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Compositions and methods for producing malonate 1n
recombinant host cells 1n order to increase malonate titer,
yield, and/or productivity are provided. Recombinant host
cells comprising nucleic acids encoding MAE] transport
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and vectors for expressing MAE] transport proteins that
increase production of malonate by the host cell are also
disclosed.
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RECOMBINANT HOST CELLS FOR THE
PRODUCTION OF MALONATE

BACKGROUND OF THE INVENTION

The long-term economic and environmental concerns
associated with the petrochemical industry has provided the
impetus for increased research, development, and commer-
cialization of processes for conversion of carbon feedstocks
into chemicals that can replace those petroleum feedstocks.
One approach 1s the development of biorefining processes to
convert renewable feedstocks 1nto products that can replace
petroleum-derived chemicals. Two common goals i1n
improving a biorefining process include achieving a lower
cost of production and reducing carbon dioxide emissions.

Propanedioic acid (“malonate”, CAS No. 141-82-2) 1s
currently produced from non-renewable, petroleum feed-
stocks. Mono- or di-esterification of one or both carboxylic
acid moieties of malonate with an alcohol (e.g. methanol or
cthanol) yields the monoalkyl and dialkyl malonates, respec-
tively. 2,2-dimethyl-1,3-dioxane-4,6-dione (“Meldrum’s
acid” CAS No. 2033-24-1) 1s produced from malonate using
either acetone 1n acetic anhydride or 1sopropenyl acetate 1n
acid.

Chemical synthesis 1s currently the preferred route for
synthesis of malonate and malonate derived compounds. For
example, dialkyl malonates are produced through either a
hydrogen cyanide or carbon monoxide process. In the
hydrogen cyanide process, sodium cyamde 1s reacted with
sodium chloroacetate at elevated temperatures to produce
sodium cyanoacetate, which 1s subsequently reacted with an
alcohol/mineral acid mixture to produce the dialkyl
malonate. Hildbrand et al. report vields of 75-85% (see
“Malonic acid and Derivatives™ In: Ullmann’s Encyclopedia
of Industrial Chemistry, Wiley-VCH, Weinheim, New York
(2002)). In the carbon monoxide process, dialkyl malonates
(also referred to herein as diester malonates) are produced
through cobalt-catalyzed alkoxycarbonylation of chloroac-
ctates with carbon monoxide in the presence of an alcohol at
clevated temperatures and pressures.

The existing, petrochemical-based production routes to
the malonate and malonate-derived compounds are low
yielding, environmentally damaging, dependent upon non-
renewable feedstocks, and require expensive treatment of

wastewater and exhaust gas. Recently, new methods for
producting malonate using biological processes have been
described (see PCT Pub. No. WO 13/134424, incorporated
herein by reference). There remains a need, however, for
improved methods and materials for biocatalytic conversion
ol renewable feedstocks into malonate, purification of bio-
synthetic malonate, and subsequent preparation of down-
stream chemicals and products.

SUMMARY OF THE INVENTION

The present invention relates to compositions and meth-
ods for producing malonate 1n recombinant host cells. In
accordance with the present invention, increased malonate
titer, yield, and/or productivity can be achuieved by genetic
modifications that increase production of malonate by the
host cell, and the invention provides recombinant host cells
comprising nucleic acids encoding MAE]1 transport proteins
that increase production of malonate by the host cell and
vectors for expressing MAEI] transport proteins that increase
production of malonate by the host cell. The imvention also
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provides methods for the use of recombinant host cells
comprising MAE] transport proteins for the production of
malonate.

In a first aspect, the invention provides a recombinant host
cell capable of producing malonate comprising a heterolo-
gous nucleic acid encoding a malic acid transport protein
(herein referred to as MAEI] transport protein). In one
embodiment, the recombinant host cell has been engineered
to produce malonate (e.g., as per methods described in PCT
Pub. No. WO 13/134424, supra). In another embodiment,
the recombinant host cell natively produces malonate. These
recombinant host cells produce more malonate than coun-
terpart cells that do not comprise such a MAE] transport
protein. In various embodiments, the host cells can produce
at least 1.5-fold more malonate under appropriate fermen-
tation conditions relative to parental or control cells that do
not comprise a heterologous nucleic acid encoding a MAEI
transport protein. In some embodiments, the recombinant
host cell 1s a yeast cell. In one embodiment, the recombinant
host cell 1s a Pichia kudriavzevii cell.

In various embodiments, the heterologous nucleic acid
provided by the mvention encodes a MAEI] transport pro-
tein. Suitable MAFE]1 transport proteins can be obtained from
various eukaryotic organisms. In various embodiments, the
MAE] transport protein 1s obtained from an Aspergillus
species or a Schizosaccharvomyces species. Various con-
structs of the invention utilize the Aspergillus niger A2R8T9
MAE]1 transport protein sequence (SEQ ID NO: 1) or
variants of 1t. Thus, 1n various embodiments, suitable MAFI1
transport proteins for use in the methods of the mmvention
have at least 25%, at least 50%, at least 75%, at least 95%,
or at least 99% identity to SEQ ID NO: 1. Other MAFI1
transport proteins are also suitable for use 1n accordance
with the methods of the invention, and 1n various embodi-
ments recombinant host cells capable of producing malonate
comprise heterologous nucleic acids encoding MAE] trans-
porters with at least 25%, at least 60%, at least 80%, at least
90%, at least 95%, or more than 95% sequence identity to
Aspergillus kawachi G7XR17 (SEQ ID NO: 2) and/or
Aspergillus terreus QOD1U9 (SEQ ID NO: 3) MAEI trans-
port proteins.

The 1invention also provides a variety of recombinant host
cells comprising heterologous nucleic acids encoding
MAEI] transport proteins homologous to MAFE]1 transport
protein consensus sequences contained herein. These con-
sensus consequences are broadly usetul for determining 1f a
putative transport protein 1s an MAE]1 transport protein
suitable for use in accordance with the methods of the
invention. In various embodiments, recombinant host cells
capable of producing malonate comprise heterologous
nucleic acids encoding MAE] transporters with at least 45%
sequence 1dentity to Aspergillus MAE] consensus sequence
(SEQ ID NO: 7). In some embodiments, recombinant host
cells capable of producing malonate comprise heterologous
nucleic acids encoding MAE] transporters with at least 80%
sequence 1dentity to Aspergillus MAE] consensus sequence
(SEQ ID NO: 7).

In a second aspect, the invention provides recombinant
expression vectors encoding a MAFE] transport protein that
increase production of malonate by the host cell. In some
embodiments, the expression vector 1s a yeast expression
vector. In various embodiments, the expression vector 1s a
Pichia kudriavzevii expression vector. In other embodi-
ments, the expression vector 1s a Saccharomyces cervevisiae
expression vector.

In a third aspect, the invention provides methods for
producing malonate 1n a recombinant host cell, which meth-
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ods generally comprise culturing the recombinant host cell
capable of producing malonate and comprising a heterolo-
gous nucleic acid encoding a MAEI] transport protein under
conditions that enable the recombinant host cell to produce
malonate.

These and other aspects and embodiments of the inven-
tion are described in more detail below.

DETAILED DESCRIPTION OF TH.
INVENTION

(L]

The present invention relates to compositions and meth-
ods for producing malonate 1n recombinant host cells. In
accordance with the present invention, increased malonate
titer, yield, and/or productivity can be achieved by genetic
modifications that increase production of malonate by the
host cell, and the invention provides recombinant host cells
comprising nucleic acids encoding MAE]1 transport proteins
that increase production of malonate by the host cell and
vectors for expressing MAEI] transport proteins that increase
production of malonate by the host cell. The ivention also
provides methods for the use of recombinant host cells
comprising MAE] transport proteins for the production of
malonate.

While the present invention 1s described herein with
reference to aspects and specific embodiments thereof, those
skilled 1n the art will recognize that various changes may be
made and equivalents may be substituted without departing,
from the mvention. The present invention 1s not limited to
particular nucleic acids, expression vectors, enzymes, host
microorganisms, or processes, as such may vary. The ter-
minology used herein 1s for purposes of describing particular
aspects and embodiments only, and 1s not to be construed as
limiting. In addition, many modifications may be made to
adapt a particular situation, material, composition of matter,
process, process step or steps, in accordance with the
invention. All such modifications are within the scope of the
claims appended hereto.

All patents, patent applications, and publications cited
herein are incorporated herein by reference in their entire-
ties.

Definitions

In this specification and 1n the claims that follow, refer-
ence will be made to a number of terms that shall be defined
to have the following meanings.

As used 1n the specification and the appended claims, the
singular forms ““a,” “an,” and “the” include plural referents
unless the context clearly dictates otherwise. Thus, for
example, reference to an “expression vector’ includes a
single expression vector as well as a plurality of expression
vectors, etther the same (e.g., the same operon) or different;
reference to “cell” includes a single cell as well as a plurality
of cells; and the like.

Amino acids 1n the sequence listing are i1dentified by a
three-letter abbreviation, as follows: Ala 1s alanine, Arg 1s
arginine, Asn 1s asparagine, Asp 1s aspartic acid, Cys 1s
cysteine, Gln 1s glutamine, Glu 1s glutamic acid, Gly 1is
glycine, His 1s histidine, Leu 1s leucine, Ile 1s 1soleucine, Lys
1s lysine, Met 1s methionine, Phe 1s phenylalanine, Pro is
proline, Ser 1s serine, Thr 1s threonine, Trp 1s tryptophan, Tyr
1s tyrosine, and Val i1s valine. At some positions, Xaa
indicates that any amino acid may be present at the specified
position. At other positions, Xaa indicates that one of a
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subset of amino acids can be present, namely Xaa may
represent Arg, Lys, His, Asp, Glu, Ile, Lys, Val, Ser, or Thr
at the indicated position.

Specific amino acid in protein coding sequences discussed
herein are identified by their respective single-letter abbre-
viation, as follows: A 1s alanine, R 1s arginine, N 1s aspara-
gine, D 1s aspartic acid, C 1s cysteine, Q 1s glutamine, E 1s
glutamic acid, G 1s glycine, H 1s histidine, L 1s leucine, I 1s
1soleucine, L 1s lysine, M 1s methionine, F 1s phenylalanine,
P 1s proline, S 1s serine, T is threonine, W 1s tryptophan, Y
1s tyrosine, and V 1s valine. In some instances, these single-
letter abbreviations are followed by the amino acid position
in the protein coding sequence where 1 corresponds to the
amino acid (typically methionine) at the N-terminus of the
protein. For example, E124 1 S. cerevisiae wild type EHD3
refers to the glutamic acid at position 124 from the EHD3
N-terminal methionine (1.e., M1). Amino acid substitutions
(1.e., point mutations) are indicated by identilying the
mutated (1.e., progeny) amino acid after the single-letter
code and number 1n the parental protein coding sequence;
for example, E124A 1n S. cerevisiae EHD3 refers to substi-
tution of alanine for glutamic acid at position 124 in the
EHD?3 protein coding sequence. The mutation may also be
identified in parentheticals, for example EHD3 (E124A).
Multiple point mutations 1n the protein coding sequence are
separated by a backslash (/); for example, EHD3 E124A/
Y1235A indicates that mutations E124A and Y125A are both
present in the EHD3 protein coding sequence. The number
ol mutations introduced mto some examples has been anno-
tated by a dash followed by the number of mutations,
preceding the parenthetical i1dentification of the mutation
(e.g. ASW8H3-1 (E93Q)). The UniProt IDs with and with-
out the dash and number are used interchangeably herein
(1.e. ASW8H3-1 (E95Q)=A5WR8H3 (E95Q)).

As used herein, the term “express”, when used 1n con-
nection with a nucleic acid a protein or a protein itself 1n a
cell, means that the protein, which may be an endogenous or
exogenous (heterologous) protein, 1s produced 1n the cell.
The term “overexpress”, in these contexts, means that the
protein 1s produced at a higher level, 1.e., protein levels are
increased, as compared to the wild type, 1n the case of an
endogenous protein. Those skilled 1n the art appreciate that
overexpression of a protein can be achieved by increasing
the strength or changing the type of the promoter used to
drive expression of a coding sequence, increasing the
strength of the ribosome binding site or Kozak sequence,
increasing the stability of the mRNA transcript, altering the
codon usage, increasing the stability of the protein, and the
like.

The terms “expression vector” or “vector” refer to a
nucleic acid and/or a composition comprising a nucleic acid
that can be mtroduced 1nto a host cell, e.g., by transduction,
transformation, or infection, such that the cell then produces
(“expresses’’) nucleic acids and/or proteins other than those
native to the cell, or in a manner not native to the cell, that
are contained in or encoded by the nucleic acid so intro-
duced. Thus, an “expression vector” contains nucleic acids
(ordinarily DNA) to be expressed by the host cell. Option-
ally, the expression vector can be contained 1n materials to
aid 1 achieving entry of the nucleic acid into the host cell,
such as the materials associated with a virus, liposome,
protein coating, or the like. Expression vectors suitable for
use 1n various aspects and embodiments of the present
invention include those into which a nucleic acid sequence
can be, or has been, mserted, along with any preferred or
required operational elements. Thus, an expression vector
can be transferred into a host cell and, typically, replicated
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therein (although, one can also employ, 1n some embodi-
ments, non-replicable vectors that provide for “transient™
expression). In some embodiments, an expression vector
that integrates into chromosomal, mitochondrial, or plastid
DNA 1s employed. In other embodiments, an expression
vector that replicates extrachromasomally 1s employed.
Typical expression vectors include plasmids, and expression
vectors typically contain the operational elements required
for transcription of a nucleic acid in the vector. Such
plasmids, as well as other expression vectors, are described
herein or are well known to those of ordinary skill 1n the art.

The terms “ferment”, “fermentative”, and “fermentation”
are used herein to describe culturing microbes under con-
ditions to produce useful chemicals, mcluding but not lim-
ited to conditions under which microbial growth, be 1t
aerobic or anaerobic, occurs.

The term “heterologous™ as used herein refers to a mate-
rial that 1s non-native to a cell. For example, a nucleic acid
1s heterologous to a cell, and so 1s a “heterologous nucleic
acid” with respect to that cell, 11 at least one of the following
1s true: (a) the nucleic acid 1s not naturally found 1n that cell
(that 1s, 1t 1s an “exogenous” nucleic acid); (b) the nucleic
acid 1s naturally found 1n a given host cell (that 1s, “endog-
enous to”), but the nucleic acid or the RNA or protein
resulting from transcription and translation of this nucleic
acid 1s produced or present in the host cell in an unnatural
(e.g., greater or lesser than naturally present) amount; (¢) the
nucleic acid comprises a nucleotide sequence that encodes a
protein endogenous to a host cell but differs 1n sequence
from the endogenous nucleotide sequence that encodes that
same protein (having the same or substantially the same
amino acid sequence), typically resulting in the protein
being produced 1n a greater amount 1n the cell, or 1n the case
of an enzyme, producing a mutant version possessing altered
(e.g. higher or lower or different) activity; and/or (d) the
nucleic acid comprises two or more nucleotide sequences
that are not found in the same relationship to each other 1n
the cell. As another example, a protein 1s heterologous to a
host cell if 1t 1s produced by translation of RNA or the
corresponding RNA 1s produced by transcription of a het-
erologous nucleic acid; a protein 1s also heterologous to a
host cell 1f 1t 1s a mutated version of an endogenous protein,
and the mutation was introduced by genetic engineering.

The terms “host cell” and “host microorganism™ are used
interchangeably herein to refer to a living cell that can be (or
has been) transformed via 1nsertion of an expression vector.
A host microorganism or cell as described herein may be a
prokaryotic cell (e.g., a microorganism of the kingdom
Eubacteria) or a eukaryotic cell. As will be appreciated by
one of skill 1n the art, a prokaryotic cell lacks a membrane-
bound nucleus, while a eukaryotic cell has a membrane-
bound nucleus.

The terms “isolated” or “pure” refer to material that 1s
substantially, e.g. greater than 50% or greater than 75%, or
essentially, e.g. greater than 90%, 95%, 98% or 99%, free of
components that normally accompany it 1n i1ts native state,
¢.g. the state 1n which 1t 1s naturally found or the state 1n
which 1t exists when 1t 1s first produced.

A carboxylic acid as described herein can be a salt, acid,
base, or derivative depending on the structure, pH, and 1ons
present. The terms “malonate” and “malonic acid™ are used
interchangeably herein. Malonic acid 1s also called propane-
dioic acid (C,H,O,; CAS#141-82-2).

The term “malonate-derived compounds™ as used herein
refers to mono-alkyl malonate esters, including, for example
and without limitation, mono-methyl malonate (also referred
to as monomethyl malonate, CAS#16695-14-0), mono-ethyl
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malonate (also referred to as monoethyl malonate,
CAS#1071-46-1), mono-propyl malonate, mono-butyl
malonate, mono-tert-butyl malonate (CAS#40052-13-9),
and the like; di-alkyl malonate esters, for example and
without limitation, dimethyl malonate (CAS#108-39-8),
diethyl malonate (CAS#105-33-3), dipropyl malonate
(CAS#1117-19-7), dibutyl malonate (CAS#1190-39-2), and
the like, and Meldrum’s acid (CAS#2033-24-1). The
malonate-derived compounds can be produced synthetically
from malonate and are themselves valuable compounds but
are also useful substrates 1n the chemical synthesis of a
number of other valuable compounds.

As used herein, the term “nucleic acid” and variations
thereof shall be generic to polydeoxyribonucleotides (con-
taining 2-deoxy-D-ribose) and to polyribonucleotides (con-
taining D-ribose). “Nucleic acid” can also refer to any other
type ol polynucleotide that 1s an N-glycoside of a purine or
pyrimidine base, and to other polymers containing non-
nucleotidic backbones, provided that the polymers contain
nucleobases 1n a configuration that allows for base pairing
and base stacking, as found in DNA and RNA. As used
herein, the symbols for nucleotides and polynucleotides are
those recommended by the IUPAC-IUB Commission of

Biochemical Nomenclature (Biochem. 9:4022, 1970). A
“nucleic acid” may also be referred to herein with respect to

its sequence, the order in which different nucleotides occur
in the nucleic acid, as the sequence of nucleotides 1n a
nucleic acid typically defines 1ts biological activity, e.g., as
in the sequence of a coding region, the nucleic acid 1n a gene
composed of a promoter and coding region, which encodes
the product of a gene, which may be an RNA, e.g. a rRNA,
tRNA, or mRNA, or a protein (where a gene encodes a
protein, both the mRNA and the protein are “gene products™
of that gene).

The term “operably linked” refers to a functional linkage
between a nucleic acid expression control sequence (such as
a promoter, ribosome-binding site, and transcription termi-
nator) and a second nucleic acid sequence, the coding
sequence or coding region, wherein the expression control
sequence directs or otherwise regulates transcription and/or
translation of the coding sequence.

The terms “optional” or “optionally” as used herein mean
that the subsequently described feature or structure may or
may not be present, or that the subsequently described event
or circumstance may or may not occur, and that the descrip-
tion includes mstances where a particular feature or structure
1s present and instances where the feature or structure is
absent, or instances where the event or circumstance occurs
and instances where 1t does not.

As used herein, “recombinant™ refers to the alteration of
genetic material by human intervention. Typically, recom-
binant refers to the manipulation of DNA or RNA 1n a cell
Or virus or expression vector by molecular biology (recom-
binant DNA technology) methods, including cloning and
recombination. Recombinant can also refer to manipulation
of DNA or RNA 1n a cell or virus by random or directed
mutagenesis. A “recombinant” cell or nucleic acid can
typically be described with reference to how it differs from
a naturally occurring counterpart (the “wild-type™). In addi-
tion, any reference to a cell or nucleic acid that has been
“engineered” or “modified” and variations of those terms, 1s
intended to refer to a recombinant cell or nucleic acid.

The terms “transduce”, “transform”, “transfect”, and
variations thereof as used herein refers to the imntroduction of
one or more nucleic acids 1nto a cell. For practical purposes,
the nucleic acid must be stably maintained or replicated by

the cell for a suflicient period of time to enable the func-
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tion(s) or product(s) it encodes to be expressed for the cell
to be referred to as “transduced”, “transformed”, or “trans-

tected”. As will be appreciated by those of skill 1n the art,
stable maintenance or replication of a nucleic acid may take
place either by incorporation of the sequence of nucleic
acids 1nto the cellular chromosomal DNA, e.g., the genome,
as occurs by chromosomal integration, or by replication
extrachromosomally, as occurs with a freely-replicating
plasmid. A virus can be stably maintained or replicated when
it 1s “infective”: when 1t transduces a host microorganism,
replicates, and (without the benefit of any complementary
virus or vector) spreads progeny expression vectors, €.g.,
viruses, ol the same type as the original transducing expres-
sion vector to other microorganisms, wherein the progeny
expression vectors possess the same ability to reproduce.

Recombinant Host Cells

In one aspect, the mvention provides a recombinant host
cell capable of producing malonate, the host cell comprising
a heterologous nucleic acid encoding a malic acid transport
protein (herein referred to as a MAFE] transport protein or a
MAE] transporter). In one embodiment, the recombinant
host cell has been engineered to produce malonate. In
another embodiment, the recombinant host cell natively
produces malonate.

The present invention results 1n part from the discovery
that a host cell expressing a MAEI] transport protein results
in 1ncreased production of malonate relative to a parental
host cell that does not express the MAFE] transport protein.
Any suitable host cell may be used in practice of the
methods of the present invention. In some embodiments, the
host cell 1s a recombinant host microorganism capable of
producing malonate that comprises a nucleic acid encoding,
a MAE] transport protein that results 1n expression of the
transport protein and provides an increase in the yield, titer,
and/or productivity of malonate relative to a “control cell” or
“reference cell” that does not express the transport protein,
or produces less of 1t. A “control cell” 1s thus used for
comparative purposes, and can be a recombinant parental
cell that does not contain one or more of the modification(s)
that result in MAFEI1 transport protein expression (or
increased expression) in the host cell of the invention.
Malonate 1s not naturally produced at high concentrations 1n
naturally occurring microbes (1.e. non-recombinant
microbes).

