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(57) Abstract: The present invention relates to a yeast cell, in particular a recombinant yeast cell, the cell lacking enzymatic activ-
ity needed for the NADH-dependent glycerol synthesis or the cell having a reduced enzymatic activity with respect to the NADH-
dependent glycerol synthesis compared to its corresponding wild-type yeast cell, the cell comprising one or more heterologous nu-
cleic acid sequences encoding an NAD-+- dependent acetylating acetaldehyde dehydrogenase (EC 1.2.1.10) activity. The invention
further relates to the use of a cell according to the invention in the preparation of ethanol.
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Title: termentative glycerol-tree ethanol production

The present invention relates to a recombinant yeast cell having the
ability to produce a desired fermentation product, to the construction of said yeast cell
by genetic modification and to a process for producing a fermentation product wherein
sald yeast cell 1s used.

Ethanol production by Saccharomyces cerevisiae 1s currently, by volume,
the single largest fermentation process in industrial biotechnology. A global research
cttort 1s underway to cxpand the substrate range of S. cerevisiae to 1ncludc
lignocellulosic hydrolysates, 1n particular hydrolysed hignocellulosic biomass from
non-food feedstocks (e.g. energy crops and agricultural residues, forestrv residues or
industrial/consumer waste materials that are rich 1n cellulose, hemicellulose and/or
pectin) and to 1ncrease productivity, robustness and product yield.

Lignocellulosic biomass 1s abundant, however 1s 1n general not readily
fermented by wild-type ethanol producing micro-organisms, such as S. cerevisiae. The
biomass has to be hydrolysed. The resultant hydrolysate 1s often a mixture of various
monosaccharides and oligosaccharides, which may not all be suitable substrates for
the wild-type micro-organism. Further, the hydrolysates typically comprise acetic
acld, formed as a by-product 1n particular when hydrolysing pectin or hemicellulose,
and - dependent on the type of hydrolysis — one or more other by-products or residual
reagents that may adversely affect the fermentation. In particular, acetic acid has
been reported to negatively attect the kinetics and/or stoichiometry of sugar
fermentation by wild-type and genetically modified S. cerevisiae strains and its
toxicity 1s strongly augmented at low culture pH (Helle ef al. Enzyme Microb Technol
33 (2003) 786-792; Bellissimi et al. FEMS Yeast Res 9 (2009) 3568-364).

Various approaches have been proposed to 1improve the fermentative
properties of ethanol producing organisms by genetic modification, and to improve the
hydrolysis process of the biomass. £.2. an overview of developments 1n the

fermentative production of ethanol from biomass hydrolysates 1s given 1n a review by

A. van Maris et al. (Antonie van Leeuwenhoek (2006) 90:391-418). Reterence 1s made



CA 02768897 2012-01-23
WO 2011/010923 PCT/NL2010/050473

N

to varlous ways 1n which S. cerevisiae may bc modificd and to various mcthods of
hydrolysing lignocellulosic biomass.

A major challenge relating to the stoichiometry of yeast-based ethanol
production 1s that substantial amounts of glycerol are invariably formed as a by-

o  product. It has been estimated that, 1n typical industrial ethanol processes, up to
about 4 wt.% of the sugar feedstock 1s converted into glycerol (Nissen et al. Yeast 16
(2000) 463-474). Under conditions that are 1deal tor anaerobic growth, the conversion
1into glycerol may even be higher, up to about 10 %.

Glycerol production under anaerobic conditions 1s primarily linked to redox

10  metabolism. During anaerobic growth of S. cerevisiae, sugar dissimilation occurs via
alcoholic fermentation. In this process, the NADH formed 1n the glycolytic
oglyceraldehyde-3-phosphate dehydrogenase reaction 1s reoxidized by converting
acetaldehyde, formed by decarboxylation of pyruvate to ethanol via NAD*-dependent
alcohol dchydrogenasc. The fixed stoichiometry of this redox-ncutral dissimilatory

15  pathway causes problems when a net reduction of NAD"to NADH occurs elsewhere 1n
metabolism. Under anaerobic conditions, NADH reoxidation 1n S. cerevisiae 1s strictly
dependent on reduction of sugar to glycerol. Glycerol formation 1s initiated by
reduction of the glycolytic intermediate dihydroxyacetone phosphate to glycerol 3-
phosphate, a reaction catalyzed by NAD*-dependent glycerol 3-phosphate

20  dehydrogenase. Subsequently, the glycerol 3-phosphate formed 1n this reaction 1s
hydrolysed by glycerol-3-phosphatase to yield glycerol and inorganic phosphate.
Consequently, glycerol 1s a major by-product during anaerobic production ot ethanol
by S. cerevisiae, which 1s undesired as 1t reduces overall conversion of sugar to
ethanol. Further, the presence of glycerol in effluents of ethanol production plants

29  may 1mpose costs for waste-water treatment.

It 1s an object of the 1nvention to provide a novel recombinant cell, which 1s
suitable for the anaerobic, fermentative production of ethanol from a carbohydrate, 1n
particular a carbohvdrate obtained from lignocellulosic biomass, which has a reduced
glycerol production compared to 1ts corresponding wild-type organism or which lacks

30  glycerol production if the cell 1s used for the fermentative preparation of ethanol.

It 1s further an object to provide a novel method for fermentatively

preparing ethanol in anaerobic yeast cultures, in which method no glycerol 1s formed,



CA 02768897 2012-01-23
WO 2011/010923 PCT/NL2010/050473

or at lcast wherein less glycerol 1s formed than 1n a method making usc of known
strains of S. cerevisiae.

One or more further objects that may be met are apparent from the
description and/or claims.

O The mventors have realised that 1t 1s possible to meet one or more of these
objectives by providing a specific recombinant cell wherein a specific other enzymatic
activity has been 1ncorporated, which allows re-oxidation of NADH formed 1n the
fermentation of a carbohydrate, also in the absence of enzymatic activity needed for
the NADH-dependent glycerol synthesis.

10 Accordingly the present invention relates to a recombinant yeast cell, the
cell comprising one or more recombinant, 1n particular one or more heterologous,
nucleic acid sequences encoding an NAD*-dependent acetylating acetaldehyde
dehydrogenase (KC 1.2.1.10) activity.

The mnventors have 1n particular recalised that it 1s advantagcous to

15  provide a cell without enzymatic activity needed for the NADH-dependent glycerol
synthesis or a cell with reduced enzymatic activity needed tor the NADH-dependent
glycerol synthesis.

Accordingly, the 1nvention 1n particular relates to a recombinant yeast cell
comprising one or more heterologous nucleic acid sequences encoding an NAD*-

20  dependent acetylating acetaldehyde dehydrogenase activity, wherein the cell lacks
enzymatic activity needed for the NADH-dependent glycerol synthesis (i.e. 1s free of
such activity), or wherein the cell has a reduced enzymatic activity with respect to
NADH-dependent glycerol synthesis compared to its corresponding wild-type veast
cell.

29 The mvention 1s further directed to the use of a cell according to the
invention for the preparation of ethanol.

In particular, the invention 1s further directed to a method for preparing
ethanol, comprising preparing ethanol from a fermentable carbohydrate and from
acetate, which preparation 1s carried out under anaerobic fermentative conditions

30  using a yeast cell, said cell expressing acetyl-Coenzyme A synthetase activity and
NAD*-dependent acetylating acetaldehyde dehydrogenase activity, said cell preterably
lacking enzymatic activity needed for the biochemical pathway for glycerol synthesis

from a carbohydrate or having a reduced enzymatic activity with respect to the
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biochemical pathway for glycerol synthesis from a carbohydrate compared to a wild-type

S. cerevisiae cell.

Advantageously, in accordance with the invention ethanol is produced in a molar
ratio of glycerol:ethanol of less than 0.04:1, in particular of less than 0.02:1, preterably of less
than 0.01:1. Glycerol production may be absent (undetectable), although at least in some
embodiments (wherein NADH-dependent glycerol synthesis is reduced yet not completely
prohibited) some glycerol may be produced as a side-product, e.g. in a ratio glycerol to ethanol of

0.001:1 or more.

In another aspect, the invention provides transgenic yeast cells comprising one or
more recombinant heterologous, nucleic acid sequences encoding a protein with NAD"-dependent
acetylating acetaldehyde dehydrogenase activity (EC 1.2.1.10), wherein said cells lack enzymatic
activity needed for the NADH-dependent glycerol synthesis, or said cells have a reduced
enzymatic activity with respect to the NADH-dependent glycerol synthesis compared to a
corresponding wild-type yeast cell, and wherein said cells are free of NAD-dependent glycerol
3-phosphate dehydrogenase activity or have reduced NAD-dependent glycerol 3-phosphate
dehydrogenase activity compared to corresponding wild-type cells, and/or wherein the cells are
either free of glycerol phosphate phosphatase activity or have reduced glycerol phosphate
phosphatase activity compared to corresponding wild-type cells, and which comprise a genomic
mutation in at least one gene selected from the group consisting of GPDI, GPD2, GPPI and
GPP2, and wherein said cells further comprise one or more nucleic acid sequences encoding an
acetyl-Coenzyme A synthetase activity (EC 6.2.1.1) and one or more nucleic acid sequences

encoding NAD -dependent alcohol dehydrogenase activity (EC 1.1.1.1).

[n another aspect, the invention provides a method to prepare ethanol from acetate
and a fermentable carbohydrate which comprises culturing the yeast cells as described herein
under anaerobic conditions.

