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POLYKETIDE SYNTHASE VARIANTS
AND USES THEREOF

CROSS REFERENCE TO RELATED APPLICATIONS
This application claims benefit of U.S. Provisional Application Serial No. 61/949,082,

filed March 6, 2014, the contents of which are incorporated herein by reference.

STATEMENT OF RIGHTS TO INVENTIONS MADE UNDER FEDERALLY
SPONSORED RESEARCH
This invention was made with government support under Grant Nos. EEC-0813570 and
MCB-0645794 awarded by the National Science Foundation. The government has certain rights

in the invention.

SEQUENCE LISTING

The instant application contains a Sequence Listing which has been submitted
electronically in ASCII format and is hereby incorporated by reference in its entirety. Said
ASCII copy, created on March 5, 2015, is named 365550.1003WO1_SL.txt and is 335,357 bytes

in size.

BACKGROUND

There has been great interest in utilizing either naturally occurring enzymes or engineered
enzymes to prepare commercially useful chemical compounds. 2-Pyrone (also termed 2PY) is
an attractive target for large-scale commercial production because it serves as a starting material
for the synthesis of at least three distinct commodity chemicals. Through chemical catalysis, 2-
Pyrone can be converted to sorbic acid, a preservative used widely in dairy-based foods.
Moreover, further chemical modification yields the enone, 3-pentene-2-one, which is useful for
chemical synthesis, and the diene 1,3-pentadiene, which is useful as a plasticizer. Additionally,
2-pyrone itself may be used as a food additive, as a phytochemical or as part of a phytochemical
mix.

2-Pyrone synthase (also termed 2-PS) catalyzes the synthesis of 2-Pyrone using acetyl-

CoA as one of the starting materials. 2-Pyrone synthase or other 2-Polyketide synthase variants
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having altered capabilities could expand the enzymatic toolbox available for rational enzyme-
based chemical synthesis. More specifically, the discovery of 2-polyketide synthase variants is
required to provide novel non-native enzymes having new synthetic capabilities and/or enhanced

enzymatic activity.

SUMMARY OF THE INVENTION

As described below, the present invention provides polyketide synthase variants having
altered enzymatic activity, host cells (e.g., yeast, plant, algae, bacterial, mammalian, insect)
comprising such variants and in vitro and in vivo methods of using such enzymes for the
production of desired chemical compounds, including polyketide, pyrone and lactone products.

In one aspect, the invention provides an isolated nucleic acid molecule encoding a
polyketide synthase variant having an altered amino acid residue corresponding to amino acid
positions C35, T137, 1201, L202, L.268, C65, C89, C195, C346; and/or C372 of 2-pyrone
synthase.

In another aspect, the invention provides a vector containing the isolated nucleic acid
molecule of any aspect described herein.

In still another aspect, the invention provides a cell containing the isolated nucleic acid
molecule and/or vector of any aspect described herein.

In yet another aspect, the invention provides a plant containing the isolated nucleic acid
molecule and/or vector of any aspect described herein. In various embodiments, the nucleic acid
molecule is expressed in a glandular tricone.

In one aspect, the invention provides an isolated polyketide synthase polypeptide having
an altered amino acid residue corresponding to amino acid positions C35, T137, 1201, L202,
L268, C65, C89, C195, C346; and/or C372 of 2-pyrone synthase.

In another aspect, the invention provides a method of increasing the activity of a
polyketide synthase, the method involving introducing an altered amino acid residue at a position
corresponding to C35, T137, 1201, L202, L268, C65, C89, C195, C346; and/or C372 of 2-pyrone
synthase.

In another aspect, the invention provides an isolated nucleic acid molecule encoding a
polyketide synthase variant comprising an altered amino acid residue corresponding to amino

acid positions C35, C65, C89, C135, C195, C346, C372, T137, 1201, L202, and/or L268 of 2-

2
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pyrone synthase. In various embodiments, the altered amino acid residue is any one or more of
C358S, C65S, C89S, C135S, C195S, C346A, C372S, L202F, L268F, L268M, and T137F. In
particular embodiments, the altered amino acid residue is any one or more of C35S, C65S, C89S,
C1358S, C195S, C346A, C372S, L202F, L268F, L.268M, and T137F. In one embodiment, the
encoded polyketide synthase variant comprises C35SC372S.

In another aspect, the invention features an isolated polyketide synthase polypeptide
comprising an altered amino acid residue corresponding to amino acid positions C35, C65, C89,
C135, C195, C346, C372, T137, 1201, L.202, and/or L268 of 2-pyrone synthase. In particular
embodiments, the altered amino acid residue is any one or more of C35S, C65S, C89S, C135S,
C195S, C346A, C372S, T137F, L202F, L268F, and L268M. In one embodiment, the polyketide
synthase polypeptide comprises C35SC3728S.

In another aspect, the invention features a method of increasing the activity of a
polyketide synthase, the method comprising introducing an altered amino acid residue at a
position corresponding to C35, C65, C89, C135, C195, C346, C372, T137, 1201, L.202, and/or
L268 of 2-pyrone synthase. In one embodiment, the altered amino acid residue is selected from
the group consisting of C35S, C65S, C89S, C135S, C1958S, C346A, C372S, T137F, L202F,
L268F, and L268M.

