, and supplemented with a complete amino
acid mix (complete supplemental mixture). In some cases yeast extract (10 g/L) and
peptone (20 g/L) (YP) were used as supplements in growth experiments. Cultivation
conditions were anaerobic and were maintained by flushing sealed glass bottles with N2
after carbon source addition and before autoclaving. Non-carbon media components were
added as 10X solutions by filter sterilizing after autoclaving. Inoculation into PASC and
BMCC cultures was done at 10% by volume, whereas inoculation into Avicel™ cultures

was done at 20% by volume.

Ethanol quantification
[0192] Quantification of ethanol in fermentation samples was carried out by HPLC
analysis, and initial ethanol concentrations in bottles (from precultures) was subtracted

from all subsequent data points.

Results

[0193] Results from anaerobic fermentation experiments using PASC or BMCC as
substrates for ethanol production are shown in Figures 3, 4, and 5. Figures 3 and 4 show
ethanol production from PASC with YNB and amino acids added (except for M0360,
where no amino acids were added) as media components. In both experiments, M0360
performs the best, and M0284 is the second best strain. However, M0360 is the only
strain to show ethanol accumulation above the starting concentration during cultivation
on BMCC. Figure 5 shows the results when YP is used as the media source for
fermentation of PASC by these strains. In this case, strain M0284 performs the best,
while M0244 and M0286 perform slightly better than the controls. M0360 does not have
selective pressure to retain the 7. emersonii CBHI1 in YP media, and that is the likely

reason that it did not show the same performance as on YNB.
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Example 4: Construction of protrophic yeast strains

Materials and Methods

[0194] Molecular methods, strains and plasmids. Standard protocols were followed
for DNA manipulations (Sambrook, J., E. F. Fritsch, and T. Maniatis. Molecular cloning:
a laboratory manual. Cold Spring Harbor Laboratory, Cold Spring Harbor, N.Y (1989)).
PCR was performed using Advantage Polymerase (Clontech) for PCR of genes for
correcting auxotrophies. Manufacturers guidelines were followed as supplied.

[0195] The 2pn plasmid with URA3 marker for secreted Talaromyces emersonii CBH1
expression was obtained from the University of Stellenbosch, and is named pRDH105,
and was built from YEpENO-BBH. The yeast expression vector YEpENO-BBH was
created to facilitate heterologous expression under control of the S. cerevisiae enolase 1
(ENOI) gene promoter and terminator and to ease combination of gene cassettes as the
expression cassette form this vector could be excised with a BamHI, Bgl/ll digest.
YEpENOI1 (Den Haan R, et al., "Hydrolysis and fermentation of amorphous cellulose by
recombinant saccharomyces cerevisiae," Metab Eng 9:87-94 (2007).) contains the
YEp352 backbone with the ENOI gene promoter and terminator sequences cloned into
the BamHI and HindlIll sites. This plasmid was digested with BamHI and the overhang
filled in with Klenow polymerase and dNTPs to remove the BamHI site. The plasmid was
re-ligated to generate YEpENO-B. Using the same method, the Bg/II and then the HindIII
sites were subsequently destroyed to create YEpENO-BBHtemplate.  YEpENO-
BBHtemplate was used as template for a PCR reaction with primers ENOBB-left (5°-
GATCGGATCCCAATTAATGTGAGTTACCTCA-3’ (SEQ ID NO: 90)) and ENOBB-
right (5’-GTACAAGCTTAGATCTCCTATGCGGTGTGAAATA-3’ (SEQ ID NO: 91))
in which the ENOI cassette was amplified together with a 150 bp flanking region
upstream and 220bp downstream. This product was digested with BamHI and HindIll and
the over hangs filled in by treatment with Klenow polymerase and dNTPs and cloned
between the two Pvull sites on YENOI effectively replacing the original ENOI1 cassette
and generating YEpENO-BBH.