The tigures, which tllustrate, by way of example only, embodiments of the present

invention, are as tollows.

Figure |1 schematically shows a genetic modification procedure which may be
carried out as part of the production of a cell according to the invention.

Figure 2 shows concentrations of biomass and products in anaerobic batch cultures

of different S. cerevisiae strains on glucose (20 g 1"'). Acetic acid (2.0 g 1™") was present from the

CA 2768897 2018-11-26
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start of the fermentation (panel A, B) or added at the time point indicated by the arrow
(panel C, D). Growth conditions: T =30 °C, pH 5.0. Symbols: A, optical density at 660 nm;

e, glucose; o, ethanol; m, acetate; 0, glycerol. Each graph represents values from one of two

independent replicates, yielding data that differed by less than 5%. Panel A: §. cerevisiae IMEQO76
(GPDI1 GPD2). Panel B: S. cerevisiae IMZ 132 (gpdiA gpd24 overexpressing the E. coli mhpF
gene). Panel C: S. cerevisiae IMZ132 (gpdiA gpd24 overexpressing the E. coli mhpF gene).
Panel D: S. cerevisiae IMZ127 (gpd14 gpd24) grown on glucose (20 g. ™).

Figure 3 shows the volumetric CO; percentage present in the outflow of a batch
fermentation inoculated with strain IMZ 130 (gpdIAgpd2AdmpF).

The present invention allows complete elimination of glycerol production, or at
least a significant reduction thereof, by providing a recombinant yeast cell, in particular
S. cerevisiae, such that it can reoxidise NADH by the reduction of acetic acid to ethanol via

NADH-dependent reactions.

This is not only advantageous in that glycerol production is avoided or at least
reduced, but since the product formed in the re-oxidation of NADH is also the desired product,
namely ethanol, a method of the invention may also offer an increased product yield (determined
as the wt.% of converted feedstock, i.e. carbohydrate plus acetic acid, that is converted 1nto
ethanol).

Since acetic acid is generally available at significant amounts in
lignocellulosic hydrolysates, this makes the present invention particularly advantageous
for the preparation of ethanol using lignocellulosic biomass as a source for the

fermentable carbohydrate. Further, carbohydrate sources that may contain a

CA 2768897 2018-11-26
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considcrable amount of acctate include sugar beet molasses (hydrolysates of) and
starch containing (e.g. waste products from corn dry milling processes , from corn wet
milling processes; from starch wastes processes , e.g. with stillage recycles). The
invention contributes to a decrease of the levels of the 1nhibiting compound acetic acid
and a larger fraction of the hydrolysate actually becomes a substrate tor the
production of the ethanol.

Good results have been achieved with a veast cell without noticeable
enzymatic activity needed for the NADH-dependent glycerol synthesis, as illustrated
1n the example. However, the inventors contemplate that also a yeast cell according to
the invention having NADH-dependent glycerol synthesis activity may
advantageously be used for, e.g., ethanol production. Itis contemplated that such cell
can use acetate to re-oxidise at least part of the NADH. Thereby the acetate may
compete with the NADH-dependent glycerol synthesis pathway and thus potentially
rceduce the glyeerol synthesis. Morover, acctate present 1n a feedstock used for the
production of ethanol, such as a lignocellulosic hvdrolysate, can be converted 1nto
ethanol, thereby increasing product yield.

The term “a” or “an” as used herein 1s defined as “at least one” unless
speclfied otherwise.

When referring to a noun (e.g. a compound, an additive, efc.) in the
singular, the plural 1s meant to be included. Thus, when reterring to a specific moiety,
e.g. "compound", this means "at least one" of that moiety, e.g. "at least one compound",
unless specified otherwise.

The term ‘or” as used herein 1s to be understood as ‘and/or’.

When referred herein to a carboxylate, e.g. acetate, the corresponding
carboxylic acid (its conjugated acid) as well as a salt thereot 1s meant to be 1cluded,
and vice versa.

When referring to a compound of which several 1somers exist (e.g. a D and
an L enantiomer), the compound in principle includes all enantiomers, diastereomers
and cis/trans 1somers of that compound that may be used 1n the particular method of
the invention; in particular when referring to such as compound, it includes the
natural 1somer(s).

The term ‘termentation’, ‘fermentative’ and the like 1s used herein in

a classical sense, i.e. to indicate that a process 1s or has been carried out under
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anacrobic conditions. Anacrobic conditions arc herein defined as conditions without
any oxygen or 1n which essentially no oxygen 1s consumed by the yeast cell, 1n
particular a yeast cell, and usually corresponds to an oxygen consumption of less than
5 mmol/l.h, 1n particular to an oxygen consumption of less than 2.5 mmol/l.h, or less
than 1 mmol/l.h.. This usually corresponds to a dissolved oxygen concentration in the
culture broth of less than 5 % of air saturation, in particular to a dissolved oxygen
concentration of less than 1 % of air saturation, or less than 0.2 % of air saturation.

The term “yeast” or “veast cell” refers to a phylogenetically diverse group
of single-celled fungl, most of which are in the division of Ascomycoia and
Basidiomycota. The budding yeasts ("true veasts") are classified in the order
Saccharomycetales, with Saccharomyces cerevisiae as the most well known species.

The term “recombinant (cell)” as used hereln, reters to a strain (cell)
containing nucleic acid which 1s the result of one or more genetic modifications using
rccombinant DNA technique(s) and/or another mutagenic technique(s). In particular a
recombinant cell may comprise nucleic acid not present in a corresponding wild-type
cell, which nucleic acid has been introduced 1nto that strain (cell) using recombinant
DNA techniques (a transgenic cell), or which nucleic acid not present in said wild-type
1s the result of one or more mutations — tor example using recombinant DNA
techniques or another mutagenesis technigue such as UV-irradiation — 1n a nucleic
acld sequence present 1n sald wild-type (such as a gene encoding a wild-type
polypeptide) or wherein the nucleic acid sequence of a gene has been modified to
target the polypeptide product (encoding 1t) towards another cellular compartment.
Further, the term “recombinant (cell)” 1n particular relates to a strain (cell) from
which DNA sequences have been removed using recombinant DNA techniques.

The term “transgenic (yeast) cell 7 as used hereln, refers to a strain (cell)
containing nucleic acid not naturally occurring 1n that strain (cell) and which has
been mtroduced 1mto that strain (cell) using recombinant DNA techniques, i.e. a
recombinant cell).

The term "mutated" as used herein regarding proteins or polypeptides
means that at least one amino acid in the wild-type or naturally occurring protein or
polypeptide sequence has been replaced with a difterent amino acid, inserted or
deleted from the sequence via mutagenesis of nucleic acids encoding these amino

aclds. Mutagenesis 1s a well-known method 1n the art, and 1ncludes, for example, site-
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dirccted mutagencesis by mcans of PCR or via oligonuclcotide-mediated mutagenesis
as described 1n Sambrook et al., Molecular Cloning-A Laboratory Manual, 2nd ed.,
Vol. 1-3 (1989). The term "mutated" as used herein regarding genes means that at
least one nucleotide 1n the nucleic acid sequence of that gene or a regulatory sequence
thereof, has been replaced with a different nucleotide, or has been deleted from the
sequence via mutagenesis, resulting in the transcription of a protein sequence with a
qualitatively of quantitatively altered function or the knock-out of that gene.

The term “gene”, as used herein, refers to a nucleic acid sequence
containing a template for a nucleic acid polymerase, 1n eukaryotes, RNA polymerase
II. Genes are transcribed into mRNAs that are then translated into protein.

The term "nucleic acad" as used herein, includes reference to a
deoxvribonucleotide or ribonucleotide polymer, i.e. a polynucleotide, 1n either single or
double-stranded torm, and unless otherwise limited, encompasses known analogues
having the c¢sscential naturc of natural nuclcotides 1n that thev hybridize to single-
stranded nucleic acids in a manner similar to naturally occurring nucleotides (e. g.,
peptide nucleic acids). A polynucleotide can be tfull-length or a subsequence of a native
or heterologous structural or regulatory gene. Unless otherwise indicated, the term
1includes reterence to the specitied sequence as well as the complementary sequence
thereof. Thus, DNAs or RNAs with backbones modified for stability or for other
reasons are "polynucleotides" as that term 1s intended herein. Moreover, DNAs or
RNAs comprising unusual bases, such as inosine, or modified bases, such as tritylated
bases, to name just two examples, are polynucleotides as the term 1s used herein. It
will be appreciated that a great variety of modifications have been made to DNA and
RNA that serve many useful purposes known to those of skill in the art. The term
polynucleotide as 1t 1s employed herein embraces such chemically, enzymatically or
metabolically modified forms of polynucleotides, as well as the chemical forms of DNA
and RNA characteristic of viruses and cells, including among other things, simple and
complex cells.

The terms "polypeptide", "peptide' and "protein" are used interchangeably
hereln to refer to a polymer of amino acid residues. The terms apply to amino acid
polymers 1n which one or more amino acid residue 1s an artificial chemical analogue of

a corresponding naturally occurring amino acid, as well as to naturally occurring

amino acid polymers. The essential nature of such analogues of naturally occurring
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amino acids 1s that, when mcorporated into a protein, that protein is specifically
reactive to antibodies elicited to the same protein but consisting entirely of naturally
occurring amino acids. The terms "polypeptide", "peptide” and "“protein” are also
1nclusive of modifications including, hut not limited to, glycosylation, lipid
attachment, sulphation, gamma-carboxylation of glutamic acid residues,
hydroxylation anc ADP-ribosylation.