In still another aspect, the invention provides a method of preparing a cyclic compound,
or a salt, solvate or derivative thereof, the method involving contacting the isolated polyketide
synthase of any aspect delineated herein with a substrate of formula (I), or a salt, solvate or
derivative thereof:

CoA-S-C(=0)-R' (D),

where the cyclic compound is selected from the group consisting of:

OR?
R0 OR*

R?
or® 0 , where:

R' is selected from the group consisting of C;-Cyg alkyl, Ci-Cyo cycloalkyl, aryl-(Ci-Cao
alkyl), carboxy-(C;-Cy alkyl), aryl, heterocyclyl, heteroaryl, aryl-CH=CH-,
heterocyclyl-CH=CH-and heteroaryl-CH=CH-,
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R’ is selected from the group consisting of H, carboxy, C(=0)O(C;-Ce)alkyl, cyano, -
C(=0O)NH,, -C(=0)NH(C;-Ce)alkyl, and -C(=O)N((C;-Ce¢)alkyl),;

each occurrence of R? is independently selected from the group consisting of H, C;-Cao
alkyl, aryl-(C;-C,g alkyl), C;-Cy acyl, aroyl, and heteroaroyl; and,

nis0,1,2or 3;

where each alkyl, cycloalkyl, aryl, heterocyclyl or heteroaryl group is independently
optionally substituted with at least one substituent selected from the group consisting of F, Cl,
Br, I, hydroxy, alkoxy, amino, nitro, monoalkylamino, dialkylamino, carboxy, C(=0)O(C;-
Ce)alkyl, trifluoromethyl, cyano, -C(=O)NH,, -C(=O)NH(C;-C¢)alkyl, -C(=O)N((C;-Cg¢)alkyl),, -
SO,NH,, and -C(=NH)NHo.

In various embodiments, R!is C-Cyo alkyl, carboxy-(C;-Cyo alkyl), aryl, heteroaryl, aryl-
CH=CH-, or heteroaryl-CH=CH-. In particular embodiments, R!is C;-Cy alkyl, carboxy-(C;-
Cy alkyl), aryl, or aryl-CH=CH-. In various embodiments, each occurrence of aryl comprises
phenyl.

In still another aspect, the invention provides a method of preparing a polyketide using a
cell containing the isolated nucleic acid molecule and/or vector of any aspect described herein.

In another aspect, the invention provides a kit containing an isolated polyketide synthase,
a nucleic acid molecule, a vector or a cell of any aspect described herein.

In various embodiments of any of the aspects delineated herein, the polyketide synthase

variant is 2-pyrone synthase. In various embodiments the altered amino acid residue is selected
from the group consisting of C35S, C65S, C89S, C1958S, C346A, C372S, L202F, and L268M.
In particular embodiments, the altered amino acid residue is C35S. In certain embodiments, the
polyketide synthase variant has a combination of altered amino acid residues that is C35S,
T137F; C35S, T137L; C35S, I201F; C35S, 1201L; C35S, L202F; C35S, L202M; C35S,
L268F; C35S, L268M; C35S; C35S, C65S; C35S, C89S; C35S, C195S; C35S, C346A; C35S,
C372A; C358, C372S; C35S, C89S, C372S; C35S, C65S, C89S, C372S; C35S, C&9S, C195S,
C346A, C372S; and C35S, C65S, C89S, C195S, C346A, or C372S. In specific embodiments,
the polyketide synthase polypeptide has a combination of altered amino acid residues that is
C358S, C65S, C89S, C195S, C346A, C372S, L202F, and L268M.

In various embodiments of any of the aspects delineated herein, the activity and/or

stability of the polyketide synthase is increased relative to a reference polypeptide (e.g., wild-
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type 2-pyrone synthase). In particular embodiments the k., of the polyketide synthase is
increased and/or Ky, of the synthase is decreased relative to a wild-type 2-pyrone synthase
polypeptide. In various embodiments, the activity of the polyketide synthase involves
production of a compound that is one or more of a pyrone, a chromone, a triacetic lactone, a
polyhydroxynaphthalene, a phloroglucinol, a resorcinol, a resorcinol acid, SEK 4, SEK4b, and
aloesone, including combinations thereof. In a particular embodiment, the lactone is triacetic
lactone.

In various embodiments of any of the aspects delineated herein, the cell is a yeast, plant,
algae, bacterial, mammalian, or insect cell. In various embodiments, the variant polyketide
synthase is expressed in a yeast, plant, bacteria, mammal, or insect cell. In various
embodiments, the cell is in vitro or in vivo.

Other aspects, embodiments, advantages, and features of the present invention will

become apparent from the following specification.

Definitions

Unless defined otherwise, all technical and scientific terms used herein have the meaning
commonly understood by a person skilled in the art to which this invention belongs. The
following references provide one of skill with a general definition of many of the terms used in
this invention: Singleton ef al., Dictionary of Microbiology and Molecular Biology (2nd ed.
1994); The Cambridge Dictionary of Science and Technology (Walker ed., 1988); The Glossary
of Genetics, 5th Ed., R. Rieger et al. (eds.), Springer Verlag (1991); and Hale & Marham, The
Harper Collins Dictionary of Biology (1991). As used herein, the following terms have the
meanings ascribed to them below, unless specified otherwise.

By “polyketide synthase (PS) polypeptide” is meant a polypeptide or fragment thereof
having at least about 85% amino acid identity to UniProt Accession No. P48391 and having
polyketide synthase activity. Polyketide synthase activity includes, but is not limited to, Claisen
condensing carbon-carbon bond formation, aldol condensing carbon-carbon bond formation,
lactonizing carbon-oxygen bonding formation, decarboxylation and/or (thio)ester cleavage. In
other embodiments, a polyketide synthase polypeptide has at least about 85%, 90, 95, 96, 97, 98,
99, or 100% identity to a wild-type polyketide synthase polypeptide. Accordingly, the term
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polyketide synthase polypeptide encompasses polyketide synthase variants. Sequences useful in

the methods of the invention are provided at Figures 9-13.

Polyketide synthases include any one of a family of enzymes that catalyze the formation

of polyketide compounds. Polyketide synthases are generally homodimers, with each monomer

being enzymatically active. An exemplary polyketide synthase is the Gerbera hybrida 2-pyrone

synthase (2-PS) (also termed Gh2PS), which amino acid sequence is shown below.