[0196] Talaromyces emersonii cbhl was designed and a synthetic gene ordered from
GenScript Corporation (Piscataway, NJ, USA)—Table 7 contains the codon optimized
sequence. The synthetic chb gene was designed for optimal expression in S. cerevisiae

using --"synthetic gene designer"(http://phenotype.biosci.umbc.edu/codon/sgd/index.php)
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The synthetic cbh encoding gene received from GenScript Corporation was cloned in to
the plasmid pUC57, subsequently digested with EcoRI and Xhol to excise the cbh gene,
and finally cloned into a EcoRI and Xhol digested YEpENO-BBH. This created the
plasmids pRDH105, with Tecbhl placed under transcriptional control of the ENOI
promoter and terminator.
[0197] PCR products for creating prototrophic yeast strains. When yeast strains
without auxotrophies was desired, PCR reactions using primers HIS F and HIS R or URA
F and URA R (Table 6) were used to carry out reactions as appropriate. Genomic DNA

purified from prototrophic industrial yeast strain, DSA was used as a template. PCR

products were gel-purified and used in yeast transformations as described below.

Table 7. Amino acid and DNA sequence for 7. emersonii cbhl.

Gene name

Amino Acid
Sequence

DNA sequence

Talaromyces

MLRRALLLSSSAIL

ANTGIGDHGSCCA
EMDVWEANSISN

GAATTCATGCTAAGAAGAGCTTTACTATTGAGCTCTTCT

emersonii cbhl AVKAQQAGTATA | GCTATCTTGGCCGTTAAGGCTCAACAAGCCGGTACCGC
ENHPPLTWQECTA | TACTGCTGAAAACCACCCTCCATTGACCTGGCAAGAAT
PGSCTTQNGAVVL | GTACCGCTCCAGGTTCTTGTACCACCCAAAACGGTGCT
DANWRWVHDVN | GTCGTCTTGGACGCTAACTGGAGATGGGTCCACGACGT
GYTNCYTGNTWD | CAACGGTTACACTAACTGTTACACCGGTAACACCTGGG
PTYCPDDETCAQN | ACCCAACTTACTGTCCAGACGACGAAACTTGCGCTCAA
CALDGADYEGTY | AACTGTGCCTTGGACGGTGCTGACTACGAAGGTACTTA
GVTSSGSSLKLNF | CGGTGTTACCTCCTCTGGTTCTTCCTTGAAGTTGAACTT
VTGSNVGSRLYLL | CGTCACTGGTTCTAACGTCGGTTCCAGATTGTATTTGTT
QDDSTYQIFKLLN | GCAAGATGACTCCACTTACCAAATCTTCAAGTTGTTGA
REFSFDVDVSNLP | ACAGAGAATTTTCTTTCGACGTCGATGTGTCCAACTTGC
CGLNGALYFVAM | CTTGTGGTTTGAACGGTGCTCTATACTTCGTTGCTATGG
DADGGVSKYPNN | ACGCTGATGGTGGTGTTTCCAAGTACCCAAACAACAAG
KAGAKYGTGYCD | GCTGGTGCCAAATACGGTACTGGTTACTGTGACTCTCA
SQCPRDLKFIDGE ATGTCCACGTGACTTGAAGTTTATTGATGGTGAAGCTA
ANVEGWQPSSNN | ATGTCGAAGGTTGGCAACCATCTTCTAACAACGCTAAC

ACTGGCATCGGTGACCACGGTTCTTGCTGTGCCGAAAT
GGACGTTTGGGAAGCCAACTCCATTTCCAACGCCGTCA

AVTPHPCDTPGQT | CTCCACACCCATGTGACACTCCAGGTCAAACTATGTGT
MCSGDDCGGTYS | TCCGGCGATGACTGTGGTGGTACTTACTCTAACGATAG
NDRYAGTCDPDG | ATACGCTGGTACCTGTGATCCAGACGGTTGCGACTTCA
CDFNPYRMGNTSF | ATCCATACAGAATGGGTAACACTTCCTTTTACGGTCCA
YGPGKIIDTTKPFT | GGCAAGATCATCGACACTACTAAGCCATTCACTGTTGT
VVTQFLTDDGTDT | CACCCAATTCTTGACCGACGATGGTACTGATACCGGTA