When an enzyme 1s mentioned with reference to an enzyme class (EC), the
enzyme class 1s a class wherein the enzyme 1s classified or may be classified, on the
basis of the Enzyme Nomenclature provided by the Nomenclature Committee of the
International Union of Biochemistry and Molecular Biology (NC-IUBMRB).

Other suitable enzymes that have not (yet) been classified in a specific class but
may be classified as such, are meant to be included. |

If referred herem to a protein or a nucleic acid sequence, such as a gene,
by reference to a accession number, this number in particular is used to refer to a
protein or nucleic acid sequence (gene) having a sequence as can be found
at ncbi (National Center for Biotechnology Information) unless specified otherwise.

Every nucleic acid sequence herein that encodes a polypeptide also, by
reference to the genetic code; describes every possible silent variation of the nucleic
acid. The term "conservatively modified variants" applies to both amino acid and
nucleic acid sequences. With respeet to particular nucleie acid sequences,
conservatively modified variants refers to those nucleic acids which encode identical
or conservatively modified vanants of the amino acid sequences due to the degeneracy
of the genetic code. The term "degeneracy of the genetic code” refers to the fact that a
large number of functionally identical nucieic acids encode any given protemn. For
instance, the codons GCA, GCC, GCG and GCU all encode the amino add alanmine.
Thus, at every position where an alanine is specified by a codon, the codon can be
altered to any of the corresponding codons described without altering the encoded
polypeptide. Such nucleic acid variations are "silent variations™ and represent one
species of conservatively modified variation.

The term “functioneal homologue” (or in short “homologuce™ of a
polypeptide having a specific sequence (e.g. SEQ ID NO: 2), as used herein, refers to a

polypeptide comprising said specific sequence with the proviso that one or more amino
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aclds arc substituted, deleted, added, and/or inscrted, and which polypeptide has
(qualitatively) the same enzymatic functionality for substrate conversion, for 1nstance
an NAD*-dependent acetylating acetaldehyde dehydrogenase (EC 1.2.1.10) activity
homologue 1s capable of converting acetaldehyde into ethanol. This functionality may
be tested by use of an assay system comprising a recombinant yeast cell comprising
an expression vector for the expression of the homologue 1n yeast, said expression
vector comprising a heterologous nucleic acid sequence operably linked to a promoter
functional in the yeast and said heterologous nucleic acid sequence encoding the
homologous polypeptide of which enzymatic activity for converting acetyl-Coenzyme A
to acetaldehyde 1n the yeast cell 1s to be tested, and assessing whether said conversion
occurs 1n said cells. Candidate homologues may be 1dentified by using in silico
similarity analyses. A detailled example of such an analysis 1s described 1n Example 2
of W0O2009/013159. The skilled person will be able to derive there from how suitable
candidatc homologucs may be found and, optionally upon codon(pair) optimization,
will be able to test the required functionality of such candidate homologues using a
suitable assay system as described above. A suitable homologue represents a
polypeptide having an amino acid sequence similar to a specific polypeptide of more
than 50%, preterably ot 60 % or more, 1n particular ot at least 70 %, more 1n particular
of at least 80 %, at least 90 %, at least 95 %, at least 97 %, at least 98 % or at least 99
%, for 1nstance having such an amino acid sequence similarity to SEQ ID NO: 2, and
having the required enzymatic functionality for converting acetyl-Coenzyme A to
acetaldehyde. With respect to nucleic acid sequences, the term functional homologue
1s meant to include nucleic acid sequences which differ from another nucleic acid
sequence due to the degeneracy of the genetic code and encode the same polypeptide
sequence.

Sequence 1dentity 1s herein defined as a relationship between two or more
amino acid (polypeptide or protein) sequences or two or more nuclelc acid
(polynucleotide) sequences, as determined by comparing the sequences. Usually,
sequence 1dentities or similarities are compared over the whole length of the
sequences compared. In the art, "identity" also means the degree of sequence
relatedness between amino acid or nucleic acid sequences, as the case may be, as

determined by the match between strings of such sequences.



CA 02768897 2012-01-23
WO 2011/010923 PCT/NL2010/050473

10

Prcferred methods to detecrmine 1dentity arc designed to give the largest
match between the sequences tested. Methods to determine 1dentity and similarity
are codified 1n publicly available computer programs. Preterred computer program
methods to determine 1dentity and similarity between two sequences include e.g. the

o  BestFit, BLASTP, BLASTN, and FASTA (Altschul, S. F. et al., J. Mol. Biol. 215:403-
410 (1990), publicly available from NCBI and other sources (BLAST Manual,
Altschul, 5., ef al., NCBI NLM NIH Bethesda, MD 20894). Preferred parameters for
amino acld sequences comparison using BLASTP are gap open 11.0, gap extend 1,
Blosum 62 matrix.

10 "Expression" refers to the transcription of a gene into structural RNA
(rRNA, tRNA) or messenger RNA (mRNA) with subsequent translation into a protein.

As used herein, "heterologous" 1n reterence to a nucleic acid or protein 1s a
nucleic acid or protein that originates from a foreign species, or, if from the same
specices, 1s substantially modificd from 1ts native form 1n composition and/or gcnomic

15  locus by deliberate human intervention. For example, a promoter operably linked to a
heterologous structural gene 1s from a species ditterent from that trom which the
structural gene was derived, or, if from the same species, one or both are substantially
modified from their original torm. A heterologous protein may originate from a foreign
specles or, 1f from the same species, 1s substantially modified from its original form by

20  deliberate human imtervention.

The term “heterologous expression” refers to the expression of heterologous
nucleic acids 1n a host cell. The expression of heterologous proteins 1n eukarvotic host
cell systems such as yeast are well known to those of skill in the art. A polynucleotide
comprising a nucleic acid sequence of a gene encoding an enzyme with a specific

20  activity can be expressed 1n such a eukaryotic system. In some embodiments,
transformed/transfected yeast cells may be employed as expression systems for the
expression of the enzymes. Expression of heterologous proteins 1n yeast 1s well known.
Sherman, F., et al., Methods 1n Yeast Genetics, Cold Spring Harbor Laboratory (1982)
1s a well recognized work describing the various methods available to express proteins

30 1n yeast. Two widely utilized yeasts are Saccharomyces cerevisiae and Pichia pastoris.
Vectors, strains, and protocols for expression 1n Saccharomyces and Pichia are known
1n the art and available from commercial suppliers (e.g., Invitrogen). Suitable vectors

usually have expression control sequences, such as promoters, including 3-
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phosphoglycerate kinasc or alecohol oxidase, and an origin of replication, termination
sequences and the like as desired.

As used herein "promoter" 1s a DNA sequence that directs the
transcription of a (structural) gene. Typically, a promoter 1s located 1in the 5'-region of
a gene, proximal to the transcriptional start site of a (structural) gene. Promoter
sequences may be constitutive, inducible or repressible. If a promoter 1s an inducible
promoter, then the rate of transcription increases 1 response to an inducing agent.

The term “vector” as used herelin, includes reference to an autosomal
expression vector and to an 1ntegration vector used for integration into the
chromosome.

The term "expression vector" refers to a DNA molecule, linear or circular,
that comprises a segment encoding a polypeptide of interest under the control of (z.e.
operably linked to) additional nucleic acid segments that provide for 1ts transcription.
Such additional scgments may 1nclude promoter and terminator scquences, and may
optionally include one or more origins of replication, one or more selectable markers,
an enhancer, a polyadenylation signal, and the like. Expression vectors are generally
derived from plasmid or viral DNA, or may contain elements of both. In particular an
expression vector comprises a nucleic acid sequence that comprises 1n the &' to 3'
direction and operably linked: (a) a yeast-recognized transcription and translation
1nitiation region, (b) a coding sequence tor a polypeptide of interest, and (¢) a yeast-
recognized transcription and translation termination region. “Plasmid" refers to
autonomously replicating extrachromosomal DNA which 1s not integrated into a
microorganism's genome and 1s usually circular 1in nature.

An “Integration vector’ refers to a DNA molecule, linear or caircular, that
can be 1ncorporated 1n a microorganism's genome and provides for stable inheritance
of a gene encoding a polypeptide of interest. The 1ntegration vector generally
comprises one or more segments comprising a gene sequence encoding a polypeptide
of interest under the control of (i.e. operably linked to) additional nucleic acid
segments that provide for its transcription. Such additional segments may include
promoter and terminator sequences, and one or more segments that drive the
1incorporation of the gene of interest imnto the genome of the target cell, usually by the
process of homologous recombination. Typically, the integration vector will be one

which can be transterred into the target cell, but which has a replicon which 1s
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nonfunctional 1n that organism. Intcgration of the scgment comprising the genc of
interest may be selected 1f an appropriate marker 1s included within that segment.

As used hereln, the term "operably hinked" refers to a juxtaposition
wherein the components so described are 1n a relationship permitting them to
tfunction 1n their intended manner. A control sequence "operably linked" to another
control sequence and/or to a coding sequence 1s ligated 1n such a way that
transcription and/or expression of the coding sequence 1s achieved under conditions
compatible with the control sequence. Generally, operably linked means that the
nucleic acid sequences being linked are contiguous and, where necessary to join two
protein coding regions, contiguous and in the same reading frame.