A variety of recombinant host cells are useful in accor-
dance with the methods of the mnvention. In an 1mportant
embodiment, the recombinant host cell 1s a yeast cell. Yeast
cells are excellent host cells for construction of recombinant
metabolic pathways comprising heterologous enzymes cata-
lyzing production of small molecule products. There are
established molecular biology techniques and nucleic acids
encoding genetic elements necessary for construction of
yeast expression vectors, including, but not limited to,
promoters, origins ol replication, antibiotic resistance mark-
ers, auxotrophic markers, terminators, and the like. Second,
techniques for integration of nucleic acids into the yeast
chromosome are well established. Yeast also offers a number
of advantages as an industrial fermentation host. Yeast cells
can tolerate high concentrations of organic acids and main-
tain cell viability at low pH and can grow under both aerobic
and anaerobic culture conditions, and there are established
fermentation broths and fermentation protocols. The ability
of a strain to propagate and/or produce desired product
under low pH provides a number of advantages with regard
to the present mvention. First, this characteristic provides
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tolerance to the environment created by the production of
malonate. Second, from a process standpoint, the ability to
maintain a low pH environment limits the number of organ-
isms that are able to contaminate and spoil a batch.

In various embodiments, yeast cells useful 1n the method
of the invention include yeasts of a genera selected from the
non-limiting group consisting of Aciculoconidium, Ambro-
siozyma, Arthroascus, Avxiozyma, Ashbya, Babjevia, Bens-
ingtonia, Botryoascus, Boitryozyma,  Brettanomyces,
Bullera, Bulleromyces, Candida, Citevomyces, Clavispora,
Cryptococcus, Cystofilobasidium, Debaryomyces, Dekkara,
Dipodascopsis, Dipodascus, FEeniella, Endomycopsella,
Eremascus, Eremothecium, Evythrobasidium, Fellomyces,
Filobasidium, Galactomyces, Geotrichum, Guilliermon-
della, Hanseniasporva, Hansenula, Hasegawaea, Holter-
mannia, Hormoascus, Hyphopichia, Issatchenkia, Kloeck-
era, Kloeckeraspora, Kluyveromyces, Kondoa, Kuraishia,
Kurtzmanomyces, Leucosporidium, Lipomyces, Lodderomy-
ces, Malassezia, Metschnikowia, Mrakia, Myxozyma, Nad-
sonia, Nakazawaea, Nematospora, Ogataea, Oosporidium,
Pachysolen, Phachytichospora, Phaffia, Pichia, Rhodospo-
ridium, Rhodotorula, Saccharomyces, Saccharvomycodes,
Saccharomycopsis, Saitoella, Sakaguchia, Saturnospora,
Schizoblastosporion, Schizosaccharomyces, Schwanniomy-
ces, Sporidiobolus, Sporobolomyces, Sporopachyvdermia,
Stephanoascus, Stervigmatomyces, Stevigmatosporidium,
Symbiotaphrina, Sympodiomyces, Sympodiomycopsis, Toru-
laspora, T¥ichosporiella, Trichosporon, Irigonopsis,
Isuchivaea, Udeniomyces, Waltomyces, Wickerhamia, Wick-
erhamiella, Williopsis, Yamadazyma, Yarrowia, Zygoascus,
Zyvgosaccharomyces, Zygowilliopsis, and Zygozyma, among
others.

In various embodiments, the yeast cell 1s of a species
selected from the non-limiting group consisting of Candida
albicans, Candida ethanolica, Candida guilliermondii, Can-
dida krusei, Candida lipolvtica, Candida methanosorbosa.
Candida sonorensis, Candida tvopicalis, Candida utilis,
Cryptococcus curvatus, Hansenula polymorpha, Issatchen-
kia orientalis, Kluyveromyces lactis, Kluyveronmyces
marxianus, Kluyveromyces thermotolerans, Komagataella
pastoris, Lipomyces starkeyi, Pichia angusta, Pichia deser-
ticola, Pichia galeiformis, Pichia kodarnae, Pichia kudria-
vzevii, Pichia membranaefaciens, Pichia wmethanolica,
Pichia pastoris, Pichia salictaria, Pichia stipitis, Pichia
thermotolerans, Pichia trehalophfia, Rhodosporidium toru-
loides, Rhodotorula glutinis, Rhodotorula graminis, Sac-
charomyces bayanus, Sacchavomyces boulardi, Saccharo-
myces cerevisiae, Saccharomyces kluyveri,
Schizosaccharvomyces pombe and Yarrowia lipolytica. One
skilled 1n the art will recognize that this list encompasses
yeast 1 the broadest sense, including both oleaginous and
non-oleaginous strains.

In certain embodiments, the recombinant yeast cells pro-
vided herein are engineered by the introduction of one or
more genetic modifications (including, for example, ntro-
duction of heterologous nucleic acids encoding MAE] trans-
port proteins) into a Crabtree-negative yeast cell. As used
herein, “a Crabtree-negative yeast cell” refers to a yeast cell
that does not undergo 1immediate aerobic alcohol fermenta-
tion 1n response to addition of excess sugar following
growth under sugar-limited conditions. In certain of these
embodiments, the host cell belongs to the Pichia/lssatchen-
kia/Saturnispora/Dekkera Glade. In certain of these embodi-
ments, the host cell belongs to the genus selected from the
group consisting ol Pichia, Issatchenkia, or Candida. In
certain embodiments, the host cell belongs to the genus
Pichia. In one embodiment, the recombinant host cell 1s a
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Pichia kudriavzevii host cell. Examples 1 and 2, below,
illustrate the use of Pichia kudriavzevii 1n accordance with
the 1invention.

In certain embodiments, the recombinant host cells pro-
vided herein are engineered by introduction of one or more
genetic modifications 1mnto a Crabtree-positive yeast cell. As
used herein, “a Crabtree-positive yeast cell” refers to a yeast
cell that undergoes immediate aerobic alcohol fermentation
in response to addition of excess sugar following growth
under sugar-limited conditions. In certain of these embodi-
ments, the host cell belongs to the Saccharomyces Glade. In
certain of these embodiments, the host cell belongs to a
genus selected from the group consisting of Saccharomyces,
Hanseniaspora, and Kluyveromyces. In certain embodi-
ments, the host cell belongs to the genus Saccharomyces. In
one embodiment, the host cell 1s Sachcharomyces kluyveri.
In another embodiment, the recombinant host cell 1s a
Saccharomyces cerevisiae host cell.

Members of the Pichia/lssatchenkia/Saturnispora/
Dekkera or the Saccharomyces Glade are identified by
analysis of theiwr 26S ribosomal DNA using the methods
described by Kurtzman C. P., and Robnett C. I., (*Identifi-
cation and Phylogeny of Ascomycetous Yeasts from Analy-
s1s of Nuclear Large Subunit (26S) Ribosomal DNA Partial
Sequences”, Atonie van Leeuwenhoek 73(4):331-371;
1998). Kurtzman and Robnett report analysis of approxi-
mately 500 ascomycetous yeasts were analyzed for the
extent ol divergence in the variable D1/D2 domain of the
large subunit (26S) ribosomal DNA. Host cells encom-
passed by a Glade exhibit greater sequence 1dentity in the
D1/D2 domain of the 26S ribosomal subunit DNA to other
host cells within the Glade as compared to host cells outside
the Glade. Therefore, host cells that are members of a Glade
(e.g., the Pichia/lssatchenkia/Saturnispora/Dekkera or Sac-
charomyces clades) can be 1dentified using the methods of
Kurtzman and Robnett.

Recombinant host cells other than yeast cells are also
suitable for use in accordance with the methods of the
invention. Illustrative examples 1include various eukaryotic,
prokaryotic, and archaeal host cells. Illustrative examples of
cukaryotic host cells provided by the mvention include, but
are not limited to cells belonging to the genera Aspergillus,
Crypthecodinium, Cunninghamella, Entomophthora, Mor-
tievella, Mucor, Neurospora, Pythium, Schizochytrium,
Thraustochytrium  1richoderma, — Xanthophyvliomyces.
Examples of eukaryotic strains include, but are not limited
to: Aspergillus niger, Aspergillus oryzae, Crypthecodiniurri
cohnii, Cunninghamella japonica, Entomophthora corvo-
nata, Mortierella alpina, Mucor circinelloides, Neurospora
crassa, Pythium ultimum, Schizochyvtrium [limacinum,
Thraustochytrium aureurri, Trichoderma reesei, and Xan-
thophvllomyces dendrovhous.

Hlustrative examples of recombinant archaea host cells
provided by the invention include, but are not limited to,
cells belonging to the genera: Aeropyrum, Avchaeglobus,
Halobacterium, Methanococcus, Methanobacterium, Pyro-
coccus, Sulfolobus, and Thermoplasma. Examples of archae
strains 1nclude, but are not limited to Archaeoglobus fulgi-
dus, Halobacterium sp., Methanococcus jannaschii, Metha-
nobacterium thevrmoautotrophicum, Thermoplasma aci-
dophilum, Thermoplasma  volcanium,  Pyrococcus
horikoshii, Pyrococcus abyssi, and Aevopyrum pernix.

[lustrative examples of recombinant prokaryotic host
cells provided by the invention include, but are not limited
to, cells belonging to the genera Agrobacterium, Alicycloba-
cillus, Alnabaena, Anacystis, Avthrobacter, Azobacter, Bacil-
lcus, Brevibacterium, Chromatium, Clostridium, Coryne-
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bacterium, Enterobacter Erwinia, Escherichia,
Lactobacillus, Lactococcus, Mesorhizobium, Methylobacte-

rium, Microbacterium, Phomndium, Pseudomonas, Rhodo-
bacter, Rhodopseudomonas, Rhodospirillum, Rhodococcus,
Salmonella, Scenedesmun, Serratia, Shigella, Staphiococ-
cus, Strepromyces, Symnecoccus, and Zymomonas.
Examples of prokaryotic strains include, but are not limited
to Bacillus subtilis, Brevibacterium ammoniagenes, Bacillus
arnviloliquefacines, Brevibacterium ammoniagenes, Brevi-
bacterium immariophilum, Clostridium  beigerinckii,
Enterobacter sakazakii, Fscherichia coli, Lactobacillus aci-
dophilus, Lactococcus lactis, Mesorhizobium loci,
Pseudomonas  aeruginosa, Pseudomonas mevalonii,
Pseudomonas pudita, Rhodobacter capsulatus, Rhodo-
bacter sphaeroides, Rhodospirillum mbrum, Salmonella
enterica, Salmonella typhi, Salmonella typhimurium, Shi-
gella dysenteriae, Shigella flexneri, Shigella sonnei, and
Staphviococcus aureus.

Escherichia coli 1s a particularly good prokaryotic host
cell for use 1n accordance with the methods of the invention.
E. coli 1s well utilized 1n industrial fermentation of small-
molecule products and can be readily engineered. Unlike
most wild type yeast strains, wild type £. coli can catabolize
both pentose and hexose sugars as carbon sources. The
present invention provides a wide variety of recombinant £.
coli host cells suitable for use 1n the methods of the
invention. In one embodiment, the recombinant host cell 1s
an Escherichia coli host cell.

Certain of these host cells, including Saccharomyces
cerevisiae, Bacillus subtilis, Lactobacillus acidophilus, have
been designated by the Food and Drug Administration as
Generally Regarded As Sate (or GRAS) and so are
employed 1n various embodiments of the methods of the
invention. While desirable from public safety and regulatory
standpoints, GRAS status does not impact the ability of a
host strain to be used in the practice of this invention; hence,
non-GRAS and even pathogenic organisms are included in
the list of illustrative host strains suitable for use in the
practice of this mvention.

MAE]1 Transport Proteins

In accordance with the present invention, certain MAEI]
transport proteins have the capacity to transport malonate
and increase malonate production in host cells, including
naturally occurring host cells but especially recombinant
host cells engineered to produce malonate (as per PCT Pub.
No. WO 13/134424, supra). An MAE] transport protein may
secrete malonate 1n an 1onic form and 1n a protonated form.
An MAFI1 transport protein may transport other species, for
example a hydrogen 10on, together with malonate. Malonate
transport as used herein may be export of malonate from the
interior of a cell to the exterior, and/or import of malonate
from the exterior to the interior.

As described below, a variety of methods and assays may
be used by those skilled in the art to determine 1 a putative
transport protein 1s a MAEI] transport protein capable of
increasing malonate production by a recombinant host cell.
For example, the percent sequence identity of a putative
MAE] transport protein relative to a reference MAE] trans-
port protein sequence 1s used to determine 1 a putative
transport protein 1s an MAE]1 transport protein. Percent
sequence 1dentity 1s determined by aligning the protein
sequence against a reference sequence. The reference
sequence can be a consensus sequence or a specific protein
sequence. Those skilled 1n the art will recognize that various
sequence alignment algorithms are suitable for aligning a
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protein with a reference sequence. See, for example, Needle-
man, S B, et al “A general method applicable to the search

for similarities 1n the amino acid sequence of two proteins.”
Journal of Molecular Biology 48 (3): 443-53 (1970). Fol-
lowing alignment of the protein sequence relative to the
reference sequence, the percentage of positions where the
protein possesses an amino acid (or a dash where no amino
acid 1s present) described by the same position in the
reference sequence determines the percent sequence iden-
tity. When a degenerate amino acid (represented by Xaa or
X) 1s present 1n a reference sequence, any of the amino acids
described by the degenerate amino acid may be present 1n
the protein at the aligned position for the protein to be
identical to the reference sequence at the aligned position.

The Aspergillus niger A2R8T9 MAFI1 reference sequence
(SEQ ID NO: 1) 1s useful for determining the percentage
sequence 1dentity between a putative MAFE] transport pro-
tein and a MAE] transport protein useful in accordance with
the present invention. Suitable MAFE] transport proteins will
have at least 25% amino acid sequence 1dentity to SEQ ID
NO: 1, and may, for example and without limitation, have at

least 50%, 75%, 95%, or greater 1dentity to SEQ ID NO: 1.
Thus, proteins G7XR17 (SEQ ID NO: 2, 96% identity),
QODI1U9 (SEQ ID NO: 3, 61% sequence 1dentity), P50537
(SEQ ID NO: 4, 30% sequence 1dentity), and O3598135 (SEQ
ID NO: 3, 25% sequence 1dentity) have the requisite identity

to SEQ ID NO: 1. In contrast, Saccharomyces cerevisiae
proteins PDRS (UniProt ID: P33302, 4% 1dentity), PDR10

(UnmiProt ID: P51333, 4% identity), PDR11 (UniProt ID:
P40550, 4% identity), PDR12 (UniProt ID: Q02785, 3%
identity), PDR15 (UniProt ID: Q04182, 4% identity), and
PDR18 (UniProt ID: P33756, 5% i1dentity) all have less than
25% amino acid identity to SEQ ID NO: 1, and are not
MAE] transport proteins. Example 1 further provides meth-
ods for determining 1f a putative transporter 1s an MAFEI
transport protein and increases malonate production 1n a
recombinant microbe.

Generally, homologous proteins share substantial
sequence 1dentity. Any protein substantially homologous to
a protein specifically described herein can be used 1n a host
cell of the invention. One protein 1s homologous to another
(the “reference protein™) when 1t exhibits the same activity
of interest and can be used for substantially similar purposes.
If a protein shares substantial homology to a reference
sequence herein but has suboptimal, including no, MAE]
transport protein activity, then, i accordance with the
invention, 1t can be mutated to conform to a reference
sequence provided herein to provide a MAE1 transport
protein of the ivention.

Source of MAE] Transport Proteins

The heterologous nucleic acids encoding a MAFE] trans-
porter may be obtained from microorganisms of any genus.
For purposes of the present invention, the term “‘obtained
from”™ as used herein 1n connection with a given source shall
mean that the MAE]1 transporter encoded by a nucleic acid
1s produced by the source, or by a cell 1n which the nucleic
acid from the source has been 1nserted. It will be understood
that for the organisms indicated below, the invention encom-
passes taxonomic equivalents (e.g., anamorphs and teleo-
morphs) regardless of the species name by which they are
known. Those skilled 1n the art will recognize the 1dentity of
appropriate equivalents.

In one embodiment, the recombinant host cell capable of
producing malonate comprises a nucleic acid encoding a
cukaryotic MAE]1 transport protein that results 1n expression
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of the transport protein and provides an increase 1n the yield,
titer, and/or productivity of malonate relative to a control

cell that does not express the transport protein, or produces
less of 1t.

MAE]1 Transport Proteins Obtained from
Aspergillus Species or Homologous Thereto

In some embodiments, the recombinant host cell capable
of producing malonate comprises a nucleic acid encoding a
MAE] transport protein obtained from an Aspergillus spe-
cies (or sigmificantly homologous thereto) that results 1n
expression of the transport protein and provides an increase
in the yield, titer, and/or productivity of malonate relative to
a control cell that does not express the transport protein, or
produces less of 1t. In various embodiments, the nucleic acid
encoding a MAE] transport protein 1s obtained from an
organism selected from the group consisting of, but not
limited to, Aspergillus clavatus, Aspergillus flavus, Asper-
gillus fumigatus, Aspergillus kawachii, Aspergillus nidulans,
Aspergillus niger, Aspergillus ovyzae, and Aspergillus ter-
reus (or 1s homologous to such a nucleic acid). In various
embodiments, the nucleic acid encodes a MAE] transport
protein selected from the group consisting of Aspergillus
niger A2R8T9 (SEQ ID NO: 1), Aspergillus kawachi
G7XR17 (SEQ ID NO: 2), and Aspergillus terreus QOD1U9
(SEQ ID NO: 3). Example 1 demonstrates, in accordance
with the methods of the imvention, how expression of
various MAE] transport proteins obtained from Aspergillus
species (SEQ ID NOs: 1, 2, and 3) by recombinant host cells
increases malonate yields and titers relative to parental,
control cells that do not express said MAE] transport
proteins. These recombinant host cells have been engineered
to express said MAE] transport proteins through transior-
mation with heterologous nucleic acids encoding the MAEI
transporters. Likewise, Example 3 demonstrates, 1n accor-
dance with the methods of the invention, how malonate
productivity 1s increased through fermentation of recombi-
nant host cells expressing MAE] transport proteins obtained
trom Aspergillus species and that are capable of producing
malonate.

In one embodiment, the recombinant host cell capable of
producing malonate comprises a nucleic acid encoding an
Aspergillus niger A2R8T9 MAEI transport protein (SEQ ID
NO: 1) and provides an increase 1n the yield, titer, and/or
productivity of malonate relative to a control cell that does
not express the Aspergillus niger A2R81T9 MAFEI] transport
protein, or produces less of 1t. In some embodiments of the
invention, the recombinant host cell capable of producing
malonate and comprising a nucleic acid encoding an Asper-
gillus niger A2R81T9 MAE] transport protein (SEQ ID NO:
1) 1s a Pichia kudriavzevii host cell. In other embodiments
of the ivention, the recombinant host cell capable of
producing malonate and comprising a nucleic acid encoding
an Aspergillus niger A2R8T9 MAE] transport protein (SEQ
ID NO: 1) 1s a Sacharromyces cerevisiae host cell.

MAEI transport proteins useful 1in the compositions and
methods provided herein include proteins that are “homolo-
gous” to the MAE] transport proteins obtained from Asper-
gillus species and described herein. Such homologs have the
following characteristics: (1) capable of transporter activity
that 1s 1dentical, or essentially identical, or at least substan-
tially similar with respect to ability to transport malonate
across the cell membrane to that of one of the MAFI
transport proteins exemplified herein; (2) shares substantial
sequence 1dentity with an MAE] transport protein described
herein; and/or (3) comprises a substantial number of amino
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acids corresponding to highly conserved amino acids 1n a
MAE] transport protein described herein.

A “homolog” as used herein refers to a protein that shares
substantial sequence 1dentity to a reference protein, such as
an MAFE] transport protein, i1f the amino acid sequence of
the homolog 1s at least 25%, at least 50%, at least 60%, at
least 70%, at least 80%, at least 90%, at least 95%, or at least
9’7% the same as that of an MAFE] transport protein set forth
herein.

A number of amino acids 1n the MAE] transport proteins
provided by the invention are highly conserved across
MAE]1 transport proteins generally, and proteins homolo-
gous to a MAE] transport protein of the mvention will
generally possess a substantial number of these highly
conserved amino acids. The presence of a highly conserved
amino acid in the query protein 1s determined by first
aligning the query protein against the reference sequence;
once aligned, the amino acid residue at the highly conserved
position 1n the reference protein 1s compared to the amino
acid residue in the corresponding location in the query
protein. If the amino acid residues are the same, then the
query protein 1s said to possess this conserved amino acid.
A homolog 1s said to comprise a substantial number of
highly conserved amino acids 1f at least a majority, often
more than 90%, and sometimes all of the highly conserved
amino acids are found 1in the homologous protein.