GTLSEIKRFYIQNS
NVIPQPNSDISGVT
GNSITTEFCTAQK

CTTTGTCCGAAATCAAGAGATTCTACATCCAAAACTCT
AACGTCATCCCACAACCAAATTCCGACATCTCTGGTGT
CACTGGTAACTCCATTACCACCGAATTTTGTACCGCCCA

QAFGDTDDFSQHG | AAAGCAAGCTTTCGGTGACACCGACGACTTCTCTCAAC
GLAKMGAAMQQ ACGGTGGTTTGGCTAAGATGGGTGCTGCTATGCAACAA
GMVLVMSLWDD GGTATGGTTTTGGTCATGTCTTTGTGGGACGACTACGCT
YAAQMLWLDSDY | GCTCAAATGTTGTGGTTGGACTCCGATTACCCAACCGA
PTDADPTTPGIAR TGCCGACCCAACCACCCCTGGTATCGCTAGAGGTACCT
GTCPTDSGVPSDV | GTCCAACTGACTCTGGTGTTCCATCTGACGTCGAATCCC
ESQSPNSYVTYSNI | AATCTCCAAACTCCTACGTCACTTACTCCAACATTAAAT

KFGPINSTFTAS
(SEQ ID NO:

TCGGTCCAATCAACTCCACTTTCACTGCTTCTTAACTCG
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[0198] Yeast transformation. A protocol for electrotransformation of yeast was

developed based on Cho KM et al., "Delta-integration of endo/exo-glucanase and beta-
glucosidase genes into the yeast chromosomes for direct conversion of cellulose to
ethanol," Enzyme Microb Technol 25:23-30 (1999) and on Ausubel et al., Current
protocols in molecular biology. USA: John Wiley and Sons, Inc.(1994). Yeast cells for
transformation were prepared by growing to saturation in SmL YPD cultures. 4 mL of
the culture was sampled, washed 2X with cold distilled water, and resuspended in 640 uL
cold distilled water. 80 pL of 100mM Tris-HCI, 10mM EDTA, pH 7.5 (10X TE buffer—
filter sterilized) and 80 pL of IM lithium acetate, pH 7.5 (10X liAc—filter sterilized)
were added and the cell suspension was incubated at 30°C for 45 min. with gentle
shaking. 20 pL of IM DTT was added and incubation continued for 15 min. The cells
were then centrifuged, washed once with cold distilled water, and once with
electroporation buffer (1M sorbitol, 20mM HEPES), and finally resuspended in 267 uL
electroporation buffer.

[0199] For electroporation, 100 ng of plasmid DNA (pRDH105) was combined with
~100ng of His3 PCR product and added to 50 pL of the cell suspension in a sterile 1.5
mL microcentrifuge tube. A control strain was built by using 100ng each of the Ura3 and
His3 PCR products. The mixture was then transferred to a 0.2 cm electroporation
cuvette, and a pulse of 1.4 kV (200Q), 25 uF) was applied to the sample using the Biorad
Gene Pulser device. ImL of cold IM sorbitol adjusted to was placed in the cuvette and
the cells were spread on Yeast nitrogen base media (Difco) with glucose, and not
supplemented with amino acids.

[0200] Growth media and batch cultivation conditions. Growth media with cellulose
substrates as the sole carbon source were made using the non-glucose components of
synthetic complete medium for yeast including, yeast nitrogen base without amino acids
(YNB)—6.7 g/L, and in some cases supplementing with amino acids. Cultivation
conditions included aerobic and microaerobic conditions. Aerobic conditions were
maintained by using 250 mL shake flasks with Avicel™ (5%) containing media. For

Avicel™ batch experiments with no added glucose, large inoculum sizes were used (20% by
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volume) to speed the analysis of the strains. Batch shake flasks where cellobiose was
added (at 10 g/L) were inoculated with ImL of preculture (50mL total volume).