By "host cell" 1s meant a cell which contains a vector and supports the
replication and/or expression of the vector. Host cells may be prokaryotic cells such as
E. coli, or eukaryotic cells such as yeast, insect, amphibian, or mammalian cells.
Preterably, host cells arc cells of the order of Actinomycetales, most preterably yeast
cells, most preferably cells of Saccharomyces cerevisiae.

"I'ranstformation" and "transtorming", as used herein, reters to the
insertion of an exogenous polynucleotide into a host cell, irrespective of the method
used tor the insertion, for example, direct uptake, transduction, f-mating or
clectroporation. The exogenous polynucleotide may be maintained as a non-integrated
vector, tor example, a plasmid, or alternatively, may be integrated 1nto the host cell
genome.

A cell according to the 1nvention preferably 1s selected from the group of
Saccharomycetaceae, more preferably from the group of Saccharomyces cells,
Zygosaccharomyces and Kluyveromyces cells. In particular good results have been
achieved with a Saccharomyces cerevisiae host cell. Zygosaccharomyces baillii 1s
another particularly preferred cell, especially for 1ts high acetate tolerance and its
high ethanol tolerance.

Further, a cell according to the invention may be a yeast cell selected from
the group of xylose-fermenting yeasts, more preterably a Pichia species, tor example
Pichia stipitis or Pichia angusta (also known as Hansenula polymorpha).

In a further embodiment, a host cell according to the invention 1s a host
cell that naturally lacks enzymatic activity needed for the NADH-dependent glycerol

synthesis, for example yeast cells belonging to the species Brettanomyces intermedius.
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A prcterred ccll according to the invention 1s tree of cnzymatic activity
needed for the NADH-dependent glycerol synthesis or has a reduced enzymatic
activity with respect to the NADH-dependent biochemical pathway for glycerol
synthesis from a carbohydrate compared to i1ts corresponding wild-type veast cell.

O A reduced enzymatic activity can be achieved by moditying one or more
genes encoding a NAD-dependent glycerol 3-phosphate dehydrogenase activity (GPD)
oY one or more genes encoding a glycerol phosphate phosphatase activity (GPP), such
that the enzyme 1s expressed considerably less than 1n the wild-type or such that the
oene encoded a polypeptide with reduced activity. Such modifications can be carried

10  out using commonly known biotechnological techniques, and may in particular include
one or more knock-out mutations or site-directed mutagenesis of promoter regions or
coding regions of the structural genes encoding GPD and/or GPP. Alternatively, yeast
strains that are defective 1n glycerol production may be obtained by random
mutagcnesls followed by sclection of strains with reduced or absent activity of GPD

15  and/or GPP. S. cerevisiae GDP 1, GDP2, GPPI and GPPZ2 genes are shown in SEQ ID
NO: 24-27.

Preterably at least one gene encoding a GPD or at least one gene encoding
a GPP 1s entirely deleted, or at least a part of the gene 1s deleted that encodes a part
of the enzyme that 1s essential for i1its activity. In particular, good results have been

20 achieved with a S. cerevisiae cell, wherein the open reading frames of the GPDI gene
and of the GPD2 gene have been 1nactivated. Inactivation of a structural gene (target
gene) can be accomplished by a person skilled in the art by synthetically synthesizing
or otherwise constructing a DNA fragment consisting of a selectable marker gene
flanked by DNA sequences that are 1dentical to sequences that flank the region of the

29  host cell’'s genome that 1s to be deleted. In particular, good results have been obtained
with the inactivation of the GPDI1 and GPDZ2 genes 1n Saccharomyces cerevisiae by
1integration of the marker genes kanMX and AphMX4. Subsequently this DNA
fragment 1s transformed into a host cell. Transformed cells that express the dominant
marker gene are checked for correct replacement ot the region that was designed to be

30  deleted, for example by a diagnostic polymerase chain reaction or Southern
hybridization.

As 1ndicated above, a cell according to the invention comprises a

heterologous nucleic acid sequence encoding an NAD*-dependent, acetylating
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acctaldchyde dehydrogenase (EC 1.2.1.10). This cnzyme catalyscs the conversion of
acetyl-Coenzyme A to acetaldehyde. This conversion can be represented by the

equilibrium reaction formula:

acetyl-Coenzyme A + NADH + Ht <-> acetaldehyde + NAD* + Coenzyme A.

Thus, this enzyme allows the re-oxidation of NADH when acetyl-Coenzyme A 1s
generated from acetate present in the growth medium, and thereby glycerol synthesis
1s no longer needed for redox cotactor balancing.

The nucleic acid sequence encoding the NAD*-dependent acetylating
acetaldehyde dehydrogenase may 1n principle originate from any organism comprising
a nucleic acid sequence encoding said dehydrogenase.

Known NAD*-dependent acetylating acetaldehyde dehydrogenases that
can catalysc the NADH-dependent reduction of acetyl-Cocnzyme A to acctaldchyde
may 1n general be divided 1n three types of NAD*-dependent acetylating acetaldehyde
dehydrogenase functional homologues:

1) Bifunctional proteins that catalyse the reversible conversion of acetyl-
Coenzyme A to acetaldehyde, and the subsequent reversible conversion of
acetaldehyde to ethanol. An example of this type of proteins 1s the AdhE protein in £,
colt (Gen Bank No: NP _415757). AdhLL appears to be the evolutionary product of a
oene fusion. The NHe- terminal region of the AdhE protein 1s highly homologous to
aldehyde:NAD* oxidoreductases, whereas the COOH-terminal region 1s homologous to
a family of Fe?*- dependent ethanol:NAD* oxidoreductases (Membrillo-Hernandez et
al., (2000) J. Biol. Chem. 275: 33869-33875). The E. coli AdhE 1s subject to metal-
catalyzed oxidation and therefore oxygen-sensitive (Tamarit et al. (1998) J. Biol.
Chem. 273:3027-32).

2) Proteins that catalyse the reversible conversion of acetyl-Coenzyme A to
acetaldehyde 1n strictly or facultative anaerobic micro-organisms but do not possess
alcohol dehydrogenase activity. An example of this type of proteins has been reported
in Clostridium kluyveri (Smith et al. (1980) Arch. Biochem. Biophys. 203: 663-675).
An acetylating acetaldehyde dehydrogenase has been annotated 1n the genome of

Clostridium kluyveri DSM 555 (GenBank No: EDK33116). A homologous protein
AcdH 1s 1dentified 1in the genome of Lactobacillus plantarum (GenBank No:
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NP 784141 ). Anothcer ecxample of this type of proteins 1s the said gene product 1n
Clostridium beijerinckit NRRL B593 (Toth et al. (1999) Appl. Environ. Microbiol. 65:
4973-4980, GenBank No: AAD31841 ).

3) Proteins that are part of a bifunctional aldolase-dehydrogenase complex

5 1nvolved in 4-hvdroxy-2-ketovalerate catabolism. Such bifunctional enzymes catalyze
the final two steps of the meta-cleavage pathway for catechol, an intermediate 1n
many bacterial species 1n the degradation of phenols, toluates, naphthalene,
biphenyls and other aromatic compounds (Powlowski and Shingler (1994)
Biodegradation 5, 219-236). 4-Hydroxy-2-ketovalerate 1s first converted by 4-hydroxy-

10  2-ketovalerate aldolase to pyruvate and acetaldehyde, subsequently acetaldehyde 1s
converted by acetylating acetaldehvde dehvdrogenase to acetyl-CoA. An example of
this type of acetylating acetaldehyde dehydrogenase 1s the DmpF protein 1n
Pseudomonas sp CF600 (GenBank No: CAA43226) (Shingler et al. (1992) J. Bacteriol.
174:71 1-24). The E. coli MphF protcin (Ferrandez ct al. (1997) J. Bacteriol. 179:; 2573-

15 2581, GenBank No: NP_414885) 1s homologous to the DmpF protein 1in Pseudomonas
sp. CF600.

A suitable nucleic acid sequence may 1n particular be found 1n an organism
selected from the group of Escherichia, 1n particular E. coli; Mycobacterium, 1n
particular Mycobacterium marinum, Mycobacterium ulcerans, Mycobacterium

20  tuberculosis; Carboxydothermus, 1n particular Carboxydothermus hydrogenoformans;
Entamoeba, 1n particular Entamoeba histolytica; Shigella, 1n particular Shigella
sonnei; Burkholderia, 1n particular Burkholderia pseudomaller, Klebsiella, 1n
particular Klebsiella pneumoniae; Azotobacter, 1n particular Azotobacter vinelandii,
Azoarcus sp; Cupriavidus, 1n particular Cupriavidus taiwanensts; Pseudomonas, 1n

20  particular Pseudomonas sp. CF600; Pelomaculum, 1n particular Pelotomaculum
thermopropionicum. Preferably, the nucleie acid sequence encoding the NAD+-
dependent acetylating acetaldehyde dehydrogenase originates from FEscherichia,
more preferably from E. coli.

Particularly suitable 1s an maApt’ gene trom £. coli, or a functional

30  homologue thereof. This gene 1s described 1in Ferrandez et al. (1997) J. Bacteriol.
179:2573-2581. Good results have been obtained with S. cerevisiae, wherein an mhpl’

oene from E. coli has been 1ncorporated.
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In a further advantageous embodiment the nucleic acid sequence encoding
an (acetylating) acetaldehyde dehydrogenase is from, in particular Pseudomonas.
dmpf from Pseudomonas sp. CF600.