61
121
181
241
301
361

mgsyssddve
fkricektai
ewglpkskit
dlaennkgsr
ifeivstdgt
nsviwmvhpg

egksttgegl

vireagraqg
kkrylalted
hlifcttagv
vlivcseita
ilpdtekamk
graildgver
dcgvlfgfgp

latilaigta
ylgenptmce
dmpgadyglv
ilfhgpnenh
lhlreggltt
klnlkedklr

gmtvetvvlr

tppncvagad
fmapslnarqg
kllglspsvk
ldslvagalf
glhrdvplmv
asrhvlseyg

svrvtaavan

vadyyvfrvtk
dlvvtgvpml
rymlygggca
gdgaaalivg
aknienaaek
nlisacvlfi

gn (SEQ ID

sehmvdlkek
gkeaavkaid
aggtvlrlak
sgphlaverp
alsplgitdw
idevrkrsma

NO: 1)

By “ polyketide synthase (PS) nucleic acid molecule” is meant a polynucleotide encoding

a polyketide synthase polypeptide or fragment thereof. An exemplary PS nucleic acid molecule

sequence is provided under NCBI Accession No. Z38097, and is shown below, with the protein-

encoding region spanning bases 163 to 1371 in bold.

61
121
181
241
301
361
421
481
541
601
661
721

aaaaggccta
ttataaactt
tatctcattt
gatgatgtgg
attggcactg
cgtgtcacta
aaaacagcga
acaatgtgtg
gtcccaatgce
tccaagatca
tatcaactcg
cagggatgtg

aagggctcac

ctcaagcctt
acctttctgt
gttaggatat
aggtgattcg
ctactcctec
agagcgaaca
taaagaaacg
agttcatggc
ttggcaaaga
cccacctcat
tcaaactcct
ccgeeggegg
gagtccttat

gaaattctct
ttctttcaaa
acaaacatca
tgaggccgga
caattgcgtc
tatggttgat
atacctagcec
tccatccetta
agccgcagtce
cttctgcacc
tggtctctce
cacagtcctc

cgtctgetcec

6

tttcttttcet
gaatttagct
atctcgagta
cgggcacaag
gctcaagctg
cttaaagaga
ctcaccgaag
aacgctcgac
aaggccattg
accgectggeg
ccttcagtca
cggctagcceca

gagatcactg

tttcattccc
gcctcaaacg
aaatgggatc
gtttagccac
attatgcaga
aatttaaacg
actatctgca
aagacctagt
atgaatgggg
ttgacatgcc
aacgctatat
aggaccttgc
ctatcttatt

ttccctcaaa
aagatcttca
ttactcatcce
gattcttgece
ctattatttt
catttgtgag
agagaaccca
ggtcaccggce
actaccaaaa
cggtgctgac
gttgtaccaa
tgaaaacaac

ccatggaccc
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781
841
901
961
1021
1081
1141
1201
1201
1321
1381
1441
1501

ID NO:

aatgagaacc
ctcattgtgg
actgatcaaa
gggttgacgt
gcagcggaga
gtgcacccag
gataagttaa
gtgttgttca
ggtgaaggtt
gttgttcttc
tttgcaaaat
tatgataata
gttggcaatt
2)

accttgactc
gttcaggccce
caatcttgcec
ttcagttgca
aagcgttgtc
gtggtcgage
gggctagcag
tcattgacga
tggattgcgg
gtagegtccg
attacttttt
gggtctgtat

aaataaagat

actcgtcget
tcacttggcc
ggacactgag
tagagatgta
tccactaggg
catattggac
gcatgtgcett
ggtgaggaag
tgttttgttt
cgttactgct
actacggtat
ttttcttgtt
tgtttttcct

caagctttat
gtagaacggc
aaggcaatga
ccecttgatgg
ataactgatt
caggtggagc
agtgaatacg
agatctatgg
ggatttggac
gcggttgeca
gtttccttgt
tatgatttta

atgaataata

PCT/US2015/019058

tcggagacgg
caatattcga
agttacactt
tcgcaaagaa
ggaactcagt
gaaaactaaa
gaaacctgat
cggaagggaa
cgggtatgac
atggaaactg
ttatgagttt
ttttctcaaa

taagattaca

agctgcagca
gatcgtgtca
gagagaggga
catagagaac
tttctggatg
ccttaaggaa
tagcgettgt
gagtacaacc
tgttgagact
atcactgttg
gtcattcacc
gatgatgtaa

tttte (SEQ

As used herein, the term ““substrate” refers to a Coenzyme-A (CoA) thioester that acts as

an enzymatic substrate for a wild-type polyketide synthase or a polyketide synthase variant

contemplated within the invention. In certain embodiments, a substrate comprises acetyl-CoA,

malonyl-CoA, coumaroyl-CoA, hexamoyl-CoA, a synthetic CoA thioester, ACP or NAC

thioesters and the like. In certain embodiments, the term “substrate” refers to CoA thioesters

found in natural systems, as well as CoA thioesters that are chemically synthesized and not found

in natural systems.
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As used herein the term “pyrone” refers to a class of cyclic chemical compounds having
the molecular formula CsH4O, and comprising an unsaturated six membered ring comprising one
oxygen atom and a ketone functional group. Two isomers denoted as 2-pyrone (2PY) and
4-pyrone (4-PY) are exemplified herein. As used herein, the term “pyrone” also refers to a

compound comprising a 2-pyrone moiety or a 4-pyrone moiety, and derivatives thereof.

L o
2-pyrone 4-pyrone

By “complex” is meant a chemical association of two or more molecules. Complexes
may include a network of weak electrostatic bonds that maintain the association of the
molecules. Other types of interactions, such as covalent bond, ionic bond, hydrogen bond,
hydrophobic interaction, or van der Waals interactions, may be present instead of or in addition
to electrostatic bonds between members of a complex.

By “specifically binds” is meant a compound or antibody that recognizes and binds a
polypeptide of the invention, but which does not substantially recognize and bind other
molecules in a sample.