[0201] Microaerobic conditions were maintained by growing strains on BMCC in plastic
tubes with an air atmosphere, with limited mixing due to the viscosity of the BMCC
substrate. Inocula for the BMCC experiments were limited to 5% by volume. Solid
media containing Avicel'™ was generated as above, except that 1.5% agar was added.
Plates were poured when the media was as cool as possible to prevent settling of the
Avicel™. 1.5% agar was also used to generate glucose plates, which contained YNB and

2% glucose.

Example 5: Selection of improved protrophic yeast strain

[0202] Semi-continuous culture conditions. Selection experiments using semi-
continuous culture were carried out in 3L (total volume) Sartorius bioreactors. Avicel™
(~20 g/L; PH105 from FMC Biopolymer) was added to synthetic complete medium for
yeast (Yeast nitrogen base without amino acids 6.7 g/L) lacking a carbon source.
Avicel™ containing media was stirred in a 20L carboy and intermittently pumped into
reactors with working volumes of ~900 mL. Media was pumped out in an intermittent
fashion. For the control selection with glucose only, the Avicel™ component of the
media was left out of the feed. Conditions in the reactors were maintained at pH ~5.5 by,
using 2M KOH, stirring at 400 rpm, an aeration rate of 200 mL/min, and a temperature of
35 C. Glucose was fed to the culture continuously via a separate pump. Glucose addition
rate, and overall dilution rate were quantified by measuring weight loss of the glucose
feed tank, and accumulation in the waste tank respectively. Pumps were calibrated prior
to use, and the feeding system was verified for consistency of the Avicel™ feed by
running control experiments with Avicel™ and water only, and measuring the cellulose
concentration over time.

[0203] Quantification of cells and dry weight. Cell concentration was measured by
counting cells with a haemocytometer. Dry weight measurements were done by filtering
a known amount of sample (determined by weighing tube before and after applying to the
filter) and drying the filter at 105° C overnight to constant weight. Samples from BMCC
cultures were taken using pipette tips that had been cut off to get consistent samples.

Control cultures were run to generate a relationship between cell dry weight and cell
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counts, which was then used to correct the total dry weight for the presence of cells. This

relationship was determined to be 3¥107 cells/mL = 0.37 g cells/L.

Results

[0204] Batch comparison of new strains on Avicel™™. The newly created strain of S.
cerevisiae made by transforming in the additional 7. emersonii CBH1 expressed from a
2u plasmid, and the His3 PCR product was named M0360. This CBHI has previously
been shown to be very highly expressed by S. cerevisiae strains (Unpublished data from
Riaan Den Haan). It was compared directly to a prototrophic version of its parental strain
called M0149, in batch shake flask cultivations on Avicel™ PHI105 to see if
improvements in the strain had been made. Figure 6 shows the results of that

comparison. M0360 showed improved ability to utilize Avicel™ compared to M0149.

[0205] Long-term adaptation of M0360 in glucose/Avicel™ fed semi-continuous
culture. Figure 7 presents data taken during a 100 generation adaptation of M0360. At
200 hours the dilution rate was slowed and the glucose feed increased as it was
determined that these parameters might allow better observation of changes taking place
with respect to cellulose utilization. Of importance is that the cell concentration in the
reactor was increasing between 200 and 700 hours, even though the glucose feed rate was
measured as slightly decreasing over this period of time (the decrease was ~5% of the
feed rate—likely due to stretching of the tubing). Additionally, over the period of time
from 200 to 700 hours there was an increase in the average evolved CO,, as well as a
slight decrease in the overall dry weight, and dry weight corrected for cell concentration
over that period.

[0206] At 700 hours the dilution rate was slightly slowed, and the glucose feed rate was
decreased. This was done to make conditions more favorable for strains able to
metabolize cellulose more effectively. As can be observed in Figure 7, a similar
adaptation as over the first period occurred. Cell concentration increased, CO, evolution
rate increased, and dry weight decreased. The data in Figure 7 can also be used to
calculate conversion of cellulose by this culture (shown in Figure 8). When conversion is

calculated a dramatic rise in conversion over the course of the culture is observed in both
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the period between 200 to 700 hours and 700 hours to 1500 hours. This indicates
adaptation to use cellulose more effectively.