In princaple, the nucleic acid sequence encoding the NAD*-dependent,

5 acetylating acetaldehyde dehydrogenase may be a wild type nucleic acid sequence.
A preferred nucleic acid sequence encodes the NAD*-dependent,
acetylating acetaldehyde dehydrogenase represented by SEQ ID NO: 2, SEQ ID NO:
29, or a functional homologue of SEQ ID NO: 2 or SEQ ID NO: 29. In particular the
nucleic acid sequence comprises a sequence according to SEQ ID NO: 1. SEQ ID NO:
10 28 or a functional homologue of SEQ ID NO: 1or SEQ ID NO. 28.

Further, an acetylating acetaldehyde dehydrogenase (or nucleic acid
sequence encoding such activity) may in for instance be selected from the group of
Escherichia coli adhE, Entamoeba histolytica adh2, Stephylococcus aureus adhlk,
Piromyceé sp.E2 adhE, Clostridium kluyvert EDK33116, Lactobacillus plantarum

15  acdH, and Pseudomonas putida YP 001268189, For sequences of these enzymes,
nuclelc acid sequences encoding these enzymes and methodology to incorporate the
nucleic acid sequence mto a host cell, reference 1s made to WO 2009/013158, 1n
particular Example 3, Table 1 (page 26) and the Sequence ID numbers mentioned
theremn, of which publication Table 1 and the sequences represented by the Sequence

20 ID numbers mentioned in said Table are disclosed.

Usually, a cell according to the invention also comprises an acetyl-
Coenzyme A synthetase, which enzyme catalyses the formation of acetyl;coenzyme A
from acetate. This enzyme may be present in the wild-type cell, as is for instance the

case with S. cerevisige which contains two acetyl-Coenzyme A synthetase isoenzymes
25 encoded by the ACSZ [SEQ ID NO: 17] and ACS2 [SEQ ID NO: 18] genes (van den

Berg et al (1996) J. Biol. Chem. 271:28853-28989), or a host cell may be provided with
one or more heterologous gene(s) encoding this activity, e.g. the ACSI and/or ACS2
gene of S. cerevisiae or a functional homologue thereof may be incorporated into a cell
lacking acetyl-Coenzyme A synthetase isoenzyme activity.

30 Further, in particular in view of an efficient ethanol production, but also
for an efficent NADH oxidation, it is preferred that the cell comprises an NAD
dependent alcohol dehvdrogenase (EC 1.1.1.1). This enzyme catalyses the conversion
of acetaldehyde into ethanol. The cell may naturally comprise a gene encoding such a
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dchydrogcnasc, as 1s de casc with S. cerevisiae (ADHI-5) [SEQ ID NO: 19-23], scc
‘Lutstorf and Megnet. 1968 Arch. Biochem. Biophys. 126:933-944’, or ‘Ciriacy, 1975,
Mutat. Res. 29:3156-326°), or a host cell may be provided with one or more heterologous
gene(s) encoding this activity, e.g. any or each of the ADHI-5 genes of S. cerevisiae or
tunctional homologues thereof may be 1ncorporated 1nto a cell lacking NAD*-
dependent alcohol dehydrogenase activity.

Specifically preferred cells according to the invention are cells of the S.
cerevisiqe strain deposited on 16 July 2009 at the Cenitraalbureau voor
Schimmelcultures (Utrecht, the Netherlands) having deposit number CBS125049.

In specific aspect, the present invention 1s directed to a method of
preparing a recombinant yeast cell according to the 1nvention.

The genetic modification of a cell, comprising the incorporation of one or
more heterologous nucleic acid sequences mnto a host cell, and usually comprising
mutation (including complecte deletion) of a gene cncoding an cnzymatic activity
needed for the NADH-dependent glycerol synthesis, can be based on common general
knowledge, e.g. by standard genetic and molecular biology techniques as generally
known 1n the art and have been previously described (e.g. Maniatis et al. 1982
“Molecular cloning: a laboratory manual’. Cold Spring Harbor Laboratory, Cold
Spring Harbor, N.Y.; Miller 1972 “Experiments in molecular genetics”, Cold Spring
Harbor Laboratory, Cold Spring Harbor; Sambrook and Russell 2001 "Molecular
cloning: a laboratory manual” (3rd edition), Cold Spring Harbor Laboratory, Cold
Spring Harbor Laboratory Press; F. Ausubel et al., eds., "Current protocols 1n
molecular biology", Green Publishing and Wiley Interscience, New York 1987).

A method of the invention for preparing a recombinant yeast cell according
to the 1nvention, comprising

(a) providing a yeast cell, preferably a yeast cell selected from the group of
yeast cells lacking enzymatic activity needed for the NADH-dependent glycerol
synthesis and yeast cell having a reduced enzymatic activity with respect to glycerol
synthesis compared to 1ts corresponding wild-type yveast cell;

(b) obtaining a nucleic acid segment comprising a gene that 1s heterologous
to said yveast cell and encodes an enzyme that has NAD*-dependent acetylating
acetaldehyde dehydrogenase activity, and wherein said gene 1s operably linked to a

promoter functional 1n said veast cell;
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(c) 1t desired (e.g. 1f the yveast cell lacks acetyl-Cocnzyme A synthetasc
activity or in which the activity of acetyl-Coenzyme A synthetase(s) 1s limiting the
overall in vivo activity of the pathway for conversion of acetate into ethanol or
expresses acetyl-Coenzyme A synthetase 1n a cellular compartment that i1s not
compatible with 1ts use 1n the 1nvention), obtaining a nucleic acid segment comprising
a gene that 1s heterologous to said yeast cell and encodes an enzyme that has an
acetyl-Coenzyme A synthetase activity, and wherein said gene 1s operably linked to a
promoter functional in said yeast cell;

(d) 1f desired (e.g. 1f the yeast cell lacks NAD*-dependent alcohol
dehydrogenase activity or 1n which NAD*-dependent alcohol dehydrogenase activity
activity 1s miting the in vivo activity of the pathway for conversion of acetate into
ethanol or expresses NAD*-dependent alcohol dehydrogenase 1in a cellular
compartment that 1s not compatible with i1ts use 1n the 1nvention), obtaining a nucleic
acld scement comprising a genc that 1s heterologous to said yeast ccll and encodes an
enzyme that has an NAD*-dependent alcohol dehydrogenase activity, and wherein
sald gene 1s operably linked to a promoter tunctional 1n said yeast cell; and

(e) transforming a yeast cell with said nucleic acid segment or segments
thereby providing a recombinant yeast cell which expresses said heterologous gene
and wherein said recombinant yeast cell exhibits reduced NADH-dependent glycerol
synthesis under fermentative conditions as compared to a corresponding non-
recombinant yeast cell or wherein in said yeast cell NADH-dependent glycerol
synthesis under fermentative conditions 1s absent.

Promoters for yeast cells are known 1n the art and can be, for example, the
triosephosphate dehydrogenase TPI1 promoters, glyvceraldehyde-3-phosphate
dehydrogenase TDHS3 promoters, translational elongation factor EF-1 alpha TEF1
promoters, the alcohol dehydrogenase ADH1 promoters, glucose-6-phosphate
dehydrogenase gpdA and ZWEF'I promoters, protease promoters such as pepA, pepB,

pepC, the glucoamylase glaA promoters, amylase amvyvA, amyB promoters, the

catalase catR or catA promoters, glucose oxidase gox(C promoter, beta-galactosidase
lacA promoter, alpha-glucosidase aglA promoter, translation elongation factor fefA
promoter, xylanase promoters such as xinA, xinB, xinC, xinD, cellulase promoters

such as eglA, eglB, cbhA, promoters of transcriptional regulators such as areA, creA,
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x{nR, pacC, prt'T, ctc or any other, and can be found among others at the NCBI
webstte .

In a preferred embodiment, the heterologous nucleic acid sequence to be
introduced 1mto a yeast cell when preparing a recombinant yeast cell of the invention,
1s incorporated 1nto a vector, and the transformation of the cell 1s carried out with the
vector. If more than one heterologous nucleic acid sequence (encoding different
cnzymatic activities or together encoding a single enzymatic activity) arc to be
incorporated, these nuclelc acid sequences may be present 1n a single vector or these
nucleic acid sequences may be incorporated as part of separate vectors.

Accordingly, the invention is further directed to a vector for the expression
of a heterologous polypeptide in a yeast cell, in particular a yeast cell, said expression
vector comprising one or more heterologous nucleic acid sequences operably link.ed to
a promoter functional in the yeast cell and said heterologous nucleie acid sequence(s)
encoding a polypeptide having enzymatic activity for converting acetyl-Coenzyme A
into acetaldehyde in (the cytosol of) said yeast cell, wherein said polypeptide
preferably comprises a sequence according to SEQ ID NO: 2 or a functional
homologue thereof.

The vector (used 1n a method of) the invention may be a phage vector, a
bacterial vector, a centromerie, episomal or integrating plasmid vector or a viral
vector.

- In a preferred emhodiment the vector 1s a vector for expression in
Saccharomyces, 1n particular S. cerevisiae. In such embodiment, the heterologous
nucleic acid sequence encoding NAD*-dependent acetylating acetaldehyde
dehydrogenase activity may be codon(-pair) optimised for expression in
Saccharomyces, 1n particular S. cerevisiae, although good results have been achieved
with a wild-type encoding nucleic acid sequence,

In order to achieve optimal expression in a specific cell (such as S.
cerevisiae ), the codon (pair) usage of the heterologous gene may be optimized by using
any one of a variety of synthetic gene design software packages, for instance
GeneOptimizer® from Geneart AG (Regensburg, Germany) for codon usage
optimization or codon pair usage optimization as described in PCT/EP2007/05594.
Such adaptation of codon usage ensures that the heterologous genes, which are for

instance of bacterial origin, are effectively processed by the yeast transcription and

CA 2768897 2017-10-31
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translation machincry. Optimisation of codon pair usage will result in ecnhanced
protein expression 1n the yeast cell. The optimised sequences may for instance be
cloned 1nto a high copy veast expression plasmid, operably linked to a (preferably
constitutive) promoter functional in a fungus (yeast).