MAEI] transport proteins suitable for use in accordance
with the methods of the invention include those that are
homologous to the Aspergillus niger A2ZR8T9 MAE] trans-
port protein sequence (SEQ ID NO: 1). In one embodiment,
suitable MAE]1 transport proteins for use 1n accordance with
the methods of the mvention have at least 25% 1dentity to

this MAFE]1 transport protein reference sequence. In other
embodiments, suitable MAE]1 transport proteins have at
least 60% 1dentity to SEQ ID NO: 1. In various embodi-
ments, the MAE] transport protein has malonate transporter
activity and comprises an amino acid sequence having at a
percentage sequence identity to SEQ ID NO: 1 of at least
50%, for example, at least 55%, at least 60%, at least 65%,
at least 70%, at least 75%, at least 80%, at least 85%, at least
90%, at least 92%, at least 94%, at least 95%, at least 96%,
at least 97%, at least 98%, at least 99%, or 100% amino acid
sequence 1dentity to SEQ ID NO: 1.

In some embodiments, a MAFEI] transport protein with
equal to or greater than 25% identity to the reference
sequence SEQ ID NO: 1 1s expressed 1n a recombinant host
cell capable of producing malonate and 1s used to increase
the production of malonate 1n said host cell relative the
parental host cell. In other embodiments, a MAE] transport
protein with equal to or greater than 60% identity to the
reference sequence SEQ ID NO: 1 1s expressed 1n a recom-
binant host cell capable of producing malonate and 1s used
to increase the production of malonate 1n said host cell
relative the parental host cell. MAE] proteins possessing,
substantial sequence homology to SEQ ID NO: 1 and, when
expressed 1 a host cell capable of producing malonate,
increase production of malonate include, but are not limited
to, G7XR17 (SEQ ID NO: 2; 96% 1dentity), QOD1U9 (SEQ
ID NO: 3; 61% identity), P50537 (SEQ ID NO: 4; 30%
identity), and O59815 (SEQ ID NO: 5; 25% identity). As
illustrated 1n Example 1, nucleic acids encoding A2R8T9,
G7XR17, QOD1U9, P50537, and 059815 MAEI]1 transport
proteins were heterologously expressed 1 a recombinant
Pichia kudriavzevii host cell comprising a malonyl-CoA
hydrolase and increased malonate titers 1n the fermentation

broth.
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As 1llustrated 1n Example 2, recombinant expression
vectors of the mvention comprising nucleic acids encoding
the A2R8T9 MAEI1 ftransport protein are heterologously
expressed 1n a genetically modified Pichia kudriavzevii host
cell comprising a malonyl-CoA hydrolase and increase
malonate productivity. As illustrated 1n Example 3, fermen-
tation of recombinant host cells capable of producing
malonate and expressing MAE] transport proteins 1n accor-
dance with the methods of the invention increased malonate
productivity.

There are 80 highly conserved amino acids in Aspergillus
niger A2R8T9 MAE] transport protein (SEQ ID NO: 1):

R57, H60, F61, T62, W63, W65, M70, G73, G74, FR6, GBS,
.89, R114, F1135, 1116, E130, F133, T136, L139, 1141,
1143, 1145, L148, L167, 1170, F187, T196, P199, L203,
P204, F206, P207, M209, G212, 1214, A215, Q222, P223,
A224, G234, F237, Q238, G239, L240, G241, F242, A250,
R255, G260, L261, R267, P268, G269, M270, F271, V274,
P276, P2777, F279, 1.282, 1.284, G299, F320, L.324, C330,
A332, F344, W348, A350, F353, N355, G357, S371, R398,
A399, P408, G409, D411, E412, D413. MAE] transport
proteins homologous to SEQ ID NO: 1 generally possess a
majority, often more than 90%, and sometimes all of these
highly conserved amino acids. In various embodiments, host
cells of invention express a MAE] transport protein that has
at least 95% of these highly conserved amino acids. For
example, QOD1U9 (SEQ ID NO: 3) possess all 80 (i.e.,
100%) of the highly conserved amino acids in SEQ ID NO:
1. The location of these amino acids in SEQ 1D NO: 3 are
as follows (the corresponding location 1n SEQ ID NO: 1 1s
provided 1n parentheses): R34 (R57), H37 (H60), F38 (F61),
139 (T62), W40 (W63), W42 (W65), M47 (M70), G50
(G73), G51 (G74), F63 (F86), G65 (G8Y), L66 (LL.8Y), RI1
(R114), F92 (F115), 193 (1116), E107 (E130), F110 (F133),
T113 (T136), L116 (L139), 1118 (1141), T120 (T143), 1122
(1145), L125 (L148), L144 (L167), 1147 (1170), F164
(F187), T173 (T196), P176 (P199), L180 (L203), P181
(P204), F183 (F206), P184 (P207), M186 (M209), G189
(G212), 1191 (1214), A192 (A215), Q199 (Q222), P200
(P223), A201 (A224), G211 (G234), F214 (F237), Q215
(Q238), G216 (G239), L217 (L240), G218 (G241), F219
(F242), A227 (A250), R232 (R255), G237 (G260), L238
(L261), R244 (R267), P245 (P268), G246 (G269), M247
(M270), F248 (F271), V251 (V274), P253 (P276), P234
(P277), F256 (F279), L259 (1L282), L261 (L284), G276
(G299), F297 (F320), L301 (LL324), C307 (C330), A309
(A332), F321 (F344), W325 (W348), A327 (A350), F330
(F353), N332 (N353), G334 (G357), 5348 (S371), R375
(R398), A376 (A399), P385 (P408), G386 (G409), D388
(D411), E389 (E412), and D390 (D413). Thus, MAEI
transport protein QODI1U9 has over 95% of the highly
conserved amino acids found in SEQ ID NO: 1 and 1s thus
homologous to SEQ ID NO: 1. Other MAFEI1 transport
proteins homologous to SEQ ID NO: 1 include those
encoded by the protein sequences set forth in SEQ ID NOs:
1, 2, 4, and 3.

Other MAFE] transport protein sequences in addition to
the Aspergillus niger A2R81T9 MAFEI] transport protein
(SEQ ID NO: 1) are also useful in identifying and/or
constructing other MAE] transport proteins (and nucleic
acids that encode them) suitable for use in accordance with
the methods of the invention. In various embodiment, a
suitable MAE] transport protein for use in accordance with
the methods of the invention has malonate transporter activ-
ity and comprises an amino acid sequence having a percent-
age 1dentity to SEQ ID NO: 2 of at least 33%, for example,
at least 50%, at least 55%, at least 60%, at least 65%, at least
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70%, at least 75%, at least 80%, at least 85%, at least 90%,
at least 92%, at least 94%, at least 95%, at least 96%, at least

7%, at least 98%, at least 99%, or 100% amino acid

sequence 1dentity to SEQ ID NO: 2. In other embodiments,
a suitable MAFEI]1 transport protein for use in accordance
with the methods of the invention has malonate transporter
activity and comprises an amino acid sequence having a
percentage 1dentity to SEQ ID NO: 3 of at least 50%, for
example, at least 55%, at least 60%, at least 65%, at least
70%, at least 75%, at least 80%, at least 85%, at least 90%,
at least 92%, at least 94%, at least 95%, at least 96%, at least
97%, at least 98%, at least 99%, or 100% amino acid
sequence 1dentity to SEQ ID NO: 3.

MAEI] Transport Proteins Obtained from
Schizosaccharomyces Species or Homologous
Thereto

In addition to MAE] transport proteins obtaimned from
Aspergillus species and their homologous counterparts, the
invention also provides MAE] transport proteins obtained
trom Schizosaccharomyces species (and homologous coun-
terpart proteins) suitable for use in accordance with the
methods of the invention. In some embodiments, the recom-
binant host cell capable of producing malonate comprises a
nucleic acid encoding a MAE]1 transport protein obtained
from a Schizosaccharomyces species that results 1 expres-
sion of the transport protein and provides an increase in the
yield, titer, and/or productivity of malonate relative to a
control cell that does not express the transport protein, or
produces less of it. In various embodiments, the nucleic acid
encoding a MAE] transport protein 1s obtained from an
organism selected from the group consisting of, but not
limited to, Schizosaccharomyces cryvophilus, Schizosaccha-
romyces japonica, Schizosaccharvomyces octosporus, and
Schizosaccharomyces pombe.

In one embodiment, the recombinant host cell capable of
producing malonate comprises a nucleic acid encoding a
Schizosaccharomyces pombe P503537 MAE] transport pro-
tein (SEQ ID NO: 4) and provides an increase in the yield,
titer, and/or productivity of malonate relative to a control
cell that does not express the Schizosaccharomyces pombe
P50537 MAE] transport protein, or produces less of it. In
another embodiment, the recombinant host cell capable of
producing malonate comprises a nucleic acid encoding a
Schizosaccharomyces pombe 059815 MAEI] transport pro-
tein (SEQ ID NO: 5) and provides an increase 1n the yield,
titer, and/or productivity of malonate relative to a control
cell that does not express the Schizosaccharomyces pombe
059815 MAFI transport protein. Example 1 demonstrates
how practice of the mvention using Schizosaccharomyces
pombe P503377 and 059815 MAEI transport proteins (SEQ
ID NOs: 4 and 3) in recombinant Pichia host cells increased
malonate titer and yield relative to control cells not express-
ing these MAEI transporters.

Suitable MAE] transport proteins for use in accordance
with the methods of the invention include those that are
homologous to the Schizosaccharomyces pombe P50537
MAE] transport protein sequence (SEQ ID NO: 4). In one
embodiment, suitable MAFE]1 transport proteins for use 1n
accordance with the methods of the invention have at least
33% 1dentity to this MAFEI1 transport protein relference
sequence. In another embodiment, suitable MAFE] transport
proteins for use in the methods of invention have at least
50% 1dentity to SEQ ID NO: 4. In various embodiments, the
MAE] transport protein has malonate transporter activity
and comprises an amino acid sequence having at a percent-
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age sequence 1dentity to SEQ ID NO: 4 of at least 50%, for
example, at least 55%, at least 60%, at least 65%, at least

70%, at least 75%, at least 80%, at least 85%, at least 90%,
at least 92%, at least 94%, at least 95%, at least 96%, at least
97%, at least 98%, at least 99%, or 100% amino acid
sequence 1dentity to SEQ ID NO: 4. In some embodiments,
a MAE] transport protein with equal to or greater than 33%
identity to the reference sequence SEQ ID NO: 4 1s
expressed 1n a recombinant host cell capable of producing
malonate and 1s used to increase the production of malonate
in said host cell relative the parental host cell.

The 1nvention also provides expression vectors for
expressing Schizosaccharomyces pombe O59815 MAFEI]
transport protemn (SEQ ID NO: 5). The natural coding
sequence can be used in identilying and/or constructing
MAE] transport protein coding sequences suitable for use 1n
accordance with the methods of the mvention. In various
embodiments, a suitable MAE] transport protein for use 1n
accordance with the methods of the invention has malonate
transporter activity and comprises an amino acid sequence
having a percentage i1dentity to SEQ ID NO: 5 of at least
50%, for example, at at least 55%, at least 60%, at least 65%,
at least 70%, at least 75%, at least 80%, at least 85%, at least
90%, at least 92%, at least 94%, at least 95%, at least 96%,
at least 97%, at least 98%, at least 99%, or 100% amino acid
sequence 1dentity to SEQ ID NO: 5. In some embodiments,
a MAFE]1 transport protein with equal to or greater than 50%
identity to the reference sequence SEQ ID NO: 5 1s
expressed 1n a recombinant host cell capable of producing
malonate and provides an increase 1 malonate production
relative to a parental cell not expressing said MAE] trans-
port protein.

MAE]1 Consensus Sequences

MAEI]1 transport proteins suitable for use in the compo-
sitions and methods of the invention include those MAEI]
transport proteins homologous to MAE]l consensus
sequences described herein. A consensus sequence provides
a sequence ol amino acids 1 which each position 1dentifies
the amino acid (if a specific amino acid 1s identified) or a
subset ol amino acids (1f a position 1s 1dentified as variable)
most likely to be found at a specified position 1n a MAFE]
transport protein. At positions 1 a consensus sequence
where one of a subset of amino acids can be present, the
following abbreviations are used below when referring to
subsets of amino acids: B represents that one of the amino
acids R, K, or H 1s present at the indicated position; J
represents that one of the amino acids D or E 1s present at
the mdicated position; O represents that one of the amino
acids I, L, or V 1s present at the indicated position. The
percent sequence 1dentity of a protein relative to a consensus
sequence 1s determined by aligning the query protein
sequence against the consensus sequence.

Proteins homologous to MAE]1 consensus sequences have
the following characteristics: (1) 1s capable of transporter
activity that 1s 1dentical, or essentially identical, or at least
substantially similar with respect to ability to transport
malonate across the cell membrane to that of one of the
MAE] transport proteins exemplified herein; (2) 1t shares
substantial sequence identity with a MAE] consensus
sequence described herein; and/or (3) it possesses a sub-
stantial number of highly conserved amino acids found 1n a
MAE] consensus sequence described herein.

Two MAEFEI] consensus sequences provided herein are
useful 1n identifying and constructing nucleic acids that
encode MAE] proteins suitable for use 1n the methods of the
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invention: (1) an MAE] consensus sequence based on Asper-
gillus MAE] transport proteins and referred to herein as an
“Aspergillus MAFE] consensus sequence” (SEQ ID NO: 7);
and (1), a MAE] consensus sequence based on both Asper-
gillus and Schizosaccharomyces pombe MAE] transport
proteins (SEQ ID NO: 8).

In various embodiments, a recombinant host cell capable
of producing malonate expresses an MAE] transport protein
with at least 45% sequence identity to SEQ ID NO: 7 and
provides an increase in malonate yield, titer, and/or produc-
tivity relative to a control cell that does not express said
MAE] transport protein. In some embodiments, the recom-
binant host cell expresses a protein with at least 80% 1dentity
to SEQ ID NO: 7. In still further embodiments, the recom-
binant host cell expresses a protein with a least 85%, at least
90%, at least 95%, or greater than 95% sequence 1dentity to

SEQ ID NO: 7. For example, the Aspergillus niger A2R8T9
(SEQ ID NO: 1), Aspergillus kawachi G7XR17 (SEQ ID
NO: 2), Aspergillus terreus QOD1U9 (SEQ ID NO: 3),
Schizosaccharomyces pombe P50337 (SEQ ID NO: 4), and
Schizosaccharvomyces pombe O59815 (SEQ ID NO: 5)
sequences are 100%, 100%, 94%, 52%, and 49% 1dentical to
the Aspergillus MAE]1 consensus sequence (SEQ ID NO: 7);
therefore, all five of these sequence are homologous to
consensus sequence SEQ ID NO: 7. Additional proteins
homologous to consensus sequence SEQ ID NO: 7 include,

but are not limited to, those selected from the group con-
s1sting of: UniProt ID QO0D1U9 (94% 1dentity to Seq ID NO:

7), UniProt ID B8NSEO (89% 1dentity to Seq ID NO: 7),
UniProt ID 177514 (89% 1dentity to Seq ID NO: 7), UniProt
ID S8AYC2 (88% 1identity to Seq 1D NO: 7), UniProt ID
A1C406 (87% identity to Seq ID NO: 7), UniProt ID
Q2UHT6 (87% 1identity to Seq ID NO: 7), UniProt ID
AIDB74 (86% identity to Seq ID NO: 7), UniProt ID
KIOGWNI1 (86% identity to Seq ID NO: 7), UniProt ID
K9GI69 (86% i1dentity to Seq ID NO: 7), UniProt ID
Q5BDAR8 (86% identity to Seq ID NO: 7), UniProt ID
W6Q7W6 (86% 1dentity to Seq ID NO: 7), UniProt ID
B6HF90 (85% 1dentity to Seq ID NO: 7), UniProt ID V31216
(85% 1dentity to Seq ID NO: 7), UniProt ID BOYAO1 (84%
identity to Seq ID NO: 7), and UniProt ID Q4WCF3 (84%
identity to Seq ID NO: 7); any of these proteins are suitable
for expression 1n recombinant host cells capable of produc-
ing malonate 1n order to provide an increase in malonate
yield, titer, and/or productivity.

A number of amino acids 1n consensus sequence SEQ 1D
NO: 7 are highly conserved, and a majority of these amino
acids, often more than 90%, and sometimes all of these
amino acids are found in MAE]1 transport proteins homolo-
gous to consensus sequence SEQ ID NO: /7. There are 279
highly conserved amino acids in SEQ ID NO: 7; namely: T5,
P8, G9, S10, S11, S13, D14, 040, P49, G530, V52, G533, R35,
ES6, R57, O58, R39, H60, F61, T62, W63, A64, W65, Y66,
167, L68, T69, M70, S71, G73, G74, L75, A76, L77, LTS8,
079, Q82, P83, FR6, G88, L&Y, B0, 191, 192, V96, Y97,
.99, N100, O101, F103, F104, O106, V107, U109, M111,
All2, R114, F115, 1116, L117, H118, 1123, S124, L125,
H127, J128, R129, E130, G131, O132, F133, F134, P135,
1136, F137, W138, L139, 5140, 1141, A142, T143, 1145,
1146, G147, L148, Y149, B130, F152, G133, 1154, D135,
F160, L164, L167, F168, W169, 1170, Y171, C172, T175,

0177, A179, V180, Q182, Y183, 5134, 0186, F187, K191,
Y192, L194, 1196, M198, P199, W201, 1202, L.203, P204,
A205, F206, P207, V208, M209, L210, S211, G212, 1213,
1214, A215, 8216, V217, 1218, Q222, P223, A224, 1228,
P229, 0231, 0232, A233, G234, 1236, F237, Q2338, (239,
1.240, G241, F242, 5243, 1244, 5245, M2438, Y249, A250,
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H251, Y252, 0233, G254, R255, L0256, M257, E258, G260,
[L.261, P262, E265, H266, R267, P268, G269, M270, F271,
1272, V274, G275, P276, P277, A278, F279, T280, A281,
[.282, A283, LL.284, V285, G286, M287, K289, L.291, P292,
D294, F295, Q296, 0297, 0298, G299, D300, A303, D306,
R308, O309, LL313, A314, 0315, O319, F320, L.321, W322,
A323, .324, 5325, W327, F328, F329, C330, 1331, A332,
0334, A335, V336, V337, R338, S339, P340, P341, F344,
H345, 1L.346, W348, A350, M351, V352, F353, P354, N335,
1356, G357, F358, T359, L360, A361, T362, 1363, L3635,
S371, G373, 0374, G376, V377, T379, A380, M381, S382,
0383, 0,4, 0386, F389, 0390, F391, V392, 0394, S395,
0397, R398, A399, V400, 1401, R402, K403, D404, 1405,
M406, P408, G409, D411, E412, D413, V414, and E416. In
various embodiments, a recombinant host cell capable of
producing malonate expresses an MAFE] transport protein
having at least 50% of these highly conserved amino acids,
and wherein said host cell produces an increased amount
(vield, titer, and/or productivity) of malonate as compared to
a control cell that does not express said MAE] transport
protein. For example, Schizosaccharvomyces pombe P50537
(SEQ ID NO: 4) and Schizosaccharomyces pombe 059815
(SEQ ID NO: 5) have 72% and 66% of these highly
conserved amino acids, respectively, and thus have a sub-
stantial number of these highly conserved amino acids. In
some embodiments, a recombinant host cell capable of
producing malonate expresses an MAFE]1 transport protein
having at least 90% of these highly conserved amino acids,
and wherein said host cell produces an increased amount
(vield, titer, and/or productivity) of malonate as compared to
a control cell that does not express said MAE] transport
protein. MAE] transport proteins A2R8T9 (SEQ ID NO: 1)
and G7XR17 (SEQ ID NO: 2) both have 100% of these
highly conserved amino acids, and MAE] transport protein
QODI1U9 (SEQ ID NO: 3) has 94% of these highly con-
served amino acids; therefore, these proteins also possess a
substantial number of these highly conserved amino acids.

In addition to the Aspergillus MAE]1 consensus sequence,
a MAE] consensus sequence based on both Aspergillus and
Schizosaccharomyces pombe MAE] {transport proteins
(SEQ ID NO: 8) 1s also useful for identifying and construct-
ing nucleic acids that encode MAEI] transport proteins
suitable for use 1 accordance with the compositions and
methods of the invention. In various embodiments, a recom-
binant host cell capable of producing malonate expresses an
MAE] transport protein with at least 80% sequence 1dentity
to SEQ ID NO: 8 and provides an increase in malonate yield,
titer, and/or productivity relative to a control cell that does
not express said MAFE] transport protein. In other embodi-
ments, the recombinant host cell expresses a protein with a
least 90%, at least 93%, or greater than 95% sequence
identity to SEQ ID NO: 8. For example, the Aspergillus
niger A2R8T9 (SEQ ID NO: 1), Aspergillus kawachi
G7XR17 (SEQ ID NO: 2), Aspergillus terreus QOD1U9
(SEQ ID NO: 3), Schizosaccharomyces pombe PS0537
(SEQ ID NO: 4), and Schizosaccharomyces pombe 059815
(SEQ ID NO: 5) sequences are 95%, 95%, 98%, 85%, and
84% 1dentical to MAFE] consensus sequence SEQ ID NO: 8,
respectively; therefore, all five of these sequence are
homologous to consensus sequence SEQ ID NO: 8.