[0207] Figure 9 shows the cell count and CO; evolution data for a control experiment
where only glucose was fed to the continuous culture. This was done to determine
whether increases in cell counts and CO, evolution could be expected when only glucose
was fed, or whether the Avicel ™ feed was acting as a selective pressure. As can be seen,
only modest increases in cell concentration were observed. Figure 10 shows a
comparison in the relative increase in cell concentration for the glucose control as well as
the “condition 2” and “condition 3” periods during the selective adaptation on Avicel™.

The “condition 2” period showed a modest increase in cell concentration relative to the

starting concentration. The “condition 3 period showed a much more dramatic increase

in cell concentration, indicating cells adapted to growth on cellulose have become

predominant in the culture.

Example 6: Characterization of the improved strain M0360

[0208] Batch comparison of selected and orginial strains on Avicel’/cellobiose
media and BMCC media. A number of strains were isolated from the continuous
reactor by dilution plating of a sample taken at the 50 generation point on YNB + glucose
media. Figure 11 shows cell count data for batch shake flask cultures of selected and
original strains on Avicel™ and cellobiose containing media. Cellobiose was chosen as a
soluble sugar additive in order to replicate the conditions in the continuous culture as well
as possible—namely a slow release of glucose to the cells over time. The left hand panel
of Figure 11 demonstrates that a whole culture isolate (a streak of yeast colonies from the
reactor) was able to grow significantly faster and to a greater extent on Avicel™ and
cellobiose media, as well as on cellobiose media alone. To account for the fact that this
could be due to increase cell yield on glucose, the data for Avicel™ and cellobiose
cultures can be compared directly the cellobiose alone data. For the selected strain, the
cell counts are higher when Avicel™ is present, whereas for the original strain the cell
counts are similar on both media, although slightly lower when Avicel™ is present. The
right hand panel shows the number of cells formed on both types of media per gram of
cellobiose fed. This accounts for possible differences in the amount of cellobiose added to

the batches, and also includes data gathered for a number of individually isolated colonies for
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both the selected and original strains. These “cell yields™ are higher for the selected
strains compared to the original strains, and are higher on the Avicel™ containing media
for the selected strains.

[0209] Figure 12 shows the results of a growth experiment with only BMCC present in
the media. This experiment was run to confirm that cellulose utilization had indeed
improved. As can be observed in the figure, the cell counts for the selected strains were
repeatedly higher than those for the original strains.

[0210] Growth test on 2% Avicel™ plates. A test for growth on Avicel™ plates was
also conducted for 30 isolates from both the original strain and the selected version of
MO0360. Figure 13 shows a picture of the 2% Avicel™ plate that the strains were streaked
on. After 2 weeks of incubation at 30°C, the streaks of the selected colonies started to
appear more substantially, than those of the original strain. The control CEN.PK strain
from which the strains were originally constructed also did not show any biomass
accumulation on these plates. Streaks from the selected colonies were examined under

the microscope and were yeast cells—not contaminants.

Discussion

[0211] The present invention describes the construction of an improved cellulolytic S.
cerevisiae strain, as well as a method for improving this strain via selection. A highly
expressed and secreted CBHI cellulase from 7. emersonii was added to CP1_A1_CI1#1,
and the strain was also made prototrophic. This construction created a strain that was
able to outgrow the parental strain, which was also made prototrophic, on Avicel™
PH105, when there were no amino acids present in the media. Given these results, media
for selection could be formulated where the only carbon present was added as Avicel™ or
glucose.

[0212] Long-term selection experiments were co-fed Avicel™ and glucose. A glucose
alone control was also run. This method increased the cell number and growth rate in the
system, while still allowing the cellulose to act as a selective agent. This allowed the
(relatively) rapid passage of the strain through 100 generations of adaptation, and also
maintained a relatively large number of cells in the reactor, increasing the genetic
diversity in the system. Measurements of cell concentration and total dry weight in these

systems indicated that improvements in the ability to utilize cellulose were potentially
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happening. Comparison of cell increases to selection on only glucose indicated that these
selective improvements were due to the presence of Avicel ™. Batch growth experiments
with both Avicel™ and cellobiose present showed that the selected population was
superior at utilizing cellulose under these conditions. Additionally, batch experiments
where BMCC was supplied as the sole carbon source also showed a marked improvement
in the ability of the selected strains to grow on cellulose. Averaged data for the selected
strains showed that they grew up to a cell concentration of 1*107 cells/mL in only 40
hours, whereas for CP1_Al C1#1 this took ~450 hours—a very remarkable
improvement.