By “computer modeling” is meant the application of a computational program to
determine one or more of the following: the location and binding proximity of a ligand to a
binding moiety, the occupied space of a bound ligand, the amount of complementary contact
surface between a binding moiety and a ligand, the deformation energy of binding of a given
ligand to a binding moiety, and some estimate of hydrogen bonding strength, van der Waals
interaction, hydrophobic interaction, and/or electrostatic interaction energies between ligand and
binding moiety. Computer modeling can also provide comparisons between the features of a
model system and a candidate compound. For example, a computer modeling experiment can
compare a pharmacophore model of the invention with a candidate compound to assess the fit of
the candidate compound with the model. Examples of techniques useful in the above evaluations

include: quantum mechanics, molecular mechanics, molecular dynamics, Monte Carlo sampling,
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systematic searches and distance geometry methods. Further descriptions of computer modeling
programs are provided elsewhere herein.

As used herein, “molecular replacement” refers to generating a preliminary model of a
polyketide synthase whose structural coordinates are unknown, by orienting and positioning a
molecule whose structural coordinates are known within the unit cell of the unknown crystal so
as best to account for the observed diffraction pattern of the unknown crystal. Phases can then
be calculated from this model and combined with the observed amplitudes to give an
approximate Fourier synthesis of the structure whose coordinates are unknown. This in turn can
be subject to any of the several forms of refinement to provide a final, accurate structure of the
unknown crystal (Lattman, E., 1985, in Methods in Enzymology, 11 5.55-77; Rossmann, MG.,
ed., “The Molecular Replacement Method” 1972, Int, Sci. Rev. Ser., No. 13, Gordon & Breach,
New York). Using structure coordinates of the polyketide synthase provided herein (see e.g.,
PDB Accession Numbers) molecular replacement maybe used to determine the structural
coordinates of a crystalline mutant, homolog, or a different crystal form of polyketide synthase.

By “decreases” is meant a negative alteration of at least 10%, 25%, 50%, 75%, or 100%.

By “increase” is meant a positive alteration of at least 10%, 25%, 50%, 75%, or 100%.
In one embodiment, the presence of a mutation increases the activity of an enzyme of the
invention by at least about 5%, 10%, 15%, 20%, 25%, or 50%.

The term “detect” refers to identifying the presence, absence, level, or concentration of an
analyte.

By “foreign” or “heterologous” is meant a gene encoding a protein whose exact amino
acid sequence is not normally found in the host cell. Exemplary host cells include yeast, plant,
algae, bacterial, mammalian, and insect cells.

By “fragment” is meant a portion of a polypeptide or nucleic acid molecule. This portion
contains at least 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, or 90% of the entire length of the
reference nucleic acid molecule or polypeptide. A fragment may contain 10, 20, 30, 40, 50, 60,
70, 80, 90, or 100, 200, 300, 400, 500, 600, 700, 800, 900, or 1000 nucleotides or amino acids.

As used herein, *“ -carbon” refers to the chiral carbon atom found in an amino acid
residue. Typically, four substituents will be covalently bound to said -carbon including an

amine group, a carboxylic acid group, a hydrogen atom, and an R-group.
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As used herein, “R-group” refers to the substituent attached to the -carbon of an amino
acid residue. An R-group is an important determinant of the overall chemical character of an
amino acid. There are twenty natural R-groups found in proteins, which make up the twenty
naturally occurring amino acids.

By “substantially identical” is meant a polypeptide or nucleic acid molecule exhibiting at
least 50% identity to a reference amino acid sequence (for example, any one of the amino acid
sequences described herein) or nucleic acid sequence (for example, any one of the nucleic acid
sequences described herein). In one embodiment, such a sequence is at least 60%, 80%, 85%,
90%, 95% or even 100% identical at the amino acid level or nucleic acid to the sequence used
for comparison (e.g., wild-type reference sequence).

Sequence identity is typically measured using sequence analysis software (for example,
Sequence Analysis Software Package of the Genetics Computer Group, University of Wisconsin
Biotechnology Center, 1710 University Avenue, Madison, Wis. 53705, BLAST, BESTFIT,
GAP, or PILEUP/PRETTYBOX programs). Such software matches identical or similar
sequences by assigning degrees of homology to various substitutions, deletions, and/or other
modifications. Conservative substitutions typically include substitutions within the following
groups: glycine, alanine; valine, isoleucine, leucine; aspartic acid, glutamic acid, asparagine,
glutamine; serine, threonine; lysine, arginine; and phenylalanine, tyrosine. In an exemplary
approach to determining the degree of identity, a BLAST program may be used, with a
probability score between e’ ande % indicating a closely related sequence.

As used herein, “active site” refers to a site in a synthase defined by amino acid residues
that interact with substrate and facilitate a biosynthetic reaction that allows one or more products
to be produced. Active site amino acids for 2-pyrone synthase include L202 and L268. The
three-dimensional space position of an -carbon at the active site of a synthase and of R-groups
associated therewith can be determined using techniques such as three-dimensional modeling, X-
ray crystallography, and/or techniques associated therewith. Active sites can be specified by a
set of amino acid residues. Other residues can play a role in substrate specificity and enzyme
activity by modulating size, shape, charge, and the like of the active site. In addition, residues
external to the active site may also modulate the specificity and/or activity of the enzyme.

As used herein, “hydrophilic amino acid” and “hydrophilic R-group” includes any

naturally occurring or unnatural amino acid that is relatively soluble in water and/or has high
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affinity for water. Examples of naturally occurring hydrophilic amino acids include serine,
threonine, tyrosine, asparagine, glutamine, cysteine, and the like.

As used herein, “hydrophobic amino acid” and “hydrophobic R-group” includes any
naturally occurring or unnatural amino acid that is relatively insoluble in water and/or has low
affinity for water. Examples of naturally occurring hydrophobic amino acids are alanine,
leucine, isoleucine, valine, proline, phenylalanine, tryptophan, methionine, and the like.