A number of amino acids in consensus sequence SEQ 1D
NO: 8 are highly conserved, and a majority of these amino
acids, often more than 90%, and sometimes all of these
amino acids are found in MAE]1 transport proteins homolo-
gous to consensus sequence SEQ ID NO: 8. There are 118
highly conserved amino acids 1n SEQ ID NO: 8; namely:
023, R40, 041, H43, F44, T45, W46, W48, M33, G56, G357,
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058, 061, F69, G71, L'72, O75, 079, 084, O89, RY7, 98,
199, U106, E112, O114, F115, 1118, L121, 1123, T125,

1127, L130, Ol146, 149, 1152, O159, 0162, 0167, F168,
O175, T177, P180, O183, L184, P185, F187, P188, M 190,
0191, G193, 1195, A196, 0199, Q203, P204, A2035, 0212,
0213, G215, F218, Q219, G220, L221, G222, F223, 0225,
A231, R236, G241, L.242, R248, P249, G250, M251, F252,
V2535, P257, P258, F260, U261, L263, L265, 0266, 0279,
(G280, 0294, 0300, F301, L305, C311, 0312, A313, O315,
O318, F325, W329, A331, 0333, F334, N336, G338, 0346,
S352, 0364, 0366, O371, 0373, O378, R379, A380, I383,
0386, P389, G390, D392, E393, and D394. In various
embodiments, a recombinant host cell capable of producing
malonate expresses an MAE] transport protein having at
least 95% of these highly conserved amino acids, and
wherein said host cell produces an increased amount (vield,
titer, and/or productivity) as compared to a control cell that
does not express said MAEI] transport protein. In some
embodiments, a recombinant host cell capable of producing
malonate expresses an MAFE] transport protein having all of
these highly conserved amino acids, and wherein said host
cell produces an increased amount (vield, titer, and/or pro-
ductivity) as compared to a control cell that does not express
said MAEI] transport protein. For example, 100% of the
highly conserved amino acids in consensus sequence SEQ)
ID NO: 8 are found 1n MAE] transport proteins encoded by
SEQ ID NOs: 1, 2, 3, 4, and 5; thus, all five of these proteins
have a substantial number of the highly conserved amino

acids 1 SEQ ID NO: 8.

Additional Sources of MAE] Transport Proteins

As described above, nucleic acids encoding MAFE] trans-
port proteins suitable for use 1n accordance with the methods
of the mnvention may be obtained from organisms other than
Aspergillus and Schizosaccharvomyces species. In various
embodiments, the recombinant host cell capable of produc-
ing malonate comprises a nucleic acid encoding a MAFI1
transport protein obtained from an organism selected from
the group consisting of, but not limited to, Ajellomvces
capsulatus, Arvthrobotrys oligospora, Arthroderma benha-
miae, Arvthroderma gypseum, Avthroderma otae, Baudoinia
compniacensis, Beauveria bassiana, Bipolaris oryzae, Bipo-
lavis victoriae, Bipolaris zeicola, Blumeria graminis, Botry-
osphaeria parva, Botryotinia fuckeliana, Byssochlamys
spectabilis, Capronia covonata, Capronia epimyces,
Chaetomium globosum, Chaetomium thermophilum, Clado-
phialophora carrionii, Cladophialophora psammophila,
Cladophialophora vegresii, Claviceps purpurea, Coccid-
ioides immitis, Coccidioides posadasii, Cochliobolus het-
erostrophus, Cochliobolus sativus, Colletotrichum gloeo-
sporioides, Colletotrichum graminicola, Colletotrichum
higginsianum, Colletotrichum orbiculare, Coniosporium
apollinis, Cordyceps militaris, Cyphellophora europaea,
Dactvlellina haptotvla, Emericella nidulans, Eutvpa lata,
Exophiala dermatitidis, Fusarium oxysporum, Fusarium
pseudograminearum, Gaeumannomyces graminis, Gibber-
ella fujikuroi, Gibberella moniliformis, Gibberella zeae,
(Glarea lozoyensis, Grosmannia clavigera, Hypocrea atro-
viridis, Hypocrea jecorina, Hypocrea vivens, Leptosphaeria
maculans, Macrophomina phaseolina, Magnaporthe
oryzae, Magnaporthe poae, Malassezia sympodialis,
Marssonina brunnea, Metarhizium acridum, Metarhizium
anisopliae, Mycosphaerella fijiensis, Mycosphaerella
graminicola, Mycosphaerella pini, Nectria haematococca,
Neosartorva fischeri, Neosartorva fumigata, Neurospora
crassa, Neurospora tetrasperma, Ophiocordyceps sinensis,
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Penicillium chrysogenum, Penicillium digitatum, Penicil-
lium oxalicum, Penicillium roqueforti, Pestalotiopsis fici,
Phaeosphaeria nodovum, Podospora anserina, Pyreno-
phora teres, Pyrenophora tritici-repentis, Saccharvomyces
cerevisiae, Sclerotinia borealis, Sclerotinia sclerotiorum,
Setosphaeria turcica, Sovdaria macrospora, Sphaerulina
musiva, Thielavia heterothallica, Thielavia tervestris, Tog-
ninia minima, Trichophyton equinum, Trichophvton rubrum,
Tvichophyton tonsurans, Trichophyton verrucosum, Verticil-

lium alfalfae, and Verticillium dahlia.

Expression Vectors

In a second aspect, the mvention provides recombinant
expression vectors encoding one or more MAFEI] transport
protein(s) that results 1n expression of the transport protein
and provides an increase in the yield, titer, and/or produc-
tivity of malonate relative to a control cell that does not
express the transport protein, or produces less of 1t. In
various embodiments of the invention, the recombinant host
cell has been modified by “genetic engineering” to produce
a recombinant MAFEI1 transport protein and secrete
malonate. The host cell 1s typically engineered via recom-
binant DNA technology to express heterologous nucleic
acids that encode a MAFE]1 transport protein, which 1s either
a mutated version of a naturally occurring MAE]1 transport
protein, or a non-naturally occurring MAEI] transport pro-
tein prepared in accordance with one of the reference
sequences provided herein, or i1s a naturally occurring
MAEI] transport protein with MAE] transport protein activ-
ity that 1s either overexpressed i the host cell in which 1t
naturally occurs or 1s heteroloccously expressed 1 a host
cell in which 1t does not naturally occur.

Nucleic acid constructs of the present invention include
expression vectors that comprise nucleic acids encoding one
or more MAEI] transport proteins. The nucleic acids encod-
ing the proteins are operably linked to promoters and
optionally other control sequences such that the subject
proteins are expressed in a host cell contaiming the expres-
sion vector when cultured under suitable conditions. The
promoters and control sequences employed depend on the
host cell selected for the production of malonate. Thus, the
invention provides not only expression vectors but also
nucleic acid constructs useful in the construction of expres-
s1on vectors. Methods for designing and making nucleic acid
constructs and expression vectors generally are well known
to those skilled 1n the art and so are only briefly reviewed
herein.

Nucleic acids encoding the MAE] transport protein can
be prepared by any suitable method known to those of
ordinary skill in the art, including, for example, direct
chemical synthesis and cloning. Further, nucleic acid
sequences for use in the mvention can be obtained from
commercial vendors that provide de novo synthesis of the
nucleic acids.

A nucleic acid encoding the desired protein can be incor-
porated nto an expression vector by known methods that
include, for example, the use of restriction enzymes to
cleave specific sites 1n an expression vector, e.g., plasmid,
thereby producing an expression vector of the invention.
Some restriction enzymes produce single stranded ends that
may be annealed to a nucleic acid sequence having, or
synthesized to have, a terminus with a sequence comple-
mentary to the ends of the cleaved expression vector. The
ends are then covalently linked using an approprate
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enzyme, ¢.g., DNA ligase. DNA linkers may be used to
tacilitate linking of nucleic acids sequences into an expres-
sion vector.

A set of individual nucleic acid sequences can also be
combined by utilizing polymerase chain reaction (PCR)-
based methods known to those of skill in the art. For
example, each of the desired nucleic acid sequences can be
mitially generated 1in a separate PCR. Thereafter, specific
primers are designed such that the ends of the PCR products
contain complementary sequences. When the PCR products
are mixed, denatured, and reannealed, the strands having the
matching sequences at their 3' ends overlap and can act as
primers for each other. Extension of this overlap by DNA
polymerase produces a molecule in which the original
sequences are “‘spliced” together. In this way, a series of
individual nucleic acid sequences may be joined and sub-
sequently transduced into a host cell simultaneously. Thus,
expression of each of the plurality of nucleic acid sequences
1s ellected.

A typical expression vector contains the desired nucleic
acid sequence preceded and optionally followed by one or
more control sequences or regulatory regions, including a
promoter and, when the gene product 1s a protein, ribosome
binding site, e.g., a nucleotide sequence that 1s generally 3-9
nucleotides 1n length and generally located 3-11 nucleotides
upstream of the initiation codon that precede the coding
sequence, which 1s followed by a transcription terminator 1n
the case of E. coli or other prokaryotic hosts. See Shine et
al., Nature 254:34 (19735) and Steitz, 1n Biological Regula-
tion and Development: Gene Expression (ed. R. F. Gold-
berger), vol. 1, p. 349 (1979) Plenum Publishing, N.Y. In the
case of eukaryotic hosts like yeast a typical expression
vector contains the desired nucleic acid coding sequence
preceded by one or more regulatory regions, along with a
Kozak sequence to initiate translation and followed by a
terminator. See Kozak, Nature 308:241-246 (1984).

Regulatory regions or control sequences include, for
example, those regions that contain a promoter and an
operator. A promoter 1s operably linked to the desired
nucleic acid coding sequence, thereby initiating transcrip-
tion of the nucleic acid sequence via an RNA polymerase.
An operator 1s a sequence of nucleic acids adjacent to the
promoter, which contains a protein-binding domain where a
transcription factor can bind. Transcription factors activate
or repress transcription initiation from a promoter. In this
way, control of transcription 1s accomplished, based upon
the particular regulatory regions used and the presence or
absence of the corresponding transcription factor. Non-
limiting examples for prokaryotic expression include lactose
promoters (Lacl repressor protein changes conformation
when contacted with lactose, thereby preventing the Lad
repressor protein from binding to the operator) and trypto-
phan promoters (when complexed with tryptophan, TrpR
repressor protein has a contormation that binds the operator;
in the absence of tryptophan, the TrpR repressor protein has
a conformation that does not bind to the operator). Non-

limiting examples of promoters to use for eukaryotic expres-
sion 1nclude pACHI11, pACO11, pADHI, pADH2, pALDA4,

pCIT1, pCUPI, pENO2, pFBAIl, pGALIl, pGAPD,
pHSP15, pHXK21, pHXT7, pJENI11, pMDH21, pMET3,
pPDCI1, pPGI1, pPGKI1, pPHOS, pPOX11, pPRB1, pPYKI,
pREV1, pRNR2, pRPL1, pSCTI, pSDHI1, pTDH2, pTDH3,
pTEF1, pTEF2, pTPI1, and pTPI11. As will be appreciated
by those of ordinary skill in the art, a variety of expression
vectors and components thereol may be used 1n the present
invention.
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Although any suitable expression vector may be used to
incorporate the desired sequences, readily available expres-

sion vectors include, without limitation: plasmids, such as
pESC, pTEF, p414CYCI1, p414GALS, pSC101, pBR322,
pBBRIMCS-3, pUR, pEX, pMRI100, pCR4, pBAD24,
pUCI19, pRS series; and bacteriophages, such as M13 phage
and A phage. Of course, such expression vectors may only
be suitable for particular host cells or for expression of
particular MAE]1 transport proteins. One of ordinary skill in
the art, however, can readily determine through routine
experimentation whether any particular expression vector 1s
suited for any given host cell or protein. For example, the
expression vector can be itroduced into the host cell, which
1s then monitored for wiability and expression of the
sequences contained in the vector. In addition, reference
may be made to the relevant texts and literature, which
describe expression vectors and their suitability to any
particular host cell. In addition to the use of expression
vectors, strains are built where expression cassettes are
directly integrated into the host genome.

The expression vectors are itroduced or transierred, e.g.
by transduction, transiection, or transformation, into the host
cell. Such methods for introducing expression vectors into
host cells are well known to those of ordinary skill in the art.
For example, one method for transtorming S. cerevisiae with
an expression vector involves a lithium acetate/polyethylene
glycol treatment wherein the expression vector 1s introduced
into the host cell following treatment with a solution com-
prising lithium acetate and polyethylene glycol.

For identifying whether a nucleic acid has been success-
tully itroduced or into a host cell, a variety of methods are
available. For example, a culture of potentially transformed
host cells may be separated, using a suitable dilution, into
individual cells and thereafter individually grown and tested
for expression of a desired gene product of a gene contained
in the introduced nucleic acid. For example, an often-used
practice involves the selection of cells based upon antibiotic
resistance that has been conferred by antibiotic resistance-
conferring genes 1n the expression vector, such as the beta
lactamase (amp ), aminoglycoside phosphotransierase (neo),
and hygromycin phosphotransierase (hyg, hph, hpt) genes.

Typically, a host cell of the invention will have been
transformed with at least one expression vector. Once the
host cell has been transformed with the expression vector,
the host cell 1s cultured in a suitable medium containing a
carbon source, such as a sugar (e.g., glucose). As the host
cell 1s cultured, expression of the enzyme for producing
malonate and secretion of malonate into the fermentation
broth occurs.

I1 a host cell of the mvention 1s to include more than one
heterologous gene, then multiple genes can be expressed
from one or more vectors. For example, a single expression
vector can comprise one, two, or more genes encoding one,
two, or more MAFEI1 transport protein(s) and/or other pro-
teins providing some useful function, e.g. producing
malonate. The heterologous genes can be contained 1n a
vector replicated episomally or 1n a vector integrated into the
host cell genome, and where more than one vector 1s
employed, then all vectors may replicate episomally (extra-
chromasomally), or all vectors may integrate, or some may
integrate and some may replicate episomally. Chromosomal
integration 1s typically used for cells that will undergo
sustained propagation, e.g., cells used for production of
malonate for industrial applications. While a *“‘gene” 1s
generally composed of a single promoter and a single coding
sequence, 1n certamn host cells, two or more coding
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sequences may be controlled by one promoter 1n an operon.
In some embodiments, a two or three operon system 1s used.

In some embodiments, the coding sequences employed
have been modified, relative to some reference sequence, to
reflect the codon preference of a selected host cell. Codon 5
usage tables for numerous organisms are readily available
and are used to guide sequence design. The use of prevalent
codons of a given host organism generally improves trans-
lation of the target sequence 1n the host cell. As one
non-limiting example, 1n some embodiments the subject 10
nucleic acid sequences will be modified for yeast codon
preference (see, for example, Bennetzen et al., J. DBiol
Chem. 257: 3026-3031 (1982)). In some embodiments, the
nucleotide sequences are modified to imnclude codons opti-
mized for S. cerevisiae codon preference. 15

Nucleic acids can be prepared by a variety of routine
recombinant techniques. Briefly, the subject nucleic acids
can be prepared from genomic DNA fragments, cDNAs, and
RNAs, all of which can be extracted directly from a cell or
recombinantly produced by various amplification processes 20
including but not lmmited to PCR and rt-PCR. Subject
nucleic acids can also be prepared by a direct chemical
synthesis.

The nucleic acid transcription levels 1 a host microor-
ganism can be increased (or decreased) using numerous 25
techniques. For example, the copy number of the nucleic
acid can be increased through use of higher copy number
expression vectors comprising the nucleic acid sequence, or
through integration of multiple copies of the desired nucleic
acid imto the host microorganism’s genome. Non-limiting 30
examples of integrating a desired nucleic acid sequence onto
the host chromosome include recA-mediated recombination,
lambda phage recombinase-mediated recombination and
transposon insertion. Nucleic acid transcript levels can be
increased by changing the order of the coding regions on a 35
polycistronic mRINA or breaking up a polycistronic operon
into multiple poly- or mono-cistronic operons each with 1ts
own promoter. RNA levels can be increased (or decreased)
by increasing (or decreasing) the strength of the promoter to
which the protein-coding region 1s operably linked. 40

The translation level of a desired polypeptide sequence in
a host microorganism can also be increased 1n a number of
ways. Non-limiting examples include increasing the mRNA
stability, modifying the ribosome binding site (or Kozak)
sequence, modifying the distance or sequence between the 45
ribosome binding site (or Kozak sequence) and the start
codon of the nucleic acid sequence coding for the desired
polypeptide, modifying the intercistronic region located 5' to
the start codon of the nucleic acid sequence coding for the
desired polypeptide, stabilizing the 3'-end of the mRNA 50
transcript, modifying the codon usage of the polypeptide,
altering expression of low-use/rare codon tRNAs used 1n the
biosynthesis of the polypeptide. Determination of preferred
codons and low-use/rare codon tRNAs can be based on a
sequence analysis of genes obtained from the host micro- 55
organism.

The polypeptide half-life, or stability, can be increased
through mutation of the nucleic acid sequence coding for the
desired polypeptide, resulting 1n modification of the desired
polypeptide sequence relative to the control polypeptide 60
sequence. When the modified polypeptide 1s an enzyme, the
activity of the enzyme in a host may be altered due to
increased solubility 1n the host cell, improved function at the
desired pH, removal of a domain inhibiting enzyme activity,
improved kinetic parameters (lower Km or higher Kcat 65
values) for the desired substrate, removal of allosteric regu-
lation by an intracellular metabolite, and the like. Altered/
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modified enzymes can also be 1solated through random
mutagenesis of an enzyme, such that the altered/modified

enzyme can be expressed from an episomal vector or from
a recombinant gene integrated into the genome of a host
microorganism.

Methods for Producing Malonate

In a third aspect, the mnvention provides a method for the
production of malonate, the method comprising the steps of:
(a) culturing a population of any of the recombinant host
cells described herein 1n a fermentation broth with a carbon
source under conditions suitable for making malonate; and
(b) recovering said malonate from the fermentation broth.

In various embodiments, a recombinant host cell capable
of producing malonate and comprising a heterologous
nucleic acid encoding a MAE] transport protein provides an
increased vield, titer, and/or productivity of malonate com-
pared to a parent cell not comprising the heterologous
nucleic acid encoding the MAE] transport protein, but 1s
otherwise genetically 1dentical. In some embodiments, the
increased amount 1s at least 5%, 10%, 15%, 20%, 25%, 30%.,
35%, 40%, 45%, 50%, 55%, 60%, 65%, 70%, 75%, 80%.,
85%, 90%, 95%, 100% or greater than 100%, as measured,
for example, 1n yield, titer, productivity, on a per unit volume
of cell culture basis, on a per unit dry cell weight basis, on
a per unit volume of cell culture per unit time basis, or on
a per unit dry cell weight per unit time basis.

In some embodiments, the host cell produces an elevated
level of malonate that 1s at least about 10%, at least about
15%, at least about 20%, at least about 25%, at least about
30%, at least about 35%, at least about 40%, at least about
45%, at least about 50%, at least about 60%, at least about
70%, at least about 80%, at least about 90%, at least about
1.25-told, at least about 1-fold, at least about 2-fold, at least
about 4-fold, or more, higher than the level of malonate
produced by a parent cell, on a per unit volume of cell
culture basis. For example, as described in Example 1, strain
LPK13010 comprising Aspergillus niger A2R8T9 MAFEI
transport protein produced greater than 2-fold more

malonate than the parental control strain, LPK15003 (i.e.,
36x5.6 mM 1 LPKI13003 wversus 75+x10.3 mM 1n

[LLPK15010).

In some embodiments, the host cell produces an elevated
level of malonate that 1s at least about 10%, at least about
15%, at least about 20%, at least about 25%, at least about
30%, at least about 35%, at least about 40%, at least about
45%, at least about 50%, at least about 60%, at least about
70%, at least about 80%, at least about 90%, at least about
1.25-fold, at least about 2-fold, at least about 4-fold, at least
about 10-fold, or more, higher than the level of malonate
produced by the parent cell, on a per unit volume of cell
culture per unit time basis.

Materials and methods for the maintenance and growth of
microbial cultures are well known to those skilled 1n the art
of microbiology or fermentation science (see, for example,
Bailey et al., Biochemical Engineering Fundamentals, sec-
ond edition, McGraw Hill, New York, 1986). Consideration
must be given to appropriate culture medium, pH, tempera-
ture, and requirements for acrobic, microaerobic, or anaero-
bic conditions, depending on the specific requirements of the
host cell, the fermentation, and the process.

The methods of producing malonate provided herein may
be performed in a suitable culture medium, 1n a suitable
container, including but not limited to a cell culture plate, a
flask, or a fermenter. Further, the methods can be performed
at any scale of fermentation known 1n the art to support
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industrial production of microbial products. Any suitable
termenter may be used including a stirred tank fermenter, an

airlift fermenter, a bubble fermenter, or any combination
thereof.

In some embodiments, the culture medium 1s any culture
medium 1n which a genetically modified microorganism
capable of producing malonate can subsist. In some embodi-
ments, the culture medium 1s an aqueous medium compris-
ing assimilable carbon, nitrogen and phosphate sources.
Such a medium can also include appropriate salts, minerals,
metals and other nutrients. In some embodiments, the carbon
source and each of the essential cell nutrients are added
incrementally or continuously to the fermentation media,
and each required nutrient 1s maintained at essentially the
mimmum level needed for eflicient assimilation by growing
cells.

The mvention, having been described 1n detail, 1s 1llus-
trated by the following examples, which should not be
construed as limiting the invention, given 1ts diverse aspects,
embodiments, and applications.

EXAMPLES

Example 1: Increasing Malonate Titer 1n
Recombinant Pichia kudriavzevii Through
Heterologous Expression of MAFE]1 Transport
Proteins

In this example, recombinant P. Audriavzevii host cells
capable of producing malonate were transformed with
nucleic acids encoding MAE]1 transport proteins and were
shown to increase malonate production.