O As 1ndicated above, the invention 1s turther directed to the preparation of
ethanol.

For a method of preparing ethanol, a cell according to the invention 1s
used which under anaerobic conditions ferments a sugar thereby forming ethanol
Sultable yeast cells for fermenting the sugar are generally known and include

10  amongst others S. cerevisiae. In a method of the 1nvention, a yeast cell 1s used that
also produces an NAD*-dependent acetylating acetaldehyde dehydrogenase (EC
1.2.1.10). This cell can be obtained as described above, and 1llustrated 1n the example
herein below. It used for the preparation of ethanol, the cell preterably also 1includes
an acctyl-Cocnzyme A synthcetasc activity. If used for the preparation of cthanol, the

15  cell preferably also includes an NAD"-dependent alcohol dehvdrogenase activity.
These activities may be naturally present, as 1n S. cerevisiae, or provided by genetic
modification (see also herein above).

The fermentation conditions can 1n principle be based on generally known
conditions, e.g. as described 1n the review by Van Maris cited above, or the references

20  cited therein, with the proviso that typically the medium wherein the fermentation 1s
carried comprises acetate in addition to the fermentable carbohydrate(s).

The molar ratio acetate to carbohydrate consumed by anaerobic cultures of
the yeast cells modified according to the invention 1s usually at least 0.004, in
particular at least 0.01, at least 0.03, at least 0.1, or at least 0.2. The molar ratio

20  acetate to carbohydrate present 1in hydrolysates of lignocellulosic biomass 1s usually
less than 0.70, 1n particular 0.5 or less, more 1n particular 0.3 or less, or 0.2 or less.
Herein the number of moles of carbohydrate 1s based on monosaccharide units, i.e. one
mole of a oligo/polysaccharide having n monosaccharide units counts as n mol.

In absolute terms, the termentable carbohydrate concentration 1s usually

30 1n the range of 65 to 400 g/L, 1n particular in the range of 100 to 250 g/L.

In absolute terms, the acetate concentration 1s usually 1n the range of 0.5

to 20 g/L, 1n particular in the range of 1-15 g/L, more 1n particular in the range of 2 to

12 ¢/L.
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The pH can be chosen dependent on what 1s aceeptable to the organism
that 1s used, based on common general knowledge or can be routinely determined.
Usually the termentation 1s carried out at a neutral or acidic pH, 1n particular at a pH
1n the range of 2-7, more 1n particular at a pH of 3-6, even more 1n particular 3.5-5.5
(apparent pH as measured 1n the fermentation medium at the temperature at which
fermentation takes place).

The temperature can be chosen dependent on what 1s acceptable to the
organism that is used. Usually the temperature 1s in the range of 15-50 degrees C, in
particular 1n the range of 25-45 degrees C.

As a termentable carbohydrate in principle any carbohydrate can be used
that 1s metabolised by the specific recombinant cell, with ethanol as a metabolic
product. The cell may naturally comprise the required metabolic enzyme system or
the cell may have been genetically modified to that purpose, e.g. as described by the
rcview by Van Maris, the referencees cited therein, or as described 1n the present
disclosure. Preferably, the fermentable carbohydrates 1in the hydrolvsate comprise at
least one carbohydrate selected tfrom the group ot hexoses, pentoses and
oligosaccharides comprising one or more hexose and/or pentose units. In particular in
case the recombinant cell 1s trom the group Saccharomyces, preterably S. cerevisiae at
least one carbohydrate selected from glucose, fructose, sucrose, maltose, galactose,
xvlose, arabinose and mannose 1s used. Good results have been obtained with glucose.

A method according to the invention 1s 1n particular suitable for preparing
ethanol using a hydrolysate of at least one polymer selected from cellulose,
hemicellulose and pectin, preferably at least one polymer selected from hemicellulose
and pectin, because upon hydrolysis of these polymers acetate 1s typically released by
hydrolysis or formed as a breakdown product. In particular, the hydrolysate may be
hydrolysed lignocellulosic material, such as lignocellulosic biomass. For instance,
lignocellulosic material may be selected from agricultural lignocellulosic material, for
Iinstance cotton, straw, (elephant)grass, bagasse, corn stover, lignocelllosic aquatic
plant material, sugar beet pulp, citrus peels, lignocellulosic materials trom forestry,
such as lignocellulosic waste-materials from trees or bushes (trimmed/lopped/pruned
plant material, saw dust, efc) or trees or bushes specifically grown as a source for
lignocellulosic materials, e.g. poplar trees, (ligno)cellulosic waste from industry, e.g.

wood-pulp, waste-paper.
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Precferably, a lignoccllulosic hydrolysate comprises once or more
termentable sugars (notably glucose, xylose and arabinose) and acetate, which have
formed during hydrolysis. Thus, 1n a preterred embodiment of the invention the
preparation of ethanol comprises a step whereln a lignocellulosic material 1s
hydrolysed, thereby forming a hydrolysate comprising one or more fermentable
carbohydrates, 1n particular glucose and optionally one or more other hexoses and
pentoses, and acetate, which hydrolysate 1s thereatter contacted with a recombinant
cell of the invention. The relative concentrations of acetate and fermentable
carbohydrates 1in the substrate that 1s contacted with the recombinant cell of the
1invention can be modified by optimizing conditions for hvdrolysis, by blending
different hvdrolysates and/or by blending with (partially) refined sources of
carbohydrates and/or acetic acid.

Suitable hydrolysis methodology may be based on the Van Maris review
cited above or the reterences cited therein, and melude ecnzymatic hydrolysis, thermal
hydrolysis, chemical hydrolysis and combinations thereof. The polymers are usually
hydrolysed to the extent that at least 50 %, preterably at least 90 %, 1n particular at
least 95 % of the chains are degraded to monosaccharide units or to monosaccharide
units and disaccharide units.

The invention 1s now 1llustrated by the following example:

EXAMPLES

EXAMPLE 1

Materials and Methods

Strain construction and maintenance

The Saccharomyces cerevisiae strains used (Table 1) originate from the
CEN.PK family, which was previously 1identified as a suitable background for
combined genetic and physiological studies (van Dijken et al. (2000) Enzyme Microb.

'T'echnol. 26:706-714).
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Table 1 Saccharomyces cerevisiae strains used
Strain Relevant genotype Source/reference
CEN.PK113-5D MATa ura3 GPDI1 GPD2 EUROSCAREF
strain collection,
Frankfurt,
Germany
IMEQO76 MATa ura3 GPD1 GPD2
(rcference) pd26 GPD(URAS3)
CEN.PK102-3A MATa urad leu2 GPDI1 GPD2 EUROSCARFK
strain collection,
Frankfurt,
Germany
RWB0094 MATa uras leu2 gpdi1(-1,1133)::10xP- BIRD
KanMX-1oxP gpd2(-2,1281)::hphMX4 Engineering,
Rotterdam
IMZ008 MATa ura3d leu2 gpd1(-1,1133)::1oxP
apd2(-2,1281)::hphMX4
YEplacl81(LEU2)
IMZ132 MATa urad leu2 gpdi1(-1,1133)::1oxP Deposited at
(CBS125049) apd2(-2,1281)::hphMX4 Centraalbureau
YEplacl81(LEU2) VOO
pUDE43(URA3 pTHD3::mhpF Schimmelcultures
(E.coli)::CYCI1t) on July 16, 2009
IMZ127 MATa urad leu?2 gpd1(-1,1133)::1oxP
opd2A(-2,1281)::hphMX4
YEplacl81(LEUZ)
p426_GPD(URAS)

10

To disrupt the GPDI gene (YDL022W), the loxP-KanMX-loxP disruption

cassette may be amphtied by PCR according to Guldener ef al. (1996, Nucleic Acids

Res. 24:2519-2524), using a primer set containing 45-nucleotide flanking regions

homologous to sequences within the GPDI gene and approximately 20-nucleotide

homologous to sequences of the disruption module of pUG6 (Guldener et al. (1996)
Nucleic Acids Res. 24:2519-2524) (Figure 2, Table 2). Similarly, plasmid pAG32

((Goldstein and McCusker (1999) Yeast 15:1541-15563) may be used as a template for

PCR amplification of the hphMX4 disruption module. For construction of a GPD2

(YOLO59W) disruption cassette a primer set may be used containing 45-nucleotide

flanking regions homologous to sequences within the GPDZ2 gene and 20-nucleic acid

sequences homologous to sequences of the disruption module of pPAG32 (Table 2).
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Table 2. Oligonucleotides for inactivation of the GPDI and GPDZ2 genes and for
verification of correct disruption by diagnostic PCR. Gene disruption oligonucleotides,
nucleotides homologous to the sequence to either the left (5 side) or right (3" side) of the
genes to be deleted are indicated tn capitals; lower case letters indicate nucleotides

5  homologous to the sequence of the disruption cassettes.