As used herein, “naturally occurring amino acid” and “naturally occurring R-group”
includes L-isomers of the twenty amino acids naturally occurring in proteins. Naturally
occurring amino acids are glycine, alanine, valine, leucine, isoleucine, serine, methionine,
threonine, phenylalanine, tyrosine, tryptophan, cysteine, proline, histidine, aspartic acid,
asparagine, glutamic acid, glutamine, arginine, and lysine. Unless specially indicated, all amino
acids referred to in this application are in the L-form.

As used herein, “negatively charged amino acid” and “negatively charged R-group”
includes any naturally occurring or unnatural amino acid having a side chain which is negatively
charged under normal physiological conditions. Examples of negatively charged, naturally
occurring amino acids include aspartic acid, glutamic acid, and the like.

As used herein, “positively charged amino acid” and “positively charged R-group”
includes any naturally occurring or unnatural amino acid having a side chain which is positively
charged under normal physiological conditions. Examples of positively charged, naturally
occurring amino acids include arginine, lysine, histidine, and the like.

As used herein, “unnatural amino acid” and “unnatural R-group” includes amino acids
that are not naturally found in proteins. Examples of unnatural amino acids included herein are
racemic mixtures of selenocysteine and selenomethionme. In addition, unnatural amino acids
include the D- or L- forms of, for example, nor-leucine, para-nitrophenylalanine,
homophenylalanine, para-fluorophenylalanine, 3-amino-2-benzylpropionic acid, homoarginines,
D-phenylalanine, and the like. Unnatural amino acids and peptides including such amino acids
are described in U.S. Pat. Nos. 6,566,330 and 6,555,522.

By “variant” as is meant a polynucleotide or polypeptide sequence that differs from a
wild-type or reference sequence by one or more nucleotides or one or more amino acids.
Exemplary 2-pyrone synthase variants include those having an amino acid change at any one or

more of T137, 1201, L.202, L268, C35, C65, C89, C195, C346, and C372.
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In one embodiment, exemplary 2-pyrone synthase variants include the following
combinations of the following amino acid substitutions: C35S, T137F; C35S, T137L; C35S,
1201F; C35S, 1201L; C35S, L202F; C35S, L202M; C35S, L268F; C35S, L268M; C35S;
C358S, C65S; C35S, C89S; C35S, C195S; C35S, C346A; C35S, C372A; C35S8, C372S;
C35S, C89S, C372S; C35S, C65S, C89S, C372S; C35S, C89S, C1958, C346A, C372S; and
C35S, C65S, C89S, C195S, C346A, and C372S.

In another embodiment, the enzyme comprises at least C35S, C65S, C89S, C195S,
C346A, and C372S. This background might be useful for generating active site variants.

As used herein, “isolated” refers to a molecule that is substantially free of other elements
present in its natural environment. For instance, an isolated protein is substantially free of
cellular material or other proteins from the cell or tissue source from which it is derived. The
term “isolated” also refers to preparations where the isolated protein is sufficiently pure to be
administered as a pharmaceutical composition, or at least 70-80% (w/w) pure, more preferably,
at least 80-90% (w/w) pure, even more preferably, 90-95% pure; and, most preferably, at least
95%, 96%, 97%, 98%, 99%. or 100% (w/w) pure.

As used herein, “native” or “native polypeptide” refers to proteins that occur or are
produced in nature (e.g., wild-type 2-pyrone synthase).

As used herein, “mutant” or “mutated polypeptide” refers to a polypeptide containing
amino acid residues that have been substituted or modified with respect to a wild type
polypeptide (e.g., polyketone synthase).

By a “substantially pure polypeptide” is meant a polypeptide (e.g., a pyrone synthase)
which has been separated from components which naturally accompany it or accompany it in
vitro. Typically, the polypeptide is substantially pure when it is at least 60%, by weight, free
from the proteins and naturally-occurring organic molecules with which it is naturally associated.
In one embodiment, the preparation is at least about 75%, 85%, 90%, 95%, or 99%, by weight,
pure. A substantially pure synthase polypeptide may be obtained, for example, by extraction
from a natural source; by expression of a recombinant nucleic acid encoding an synthase
polypeptide; or by chemically synthesizing the protein. Purity can be measured by any
appropriate method (e.g., column chromatography, polyacrylamide gel electrophoresis, or by

HPLC analysis).

12



10

15

20

25

30

WO 2015/134807 PCT/US2015/019058

The term “promoter” as used herein is defined as a DNA sequence recognized by the
synthetic machinery of the cell, or introduced synthetic machinery, required to initiate the
specific transcription of a polynucleotide sequence.

As used herein, the term “promoter/regulatory sequence” means a nucleic acid sequence
which is required for expression of a gene product operably linked to the promoter/regulatory
sequence. In some instances, this sequence may be the core promoter sequence and in other
instances, this sequence may also include an enhancer sequence and other regulatory elements
which are required for expression of the gene product. The promoter/regulatory sequence may,
for example, be one which expresses the gene product in a tissue specific manner.

By “reference” is meant a standard or control condition.

A “reference sequence” is a defined sequence used as a basis for sequence comparison.

As used herein, “space group” refers to the arrangement of symmetry elements within a
crystal.

As used herein, “structure coordinates” refers to Cartesian coordinates (x, y, and z
positions) derived from mathematical equations involving Fourier synthesis as determined from
patterns obtained via diffraction of a monochromatic beam of X-rays by the atoms (scattering
centers) of a polyketide synthase molecule in crystal form. Diffraction data are used to calculate
electron density maps of repeating protein units in the crystal (unit cell). Electron density maps
are used to establish the positions of individual atoms within a crystal's unit cell. The term
“crystal structure coordinates” refers to mathematical coordinates derived from mathematical
equations related to the patterns obtained on diffraction of a monochromatic beam of X-rays by
the atoms (scattering centers) of a synthase polypeptide (e.g., a chalcone synthase protein
molecule) in crystal form. The diffraction data are used to calculate an electron density map of
the repeating unit of the crystal. The electron density maps are used to establish the positions of
the individual atoms within the unit cell of the crystal. The crystal structure coordinates of a
synthase can be obtained from crystals and can also be obtained by means of computational
analysis.