Recombinant P. kudriavzevii LPK13001 was used as the
base strain, and harbors a single copy of a malonyl-CoA
hydrolase at the GPD1 locus. The following strains were
constructed by chromosomal integration at the FAS] locus

with nucleic acids encoding the indicated protein,
LPK15003: F6A-4; LPK13004: F6A-4 and A1C406;

[LLPK15005: F6A-4 and G7XR17; LPK15006: F6A-4 and
0O59815; LPK15009: F6A-4 and P30537; LPK15010:
F6A-4 and A2R8T9; and LPK15011: F6A-4 and QODIU9.
Protein F6A-4 1s a malonyl-CoA hydrolase (UniProt ID
F6 AA82 containing point mutations E9SN/F304R/(QQ348A);
thus, strain LPK15003 1s the control strain establishing the
baseline level of malonate production i1n the absence of
heterologous expression of a MAE] transport protein. In all
strains, the pTDHI1 promoter was used to control transcrip-
tion of the gene encoding the F6A-4 malonyl-CoA hydro-
lase. The pPGK1 promoter was used to control transcription

of the genes encoding the G7XR17, 059815, P50337,
A2R8T9, and QODIU9 proteins. TEF]1 terminators were
inserted behind all heterologous genes described above to
stop transcription. A kanamycin resistance marker was
included 1n the assembled nucleic acid to enable selection
for positive integrants. The 5' and 3' ends of the nucleic acid
contained between 962 and 976 basepairs of DNA sequence
homologous to the P. kudriavzevii FAS1 gene were included
to target nucleic acid insertion mto the FASI locus of the
host genome.

Nucleic acids were transformed into P. kudriavzevii
LPK13001 using a lithtum acetate/PEG protocol. In briet, a
colony LPK15001 was 1noculated into 50 mL of YNB yeast
medium 1n a culture flask, and incubated at 30° C. and 85%
relative humidity with shaking (200 rpm) for approximately
4 hours. The culture was then placed on 1ce for approxi-
mately 15 minutes, centrifuged (x6000 g, 1 min), the super-
natant removed, and the pellet resuspended in 350 ml of
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ice-cold, sterile water. The cells were then resuspended 1n
approximately 3 ml of ice cold, sterile water and centrifuged
(x6000 g, 1 min). The resulting pellet was resuspended 1n
500 ul of 30% glycerol, 0.1M lithium acetate at 4° C. The
resuspended cells were then aliquoted into 50 ul volumes to
which 5 ul ssDNA (salmon sperm ssDNA, 10 mg/ml), 145
ul 50% PEG (MW-6,500), and approximately 20 ul of the
heterologous nucleic acid(s) encoding the expression cas-
settes were added. The mixture was icubated for 30 min-
utes at 30° C. and then for 45 minutes at 42° C. The
transformations were then plated on YNB plates contaiming
(G418 antibiotic (500 ug/ml) to select for the presence of the
kanamycin resistance cassette.

For production assays, imdividual colonies were next
inoculated mnto 500 YNB growth medium supplemented
with 8% w/v glucose. All cultures were inoculated into
2.2-ml volume 96-well plates. The culture plates were then
incubated at 30° C. with shaking (250 rpm) for 5 days, at
which point the fermentation broth was sampled.

Samples were centrifuged (x6000 g, 1 min) and the
supernatant analyzed for malonate concentration. The sepa-
ration of malonate was conducted on a Shimadzu Promi-
nence XR HPLC connected to a refractive index detector
and UV detector monitoring 210 nm. Product separation was
performed on a Bio-Rad Aminex HPX-87h Fermentation
Monitoring column. The UPLC was programmed to run
1socratically using 5 mM H,SO, as the eluent with a tlow
rate of 800 uL per minute. 10 ul were 1njected per sample,
and the sample plate temperature was held at 4° C. Malonate
standards began eluting at ~8.0 minutes. Malonate concen-
trations (mM) 1n the fermentation broth were calculated by
comparison to a standard curve prepared from authentic
malonate prepared in water.

The results of this production assay were as follows:
LPK15003: 36x5.6 mM, LPKI13004: 36x5.4 mM,
LPK15005: 76x10.6 mM, LPKI15006: 50+£7.6 mM,
LPK15009: 73£7.0 mM, LPK15010: 75+10.3 mM, and
LPK15011: 68+x14.4 mM. Thus, strains LPK15006 and

LPK15009, which expressed the Schizosaccharomyces
pombe MAEI] transport proteins, provided approximately
1.4-told and 2.0-fold increases in malonate production,
respectively, relative to the LPK 15003 control strain. Strains
LPK13005, LPK15010, and LPK13011, which expressed
the MAFEI]1 transport proteins obtained from Aspergillus
species, provided approximately 2.1-fold, 2.1-fold, and 1.9-
fold increases 1n malonate production, respectively, relative
to the LPK135003 control strain.

Upon sequencing of the transformed heterologous nucleic
acid 1n strain LPK 15004 a nucleotide deletion resulting 1n a
frameshift mutation during translation was 1dentified. Thus,
strain LPK15004 1n this example did not express the
A1C406 MAE] transport protein.

This example demonstrates, 1n accordance with the mven-
tion, that heterologous expression of nucleic acids encoding
a wide variety of MAE] transport proteins (1.e. A2R8T9,
G7XR17, QODIU9, P50337, and O39815) increased
malonate production 1n recombinant yeast cells capable of
producing malonate. Moreover, this example provides a
readily conducted, eflicient method to determine 11 a putative
MAE] transport protein 1s an MAE] transport protein and
clliciently secretes malonate into the fermentation broth.

Example 2: Increasing Malonate Productivity 1n
Recombinant Pichia kudriavzevii Through
Heterologous Expression of MAFE] Transport
Proteins

In this example, yeast strains LPK15004 and LPK15010
(see Example 1 for strain construction details) 1s grown 1n
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ted-batch control mm a 0.5 L bioreactor (Infors, Sixiors
system). A single colony of LPK13004 1s 1solated from a

YPD plate and cultured in 6 mL of YNB4 2% media (20 g/L
glucose, 6.7 g/ YNB without amino acids (Sigma), and 150
mM succinic acid builer pH 4.0). The culture 1s maintained
at 30° C. for 24 hours, shaking at 200 rpm. The 6 mL of
culture 1s combined with 4 mL of 50% (v/v) glycerol and
aliquoted 1n 1 mL volumes into cryo-vials. Cyro-vials are
frozen and maintained at —80c¢. One vial 1s used to 1oculate
50 mL of fresh YNB4 2% media in a 250 mL baflled flask
and grown for 24 hrs at 30° C., 200 rpm. This culture 1s used
to moculate 200 mL of YNB4 2% media with 0.1% anti-
foam. The fermentation 1s maintained at 30° C., at a pH of
5.0 maintained by the addition of ammonium hydroxide,
potassium hydroxide, or sodium hydroxide. Oxygen transier
1s controlled through two rushton impellers run at 1000 rpm,
and using a sparger an air flow rate of 30 NL/hr using
compressed air 1s maintained. The culture 1s grown over-
night (~20 h) to allow for glucose consumption prior to
starting the fed-batch phase. The feed (150 g/L glucose, 13.4
g/[. YNB without amino acids (Sigma)) 1s mitiated auto-
matically when the dissolved oxygen spikes sharply indi-
cating depletion of glucose. Feed 1s delivered for 2 s, every
200 s. Samples are taken daily. Growth 1s monitored by
measuring optical density at 600 nm (OD600). Concentra-
tion of glucose 1s measured using a glucose monitor (YSI
Lite Sciences). Production of malonic acid, acetic acid,
succinic acid, and pyruvic acid 1s measured via HPLC as
described in Example 1. Productivity is calculated as the
malonate formation rate per umt volume over time, and 1s
expressed as g/l/hr.

Strain LPK15010 provides a higher productivity relative
to LPK15004, demonstrating that in accordance with the
invention, that heterologous expression of the Aspergillus
niger A2R8T9 MAEI1 transport protein increases malonate
productivity in recombinant yeast cells capable of producing,
malonate. Moreover, this example provides another readily
conducted, ethicient method to determine 1f a putative MAE]
transport protein 1s an MAE] transport protein and efli-
ciently secretes malonate into the fermentation broth.

Example 3: Increasing Malonate Productivity in
Recombinant Pichia kudriavzevii Through
Heterologous Expression of MAFE] Transport
Proteins

In this example, recombinant P. kudriavzevii host cells
capable of producing malonate were engineered to express
a MAFE]1 transport protein resulting in increased malonate
productivity relative to control cells that did not express an
MAE] transport protein.

The yeast used 1n thus example was Pichia Kudriavzevii
(ARS Culture Collection strain Y-134). Engineered yeast
[LLPK3013 served as a control strain, and comprised two
malonyl-CoA hydrolase expression cassettes: (1) one malo-
nyl-CoA hydrolase expression cassette comprising a pTDHI
promoter, F6A-4 malonyl-CoA hydrolase (see Example 1
for a description of F6A-4), CYCI1 terminator, and a hygro-
mycin selection marker; this expression cassette was inte-
grated at the GPD1 locus; and (11) a second malonyl-CoA
hydrolase expression cassette 1dentical to the first with the
exception that this cassette was integrated at the FAS]1 locus
and 1ncluded a SUC2 selection marker in place of the
hygromycin selection marker. Engineered strain LPK3020
was genetically 1dentical to LPK3013 with the exception
that LPK3020 was additionally engineered to express the

Aspergillus kawachi G7TXR17 MAFE]1 transport protein (SEQ
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ID NO: 2). The MAE] transporter expression cassette
comprised a pPGK1 promoter controlling expression of the

Aspergillus kawachi G7TXR17 MAFE] transport protein (SEQ
ID NO: 2), and also included a TEF1 terminator cloned
downstream of the gene; this expression cassette was inte-
grated, along with the above-described malonyl-CoA hydro-
lase expression cassette, at the FAS1 locus using a kanamy-
cin resistance marker. Thus, 1n this example, strain LPK3013
was the parental, control strain used to establish the baseline
level of malonate productivity in the absence of expression
of a MAEI1 transport protein.

Nucleic acids were transformed nto P kudriavzevii
strains using a lithium acetate/PEG protocol as described 1n
Example 1. Single colonies of LPK30013 and LPK3020
were 1solated from YPD solid media plates and cultured in

6 mL of YNB4 2% media (20 g/LL glucose, 6.7 g/l YNB
without amino acids (Sigma), and 150 mM succinic acid
bufler pH 4.0). The culture was maintained at 30° C. for 24
hours, shaking at 200 rpm. The 6 mL of culture was
combined with 4 mL of 50% (v/v) glycerol and aliquoted 1n

1 mL volumes into cryo-vials. Cyro-vials were frozen and
maintained at —80° C. One wvial of each strain was used to

inoculate 50 mL of fresh YNB4 2% media in a 250 mL
batiled tlask and grown for 24 hrs at 30° C., 200 rpm. These
cultures were used to 1noculate 200 mL of YNB4 2% media
with 0.1% antifoam. The fermentation was maintained at
30° C., and the pH was maintained at 5.0 by addition of
ammonium hydroxide. Oxygen transfer was controlled
through two rushton impellers run at 1000 rpm, and using a
sparger an air flow rate of 30 NL/hr using compressed air
was maintained. The culture was grown overnight (~20 h) to
allow for glucose consumption prior to starting the fed-batch
phase. The feed (300 g/L glucose, 13.4 g/IL Yeast Nitrogen
Base without amino acids (Sigma)) was 1mitiated automati-
cally when the dissolved oxygen spiked sharply, indicating
depletion of glucose. Feed was delivered for 2 s, every 200
s. Samples were taken daily. Growth was monitored by
measuring optical density at 600 nm (OD600). Samples
were centrifuged (x6000 g, 1 min) and the glucose and
malonate concentrations in the supernatant analyzed. Glu-
cose concentration was measured using a glucose monitor
(YSI Life Sciences). The separation ol malonate was con-
ducted on a Shimadzu Prominence XR HPLC as described
in Example 1.

Control strain LPK3013 provided a malonate productivity
of 0.17 g/L/hr. Strain LPK3020, expressing the Aspergillus
kawachi G7XR17 MAE] ftransport protein, provided a
malonate productivity of 0.424 g/I./hr. Thus, malonate pro-
ductivity was increased nearly 2.5-fold 1n yeast expressing
a MAFE]1 transport protein as compared to a parental, control
strain that did not express said MAE]1 transport protein.

This example demonstrates that in accordance with the
invention, expression of an MAE] transport protein 1n a host
cell capable of producing malonate increases malonate pro-
ductivity as compared to a host cell that do not express said
MAEI] transport protein. Moreover, this example provides
another readily conducted, eflicient method to determine 1f
a putative MAE]1 transport protein 1s an MAE] transport
protein and efliciently secretes malonate nto the fermenta-
tion broth.

Pursuant to 37 C.F.R. 1.821(c), a sequence listing was
submitted via EFS-Web as an ASCII compliant text {file
named 20181130_LYGOS_0006_02_US_Sequence_
listingS'T25, that was created on Nov. 30, 2018 and having
a s1ze ol 46.8 kilobytes. The contents of the aforementioned
file are hereby incorporated by reference in their entirety.
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Thr

Pro

Trp

65

Agn

ITle

ATrg

Ile

145

Thr

Tle

Glu

Met

Ser

225

Gly

Met

ITle
205

Leu

Phe

Val

Gly

50

Gln

ATy
Glu
130

Thr

Thr

Leu

Leu

210

ASpP

Phe

Glu

Val

2la

290

ASpP

Trp

His

Agn

35

ATrg

Thr

Pro

Leu

Phe

115

Gly

Gly

Ala

His

195

Ser

Gly

Ser

Val

Gly

275

Leu

Gly

Ala

His

20

Hisg

Val

Leu

His

Agn

100

Ile

Leu

Leu

Leu

Val

180

Thr

Gly

Tle

Ile

Gly

260

Pro

Pro

ATJg

Leu

405

SEQ ID NO 2
LENGTH :
TYPE :
ORGANISM: Aspergillus

416

2

Thr

5

Glu

Glu

Gly

Thr

Asp

85

Tle

Leu

Phe

Gln

165

Ala

Met

Thr

Pro

Ser
245

Leu

Pro

AsSp

Val

Ser
325

Ser

Thr

Ala

Leu

Met

70

Phe

Ala

Hig

Phe

Lys

150

Val

Gln

Met

Tle

Met

230

Phe

Pro

Ala

ASpP

Met
310

Phe

31

Lys
375

Phe

Trp

Leu

Asp
Arg
55

Ser

Phe

Pro
135

Leu

Pro

bAla
215

Val

Met

Ser
Phe
Phe
295

Leu

Trp

Gly Val Ala

Val Leu Val

Pro Gly Gln

kawachii

Pro

Leu
40

Glu

Gly

Phe

Agn

120

Thr

Phe

Phe

Ser

Ser

200

Ser

Tle

Met

Ser

Thr

280

Gln

Phe

Phe

Gly

His

25

Gly

ATrg

Gly

Leu

Val

105

Met

Phe

Gly

Trp

Phe

185

Trp

Val

Ala

Glu

265

Ala

Tle

Leu

Phe

410

Ser

10

2la

Val

Leu

Gly

Lys

90

Tle

Leu

Trp

ASpP

Tle

170

Val

Ile

Tle

Gly

ala
250

Hisg

Leu

Val

ala

Cys
330

US 10,385,368 B2

Thr
sSer
395

ASp

Ser

Agnh

Asnh

ATrg

Leu

75

ASp

Val

Glu

Leu

ASDP

155

Phe

Leu

Ala

ITle

235

His

AYg

Ala

Gly

Val
315

Tle

-continued

Ala
380

Ala

Met Ser Leu

Ile Arg Ala

Glu Asp Val Ser

Gly

Hig

His

Hig

60

Ala

Tle

Thr

Ser

Ser

140

Ser

Ala

Pro

Ser
220

Thr

Pro

Leu

ASpP

300

Ser

Ala

Ser

Asp

Thr

45

Phe

Leu

Ala

Thr

Leu

125

Tle

Asn

Gly

Thr

Ala

205

Gly

Phe

Ile

Gly

val
285

Pro

Ala

val

ASP

Ser

30

Phe

Thr

Leu

ATrg

Leu

110

Gly

Ala

Glu

Phe

His

120

Phe

Gln

Gln

Gly

Met

270

Gly

His

Ala

Val

415

Leu

15

Glu

Glu

Trp

Ile

Val

o5

Met

Hig

Thr

Thr
175

Pro

Pro

Gly

ATrg

255

Phe

Met

2la

Ile

2la
335

Val
400

Glu

Glu

Ile

Ala

Val

80

Val

b2la

ASpP

Met

Phe

160

Met

Val

Ala

Leu

240

Leu

Ile

Ala

Val

Phe

320

Val

32



Val

Phe

Phe

Val

385

ITle

Arg

Pro

Glu

370

Ile

ATy

Ser

Agn
355

Ser

Ile

Pro

340

Thr

Pro

Met

ASP

Pro

Gly

Gly

Phe

Ile
405

<210> SEQ ID NO 3

<«211> LENGTH:

<212> TYPE:
<213> ORGANISM:

PRT

<400> SEQUENCE:

Met Phe Glu Agsn

1

Tle

Glu

Ala

Gly

65

Phe

Gly

Thr

Phe

Phe

145

Ser

Gly

Ser

Val

Met

225

Arg

Thr

Gln

Leu

Leu

Arg

Gly

50

Leu

ala

Leu

Phe

Gly

130

Trp

Trp

Trp

Val

ala
210

Glu

2la

Leu

Leu
290

ASP
Ile
35

Gly

Leu

Val

Trp

115

Glu

Tle

Leu

Tle

Tle

195

Gly

Ala

His

Leu

Ile
275

Ala

His

20

ATg

Leu

Glu

Val

ASDP

100

Leu

ASP

Phe

Leu

180

Ala

Thr

Hig

ATrg

Ala
260

Gly

Tle

393

Phe

Vval

ITle

390

Met

33

Gly
Thr
Lys
375

Phe

Trp

Aspergillus

3

Thr

Glu

Hig

2la

Tle

Cys

85

Ser

Ser

Ala

Ser
165
Pro

Glu

Thr

Pro
245

Leu

Asp

2la

Ala

Phe

Phe

Leu

Gly

70

Ser

Leu

ITle

Gly

Ala

150

Gly

Ala

Gln

Phe

Val

230

Gly

Val

ASP

Vval

Pro

Glu

Thr

Leu

55

Leu

Thr

Arg

Ala

Arg

135

Pro

Phe

Gln

Gln
215

Gly

Met

Gly

Phe

Gly
295

Phe

Leu

360

Gly

Val

Pro

His

345

Ala

Val

Leu

Gly

terreus

Pro

Trp

40

Leu

Ala

Met

His

Thr

120

Pro

Thr

Pro

Pro

200

Gly

ATy

Phe

Met

Ala
280

Val

Gly

Gln

25

Ala

Gly

Val

Ala

Glu

105

Ile

Phe

Leu

Val
185

Ala

Leu

Leu

Tle

Thr

265

Phe

Phe

Leu

Thr

2la

Val

Gln
4710

Ser
10
Pro

Trp

Ser

Ile

Val

Leu

Arg

170

Met

Arg

Gly

Met

2la
250

Glu

Leu

US 10,385,368 B2

Agn

Ile

Thr

Ser

395

ASD

Ser

Gly

Gln

Leu

75

AYg

Glu

Thr

Leu

Val

155

Leu

Leu

Ala

Phe

Glu

235

Val

Gly

ASDP

Trp

-continued

Trp

Thr

Ala

380

Ala

Glu

ATYg

Ser

Thr

Pro

60

Leu

Phe

Gly

Gly

Ala

140

Ala

Gln

Ser

Ala

Ser
220

Ser

Gly

Leu

Ala

Ala
200

Phe

Leu

365

Met

Ile

Asp

Ser

Vval

Leu

45

AsSn

AsSn

Ile

Tle

Leu

125

Leu

Vval

Thr

Gly

Tle

205

Ile

Gly

Pro

Pro

Arg

285

Leu

Ala

350

Ala

Ser

ATg

Val

ASP

Gly

30

Thr

Thr

Leu

Leu

Phe

110

Glu

Tle

Ala

Thr

120

Pro

Ser

Leu

Pro

His

270

Ile

Ser

Met

Agn

Leu

2la

Ser
415

Ser

15

Met

Met

Phe

Leu

Hig

55

Phe

Arg

Ala

Gln

Met

175

Tle

Tle

Met

Pro

2la

255

ASpP

Leu

Leu

Val

Met

Val
400

Glu

Gly

Ser

Thr

Phe

80

Gly

Pro

Leu
Tyr
160

Pro

Ala

Tle

Ile

Cys

240

Phe

Phe

Gln

Trp

34



Phe

305

Phe

Leu

Gly

Val

Pro
385

<210>
<211>
<212 >
<213>

<400>

Phe

His

2la

Val

Phe

370

Gly

Leu

Thr

Gly
355

Ile

Tle

Ser

Tle
240
Thr

Ser

ASDP

PRT

SEQUENCE :