Target gene | GPDI/YDL0O22W GPD2/YOL0O59W
tw
tw ;

TTTTCCTTCGCTCCCCTTCCT
TATC ccagegctgaagettegtace
[SEEQ ID NO: 7]

ACAAACACAAATATTGATAAT
ATAAAcagctgaagettegtacge

Gene [SEQ ID NO: 5]

disruption .

primers rv ,
CTAATTCTTCAATCATGTCCG | |

GGTAGgcataggecactagtggate

GCGgcataggecactagtggatetg [SEQ TD NO: 8]

[SEQ ID NO: 6]

oy o G fw 5 GPD2
il 5,
Verification FSC]}E%AI(]J)CIESCE;A]C CACCAATAL GTTCAGCAGCTCTTCTCTAC
primers - ' [SEQ ID NO: 11]
target gene )
specific ? > GPD1 rv 3 GPD2
5,
COOACGOCAGATGOTAGAAG | L apATGCGACATGAGTCAC
' [SEQ ID NO: 12]
fw KANB g’w SAND
57
Verification | CGCACGTCAAGACTGTCAAG %%%AI%GST‘S%?ACTGTCAAG
primers — [SEQ ID NO: 13] |
disruption
cassette rv KANA rY RANA
specific 5% 0 A AA
TCGTATGTGAATGCTGGTCG | LCUTATGTGAATGUTGGTCG

[SEQ ID NO: 14] [SEQ ID NO: 16]
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Transformation of the PCR amplificd GPD1I and GPDZ2 disruption
cassettes to Saccharomyces cerevisiae strain CEN.PK102-3A (Table 1) may be
performed according to the protocols described by Guldener ef a/ (Nucleic Acids Res.
(1996) 24:2519-2524), followed by selection of transformants on YPD complex medium
(Burke et al. (2000) Methods 1n veast genetics. Cold Spring Harbour Press Plainview,
NY) with 200 mg/L G-418 for strains transformed with the KanMX disruption
cassette and 300 mg/L hygromycin B for strains transtormed with the hphMX4
disruption cassette. Confirmation of correct integration of the GPDI gene disruption

cassette may be checked by colony PCR, using combinations of primer sets 5’

GPDINKANA and 3’GPDINKANB (Table 2). The correct inactivation of GPD2 can be
similarly verified with primer sets 5 GPD2\KANA and 3GPD2\KANB (Table 2).
Strain RWB0094, carrying deletions in the open reading frames of the GPDI and
GPD2 genes of strain CEN.PK102-3A (MATa ura3 lew2) were replaced by the loxP-
KanMX-1loxP casscttc and the hphMX4 cassctte, respectively, was acquired from
BIRD Engineering, Rotterdam, The Netherlands. The KanMX marker of strain
RWB0094 was removed by expression of the Cre recombinase (Guldener et al (1996)
Nucleic Acids Res. 24:2519-2524) and 1ts leucine auxotrophy was complemented by
transformation with the LEUZ2-bearing plasmid YEPlacl81 (Gietz, R. D. and 5. Akio.
(1988) Gene 74:527-534.), yielding strain IMZ008&. Figure 1 2 schematically shows the
ogene disruption procedure, replacement of the GPD1 ORF by KanMX and GPD2 ORF
by hphMX4. Arrows 1ndicate oligonucleotide primers for verification by diagnostic
PCR of correct gene 1nactivation.

Transformation of strain IMZ008 with the URA3-bearing mhpF expression
plasmid pUDE43 (see below) yielded the prototrophic, mhpF-expressing strain
IMZ132, transformation with the URA3S-bearing ‘empty’ vector p426_GPD yielded
strain IMZ127. Finally, transformation of strain CEN.PK113-5D (ura8) with
p426 GPD vielded the prototrophic GPDI GPDZ2 reterence strain IMEQO76. Cultures
transformed with deletion cassettes were plated on YPD complex medium containing
G418 (200 mg 1Y) or hvgromycin (200 mg 1'1). Successtul integration of the deletion
cassettes was confirmed by diagnostic PCR.

oStock cultures of all strains were grown 1n shake flasks containing 100 ml

of synthetic medium (see below) with 20 g 11 glucose as the carbon source. After
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adding 30 % (v/v) glycerol, 1-ml aliquots of stationary phasc culturcs werce stored at -

80 °C.

Plasmid construction
D The E. colt mhpt gene (EMBL accession number Y09555.7) was PCR
amplified from E. coli K12 strain JM109 genomic DNA using primer pairs mhapl-FW
(5’-GGGGACAAGTTTGTACAAAAAAGCAGGCTATGAGTAAGCGTAAAGTCGCCA-
TTATCGG -3’ [SEQ ID NO: 3]) and mhApF-RV (5°-GGGGACCACTTTGTACAAGAAA-
GCTGGGTGTTCATGCCGCTTCTCCTGCCTTGC-3, [SEQ ID NO: 4]), which

10  contained attB1l and attB2 sequences, respectively. The polymerase chain reaction
(PCR) was performed using Phusion® Hot Start High-Fidelity DNA Polymerase
(Finnzymes Oy, Espoo, Finland) according to manutfacturer specifications and in a
Biometra TGradient Thermocycler (Biometra, Gottingen, Germany) with the following
scttings: 256 cveles of 10 s denaturation at 98°C and 30 s anncaling and cxtension at

15  72°C. The 1011 bp PCR product was cloned using Gateway® cloning technology
(Invitrogen, Carlshad, CA, USA). Plasmid pDONR221, using the BP reaction, was
used to create the entry clone, designated as plasmid pUD64. From this entry clone
and the multicopy plasmid pAG426GPD-ccdB (Addgene, Cambridge, MA, USA) the
yeast expression plasmid pUDE43, was constructed employing the LR reaction.

20  Transformations of recombination reaction products into competent £. colt K12 strain
JM109 were pertormed according to the Z-Competent™ E. coli Transformation Kit
(Zymoresearch Corporation, Orange, USA) and plated on LB media containing either
ampicillin (100 mg 1-1) or kanamycin (50 mg.l-1). Yeast transformations were
performed according to Burke et al. (Methods 1n yeast genetics (2000.) Cold Spring

29  Harbor Laboratory Press Plainview, NY.) After transtormations with the yeast
expression plasmaid, cells were plated on synthetic media. Successtul 1nsertion of
multicopy plasmid pUDE43 was confirmed by diagnostic PCR using the primer pairs

for cloning.

30 Cultivation and media
Shake-tlask cultivation was pertormed at 30°C 1n a synthetic medium (46).

The pH of the medium was adjusted to 6.0 with 2 M KOH prior to sterilization.

Precultures were prepared by 1noculating 100 ml medium contaimning 20 g 1! glucose



52215-177

10

19

20

25

30

CA 02768897 2016-11-14

27

in a 500 mL shake-flask with (1 ml) frozen stock culture. After 24 h incubation at 30°C
in an Innova® incubator shaker (200 rpm, New Brunswick Scientifie, NJ, USA),
cultures were transferred to bioreactors.

Anaerobic batch fermentations were carried out at 30°C in 2-litre
laboratory bioreactors (Applikon, Schiedam, The Netherlands) with a working volume
of 1 Iitre. Synthetic medium with 20 g 1 glucose (46) was used for all fermentations
and supplemented with 100 i I? of silicone antifoam (Silcolapse 5020, Caldic
Belgium, Bleustar Silicones) as well as with the anaerobic srowth factors, ergosterol
(0.01 gl'Y) and 'I’Wem;r lgo (0.42 g I'!) dissolved in ethanol. This resulted in 11-13 mM
ethanol in the medium. Where indicated, acetic acid was added at a concentration of 2
g I'* and the pH was readjusted to 5.0 prior to inoculation. Culture pH was maintained
at 5.0 by the automatic additaon of ZM KOH. Cultures were stirred at 800 rpm and
sparged with 0.5 L. min! nitrogen (<10 ppm oxygen). Dissolved oxygen was monitored
with an autoclavable oxygen electrode (Applisens, Schiedam, The Netherlands). To
minimize diffusion of oxygen, bicreactors were equipped with Norprene tubing (Cole
Palmer Instrument Company, Vernon Hills, USA). All fermentations were carried out

at least in duphcate.

Determination of culture dry weight and optical density

Culture samples (10 mi) at selected time intervals were filtered over pre-
weighed nitrocellulose filters (pore size 0.45 um; Gelman Laboratory, Ann Arbor,
USA). After removal of medium the filters were washed with demineralized water and
dricd in a microwave oven (Bosch, Stuttgart, Germany) for 20 min at 350 W and
welghed, Duplicate determinations varied by less than 1%. Culture growth was also
monttored via optical density readings at a wavelength of 660 nm on a Novaspec® II
spectrophotometer.

Gas analysis

Lxhaust gas was cooled 1 a condensor (2°0C) and dried with a Permapure
dryer type MD-110-48P-4 (Permapure, Toms River, USA). Oxygen and carbon dioxide
concentrations were determined with a NGA 2000 analyzer (Rosemount Analytical,
Orrville, USA). Exhaust gas-flow rate and carbon dioxide production rates were
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determined as described previously (3). In calculating thesce biomass-specific rates, a

correction was made for volume changes caused by withdrawing culture samples.