By “three-dimensional model” is meant a three-dimensional representation of a
molecule's structure. Computer modeling may be used to generate such a model in conjunction

with structural data. These data could include x-ray crystallographic data, nuclear magnetic
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resonance data, electron microscopy data, or any other source of experimental or theoretical data
useful for generating a model of a molecule or complex of molecules.

By “unit cell” is meant the fundamental repeating unit of a crystal.

Nucleic acid molecules useful in the methods of the invention include any nucleic acid
molecule that encodes a polypeptide of the invention or a fragment thereof. Such nucleic acid
molecules need not be 100% identical with an endogenous nucleic acid sequence, but will
typically exhibit substantial identity. Polynucleotides having “substantial identity” to an
endogenous sequence are typically capable of hybridizing with at least one strand of a double-
stranded nucleic acid molecule. By “hybridize” is meant pair to form a double-stranded
molecule between complementary polynucleotide sequences (e.g., a gene described herein), or
portions thereof, under various conditions of stringency. (See, e.g., Wahl, G. M. and S. L. Berger
(1987) Methods Enzymol. 152:399; Kimmel, A. R. (1987) Methods Enzymol. 152:507).

For example, stringent salt concentration will ordinarily be less than about 750 mM NaCl
and 75 mM trisodium citrate, preferably less than about 500 mM NaCl and 50 mM trisodium
citrate, and more preferably less than about 250 mM NaCl and 25 mM trisodium citrate. Low
stringency hybridization can be obtained in the absence of organic solvent, e.g., formamide,
while high stringency hybridization can be obtained in the presence of at least about 35%
formamide, and more preferably at least about 50% formamide. Stringent temperature
conditions will ordinarily include temperatures of at least about 30° C, more preferably of at least
about 37° C, and most preferably of at least about 42° C. Varying additional parameters, such as
hybridization time, the concentration of detergent, e.g., sodium dodecyl sulfate (SDS), and the
inclusion or exclusion of carrier DNA, are well known to those skilled in the art. Various levels
of stringency are accomplished by combining these various conditions as needed. In a preferred:
embodiment, hybridization will occur at 30° C in 750 mM NaCl, 75 mM trisodium citrate, and
1% SDS. In a more preferred embodiment, hybridization will occur at 37° C C in 500 mM Na(l,
50 mM trisodium citrate, 1% SDS, 35% formamide, and 100 g/ml denatured salmon sperm
DNA (ssDNA). In a most preferred embodiment, hybridization will occur at 42° C in 250 mM
NaCl, 25 mM trisodium citrate, 1% SDS, 50% formamide, and 200 g/ml ssDNA. Useful
variations on these conditions will be readily apparent to those skilled in the art.

For most applications, washing steps that follow hybridization will also vary in

stringency. Wash stringency conditions can be defined by salt concentration and by temperature.
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As above, wash stringency can be increased by decreasing salt concentration or by increasing
temperature. For example, stringent salt concentration for the wash steps will preferably be less
than about 30 mM NaCl and 3 mM trisodium citrate, and most preferably less than about 15 mM
NaCl and 1.5 mM trisodium citrate. Stringent temperature conditions for the wash steps will
ordinarily include a temperature of at least about 25° C, more preferably of at least about 42° C,
and even more preferably of at least about 68° C. In a preferred embodiment, wash steps will
occur at 25° C in 30 mM NaCl, 3 mM trisodium citrate, and 0.1% SDS. In a more preferred
embodiment, wash steps will occur at 42° C in 15 mM NaCl, 1.5 mM trisodium citrate, and 0.1%
SDS. In a more preferred embodiment, wash steps will occur at 68° C in 15 mM Na(l, 1.5 mM
trisodium citrate, and 0.1% SDS.

Additional variations on these conditions will be readily apparent to those skilled in the
art. Hybridization techniques are well known to those skilled in the art and are described, for
example, in Benton and Davis (Science 196:180, 1977); Grunstein and Hogness (Proc. Natl.
Acad. Sci., USA 72:3961, 1975); Ausubel et al. (Current Protocols in Molecular Biology, Wiley
Interscience, New York, 2001); Berger and Kimmel (Guide to Molecular Cloning Techniques,
1987, Academic Press, New York); and Sambrook er al., Molecular Cloning: A Laboratory
Manual, Cold Spring Harbor Laboratory Press, New York.

As used herein, the term “alkyl,” by itself or as part of another substituent means, unless
otherwise stated, a straight or branched chain hydrocarbon having the number of carbon atoms
designated (i.e., C;-Cjp means one to ten carbon atoms) and includes straight, branched chain, or
cyclic substituent groups. Examples include methyl, ethyl, propyl, isopropyl, butyl, isobutyl,
tert-butyl, pentyl, neopentyl, hexyl, and cyclopropylmethyl. Most preferred is (C;-Ce)alkyl, such
as, but not limited to, ethyl, methyl, isopropyl, isobutyl, n-pentyl, n-hexyl and
cyclopropylmethyl.