Met Gly Glu Leu

1

ASpP

Hig

Gly

ITle

65

Gly

ASP

Leu

ASp

Tyr

145

Phe

Leu

AsSn

ITle

Val

225

ATrg

Ala

Phe

Trp

Phe

Leu

50

Gly

Ser

Ser

Sexr

Thr

130

Val

Agn

Pro

Ser

Leu

210

Agn

Pro

Leu

Val

Agn
Thr
35

Tle

Trp

Tle

115

Gly

Ala

Agn

Tle

Thr
195

Phe

Val

Gly

Ile

Gly
275

Val

20

Trp

Tle

Ile

Met

Agn

100

Ser

Glu

Val

His

Phe

180

Gln

Gln

Leu

Met

Agn

260

Ala

2la

Trp

325

Asn

Ala

Hig

Glu

SEQ ID NO 4
LENGTH :
TYPE :
ORGANISM: Schizosaccharomyces

438

4

Ser

Gly

Val

Leu

85

His

Thr

Trp

Ser

Vval

165

Pro

Pro

Gly

Phe
245

Ile

Asn

Ala

310

Trp

Leu

Met

Val

ASpP
390

Glu

Ala

Trp

Ser

Tvyr

70

Phe

His

Phe

Met

Phe

150

Pro

Ala

Leu

Phe

230

Met

Ala

Ser

35

Tle

Ala

Gly

Ser

Arg

375

Val

Tle

Pro

Phe

Phe

55

ITle

Arg

Leu

Tle

Val

135

Ile

Thr

Met

Hig

Gly

215

Phe

Phe

Arg

Ser

2la

Met

Thr

Ile

360

Ala

Val

Leu

Hig

Ala

40

Pro

Leu

Phe

Glu

ASpP

120

Trp

Tle

Tle

Gln
200

Phe

Thr

Val

Gly

Glu
280

Val

Val

Ala

345

Gly

Val

Glu

Phe

Gln

Tle
Lys
105

Met

Val

Glu

Cys

185

Leu

Trp

Val

Gly

Ala
265

Val

Phe

330

Leu

Ile

Ile

US 10,385,368 B2

Arg

315

Pro

Liys

Val

ATrg

pombe

Gln

10

Pro

Thr

Arg

Ile

Lys

90

Leu

Leu

Tle

Val

Thr

170

Gly

Val

Gly

Pro

250

Met

Leu

ATrg

Leu

Met

Phe

Phe

75

Phe

Ala

ATrg

Met

155

Ala

Val

Agnh

Leu
235

Pro

Gly

Gly

-continued

Ser

Asn

Ser

Ser

Lys
380

Ser

Ala

Tyr

60

Leu

Pro

Ile

Tle

Tle

140

Ala

Ser

Tle

Met

Leu

220

Ala

Ala

Ser

Phe

Pro Pro Thr

Thr

Glu

Ile

365

Asp

His

Gln

Thr

45

Gly

Phe

Ser

Ala

Tyr

125

Leu

Phe

Pro

Ala

Val
205

Leu

Phe

Arg

val
285

Gly
Gly
350

Phe

Ile

Glu

ATg

30

Gly

Leu

Ser

Thr

Thr

110

Ala

Phe

Ala
Gly
120

Ile

Leu

Pro

Ser

Pro

270

Ser

Phe
335
Tle

Leu

Met

Leu

15

Leu

Gly

Agn

Leu

Tle
o5

Thr

Trp
175

2la

Phe

Phe

Gln

Gly

255

Thr

2la
320
Thr

Gln

Phe

Leu

Val

Thr

Phe
80

Leu

Pro

Tle

Ile
160

Tle

Val

Gly

Ala

ASp

240

Leu

Ile

Phe

36



Met
Met
305

Ala

Phe

Met

Gly

385

Leu

Val

Ser

<210>
<«211>
«212>
<213>

<400>

2la
290

Val

Thr

Gly

Tvyr

370

Lys

Agn

ASpP

Glu

Tle

Ser

Gly

Ile

Hig

355

Leu

ASP

Pro

Thr

Hig
435

Phe

Phe

Trp

Glu

340

Ile

Met

Glu

Thr

His

420

Glu

PRT

SEQUENCE :

Met Asp Ile Val

1

ATrg

Ala

Ser

Tle

65

Thr

Agn

Thr

Trp

Ala

145

Pro

Pro

Pro

Gly

Gly

Trp

Leu

50

Phe

Phe

Pro

Ser

Met
130

Phe

ala

Leu
210

Pro

Phe

35

Tle

ATrg

Ser

Tle

115

Val

Ile

Arg

Met

ATg
195

Gly

ATrg

20

Ala

His

Phe

Phe

Glu

100

Ser

Trp

Phe

Tle

Tle
180

Gln

Phe

Tle

Leu

Phe

325

Ile

Ile

Vval

Asp

Phe

405

Val

Ser

SEQ ID NO b5
LENGTH:
TYPE:
ORGANISM:

431

Trp

Ala

310

Ala

Gly

Gly

ATrg

Ala

390

Pro

Thr

Val

37

Gly
285
Gly

Phe

Val

Ala

375

Hisg

Pro

Ser

Leu

Phe

Tle

Met

Ile

360

Phe

Pro

Glu

Thr

Ala

Phe

Phe

Ile

345

Leu

Leu

Pro

Gly
425

Schizogaccharomyces

Ser

Phe

Gln

Ile

85

Vval

AsSn

Leu

Val

Asn
165

Ala

Trp

Gln

Ala

ATrg

Leu

70

ATg

Leu

Leu

ITle

ITle
150

Thr

Gly

Tle

Arg

Met

Met

Phe

55

Ser

Phe

Arg
135

Ser

Tle

Val

Asn

Tvyr
215

2la

Gly

40

Tle

Pro

Met

Pro

120

Ile

Leu

Tle

Tle

Met

200

Tle

Hig

ASDP

25

Thr

Gly

Leu

Gly

Pro

105

Leu

Phe

Pro

Ala

185

Val

Tle

2la

Thr

Pro

330

ASpP

Val

Pro

2la
410

Gly

US 10,385,368 B2

Trp

ATYg

315

Asnh

Ser

Ile

Agnh

Lys

395

Pro

Glu

pombe

Glu

10

Arg

Gly

Leu

Thr

Thr

50

Thr

2la

2la
170

Ser

Val

Val

Leu

Leu

Gly

AgSn

Leu

75

Leu

Ala

Phe

Trp

Ser
155

Leu

Ala

Ala

-continued

Cys Tyr Cys Leu

300

Ala

Val

Gln

ASpP

380

Pro

Ala

Ser

Phe

Glu

Ile

Thr

60

Ser

Leu

Pro

ITle
140

Leu

Val

Tle

Gly

Ala
220

Pro

Gly

Ala

Trp

365

Leu

Asn

Ser

Asp

Asp

His

Gly

45

Leu

Tle

Leu
Tyr
125

Phe

Phe

Leu

Val

Ile

205

val

Leu

Phe

Phe

350

Ile

Thr

Leu

Pro
430

Leu
Phe
30

Met

Gly

Thr

Ala

110

Thr

Val

Hig

Pro

Glu
190

Ala

Agn

Lys
Val
335

Gln

Leu

Gly
Glu
415

Pro

ATrg
15
Thr

Val

Trp

55

Tle

Gly

ala

ala

Tle

175

Ser

Phe

Met

2la

Phe

320

Agn

Met

Leu

Pro

Val
400

Ser

Val

Trp

Thr

ITle

Tle
80

Ala

Glu

Val

Hig

160

Phe

Gln

Gln

38



ATrg

225

Phe

Leu

Asn

Met

Val

305

Phe

Leu

Leu
ASp
3285

Glu

Glu

<210>
<211>
<212 >
<213>

<400>

Phe

Ile

2la

Ser

Ile

290

2la

ala

Gly

Gly

Arg

370

Tle

Glu

Sexr

Phe

Leu

Phe

Ser

275

Gly

Gly

Met

Arg

Val

355

Ala

ASP

Glu

ASP

Thr

Val

Gly

260

Glu

Leu

Phe

Ile

Ala

340

Thr

Val

Thr

Glu

Gly

420

PRT

SEQUENCE :

Met Phe Glu Agsn

1

Phe

ATrg

Gly

Leu

65

Gly

Phe

Phe

Gly

Trp
145

Phe

Leu

Leu

Gly
50

Leu

Leu

Trp

Ser

130

Val

Tle

Glu

35

Leu

Thr

Val

ASP

Leu

115

ASP

Phe

Agn

20

His

Ala

Tle

Ser
100

Ser

Ala

Ser

Val
Ser
245

2la

Phe
325
Tle

Tle

Tle

Lys
405

SEQ ID NO o
LENGTH :
TYPE :
ORGANISM: Aspergillus

392

6
Arg
5
Gln

Phe

Leu

Gly

Ser

85

Leu

Vval

Arg

Ala

2la
165

Gly
230

Pro

Leu

ITle

Thr

310

Ala

ASpP

Thr

Val

Leu

390

ASpP

Thr

Tle

Leu

Thr

Leu

Leu

70

Leu

ATg

Ala

Glu

Cys
150

His

39

Leu

Pro

Ala

Glu

Phe

295

Arg

Asn

Ser

Tle

Gln

375

Pro

Glu

Thr

Pro

Glu

Trp

Tle

55

Val

Met

Hig

Thr

Ser
135

Thr

Arg

Gln

Ser

Phe
280
Agn

Gln

Val

Val

360

Glu

Agn

2la

Arg

clavatus

Pro

2la
40

Ala

Val

Ala

Glu

Tle
120

Leu

Pro

Phe

Arg

265

Val

Phe

Gly

Ala

345

Trp

Leu

Val

Glu

Glu
425

Thr
Gln
25

Trp

Ser

Thr

ATg

105

Tle

Leu

Ala

Gly

2la
Thr
250

Pro

2la

Tle

Leu

330

Val

Tle

Leu

Leu

Arg

410

Leu

Ser
10

His

Gln

Tle

Arg
S50

Glu

Thr

Tle

Thr

Leu
170

US 10,385,368 B2

Ala
235

Gly

Thr

Leu

Lys

315

Val

ITle

Glu
395

Ser

Thr

Ser

ATrg

Thr

Pro

Val

75

Phe

Gly

Gly

Ala

Ala

155

Gln

-continued

Asp Arg Pro Gly

Leu

Tle

Phe

Ala

300

Phe

Met

Tle

Leu

Pro
380

Ser

Gln

Leu

Leu

Tvyr

60

AsSn

ITle

Leu

Leu

Leu

140

Val

Thr

Thr

Phe

Met

285

Phe

Asp

val

Tle

365

Gly

Arg

Gly

Ser

Ser

Thr

45

Thr

Leu

Leu

Phe

His

125

Glu

Ile

Met

Leu

Val

270

Ala

Val

Val

Val

Gly

350

Leu

Gly
430

ASP

Leu

30

Met

Phe

Tle

Hig

Phe

110

ATrg

Val

Gln

Met

Leu

255

Gly

Leu

Ser

Ser

Gln

335

Gln

Leu

ASP

His

2la

415

Leu

Ser
15

Arg

Ser

Leu

Gly
o5

Pro

Leu

Pro
175

Met

240

ASpP

ASp

Phe

Val

Trp

320

Glu

Val

Thr

Glu

Leu

400

Glu

Gly

Glu

Thr

Gly

Phe

80

Gly

Thr

Phe

Phe

Ser
160

Ser

40



41
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-contilnued
Trp Ile Leu Pro Ala Phe Pro Ile Met Leu Ser Gly Thr Ile Ala Ser
180 185 190
Val Ile Gly Glu Ala Gln Pro Ala Arg Ser Ser Ile Pro Val Ile Met
195 200 205
Ala Gly Val Thr Phe Gln Gly Leu Gly Phe Ser Ile Ser Phe Met Met
210 215 220
Tyr Ala His Tyr Ile Gly Arg Leu Met Glu Ser Gly Leu Pro Cys Arg
225 230 235 240
Glu His Arg Pro Gly Met Phe Ile Cys Val Gly Pro Pro Ala Phe Thr
245 250 255
Ala Leu Ala Leu Val Gly Met Ala Lys Gly Leu Pro Ala Glu Phe Lys
260 265 270
Leu Ile Asn Asp Ala His Ala Leu Glu Asp Ala Arg Ile Leu Glu Leu
275 280 285
Leu Ala Ile Thr Ala Gly Ile Phe Leu Trp Ala Leu Ser Leu Trp Phe
290 2985 300
Phe Phe Ile Ala Val Ile Ala Val Leu Arg Ser Pro Pro Thr Ser Phe
305 310 315 320
Higs Leu ZAsn Trp Trp Ala Leu Val Phe Pro Asn Thr Gly Phe Thr Leu
325 330 335
Ala Thr Ile Thr Leu Gly Lys Ala Leu Gly Ser Pro Gly Ile Leu Gly
340 345 350
Val Gly Ser Ala Met Ser Leu Gly Ile Val Gly Met Trp Leu Phe Val
355 360 365
Phe Val Ser His Ile Arg Ala Ile Ile Asn Gln Asp Ile Met Tyr Pro
370 375 380
Gly Lys Asp Glu Asp Ala Ala Asp
385 390
<210> SEQ ID NO 7
<211> LENGTH: 416
<212> TYPE: PRT
<213> ORGANISM: Aspergilillis
<220> FEATURE:
«221> NAME/KEY: VARIANT
<222> LOCATION: (1) .. (4)
223> QOTHER INFORMATION: Xaa can be any naturally occurring amino acid
<220> FEATURE:
«221> NAME/KEY: VARIANT
<222> LOCATION: (6) .. (7)
<223> OTHER INFORMATION: Xaa can be any naturally occurring amino acid
<220> FEATURE:
«221> NAME/KEY: VARIANT
<222> LOCATION: (12)..(12)
<223> OTHER INFORMATION: Xaa can be any naturally occurring amino acid
<220> FEATURE:
«221> NAME/KEY: VARIANT
<222> LOCATION: (15)..(39)
<223> OTHER INFORMATION: Xaa can be any naturally occurring amino acid
<220> FEATURE:
«221> NAME/KEY: VARIANT
<222> LOCATION: (40)..{(40)
<223> OTHER INFORMATION: Ile, Leu, Val
<220> FEATURE:
«221> NAME/KEY: VARIANT
<222> LOCATION: (41)..(48)
223> OTHER INFORMATION: Xaa can be any naturally occurring amino acid
<220> FEATURE:
«221> NAME/KEY: VARIANT
<222> LOCATION: (51)..(51)
<223> OTHER INFORMATION: Xaa can be any naturally occurring amino acid
<220> FEATURE:
«221> NAME/KEY: VARIANT
<222> LOCATION: (54)..(54)
223> QOTHER INFORMATION: Xaa can be any naturally occurring amino acid
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<220>
<221>
<222 >
<223>
<220>
<221>
<222 >
<223 >
<220>
<221>
<222 >
<223 >
<220>
«221>

<222 >
<223 >
<220>
<221>
<222 >
<223 >
<220>
<22]1>
<222 >
<223 >
220>
<221>
<222 >
<223 >
<220>
<22]1>
<222 >
<223 >
«220>
<221>
<222 >
<223 >
<220>
<22]1>
<222 >
<223 >
«220>
«221>
<222 >
<223 >
<220>
<22]1>
<222 >
<223 >
<220>
«221>
<222 >
<223 >
<220>
<221>
<222 >
<223 >
<220>
<221>
<222 >
<223 >
220>
<221>
<222 >
<223 >
<220>
<22]1>
<222 >
<223 >
«220>
<221>
<222 >
<223 >
<220>
<22]1>
<222 >
<223 >

US 10,385,368 B2
43

-continued
FEATURE :
NAME /KEY: VARIANT
LOCATION: (58)..(58)
OTHER INFORMATION: Ile, Leu, Val
FEATURE :
NAME /KEY: VARIANT
LOCATION: (72)..(72)

OTHER INFORMATION: Xaa can be any naturally occurring amino acid
FEATURE:
NAME/KEY: VARIANT

LOCATION: (79)..(79)

OTHER INFORMATION: Ile, Leu, Val
FEATURE:

NAME/KEY: VARIANT

LOCATION: (80)..(80)

OTHER INFORMATION: Xaa can be any naturally occurring amino acid
FEATURE:

NAME/KEY: VARIANT

LOCATION: (81)..(81)

OTHER INFORMATION: Xaa can be any naturally occurring amino acid
FEATURE:

NAME /KEY: VARIANT

LOCATION: (84)..(85)

OTHER INFORMATION: Xaa can be any naturally occurring amino acid
FEATURE:

NAME/KEY: VARIANT

LOCATION: (87)..(87)

OTHER INFORMATION: Xaa can be any naturally occurring amino acid
FEATURE:

NAME /KEY: VARIANT

LOCATION: (90)..{(90)

OTHER INFORMATION: Arg, Lys, His
FEATURE:

NAME/KEY: VARIANT

LOCATION: (91)..(91)

OTHER INFORMATION: Asp, Glu
FEATURE:

NAME/KEY: VARIANT

LOCATION: (93)..(95)

OTHER INFORMATION: Xaa can be any naturally occurring amino acid
FEATURE:

NAME/KEY: VARIANT

LOCATION: (98)..(98)

OTHER INFORMATION: Xaa can be any naturally occurring amino acid
FEATURE:

NAME /KEY: VARIANT

LOCATION: (101) .. (101}

OTHER INFORMATION: Ile, Leu, Val
FEATURE:

NAME/KEY: VARIANT

LOCATION: (102) .. (102}

OTHER INFORMATION: Xaa can be any naturally occurring amino acid
FEATURE:

NAME/KEY: VARIANT

LOCATION: (105) .. (105)

OTHER INFORMATION: Xaa can be any naturally occurring amino acid
FEATURE:

NAME /KEY: VARIANT

LOCATION: (106} .. {106}

OTHER INFORMATION: Ile, Leu, Val
FEATURE:

NAME/KEY: VARIANT

LOCATION: (108)..{(108)

OTHER INFORMATION: Xaa can be any naturally occurring amino acid
FEATURE:

NAME/KEY: VARIANT

LOCATION: (109) .. (109}
OTHER INFORMATION: Ser, Thr
FEATURE:

NAME/KEY: VARIANT

LOCATION: (110)..{(110)

OTHER INFORMATION: Xaa can be any naturally occurring amino acid
FEATURE:

NAME /KEY: VARIANT

LOCATION: (113) .. (113)

OTHER INFORMATION: Xaa can be any naturally occurring amino acid
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<220>
<221>
<222 >
<223>
<220>
<221>
<222 >
<223 >
<220>
<221>
<222 >
<223 >
<220>
«221>

<222 >
<223 >
<220>
<221>
<222 >
<223 >
<220>
<22]1>
<222 >
<223 >
220>
<221>
<222 >
<223 >
<220>
<22]1>
<222 >
<223 >
«220>
<221>
<222 >
<223 >
<220>
<22]1>
<222 >
<223 >
«220>
«221>
<222 >
<223 >
<220>
<22]1>
<222 >
<223 >
<220>
«221>
<222 >
<223 >
<220>
<221>
<222 >
<223 >
<220>
<221>
<222 >
<223 >
220>
<221>
<222 >
<223 >
<220>
<22]1>
<222 >
<223 >
«220>
<221>
<222 >
<223 >
<220>
<22]1>
<222 >
<223 >

US 10,385,368 B2

-continued
FEATURE :
NAME /KEY: VARIANT
LOCATION: (119)..(120)

OTHER INFORMATION: Xaa can be any naturally occurring amino acid
FEATURE:

NAME/KEY: VARIANT

LOCATION: (121)..(122)

OTHER INFORMATION: Xaa can be any naturally occurring amino acid
FEATURE:

NAME/KEY: VARIANT

LOCATION: (123) .. (123}
OTHER INFORMATION: Asp, Glu
FEATURE:

NAME/KEY: VARIANT

LOCATION: (126} .. (126}

OTHER INFORMATION: Xaa can be any naturally occurring amino acid
FEATURE:
NAME/KEY: VARIANT

LOCATION: (128) .. (128}

OTHER INFORMATION: Asp, Glu
FEATURE:

NAME/KEY: VARIANT

LOCATION: (132) .. (132}

OTHER INFORMATION: Ile, Leu, Val
FEATURE:

NAME/KEY: VARIANT

LOCATION: (144)..(144)

OTHER INFORMATION: Xaa can be any naturally occurring amino acid
FEATURE:

NAME/KEY: VARIANT

LOCATION: (150} .. (150}

OTHER INFORMATION: Arg, Lys, His
FEATURE:

NAME/KEY: VARIANT

LOCATION: (151) .. {(151)

OTHER INFORMATION: Xaa can be any naturally occurring amino acid
FEATURE:
NAME /KEY: VARIANT

LOCATION: (154) .. (154}
OTHER INFORMATION: Asp, Glu
FEATURE:

NAME/KEY: VARIANT

LOCATION: (156) .. (159}

OTHER INFORMATION: Xaa can be any naturally occurring amino acid
FEATURE:

NAME /KEY: VARIANT

LOCATION: (1e61) .. (163)

OTHER INFORMATION: Xaa can be any naturally occurring amino acid
FEATURE:

NAME/KEY: VARIANT

LOCATION: (165) .. (1l66)

OTHER INFORMATION: Xaa can be any naturally occurring amino acid
FEATURE:

NAME/KEY: VARIANT

LOCATION: (173)..(174)

OTHER INFORMATION: Xaa can be any naturally occurring amino acid
FEATURE:

NAME /KEY: VARIANT

LOCATION: (176) .. (176)

OTHER INFORMATION: Xaa can be any naturally occurring amino acid
FEATURE:

NAME/KEY: VARIANT

LOCATION: (177)..{(177)

OTHER INFORMATION: Ile, Leu, Val
FEATURE:

NAME/KEY: VARIANT

LOCATION: (178)..{(178}

OTHER INFORMATION: Xaa can be any naturally occurring amino acid
FEATURE:

NAME/KEY: VARIANT

LOCATION: (181) .. (181}

OTHER INFORMATION: Xaa can be any naturally occurring amino acid
FEATURE:

NAME /KEY: VARIANT

LOCATION: (185) .. (185)

OTHER INFORMATION: Xaa can be any naturally occurring amino acid
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<220>
<221>
<222 >
<223>
<220>
<221>
<222 >
<223 >
<220>
<221>
<222 >
<223 >
<220>
«221>