[0213] Colonies isolated from the reactor also showed the ability to form biomass on

solid media containing 2% Avicel™

PH105 over a 2 week interval. This was not the case
for the original strain, and represents a new level of cellulolytic capability not observed
previously for S. cerevisiae strains.

[0214] The present invention presents a number of important steps forward for creating a
yeast capable of consolidated bioprocessing. It describes improved cellulolytic yeast
created by combining features of tethered and secreted cellulase systems. Additionally, it
demonstrates the utility of selection-based techniques for improving cellulose utilization
by recombinant strains. It further demonstrates selection-based improvements when
growth is dependent on extracytoplasmic enzymes. The present invention demonstrates
for the first time, the utility of long-term, well-mixed continuous cultures for improving
the cellulose utilization of recombinant cellulolytic organisms.

[0215] These examples illustrate possible embodiments of the present invention. The
scope of the claims should not be limited by the preferred embodiments set forth in the
examples, but should be given the broadest interpretation consistent with the description

as a whole.
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WHAT IS CLAIMED IS:
1. A transformed host cell comprising:

(a) at Icast one heterologous polynucleotide comprising a nucleic acid which encodes

an endoglucanase which when expressed is tethered to the cell surface;

(b)  atleast one heterologous polynucleotide comprising a nucleic acid which encodes

a cellobiohydrolase which when expressed is tethered to the cell surface;

(c) at least one heterologous polynucleotide comprising a nucleic acid which encodes

a (-glucosidase which when expressed is tethered to the cell surface; and

(d) at least one additional heterologous polynucleotide comprising a nucleic acid
which encodes an endoglucanase, cellobiohydrolase, or B-glucosidase which

when expressed, is secreted by the cell.

2. The host cell of claim 1, wherein the host cell is an organism selected from the group
consisting of Saccharomyces cerevisiae (S. cerevisiae), Kluyveromyces lactis,
Kluyveromyces marxianus, Pichia pastoris, Yarrowia lipolytica, Hansenula polymorpha,
Phaffia rhodozyma, Candida utilis, Arxula adeninivorans, Pichia stipitis, Debaryomyces
hansenii, Debaryomyces polymorphus, Schizosaccharomyces pombe, Candida albicans,

and Schwanniomyces occidentalis.

3. The host cell of claim 1, wherein the at least one tethered endoglucanase is an

endoglucanase 1.

4. The host cell of claim 3, wherein the polynucleotide of (a) comprises a nucleic acid

sequence that encodes endoglucanase [ from Trichoderma reesei (1. reesei).

5. The host cell of claim 4, wherein the polynucleotide of (a) further comprises a linker

sequence.
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The host cell of claim 5, wherein the polynucleotide of (a) comprises the nucleotide

sequence of SEQ ID NO: 20.

The host cell of claim 1, wherein the at least one tethered cellobiohydrolase is a

cellobiohydrolase L.

The host cell of claim 7, wherein the polynucleotide of (b) comprises a nucleic acid

sequence that encodes cellobiohydrolase I from Trichoderma reesei (T. reesei).

The host cell of claim 8, wherein the polynucleotide of (b) further comprises a linker

sequence.

The host cell of claim 8 or 9, wherein the polynucleotide of (b) further comprises a cell

wall anchoring sequence.

The host cell of claim 10, wherein the polynucleotide of (b) comprises the nucleotide

sequence of SEQ ID NO: 21.

The host cell of claim 1, wherein the at least one tethered cellobichydrolase is a

cellobiohydrolase II.