As used herein, the term “cycloalkyl,” by itself or as part of another substituent means,
unless otherwise stated, a cyclic chain hydrocarbon having the number of carbon atoms
designated (i.e., C3-Cg means a cyclic group comprising a ring group consisting of three to six
carbon atoms) and includes straight, branched chain or cyclic substituent groups. Examples
include cyclopropyl, cyclobutyl, cyclopentyl, cyclohexyl, cycloheptyl, and cyclooctyl. Most
preferred is (Cs-Cg)cycloalkyl, such as, but not limited to, cyclopropyl, cyclobutyl, cyclopentyl
and cyclohexyl.
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As used herein, the term “substituted alkyl,” “substituted cycloalkyl,” “substituted
alkenyl” or “substituted alkynyl” means alkyl, cycloalkyl, alkenyl or alkynyl, as defined above,
substituted by one, two or three substituents selected from the group consisting of halogen, -OH,
alkoxy, tetrahydro-2-H-pyranyl, -NH,, -N(CHs),, (1-methyl-imidazol-2-yl), pyridin-2-yl,
pyridin-3-yl, pyridin-4-yl, -C(=0)OH, trifluoromethyl, -C N, -C(=0)O(C,;-Cy)alkyl, -
C(=0)NH,, -C(=0O)NH(C;-Cyalkyl, -C(=O)N((C;-Cy)alkyl),, -SO>NH,, -C(=NH)NH,, and -
NO,, preferably containing one or two substituents selected from halogen, -OH, alkoxy, -NHa,
trifluoromethyl, -N(CHs),, and -C(=0)OH, more preferably selected from halogen, alkoxy and -
OH. Examples of substituted alkyls include, but are not limited to, 2,2-difluoropropyl, 2-
carboxycyclopentyl and 3-chloropropyl.

As used herein, the term “aryl,” employed alone or in combination with other terms,
means, unless otherwise stated, a carbocyclic aromatic system containing one or more rings
(typically one, two or three rings) wherein such rings may be attached together in a pendent
manner, such as a biphenyl, or may be fused, such as naphthalene. Examples include phenyl,
anthracyl, and naphthyl. Preferred are phenyl and naphthyl, most preferred is phenyl.

As used herein, the term “heterocycle” or “heterocyclyl” or “heterocyclic” by itself or as
part of another substituent means, unless otherwise stated, an unsubstituted or substituted, stable,
mono- or multi-cyclic heterocyclic ring system that consists of carbon atoms and at least one
heteroatom selected from the group consisting of N, O, and S, and wherein the nitrogen and
sulfur heteroatoms may be optionally oxidized, and the nitrogen atom may be optionally
quaternized. The heterocyclic system may be attached, unless otherwise stated, at any
heteroatom or carbon atom that affords a stable structure. A heterocycle may be aromatic or
non-aromatic in nature. In one embodiment, the heterocycle is a heteroaryl.

As used herein, the term “heteroaryl” or “heteroaromatic” refers to a heterocycle having
aromatic character. A polycyclic heteroaryl may include one or more rings that are partially
saturated. Examples include tetrahydroquinoline and 2,3-dihydrobenzofuryl.

Examples of non-aromatic heterocycles include monocyclic groups such as aziridine,
oxirane, thiirane, azetidine, oxetane, thietane, pyrrolidine, pyrroline, imidazoline, pyrazolidine,
dioxolane, sulfolane, 2,3-dihydrofuran, 2,5-dihydrofuran, tetrahydrofuran, thiophane, piperidine,
1,2,3,6-tetrahydropyridine, 1,4-dihydropyridine, piperazine, morpholine, thiomorpholine, pyran,

2,3-dihydropyran, tetrahydropyran, 1,4-dioxane, 1,3-dioxane, homopiperazine, homopiperidine,
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1,3-dioxepane, 4,7-dihydro-1,3-dioxepin and hexamethyleneoxide.

Examples of heteroaryl groups include pyridyl, pyrazinyl, pyrimidinyl (such as, but not
limited to, 2- and 4-pyrimidinyl), pyridazinyl, thienyl, furyl, pyrrolyl, imidazolyl, thiazolyl,
oxazolyl, pyrazolyl, isothiazolyl, 1,2,3-triazolyl, 1,2,4-triazolyl, 1,3,4-triazolyl, tetrazolyl, 1,2,3-
thiadiazolyl, 1,2,3-oxadiazolyl, 1,3,4-thiadiazolyl and 1,3,4-oxadiazolyl.

As used herein in a chemical context, the term “substituted” means that an atom or group
of atoms has replaced hydrogen as the substituent attached to another group.

For a cyclic group, the term “substituted” as applied to the ring(s) of these groups refers
to any level of substitution, namely mono-, di-, tri-, tetra-, or penta-substitution, where such
substitution is permitted. The substituents are independently selected, and substitution may be at
any chemically accessible position. In one embodiment, the substituents vary in number
between one and four. In another embodiment, the substituents vary in number between one and
three. In yet another embodiment, the substituents vary in number between one and two. In yet
another embodiment, the substituents are independently selected from the group consisting of C;.
s alkyl, -OH, C,.¢ alkoxy, halo, amino, acetamido and nitro. As used herein, where a substituent
is an alkyl or alkoxy group, the carbon chain may be branched, straight or cyclic, with straight
being preferred.

Unless specifically stated or obvious from context, as used herein, the term “about” is
understood as within a range of normal tolerance in the art, for example within 2 standard
deviations of the mean. About can be understood as within 10%, 9%, 8%, 7%, 6%, 5%, 4%, 3%,
2%, 1%, 0.5%, 0.1%, 0.05%, or 0.01% of the stated value. Unless otherwise clear from context,
all numerical values provided herein are modified by the term about.

Ranges provided herein are understood to be shorthand for all of the values within the
range. For example, a range of 1 to 50 is understood to include any number, combination of
numbers, or sub-range from the group consisting 1, 2,3,4,5,6,7,8,9, 10, 11, 12, 13, 14, 15,
16,17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40, 41,
42,43, 44, 45, 46, 47, 48, 49, or 50.

Any compounds, compositions, or methods provided herein can be combined with one or
more of any of the other compositions and methods provided herein.

Unless specifically stated or obvious from context, as used herein, the term “or” is

understood to be inclusive. Unless specifically stated or obvious from context, as used herein,
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the terms “a”, “an”, and “the” are understood to be singular or plural. Thus, for example,
reference to “an amino acid substitution” includes reference to more than one amino acid
substitution.