<222 >
<223 >
<220>
<221>
<222 >
<223 >
<220>
<22]1>
<222 >
<223 >
220>
<221>
<222 >
<223 >
<220>
<22]1>
<222 >
<223 >
«220>
<221>
<222 >
<223 >
<220>
<22]1>
<222 >
<223 >
«220>
«221>
<222 >
<223 >
<220>
<22]1>
<222 >
<223 >
<220>
«221>
<222 >
<223 >
<220>
<221>
<222 >
<223 >
<220>
<221>
<222 >
<223 >
220>
<221>
<222 >
<223 >
<220>
<22]1>
<222 >
<223 >
«220>
<221>
<222 >
<223 >
<220>
<22]1>
<222 >
<223 >

47
FEATURE:
NAME/KEY: VARIANT
LOCATION: (186¢) .. (186}
OTHER INFORMATION: Ile,
FEATURE:
NAME/KEY: VARIANT
LOCATION: (188) .. (190}

OTHER INFORMATION: Xaa
FEATURE:

NAME/KEY: VARIANT
LOCATION: (193)..(193)})
OTHER INFORMATION: Xaa
FEATURE:

NAME/KEY: VARIANT

LOCATION: (195) .. (195}
OTHER INFORMATION: Xaa
FEATURE:

NAME/KEY: VARIANT
LOCATION: (197)..(197)
OTHER INFORMATION: Xaa
FEATURE:

NAME/KEY: VARIANT
LOCATION: (200} .. (200}
OTHER INFORMATION: Xaa
FEATURE:

NAME/KEY: VARIANT
LOCATION: (219)..(221)
OTHER INFORMATION: Xaa
FEATURE:

NAME/KEY: VARIANT
LOCATION: (225)..(227}
OTHER INFORMATION: Xaa
FEATURE:

NAME/KEY: VARIANT
LOCATION: (230)..{(230)
OTHER INFORMATION: Xaa
FEATURE:

NAME/KEY: VARIANT

LOCATION: (231).. (232}
OTHER INFORMATION: Ile,
FEATURE:

NAME/KEY: VARIANT
LOCATION: (235).. (235}

Leu, Val

carn

carn

carn

carn

carn

carn

carn

cdarl

be

be

be

be

be

be

be

be

any

any

any

any

any

any

any

any

Leu, Val

US 10,385,368 B2

-continued

naturally

naturally

naturally

naturally

naturally

naturally

naturally

naturally

OCCUurring

OCCUrring

OCCUurring

OCCUrring

OCCUurring

OCCUrring

OCCUrring

oCccurring

amino

amino

amino

amino

amino

amino

amino

amino

acid

acid

acid

acid

acid

acid

acid

acid

OTHER INFORMATION: Xaa can be any naturally occurring amino acid

FEATURE:
NAME/KEY: VARIANT
LOCATION: (246} ..(247}

OTHER INFORMATION: Xaa can be any naturally occurring amino acid

FEATURE:

NAME/KEY: VARIANT
LOCATION: (253) .. (253}
OTHER INFORMATION: Ile,
FEATURE:

NAME/KEY: VARIANT
LOCATION: (259) .. (259}

OTHER INFORMATION: Xaa
FEATURE:

NAME/KEY: VARIANT
LOCATION: (263) .. (264}
OTHER INFORMATION: Xaa
FEATURE:

NAME/KEY: VARIANT
LOCATION: (273)..(273)
OTHER INFORMATION: Xaa
FEATURE:

NAME/KEY: VARIANT
LOCATION: (288) .. (288}
OTHER INFORMATION: Xaa
FEATURE:

NAME/KEY: VARIANT
LOCATION: (290) .. {(290)
OTHER INFORMATION: Xaa
FEATURE:

NAME/KEY: VARIANT
LOCATION: (293)..(293}
OTHER INFORMATION: Xaa

Leu, Val

Ccarn

carn

carn

carn

cdarl

carn

be

be

be

be

be

be

any

any

any

any

any

any

naturally

naturally

naturally

naturally

naturally

naturally

OCCUurring

OCCUrring

OCCUrring

OCCUrring

oCccurring

OCCUurring

amino

amino

amino

amino

amino

amino

acid

acid

acid

acid

acid

acid
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<220>
<221>
<222 >
<223>
<220>
<221>
<222 >
<223 >
<220>
<221>
<222 >
<223 >
<220>
«221>

<222 >
<223 >
<220>
<221>
<222 >
<223 >
<220>
<22]1>
<222 >
<223 >
220>
<221>
<222 >
<223 >
<220>
<22]1>
<222 >
<223 >
«220>
<221>
<222 >
<223 >
<220>
<22]1>
<222 >
<223 >
«220>
«221>
<222 >
<223 >
<220>
<22]1>
<222 >
<223 >
<220>
«221>
<222 >
<223 >
<220>
<221>
<222 >
<223 >
<220>
<221>
<222 >
<223 >
220>
<221>
<222 >
<223 >
<220>
<22]1>
<222 >
<223 >
«220>
<221>
<222 >
<223 >
<220>
<22]1>
<222 >
<223 >

49

Leu, Val

US 10,385,368 B2

-continued

OTHER INFORMATION: Xaa can be any naturally occurring amino acid

OTHER INFORMATION: Xaa can be any naturally occurring amino acid

OTHER INFORMATION: Xaa can be any naturally occurring amino acid

Leu, Val

OTHER INFORMATION: Xaa can be any naturally occurring amino acid

Leu, Val

OTHER INFORMATION: Xaa can be any naturally occurring amino acid

Leu, Val

OTHER INFORMATION: Xaa can be any naturally occurring amino acid

OTHER INFORMATION: Xaa can be any naturally occurring amino acid

FEATURE:

NAME/KEY: VARIANT
LOCATION: (297)..(298}
OTHER INFORMATION: Ile,
FEATURE:

NAME/KEY: VARIANT
LOCATION: (301) .. (302}
FEATURE:

NAME/KEY: VARIANT
LOCATION: (304) .. (305}
FEATURE:

NAME/KEY: VARIANT
LOCATION: (307)..{(307}
FEATURE:

NAME/KEY: VARIANT
LOCATION: (309) .. (309}
OTHER INFORMATION: Ile,
FEATURE:

NAME/KEY: VARIANT
LOCATION: (310} .. (312}
FEATURE:

NAME/KEY: VARIANT
LOCATION: (2315)..(315)
OTHER INFORMATION: Ile,
FEATURE:

NAME/KEY: VARIANT
LOCATION: (316} ..{(318}
FEATURE:

NAME/KEY: VARIANT
LOCATION: (2319)..(319)
OTHER INFORMATION: Ile,
FEATURE:

NAME/KEY: VARIANT
LOCATION: (326} .. (326}
FEATURE:

NAME/KEY: VARIANT
LOCATION: (333)..(333}
FEATURE:

NAME/KEY: VARIANT
LOCATION: (334) .. (334}
OTHER INFORMATION: Ile,
FEATURE:

NAME/KEY: VARIANT
LOCATION: (342)..(343}

OTHER INFORMATION: Xaa
FEATURE:

NAME/KEY: VARIANT
LOCATION: (347)..(347)
OTHER INFORMATION: Xaa
FEATURE:

NAME/KEY: VARIANT
LOCATION: (349)..(349}
OTHER INFORMATION: Xaa
FEATURE:

NAME/KEY: VARIANT
LOCATION: (2364)..(364)
OTHER INFORMATION: Xaa
FEATURE:

NAME/KEY: VARIANT
LOCATION: (366} ..{(370}
OTHER INFORMATION: Xaa
FEATURE:

NAME/KEY: VARIANT
LOCATION: (372)..(372)
OTHER INFORMATION: Xaa
FEATURE:

NAME/KEY: VARIANT
LOCATION: (374) .. (374}

OTHER INFORMATION: Ile,

Leu, Val

carn

Ccarn

carn

carn

carn

cdarl

be

be

be

be

be

be

any

any

any

any

any

any

Leu, Val

naturally

naturally

naturally

naturally

naturally

naturally

OCCUurring

OCCUurring

OCCUrring

OCCUrring

OCCUrring

oCccurring

amino

amino

amino

amino

amino

amino

acid

acid

acid

acid

acid

acid
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51
-continued
<220> FEATURE:
«221> NAME/KEY: VARIANT
<222> LOCATION: (375)..(375)
<223> OTHER INFORMATION: Xaa can be any naturally occurring amino acid
<220> FEATURE:
«221> NAME/KEY: VARIANT
<222> LOCATION: (378)..(378)
<223> OTHER INFORMATION: Xaa can be any naturally occurring amino acid
<220> FEATURE:
«221> NAME/KEY: VARIANT
222> LOCATION: (383)..(383)
<223> OTHER INFORMATION: Ile, Leu, Val
<220> FEATURE:
«221> NAME/KEY: VARIANT
<222> LOCATION: (2384)..(384)
223> QOTHER INFORMATION: Xaa can be any naturally occurring amino acid
<220> FEATURE:
«221> NAME/KEY: VARIANT
<222> LOCATION: (385)..(386)
<223> OTHER INFORMATION: Ile, Leu, Val
<220> FEATURE:
«221> NAME/KEY: VARIANT
«222> LOCATION: (387)..(388)
<223> OTHER INFORMATION: Xaa can be any naturally occurring amino acid
<220> FEATURE:
«221> NAME/KEY: VARIANT
<222> LOCATION: (390)..(390)
<223> OTHER INFORMATION: Ile, Leu, Val
<220> FEATURE:
«221> NAME/KEY: VARIANT
222> LOCATION: (393)..(393)
<223> OTHER INFORMATION: Xaa can be any naturally occurring amino acid
<220> FEATURE:
«221> NAME/KEY: VARIANT
<222> LOCATION: (394)..(394)
<223> OTHER INFORMATION: Ile, Leu, Val
<220> FEATURE:
«221> NAME/KEY: VARIANT
222> LOCATION: (2396) .. (396)
223> QOTHER INFORMATION: Xaa can be any naturally occurring amino acid
<220> FEATURE:
«221> NAME/KEY: VARIANT
222> LOCATION: (397)..(397)
<223> OTHER INFORMATION: Ile, Leu, Val
<220> FEATURE:
«221> NAME/KEY: VARIANT
«<222> LOCATION: (407)..{(407)
<223> OTHER INFORMATION: Xaa can be any naturally occurring amino acid
<220> FEATURE:
«221> NAME/KEY: VARIANT
<222> LOCATION: (410)..{(410)
<223> OTHER INFORMATION: Xaa can be any naturally occurring amino acid
<220> FEATURE:
«221> NAME/KEY: VARIANT
222> LOCATION: (415)..(415)
<223> OTHER INFORMATION: Xaa can be any naturally occurring amino acid
<400> SEQUENCE: 7
Xaa Xaa Xaa Xaa Thr Xaa Xaa Pro Gly Ser Ser Xaa Ser Asp Xaa Xaa
1 5 10 15
Xaa Xaa Xaa Xaa Xaa Xaa Xaa Xaa Xaa Xaa Xaa Xaa Xaa Xaa Xaa Xaa
20 25 30
Xaa Xaa Xaa Xaa Xaa Xaa Xaa Xaa Xaa Xaa Xaa Xaa Xaa Xaa Xaa Xaa
35 40 45
Pro Gly Xaa Val Gly Xaa Arg Glu Arg Xaa Arg His Phe Thr Trp Ala
50 55 60
Trp Tyr Thr Leu Thr Met Ser Xaa Gly Gly Leu Ala Leu Leu Xaa Xaa
65 70 75 80
Xaa Gln Pro Xaa Xaa Phe Xaa Gly Leu Xaa Xaa Ile Xaa Xaa Xaa Val
85 S0 S5
Tyr Xaa Leu Asn Xaa Xaa Phe Phe Xaa Xaa Val Xaa Xaa Xaa Met Ala
100 105 110

52



Xaa

ATrg

Tle

145

Xaa

Xaa

Xaa

Met

Xaa

225

Gly

Met

Xaa

Xaa
305

Leu

Val

Phe

Xaa

Xaa

385

ITle

<210>
<211>
<212 >
<213>
<220>
<223 >

<220>
<22]1>
<222 >
<223 >
«220>
<221>
<222 >
<223 >
<220>
<22]1>
<222 >
<223 >

Arg

Glu

130

Thr

Xaa

Xaa

Leu

Leu

210

Xaa

Phe

Glu

Val

Xaa

290

ASpP

Trp

Arg

Pro

Xaa

370

Xaa

ATy

Phe

115

Gly

Gly

Xaa

Ala

Xaa

195

Ser

Xaa

Ser

Xaa

Gly

275

Leu

Xaa

Ala

Ser

Agn

355

Ser

Xaa

Tle

Xaa

Leu

Leu

Val

180

Thr

Gly

Tle

Tle

Gly

260

Pro

Pro

ATJg

Leu

Pro

340

Thr

Xaa

Xaa

ASP

PRT

Leu

Phe

Xaa

165

Xaa

Xaa

Thr

Pro

Ser

245

Leu

Pro

Xaa

Xaa

Ser

325

Pro

Gly

Gly

Phe

Ile
405

SEQ ID NO 8
LENGTH :
TYPE :
ORGANISM: Artificial Sequence
FEATURE:
OTHER INFORMATION:
Schizosgsaccharomyces pombe MAEL transport proteins.
FEATURE:
NAME /KEY: VARIANT
LOCATION:

397

His

Phe

Xaa

150

Xaa

Gln

Met

ITle

Xaa

230

Xaa

Pro

Ala

ASpP

Xaa

310

Xaa

Xaa

Phe

Xaa

Xaa

390

Met

53

Xaa
Pro
135

Xaa

Leu

Pro

Ala
215
Xaa
Xaa

Xaa

Phe
Phe
295
Xaa
Trp
Xaa
Thr
Xaa
375

Phe

Xaa

Xaa

120

Thr

Phe

Phe

Ser

Xaa

200

Ser

Xaa

Met

Xaa

Thr

280

Gln

Xaa

Phe

Phe

Leu

360

Gly

Val

Pro

Xaa

Phe

Gly

Trp

Xaa

185

Trp

Val

Ala

Glu
265

Ala

Xaa

Leu

Phe

His

345

Ala

Val

Xaa

Gly

Xaa

Trp

Xaa

Ile

170

Xaa

Tle

Ile

Gly

2la

250

Hig

Leu

Xaa

ala

Cys

330

Leu

Thr

Xaa

Xaa

Xaa
4710

US 10,385,368 B2

Xaa

Leu

ASp

155

Phe

Leu

Xaa

Xaa

235

His

ATrg

Ala

Gly

Xaa

315

Tle

Xaa

Ile

Thr

Ser

395

ASDP

-continued

Ser
Ser
140

Xaa

Xaa

Pro

Xaa

220

Thr

Pro

Leu

ASpP
300

Xaa

Ala

Trp

Xaa

Ala

380

Xaa

Glu

Leu Xaa His

125

Ile

Xaa

Xaa

Xaa

Ala

205

Xaa

Phe

Xaa

Gly

val

285

Xaa

Xaa

Xaa

Xaa

Leu

365

Met

Xaa

Asp

Ala

Xaa

Xaa

Xaa

120

Phe

Gln

Gln

Gly

Met

270

Gly

Xaa

Xaa

Xaa

Ala

350

Xaa

Ser

ATrg

Val

Thr

Xaa

Thr

175

Pro

Pro

Gly

Arg

255

Phe

Met

2la

Xaa

2la

335

Met

Xaa

Xaa

2la

Xaa
415

Sequence basgsed on Aspergillus and

(1) .. (22)

(23) ..(23)

Ile,

(24) ..(39)

Leu, Val

Xaa

Xaa

Phe
160

Xaa

Val

Ala

Leu

240

Leu

Ile

Xaa

Xaa

Phe

320

Val

Val

Xaa

Xaa

Val

400

Glu

OTHER INFORMATION: Xaa can be any naturally occurring amino acid
FEATURE:
NAME/KEY: VARIANT
LOCATION :
OTHER INFORMATION:
FEATURE:
NAME /KEY: VARIANT
LOCATION:
OTHER INFORMATION: Xaa can be any naturally occurring amino acid
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<220>
<221>
<222 >
<223>
<220>
<221>
<222 >
<223 >
<220>
<221>
<222 >
<223 >
<220>
«221>

<222 >
<223 >
<220>
<221>
<222 >
<223 >
<220>
<22]1>
<222 >
<223 >
220>
<221>
<222 >
<223 >
<220>
<22]1>
<222 >
<223 >
«220>
<221>
<222 >
<223 >
<220>
<22]1>
<222 >
<223 >
«220>
«221>
<222 >
<223 >
<220>
<22]1>
<222 >
<223 >
<220>
«221>
<222 >
<223 >
<220>
<221>
<222 >
<223 >
<220>
<221>
<222 >
<223 >
220>
<221>
<222 >
<223 >
<220>
<22]1>
<222 >
<223 >
«220>
<221>
<222 >
<223 >
<220>
<22]1>
<222 >
<223 >

US 10,385,368 B2

35
-continued

FEATURE :
NAME /KEY: VARIANT
LOCATION: (41)..(41)
OTHER INFORMATION: Ile, Leu, Val
FEATURE :
NAME /KEY: VARIANT
LOCATION: (42)..(42)

OTHER INFORMATION: Xaa can be any naturally occurring amino acid
FEATURE:

NAME/KEY: VARIANT

LOCATION: (47)..(47)

OTHER INFORMATION: Xaa can be any naturally occurring amino acid
FEATURE:

NAME/KEY: VARIANT

LOCATION: (49)..(52)

OTHER INFORMATION: Xaa can be any naturally occurring amino acid
FEATURE:

NAME/KEY: VARIANT

LOCATION: (54)..(55)

OTHER INFORMATION: Xaa can be any naturally occurring amino acid
FEATURE:

NAME /KEY: VARIANT

LOCATION: (58)..(58)

OTHER INFORMATION: Ile, Leu, Val
FEATURE:

NAME/KEY: VARIANT

LOCATION: (59)..(60)

OTHER INFORMATION: Xaa can be any naturally occurring amino acid
FEATURE:

NAME/KEY: VARIANT

LOCATION: (61)..({(61)

OTHER INFORMATION: Ile, Leu, Val
FEATURE:

NAME/KEY: VARIANT

LOCATION: (62)..(68)

OTHER INFORMATION: Xaa can be any naturally occurring amino acid
FEATURE:

NAME /KEY: VARIANT

LOCATION: (70)..(70)

OTHER INFORMATION: Xaa can be any naturally occurring amino acid
FEATURE:

NAME/KEY: VARIANT

LOCATION: (73)..(74)

OTHER INFORMATION: Xaa can be any naturally occurring amino acid
FEATURE:

NAME /KEY: VARIANT

LOCATION: (75)..(75)

OTHER INFORMATION: Ile, Leu, Val
FEATURE:

NAME/KEY: VARIANT

LOCATION: (76)..(78)

OTHER INFORMATION: Xaa can be any naturally occurring amino acid
FEATURE:

NAME/KEY: VARIANT

LOCATION: (79)..(79)

OTHER INFORMATION: Ile, Leu, Val
FEATURE:

NAME/KEY: VARIANT

LOCATION: (80)..(83)

OTHER INFORMATION: Xaa can be any naturally occurring amino acid
FEATURE:
NAME/KEY: VARIANT

LOCATION: (84)..(84)

OTHER INFORMATION: Ile, Leu, Val
FEATURE:

NAME/KEY: VARIANT

LOCATION: (85)..(88)

OTHER INFORMATION: Xaa can be any naturally occurring amino acid
FEATURE:
NAME/KEY: VARIANT

LOCATION: (89)..(89)

OTHER INFORMATION: Ile, Leu, Val
FEATURE:

NAME/KEY: VARIANT

LOCATION: (90)..{(96)

OTHER INFORMATION: Xaa can be any naturally occurring amino acid

56



<220>
<221>
<222 >
<223>
<220>
<221>
<222 >
<223 >
<220>
<221>
<222 >
<223 >
<220>
«221>

<222 >
<223 >
<220>
<221>
<222 >
<223 >
<220>
<22]1>
<222 >
<223 >
220>
<221>
<222 >
<223 >
<220>
<22]1>
<222 >
<223 >
«220>
<221>
<222 >
<223 >
<220>
<22]1>
<222 >
<223 >
«220>
«221>
<222 >
<223 >
<220>
<22]1>
<222 >
<223 >
<220>
«221>
<222 >
<223 >
<220>
<221>
<222 >
<223 >
<220>
<221>
<222 >
<223 >
220>
<221>
<222 >
<223 >
<220>
<22]1>
<222 >
<223 >
«220>
<221>
<222 >
<223 >
<220>
<22]1>
<222 >
<223 >
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-continued
FEATURE :
NAME /KEY: VARIANT
LOCATION: (100) .. (105)

OTHER INFORMATION: Xaa can be any naturally occurring amino acid
FEATURE:
NAME/KEY: VARIANT

LOCATION: (106} .. (106}
OTHER INFORMATION: Ser, Thr
FEATURE:

NAME/KEY: VARIANT

LOCATION: (107) .. (111}

OTHER INFORMATION: Xaa can be any naturally occurring amino acid
FEATURE:
NAME/KEY: VARIANT

LOCATION: (113) .. (113)

OTHER INFORMATION: Xaa can be any naturally occurring amino acid
FEATURE:

NAME/KEY: VARIANT

LOCATION: (114)..(114)

OTHER INFORMATION: Ile, Leu, Val
FEATURE:

NAME/KEY: VARIANT

LOCATION: (116} .. (117}

OTHER INFORMATION: Xaa can be any naturally occurring amino acid
FEATURE:

NAME/KEY: VARIANT

LOCATION: (119) .. (120}

OTHER INFORMATION: Xaa can be any naturally occurring amino acid
FEATURE:

NAME /KEY: VARIANT

LOCATION: (122) .. (122)

OTHER INFORMATION: Xaa can be any naturally occurring amino acid
FEATURE:

NAME/KEY: VARIANT

LOCATION: (124)..(124)

OTHER INFORMATION: Xaa can be any naturally occurring amino acid
FEATURE:

NAME /KEY: VARIANT

LOCATION: (126) .. (126)

OTHER INFORMATION: Xaa can be any naturally occurring amino acid
FEATURE:

NAME/KEY: VARIANT

LOCATION: (128)..(129)

OTHER INFORMATION: Xaa can be any naturally occurring amino acid
FEATURE:

NAME /KEY: VARIANT

LOCATION: (131) .. (145)

OTHER INFORMATION: Xaa can be any naturally occurring amino acid
FEATURE:

NAME/KEY: VARIANT

LOCATION: (146} .. (146}

OTHER INFORMATION: Ile, Leu, Val
FEATURE:

NAME/KEY: VARIANT

LOCATION: (147)..(148)

OTHER INFORMATION: Xaa can be any naturally occurring amino acid
FEATURE:

NAME /KEY: VARIANT

LOCATION: (150) .. (151)

OTHER INFORMATION: Xaa can be any naturally occurring amino acid
FEATURE:

NAME/KEY: VARIANT

LOCATION: (153)..(158)

OTHER INFORMATION: Xaa can be any naturally occurring amino acid
FEATURE:

NAME /KEY: VARIANT

LOCATION: (159) .. (159}

OTHER INFORMATION: Ile, Leu, Val
FEATURE:

NAME/KEY: VARIANT

LOCATION: (1l60) .. {1le6l)

OTHER INFORMATION: Xaa can be any naturally occurring amino acid
FEATURE:

NAME /KEY: VARIANT

LOCATION: (162) .. (1l62)

OTHER INFORMATION: Ile, Leu, Val
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<220>
<221>
<222 >
<223>
<220>
<221>
<222 >
<223 >
<220>
<221>
<222 >
<223 >
<220>
«221>

<222 >
<223 >
<220>
<221>
<222 >
<223 >
<220>
<22]1>
<222 >
<223 >
220>
<221>
<222 >
<223 >
<220>
<22]1>
<222 >
<223 >
«220>
<221>
<222 >
<223 >
<220>
<22]1>
<222 >
<223 >
«220>
«221>
<222 >
<223 >
<220>
<22]1>
<222 >
<223 >
<220>
«221>
<222 >
<223 >
<220>
<221>
<222 >
<223 >
<220>
<221>
<222 >
<223 >
220>
<221>
<222 >
<223 >
<220>
<22]1>
<222 >
<223 >
«220>
<221>
<222 >
<223 >
<220>
<22]1>
<222 >
<223 >
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-continued
FEATURE :
NAME /KEY: VARIANT
LOCATION: (163)..(166)

OTHER INFORMATION: Xaa can be any naturally occurring amino acid
FEATURE:
NAME/KEY: VARIANT

LOCATION: (167} .. (167}

OTHER INFORMATION: Ile, Leu, Val
FEATURE:

NAME/KEY: VARIANT

LOCATION: (169) .. (174}

OTHER INFORMATION: Xaa can be any naturally occurring amino acid
FEATURE:
NAME/KEY: VARIANT

LOCATION: (175).. (175}

OTHER INFORMATION: Ile, Leu, Val
FEATURE:

NAME/KEY: VARIANT

LOCATION: (176) .. (176}

OTHER INFORMATION: Xaa can be any naturally occurring amino acid
FEATURE:

NAME /KEY: VARIANT

LOCATION: (178)..(179)

OTHER INFORMATION: Xaa can be any naturally occurring amino acid
FEATURE:

NAME/KEY: VARIANT

LOCATION: (181)..(182)

OTHER INFORMATION: Xaa can be any naturally occurring amino acid
FEATURE:

NAME /KEY: VARIANT

LOCATION: (183) .. (183}

OTHER INFORMATION: Ile, Leu, Val
FEATURE:

NAME/KEY: VARIANT

LOCATION: (186) ..(186)

OTHER INFORMATION: Xaa can be any naturally occurring amino acid
FEATURE:

NAME /KEY: VARIANT

LOCATION: (189) .. (189)

OTHER INFORMATION: Xaa can be any naturally occurring amino acid
FEATURE:

NAME/KEY: VARIANT

LOCATION: (191) .. (191}

OTHER INFORMATION: Ile, Leu, Val
FEATURE:

NAME/KEY: VARIANT

LOCATION: (192) .. (192}

OTHER INFORMATION: Xaa can be any naturally occurring amino acid
FEATURE:

NAME/KEY: VARIANT

LOCATION: (194) .. (1%94)

OTHER INFORMATION: Xaa can be any naturally occurring amino acid
FEATURE:

NAME/KEY: VARIANT

LOCATION: (197) .. (198)

OTHER INFORMATION: Xaa can be any naturally occurring amino acid
FEATURE:

NAME /KEY: VARIANT

LOCATION: (199).. (199}

OTHER INFORMATION: Ile, Leu, Val
FEATURE:

NAME/KEY: VARIANT

LOCATION: (200)..{(202)

OTHER INFORMATION: Xaa can be any naturally occurring amino acid
FEATURE:

NAME /KEY: VARIANT

LOCATION: (206) .. (211)

OTHER INFORMATION: Xaa can be any naturally occurring amino acid
FEATURE:

NAME/KEY: VARIANT

LOCATION: (212)..{(213)

OTHER INFORMATION: Ile, Leu, Val
FEATURE:

NAME/KEY: VARIANT

LOCATION: (214)..{(214}

OTHER INFORMATION: Xaa can be any naturally occurring amino acid
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<220>
<221>
<222 >
<223>
<220>
<221>
<222 >
<223 >
<220>
<221>
<222 >
<223 >
<220>
«221>

<222 >
<223 >
<220>
<221>
<222 >
<223 >
<220>
<22]1>
<222 >
<223 >
220>
<221>
<222 >
<223 >
<220>
<22]1>
<222 >
<223 >
«220>
<221>
<222 >
<223 >
<220>
<22]1>
<222 >
<223 >
«220>
«221>
<222 >
<223 >
<220>
<22]1>
<222 >
<223 >
<220>
«221>
<222 >
<223 >
<220>
<221>
<222 >
<223 >
<220>
<221>
<222 >
<223 >
220>
<221>
<222 >
<223 >
<220>
<22]1>
<222 >
<223 >
«220>
<221>
<222 >
<223 >
<220>
<22]1>
<222 >
<223 >
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-continued
FEATURE :
NAME /KEY: VARIANT
LOCATION: (216)..(217)

OTHER INFORMATION: Xaa can be any naturally occurring amino acid
FEATURE:

NAME/KEY: VARIANT

LOCATION: (224)..(224)

OTHER INFORMATION: Xaa can be any naturally occurring amino acid
FEATURE:

NAME/KEY: VARIANT

LOCATION: (225) .. (225}

OTHER INFORMATION: Ile, Leu, Val
FEATURE:

NAME/KEY: VARIANT

LOCATION: (226} .. (230}

OTHER INFORMATION: Xaa can be any naturally occurring amino acid
FEATURE:

NAME/KEY: VARIANT

LOCATION: (232)..(235)

OTHER INFORMATION: Xaa can be any naturally occurring amino acid
FEATURE:

NAME /KEY: VARIANT

LOCATION: (237)..(240)

OTHER INFORMATION: Xaa can be any naturally occurring amino acid
FEATURE:

NAME/KEY: VARIANT

LOCATION: (243)..(247)

OTHER INFORMATION: Xaa can be any naturally occurring amino acid
FEATURE:

NAME /KEY: VARIANT

LOCATION: (253)..(254)

OTHER INFORMATION: Xaa can be any naturally occurring amino acid
FEATURE:

NAME/KEY: VARIANT

LOCATION: (256) .. (256}

OTHER INFORMATION: Xaa can be any naturally occurring amino acid
FEATURE:

NAME /KEY: VARIANT

LOCATION: (259) .. (259)

OTHER INFORMATION: Xaa can be any naturally occurring amino acid
FEATURE:

NAME/KEY: VARIANT

LOCATION: (261) .. (261}
OTHER INFORMATION: Ser, Thr
FEATURE:

NAME/KEY: VARIANT

LOCATION: (262)..{(262}

OTHER INFORMATION: Xaa can be any naturally occurring amino acid
FEATURE:

NAME/KEY: VARIANT

LOCATION: (264) .. (264)

OTHER INFORMATION: Xaa can be any naturally occurring amino acid
FEATURE:

NAME/KEY: VARIANT

LOCATION: (266) .. (266}

OTHER INFORMATION: Ile, Leu, Val
FEATURE:

NAME/KEY: VARIANT

LOCATION: (267)..{(278}

OTHER INFORMATION: Xaa can be any naturally occurring amino acid
FEATURE:
NAME/KEY: VARIANT

LOCATION: (279)..(279)

OTHER INFORMATION: Ile, Leu, Val
FEATURE:

NAME/KEY: VARIANT

LOCATION: (281)..(293}

OTHER INFORMATION: Xaa can be any naturally occurring amino acid
FEATURE:
NAME/KEY: VARIANT

LOCATION: (294) .. (294)

OTHER INFORMATION: Ile, Leu, Val
FEATURE:

NAME/KEY: VARIANT

LOCATION: (295)..(299}

OTHER INFORMATION: Xaa can be any naturally occurring amino acid
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<220>
<221>
<222 >
<223>
<220>
<221>
<222 >
<223 >
<220>
<221>
<222 >
<223 >
<220>
«221>

<222 >
<223 >
<220>
<221>
<222 >
<223 >
<220>
<22]1>
<222 >
<223 >
220>
<221>
<222 >
<223 >
<220>
<22]1>
<222 >
<223 >
«220>
<221>
<222 >
<223 >
<220>
<22]1>
<222 >
<223 >
«220>
«221>
<222 >
<223 >
<220>
<22]1>
<222 >
<223 >
<220>
«221>
<222 >
<223 >
<220>
<221>
<222 >
<223 >
<220>
<221>
<222 >
<223 >
220>
<221>
<222 >
<223 >
<220>
<22]1>
<222 >
<223 >
«220>
<221>
<222 >
<223 >
<220>
<22]1>
<222 >
<223 >
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-continued
FEATURE :
NAME /KEY: VARIANT
LOCATION: (300) .. {(300)
OTHER INFORMATION: Ile, Leu, Val
FEATURE :
NAME /KEY: VARIANT
LOCATION: (202)..(304)

OTHER INFORMATION: Xaa can be any naturally occurring amino acid
FEATURE:

NAME/KEY: VARIANT

LOCATION: (306) .. (210)

OTHER INFORMATION: Xaa can be any naturally occurring amino acid
FEATURE:

NAME/KEY: VARIANT

LOCATION: (312).. (312}

OTHER INFORMATION: Ile, Leu, Val
FEATURE:

NAME/KEY: VARIANT

LOCATION: (314)..(314)

OTHER INFORMATION: Xaa can be any naturally occurring amino acid
FEATURE:
NAME /KEY: VARIANT

LOCATION: (315).. (315}

OTHER INFORMATION: Ile, Leu, Val
FEATURE:

NAME/KEY: VARIANT

LOCATION: (2316)..(317)

OTHER INFORMATION: Xaa can be any naturally occurring amino acid
FEATURE:

NAME/KEY: VARIANT

LOCATION: (318) .. (318}

OTHER INFORMATION: Ile, Leu, Val
FEATURE:

NAME/KEY: VARIANT

LOCATION: (2319)..(324)

OTHER INFORMATION: Xaa can be any naturally occurring amino acid
FEATURE:

NAME /KEY: VARIANT

LOCATION: (326)..(2328)

OTHER INFORMATION: Xaa can be any naturally occurring amino acid
FEATURE:

NAME/KEY: VARIANT

LOCATION: (330)..(2330)

OTHER INFORMATION: Xaa can be any naturally occurring amino acid
FEATURE:

NAME /KEY: VARIANT

LOCATION: (332)..(2332)

OTHER INFORMATION: Xaa can be any naturally occurring amino acid
FEATURE:

NAME/KEY: VARIANT

LOCATION: (333)..(333}

OTHER INFORMATION: Ile, Leu, Val
FEATURE:

NAME/KEY: VARIANT

LOCATION: (335) .. (335}

OTHER INFORMATION: Xaa can be any naturally occurring amino acid
FEATURE:

NAME /KEY: VARIANT

LOCATION: (337)..(337)

OTHER INFORMATION: Xaa can be any naturally occurring amino acid
FEATURE:

NAME/KEY: VARIANT

LOCATION: (339)..(345)

OTHER INFORMATION: Xaa can be any naturally occurring amino acid
FEATURE:

NAME /KEY: VARIANT

LOCATION: (346} .. (346}

OTHER INFORMATION: Ile, Leu, Val
FEATURE:

NAME/KEY: VARIANT

LOCATION: (247)..(351)

OTHER INFORMATION: Xaa can be any naturally occurring amino acid
FEATURE:

NAME /KEY: VARIANT

LOCATION: (353)..(2363)

OTHER INFORMATION: Xaa can be any naturally occurring amino acid
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-continued
<220> FEATURE:
«221> NAME/KEY: VARIANT
<222> LOCATION: (364)..(364)
<223> OTHER INFORMATION: Ile, Leu, Val
<220> FEATURE:
«221> NAME/KEY: VARIANT
222> LOCATION: (365)..(365)
<223> OTHER INFORMATION: Xaa can be any naturally occurring amino acid
<220> FEATURE:
«221> NAME/KEY: VARIANT
222> LOCATION: (366)..(366)
<223> OTHER INFORMATION: Ile, Leu, Val
<220> FEATURE:
«221> NAME/KEY: VARIANT
222> LOCATION: (2367)..(370)
223> QOTHER INFORMATION: Xaa can be any naturally occurring amino acid
<220> FEATURE:
«221> NAME/KEY: VARIANT
<222> LOCATION: (371)..(371)
<223> OTHER INFORMATION: Ile, Leu, Val
<220> FEATURE:
«221> NAME/KEY: VARIANT
222> LOCATION: (372)..(372)
<223> OTHER INFORMATION: Xaa can be any naturally occurring amino acid
<220> FEATURE:
«221> NAME/KEY: VARIANT
«<222> LOCATION: (373)..(373)
<223> OTHER INFORMATION: Ile, Leu, Val
<220> FEATURE:
«221> NAME/KEY: VARIANT
<222> LOCATION: (374)..(377)
223> QOTHER INFORMATION: Xaa can be any naturally occurring amino acid
<220> FEATURE:
«221> NAME/KEY: VARIANT
222> LOCATION: (378)..(378)
<223> OTHER INFORMATION: Ile, Leu, Val
<220> FEATURE:
«221> NAME/KEY: VARIANT
<222> LOCATION: (381)..(384)
<223> OTHER INFORMATION: Xaa can be any naturally occurring amino acid
<220> FEATURE:
«221> NAME/KEY: VARIANT
«<222> LOCATION: (385)..(385)
<223> OTHER INFORMATION: Asp, Glu
<220> FEATURE:
«221> NAME/KEY: VARIANT
<222> LOCATION: (386)..(386)
<223> OTHER INFORMATION: Ile, Leu, Val
<220> FEATURE:
«221> NAME/KEY: VARIANT
«<222> LOCATION: (387)..(388)
223> OTHER INFORMATION: Xaa can be any naturally occurring amino acid
<220> FEATURE:
«221> NAME/KEY: VARIANT
<222> LOCATION: (2391)..(391)
<223> OTHER INFORMATION: Xaa can be any naturally occurring amino acid
<220> FEATURE:
«221> NAME/KEY: VARIANT
<222> LOCATION: (395)..(397)
223> OTHER INFORMATION: Xaa can be any naturally occurring amino acid
<400> SEQUENCE: 8
Xaa Xaa Xaa Xaa Xaa Xaa Xaa Xaa Xaa Xaa Xaa Xaa Xaa Xaa Xaa Xaa
1 5 10 15
Xaa Xaa Xaa Xaa Xaa Xaa Xaa Xaa Xaa Xaa Xaa Xaa Xaa Xaa Xaa Xaa
20 25 30
Xaa Xaa Xaa Xaa Xaa Xaa Xaa Arg Xaa Xaa Hisgs Phe Thr Trp Xaa Trp
35 40 45
Xaa Xaa Xaa Xaa Met Xaa Xaa Gly Gly Xaa Xaa Xaa Xaa Xaa Xaa Xaa
50 55 60
Xaa Xaa Xaa Xaa Phe Xaa Gly Leu Xaa Xaa Xaa Xaa Xaa Xaa Xaa Xaa
65 70 75 80

65
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Xaa

ATrg

Xaa

Xaa

Xaa

145

Xaa

Thr

Gly

Xaa

Xaa

225

Gly

Pro

Xaa

Xaa

Leu

305

Xaa

Xaa

Xaa

Xaa

Xaa
385

Xaa

Phe

Xaa

Leu

130

Xaa

Xaa

Xaa

Xaa

Xaa

210

Xaa

Leu

Pro

Xaa

Xaa

290

Xaa

Xaa

Gly

Xaa

Xaa

370

Xaa

Xaa

Ile

Phe

115

Xaa

Xaa

Xaa

Xaa

Tle

195

Xaa

Xaa

Xaa

Xaa

Xaa

275

Xaa

Xaa

Xaa

Xaa

Xaa

355

Xaa

Xaa

Xaa

Xaa

100

Xaa

Xaa

Xaa

Xaa

Pro

180

Ala

Xaa

Xaa

Xaa

Phe

260

Xaa

Xaa

Xaa

Xaa

Xaa

340

Xaa

Xaa

Xaa

Xaa

85

Xaa

Xaa

Xaa

Leu

Xaa

165

Xaa

Xaa

Xaa

Xaa

Xaa

245

Xaa

Xaa

Xaa

Xaa

Phe

325

Xaa

Xaa

Xaa

Pro

Xaa

Xaa

Thr

Xaa

Xaa

150

Xaa

Xaa

Xaa

Xaa

Xaa

230

Xaa

Xaa

Xaa

Xaa

Xaa

310

Xaa

Xaa

Xaa

Xaa

Gly
390

67

Xaa

Xaa

Xaa

Xaa

135

Xaa

Xaa

Xaa

Xaa

Gly

215

Ala

Xaa

Leu

Xaa

Xaa

295

Xaa

Xaa

Xaa

Xaa

375

Xaa

The invention claimed 1s:

Xaa

Xaa

Xaa

120

Xaa

Ile

Phe

Leu

Xaa

200

Xaa

Xaa

Arg

Xaa

Gly

280

Xaa

Xaa

Xaa

Xaa

Xaa

360

Xaa

ASP

Xaa

Xaa

105

Leu

Xaa

Xaa

Xaa

Pro

185

Xaa

Xaa

Xaa

Pro

Leu

265

Xaa

Xaa

Ala

Trp

Xaa

345

Xaa

Xaa

Glu

Xaa

90

Xaa

Xaa

Xaa

Xaa

Xaa

170

Xaa

Xaa

Phe

Xaa

Gly

250

Xaa

Xaa

Xaa

Xaa

Xaa

330

Xaa

Xaa

Xaa

ASp
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Xaa

Xaa

ITle

Xaa

Xaa

155

Xaa

Phe

Gln

Gln

Xaa

235

Met

Xaa

Xaa

Xaa

Xaa

315

Ala

Xaa

Xaa

Arg

Xaa
395

-continued

Xaa Xaa Xaa Xaa

Xaa

Xaa

Xaa

140

Xaa

Xaa

Pro

Pro

Gly

220

AYg

Phe

Xaa

Xaa

Xaa

300

Xaa

Xaa

Xaa

Xaa

Ala

380

Xaa

Xaa

Thr

125

Xaa

Xaa

Xaa

Xaa

Ala

205

Leu

Xaa

Xaa

Xaa

Xaa

285

Phe

Xaa

Xaa

Xaa

Xaa

365

Xaa

Xaa

1. A recombinant Pichia kudriavzevii host cell capable of
producing malonate wherein said host cell comprises a
heterologous nucleic acid encoding an Aspergilius MAE]
transport protein, wherein the Aspergillus MAE] transport
protein 1s SEQ ID NO: 2, and wherein said host cell
produces an increased level of malonate relative to a paren-
tal host cell not comprising a heterologous nucleic acid
encoding said MAE] transport protein.

2. A method for producing malonate, said method com-
prising fermenting a host cell of claim 1 under conditions
such that malonate 1s produced and secreted into fermenta-
tion medium.

Xaa

110

Xaa

Xaa

Xaa

Xaa

Met

120

Xaa

Gly

Xaa

Xaa

Xaa

270

Xaa

Xaa

Xaa

Phe

Xaa

350

Xaa

Xaa

60

o5

Xaa

Tle

Xaa

Xaa

Xaa

175

Xaa

Xaa

Phe

Xaa

Val

255

Xaa

Xaa

Xaa

Xaa

Xaa

335

Xaa

Xaa

Xaa

Xaa

Glu

Xaa

Xaa

Xaa

160

Xaa

Xaa

Xaa

Xaa

Xaa

240

Xaa

Xaa

Xaa

Xaa

Xaa

320

Agn

Ser

Xaa

Xaa

08

3. The recombinant host cell of claim 1, which 1s capable

of producing malonate under aerobic conditions.

4. The recombinant host cell of claim 1, which 1s capable
of producing malonate under anaerobic conditions.

5. The recombinant host cell of claim 1, wherein the host
cell produces greater than 1.25-fold more malonate than the
parental host cell.

6. The method of claam 2, wherein the fermenting 1s
performed at a pH of about 5.0.

7. The method of claim 2, wherein the fermenting 1s
performed at a temperature of about 30° C.

G ex x = e
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