The host cell of claim 12, wherein the polynucleotide of (b) comprises a nucleic acid

sequence that encodes cellobiohydrolase Il from Trichoderma reesei (T. reesei).

The host cell of claim 13, wherein the polynucleotide of (b) further comprises a linker

sequence.

The host cell of claim 14, wherein the polynucleotide of (b) comprises the nucleotide
sequence of SEQ ID NO: 22.

The host cell of claim 1, wherein the at least one tethered B-glucosidase is a B-glucosidase

I (Bgll) from Saccharomycopsis fibuligera (S. fibuligera).
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The host cell of claim 12, wherein the cellobiohydrolase II is from Talaromyces

emersonii (I. emersonii).

The host cell of claim 1, wherein the at least one additional polynucleotide comprises a

nucleic acid which encodes a cellobiohydrolase.

The host cell of claim 18, wherein the cellobiohydrolase, which when expressed, is

secreted by the cell, is a cellobiohydrolase I.

The host cell of claim 19, wherein the polynucleotide of (d) comprises a nucleic acid

sequence that encodes Talaromyces emersonii (T. emersonii) cellobiohydrolase 1.

The host cell of claim 20, wherein the polynucleotide of (d) comprises the nucleotide

sequence of SEQ ID NO: 1, SEQ ID NO: 9, or SEQ ID NO: 93.

The host cell of claim 19, wherein the polynucleotide of (d) comprises a nucleic acid
sequence that encodes a fusion protein comprising 7Talaromyces emersonii (T. emersonii)
Cbhl.

The host cell of claim 22, wherein the fusion protein comprises 7. emersonii Cbhl and

the cellulose binding module (CBM) of Trichoderma reesei (T. reesei) Cbh2.

The host cell of claim 22, wherein the fusion protein comprises 7. emersonii Cbhl and

the cellulose binding module (CBM) of Trichoderma reesei (T. reesei) Cbhl.

‘The host cell of claim 23 or 24, wherein the CBM is fused to the 7. emersonii Cbhl via a

linker sequence.

The host cell of claim 1, wherein the at least one additional heterologous polynucleotide
comprises a nucleotide sequence selected from the group consisting of SEQ ID NOs: 1-
10.

The host cell of claim 2, wherein the host cell is S. cerevisiae.
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The host cell of claim 1, wherein the at least one additional polynucleotide comprises a

nucleic acid which encodes an endoglucanase.

The host cell of claim 28, wherein the endoglucanase, which when expressed, is secreted

by the cell, is an endoglucanase I from Trichoderma reesei (T. reesei).

The host cell of claim 29, wherein the nucleic acid encoding the endoglucanase I further

comprises a linker sequence.

The host cell of claim 30, wherein the nucleic acid encoding the endoglucanase 1

comprises the nucleotide sequence of SEQ ID NO: 20.

The host cell of claim 1, wherein the at least one additional polynucleotide comprises a

nucleic acid which encodes an endoglucanase II.

The host cell of claim 32, wherein the endoglucanase II is from Trichoderma reesei (T.

reesei).

The host cell of claim 18, wherein the cellobiohydrolase, which when expressed, is

secreted by the cell, is a cellobiohydrolase I1.

The host cell of claim 34, wherein the polynucleotide of (d) comprises a nucleic acid

sequence that encodes Talaromyces emersonii (1. emersonii) cellobiohydrolase I1.

The host cell of claim 35, wherein the polynucleotide of (d) comprises the nucleotide
sequence of SEQ ID NO: 5 or SEQ ID NO: 10.

The host cell of claim 1, comprising:

(a) one heterologous polynucleotide comprising a nucleic acid which encodes an

endoglucanase I which when expressed is tethered to the cell surface;
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b) two heterologous polynucieotides comprising nucleic acids which encode a
cellobiohydrolase I and a cellobiohydrolase II which when expressed are tethered

to the cell surface;

() onc heterologous polynucleotide comprising a nucleic acid which encodes a 8-

glucosidase which when expressed is tethered to the cell surface; and

(d) one additional heterologous polynucleotide comprising a nucleic acid which

encodes a cellobiohydrolase which, when expressed, is secreted by the cell.