Metabolite analysis

Supernatant obtained by centrifugation of culture samples was analyzed
for glucose, acetic acid, succinic acid, lactic acid, glycerol and ethanol via HPLC
analysis on a Waters Alliance 2690 HPLC (Waters, Miltord, USA) containing a Biorad
HPX 87H column (Biorad, Hercules, USA). The column was eluted at 60°C with 0.5 ¢
111 H2504 at a tlow rate of 0.6 ml min-. Detection was by means of a Waters 2410
refractive-index detector and a Waters 2487 UV detector. Initial and final glycerol
concentrations were further determined using an enzymatic determination kit (R-
Biopharm AG, Darmstadt, Germany). During cultivation in bioreactors that are
sparged with nitrogen gas, a significant fraction of the ethanol 1s lost through the off
ogas. To correct for this, ethanol evaporation kinetics were analyzed 1n bioreactors
operated under i1dentical conditions at different working volumes with sterile
synthetic medium. The resulting volume-dependent ethanol evaporation constants
(for this set-up equal to 0.0080 divided by the volume 1n litres, expressed 1in h'l) were
used to correct HPLC measurements of ethanol concentrations in culture

supernatants, taking into account changes in volume that were caused by sampling.

Enzyme activity assays

Cell extracts for activity assays of NAD*-dependent acetaldehyde
dehydrogenase (acetylating) were prepared from exponentially growing anaerobic
batch cultures as described previously (Abbott et al., Appl. Environ. Microbiol.
75:2320-2325). NAD+-dependent acetaldehyde dehydrogenase (acetylating) activity
was measured at 30°C by monitoring the oxidation of NADH at 340 nm. The reaction
mixture (total volume 1 ml) contained 50 mM potassium phosphate butter (pH 7.5), 15
mM NADH and cell extract. The reaction was started by addition of 0.5 mM acetyl-
Coenzyme A. For glycerol 3-phosphate dehydrogenase (EC 1.1.1.8) activity
determination, cell extracts were prepared as described above except that the
phosphate butter was replaced by triethanolamine butter (10 mM, pH 5) (5,19).
Glycerol-3-phosphate dehydrogenase activities were assayed 1n cell extracts at 30 °C

as described previously (Blomberg and Adler (1989), J. Bacteriol. 171:1087-1092.
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Recaction rates were proportional to the amounts of cell extract added. Protcin
concentrations were determined by the Lowry method (Lowry et al (1951) J. Biol.

Chem. 193:265-275) using bovine serum albumin as a standard.

Results

Growth and product formation in anaerobic baitch cultures

When cultures of the prototrophic reference strain S. cerevisiae IMEO76
(GPD1 GPD?2) were supplemented with 2.0 g 11 acetic acid, the specific growth rate
(0.32 h'1) was 1dentical to that reported for cultures grown in the absence of acetic acid
(0.34 h'l), Kuyper et al. (2005) FEMS Yeast Res. 5:399-409. The addition of acetic acid
led to a shight decrease of the biomass yield and, consequently a decrease of the
olycerol yield on glucose relative to cultures grown 1n the absence of acetic acid
(Figure 2, Table 3).

This effect has been attributed to the higher rate of glucose dissimilation
for intraccllular pH homcostasis duc to diffusion of acctic acid 1nto the ccll, which in
turn results 1n a lower biomass yield on glucose. Under the same conditions, an
1sogenic gpdlA gpd2A strain, 1n which absence of NAD'-dependent glvcerol-3-
phosphate dehydrogenase activity was confirmed in cell extracts (Table 2), was
completely unable to grow anaerobically (Figure 2), consistent with the notion that
oglycerol production via Gpdl and Gpd2 1s essential for NADH reoxidation 1n

anaerobic cultures of S. cerevisiae.
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Table 3 Physiology of the engineered S. cerevisiae strain IMZ132 and the empty-vector
reference strain IMEO76 during anaerobic batch cultivation on synthetic medium (pH

5) with glucose-acetate mixtures

Yeast strain IMEQ76 IMZ132
GPDI1 GPD2 gpd 1A gpd2A
Relevant genotype + mhpF

Glycerol 3-phosphate
dehydrogenase 0.034 = 0.003 < ().002
(umol mg protein! min-1)

Acetaldehyde dehydrogenase
(acetylating) < 0.002 0.020 £ 0.004
- (umol mg protein! min?)

Specific growth rate (ht) 0.32 £ 0.01 0.14 £ 0.01
Biomass yield on glucose (g g1) 0.083 = 0.000 0.082 £ 0.009
Biomass vield on acetate (g g1) n.a. 3.8+ 0.5
Glycerol yield on glucose (g g1) 0.073 = 0.007 < (0.002

Ethanol yield on glucose (g g1)
Not corrected for evaporation

0.39 £ 0.01 0.40 £ 0.01

Ethanol vield on glucose (g g1)
Corrected for evaporation

n.a., not applicable.

0.41 + 0.01 0.47 £ 0.01

Expression of the E. colt mhpF gene 1 a gpdI1A gpd2A strain, resulting in

acetyl-CoA dependent rates of NADH reduction 1n cell extracts of 0.020 pmol min-!
(mg protein)! (Table 3), did not enable anaerobic growth when glucose was the sole
carbon source. However, when the medium was supplemented with 2.0 g 'l acetic

10  acid, exponential growth was observed at a specific growth rate of 0.14 h1. No
tormation of glycerol occurred during cultivation. (Figure 2, T'able 3). The trace
amounts (<1 mM) of glycerol present in cultures of gpdIA gpd2A strains originate
from the inoculum cultures which were started trom trozen glycerol stocks. Ethanol
was the major organic product and the small amounts of succinate and lactate

15  produced were similar to those observed 1n cultures of the reference strain grown
under the same conditions (data not shown).

It 1s observed that the IMZ132 fermentations (40 h) lasted longer than the

wild type strain (15 h) and the anaerobic batch cultures were sparged with nitrogen
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cas. Accordingly, the fraction of cthanol lost through cvaporation was highcer for
strain IMZ132. After determination of the kinetics of ethanol evaporation in sterile
control experiments and correction of the ethanol yields, a 13 % higher apparent
ethanol yield on glucose was shown for the engineered strain according to the

D 1nventlon, using the linear pathway for NADH dependent reduction ot acetic acid to

ethanol (Table 3).

Discussion
T'he present study provides a proot of principle that, stoichiometrically, the
10  role of glycerol as a redox sink for anaerobic growth of S. cerevisiae can be fully
replaced by a linear pathway tor NADH-dependent reduction of acetate to ethanol.
This offers interesting perspectives for large-scale ethanol production from feedstocks
that contain acetic acid, such as hignocellulosic hydrolysates.
In addition to reducing the organic carbon content of spent media and
15  1increasing the ethanol yield, the reduction of acetic acid to ethanol may at least
partially allcviate acctate inhibition of ycast growth and mctabolism, which 1s
especlally problematic at low pH and during the consumption of pentose sugars by

engineered yeast strains

20 EXAMPLE 2:

This example relates to the termentative glycerol-tree ethanol production
by a gpdIA gpd2A Saccharomyces. cerevisiae straln expressing a codon optimised
version (SEQ ID NO: 28) of the wild type dmpF gene from Pseudomonas sp. CF600

20  (GenBank No: CAA43226) (Shingler et al. (1992) J. Bacteriol. 174:71 1-24)..

For this purpose, the same procedures and techniques used for the
construction and evaluation of the performance of the strain IMZ132 (gpd1A gpd2A
mhpk) were used. These procedures and techniques are described 1n Materials and
Methods section of Example 1. In this work, transformation of strain IMZ008 (gpd 1A

30  gpd2Aura3A) with the URA3-bearing dmpF expression plasmid pUDE47 yvielded the
prototrophic, dmpF-expressing strain IMZ130. For the construction of plasmid
pUDEA47, a codon optimized copy of the dmpF gence (EMBL accession number
X60835.1) tfrom Pseudomonas sp. CF600 was ligated into p426_GPD plasmid. Codon
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optimization for thc cxpression 1n S. cerevisiae and ligation into the plasmid

p426_GPD were performed by BaseClear BV (Leiden, The Netherlands). Successful
1nsertion of multicopy plasmid pUDE47 was confirmed using diagnostic colony PCR
using the primer pairs dmpF-FW (CATTGATTGCGCCATACG) and dmpF-RV
(CCGGTAATATCGGAACAGACQC).

Results

Growth and product formation in anaerobic batch cultures

Expression of the Pseudomonas sp. CF600 dmpkF gene 1n a gpdiA gpd2A S.
cerevisiae strain gave similar results to the obtained for the expression of E. coli
mhpF gene 1n the same strain. In anaerobic batch fermentations, similar to strain
IMZ132 (gpdiA gpd2A mhpk), functional expression of dmpl’ gene together with
supplementation of the medium with 2.0 g 1! acetic acid, resulted 1n exponential
growth with a specific growth rate of 0.11 h-! (Figure 1). Strain IMZ130 (gpd 1A gpd2A
dmpfF) had a shightly longer batch time (65 h) than strain IMZ132 (40 h). During
cultivation, 1nitial concentration of 20 g 1! of glucose was completely consumed, while
no glycerol formation was observed. At the same time, acetate was consumed from 2.1
o -1 1nitial concentration to 1.6 g I'1 final concentration. Ethanol was the major
organic product, exhibiting an ethanol yield on glucose of 0.48 g g1 (yield corrected by
ethanol evaporation). Small amounts of succinate and lactate were produced, similar
to those observed 1n cultures of the reterence strain grown under the same conditions.

Figurc 3 shows the volumectric CO:z percentage present 1n the out flow of a
batch fermentation inoculated with strain IMZ130 (gpdI1A gpd2A dmpk). The graph 1s
presented 1n a logarithmic scale on the y-axis 1n order to demonstrate exponential
growth and calculate the maximum specific growth<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>