The host cell of claim 37, wherein the nucleic acid which encodes a secreted
cellobiohydrolase encodes a cellobiohydrolase 1 comprising a nucleotide sequence

selected from the group consisting of SEQ ID NOs: 1-4 and 7-9.

The host cell of claim 37, wherein the nucleic acid which encodes the cellobiohydrolase 1

comprises the nucleotide sequence of SEQ ID NO: 9.

The host cell of claim 37, wherein the tethered endoglucanase is Trichoderma reesei (T.
reesei) Egl, the tethered cellobiohydrolase I and cellobiohydrolase II are 7. reesei Cbhl
and Cbh2, the tethered B-glucosidase is Saccharomycopsis fibuligera (S. fibuligera) Bgll,
and the secreted cellobiohydrolase is Talaromyces emersonii (T. emersonii) Cbhl or a

fusion protein comprising 7. emersonii Cbhl.

The host cell of claim 40, wherein the fusion protein comprises 7. emersonii Cbhl and

the cellulose binding module (CBM) of 7. reesei Cbh2.

The host cell of claim 40, wherein the fusion protein comprises 7. emersonii Cbhl and

the celiulose binding module (CBM) of T. reesei Cbhl.

The host cell of claim 41 or 42, wherein the CBM is fused to the 7. emersonii Cbhl via a

linker sequence.

CA 2724036 2017-08-11



44.

45.

46.

47.

48.

49,

50.

51

52.

53.

84

The host cell of claim 7 or 19, wherein the cellobiohydrolase | comprises an amino acid
sequence at least 95% identical to an amino acid sequence selected from any one of the

cellobiohydrolases of the group consisting of SEQ ID NOs: 11-13, 17 and 40.

The host cell of any one of claims 1-44, wherein the host cell has the ability to saccharify

crystalline cellulose.

The host cell of claim 45, wherein the host cell has the ability to ferment the crystalline

cellulose.

A method of fermenting cellulose using the host cell of any one of claims 1-46, the
method comprising culturing the transformed host cell in medium that contains
crystalline cellulose under suitable conditions for a period sufficient to allow

saccharification and fermentation of the cellulose.
The method of claim 47, wherein the host cell produces ethanol.

The host cell of any one of claims 1-46, wherein the host cell is producing ethanol when

grown using insoluble cellulose as a carbon source.

The host cell of any one of claims 1-46, wherein the host cell is producing ethanol when

grown using insoluble cellulose as the sole carbon source.
The host cell of claim 49 or 50, wherein the insoluble cellulose is crystalline.

The host cell of any one of claims 49-51, wherein the host cell is Saccharomyces

cerevisiae (S. cerevisiae).

A method of improving the ability of the host cell of any one of claims 1-46 to use

cellulose as a carbon source comprising:

(a) culturing the host cell in media containing cellulose;
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(b) maintaining the culture conditions in a substantially steady state whereby variant
progeny cells acquire a selective advantage in the culture according to the ability
of the variant progeny to display increased reproductive capacity in the cellulose-

containing media;

(c) continuously growing the variant progeny cells of step (b) on media containing

cellulose; and,

(d) repeating steps (b) and (c) until a variant of the host cell is produced, wherein the
variant acquires the ability to grow to a cell density of at least 2 fold greater than

the host cell on cellulose as a sole carbon source.
The method of claim 53, wherein the sole cellulose carbon source is crystalline cellulose.

The method of claim 54, wherein the sole cellulose carbon source is selected from the
group consisting of bacterial microcrystalline crystalline cellulose (BMCC) and

phosphoric acid swollen cellulose (PASC).

The host cell of claim 20, wherein the polynucleotide of (d) comprises a nucleotide

sequence at least 90% identical to SEQ ID NO: 1, SEQ ID NO: 9, or SEQ ID NO: 93.

The host cell of claim 20, wherein the polynucleotide of (d) comprises a nucleotide

sequence at least 95% identical to SEQ ID NO: 1, SEQ ID NO: 9, or SEQ ID NO: 93.
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