The term “including” is used herein to mean, and is used interchangeably with, the phrase

“including but not limited to.”

2% << 2% <<

As used herein, the terms “comprises,” “comprising,” “containing,” “having” and the like

can have the meaning ascribed to them in U.S. Patent law and can mean “includes,” “including,”
and the like; “consisting essentially of” or “consists essentially “ likewise has the meaning
ascribed in U.S. Patent law and the term is open-ended, allowing for the presence of more than
that which is recited so long as basic or novel characteristics of that which is recited is not
changed by the presence of more than that which is recited, but excludes prior art embodiments.

Other features and advantages of the invention will be apparent from the following

description of the desirable embodiments thereof, and from the claims.

BRIEF DESCRIPTION OF THE DRAWINGS

Figures 1A and 1B are graphs showing a comparison of triacetic lactone (TAL)
production by various S. cerevisiae strains expressing wild-type or variant G. hybrida 2-pyrone
synthase (2-PS). Figure 1A shows variants bearing amino-acid substitutions at sites within the
enzyme’s active site. Figure 1B shows variants bearing amino-acid substitutions at sites external
to the enzyme’s active site. For each variant, the amino-acid substitution(s) with respect to the
wild-type (WT) 2-PS sequence is(are) indicated. For the measurement of triacetic lactone titers,
yeast strains were cultured in selective SDC(A) medium (1% dextrose, 0.67% yeast nitrogen
base, 0.5% Bacto casamino acids, 0.5% ammonium sulfate and 100 mg/L adenine), aliquots of
the cultures were measured turbidimetrically for cell density and then centrifuged to pellet cell
material, and TAL in the supernatant was quantitated by HPLC analysis with separation by
reversed-phase chromatography on a C18 column.

Figure 2 provides a schematic overview of polyketide biosynthesis highlighting the
potential for the generation of a large number of biologically useful cyclic compounds. Diversity
in the final polyketide products (examples are shown at the lower right) can originate from
variation in the starter molecular-group (lower left box: shown are acetyl, octanoyl, malonyl,

methyl-anthraniloyl, isopentanoyl, and coumaroyl); the identity and sequence variant of the type-
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III polyketide-synthase enzyme (represented by the ribbon diagram of a PKS homodimer); the
number of iterations of chain extension; and the mechanism of cyclization (which is governed
sterically by the shape of the enzyme’s active-site cavity, as represented pictorially at the top
right).

Figure 3 provides a schematic depiction of an intermediate of polyketide biosynthesis
highlighting reactive chemical groups. Bottom figure: a type-III PKS enzyme catalyzes iterative
chain extension via decarboxylative condensations with malonyl-CoA to generate a repetitive
and flexible linear oligomer carried on a catalytic cysteine. Top figure: within the extended
polyketide intermediate, the carbonyl groups of the individual building-blocks can undergo keto-
enol tautomerization (dashed orange box), and these tautomeric states and reactive-group
proximity dictate intramolecular covalent-bond formation with consequent cyclization of the
polyketide oligomer. In some embodiments, the activation barrier is raised to alter polyketide
intermediate activity.

Figure 4 depicts catalyzed reactions and active-site cavity structures of two polyketide-
synthase enzymes, chalcone synthase (left) and 2-pyrone synthase (right). The top panels show
molecular surface representations of the enzymes bound to their respective substrates (the
CHS/naringenin complex derives from a crystal structure, which guided in part the modeling of
methylpyrone into the 2-PS structure). (Phe 220 and Phe 270 in 2-PS, and Phe 215 and Phe 265
in CHS were removed for clarity in these depictions.) Highlighted in color on each molecular
surface are the catalytic cysteine residue (red), three residues at which targeted amino-acid
substitutions confer 2-PS-like activity on CHS (green), and a site at which amino-acid
substitution has no effect on these enzymes' product specificity (blue). The bottom panels show
schematic representations of the active-site cavities of the two enzymes, highlighting the
surrounding R-groups that sterically define the volume of each active-site cavity.

Figure 5 depicts steric engineering to alter the substrate specificity of chalcone synthase
from coumaryl CoA to acetyl CoA. The radiogram shows thin-layer chromatographic analyses
of the reaction products generated by CHS or 2-PS enzymes with the substrates radiolabeled
malonyl-CoA and either p-coumaroyl-CoA (C) or acetyl-CoA (A) as the starter molecule:
leftmost lane, wild-type CHS; rightmost lane, wild-type 2-PS; middle lanes, several CHS
variants bearing amino-acid substitution(s) at sites as described in Figure 4. The mobilities of

naringenin (formed from the spontaneous cyclization of chalcone) and methylpyrone are
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indicated by blue and red (respectively) arrows. The variant chalcone-synthases that have been
sterically engineered to accept acetyl CoA catalyze only two chain extensions and thereby
produce triacetic acid lactone.

Figure 6 provides a schematic representation of the 2-pyrone synthase active-site cavity.
Highlighted are the constellation of amino-acid residue R-groups that sterically define the
volume of the active-site cavity, and the observed alterations in enzyme properties resulting from
the modification of these residues.

Figure 7 is a graph showing increased triacetic lactone (TAL) production through 2-PS
expression in S. cerevisiae strains with engineered disruption of the endogenous yeast genes
encoding various proteases or metabolic enzymes. The knockouts affect genes involved in
intracellular (vacuolar) protein degradation (PEP4, an aspartyl protease; and PRB, proteinase B);
gluconeogenesis (PYC2, a pyruvate carboxylase); and regulation of lipid metabolism (NTEI,
serine esterase). The maximal level of triacetic acid lactone production obtained was 1.32 g per
liter of culture, with a yeast strain (Apyc2 Antel Apep4 Aprbl) with four genes disrupted. Figure
8 depicts potential chemical intermediates and end-products identified and synthesized from
triacetic acid lactone.

Figure 8 depicts chemical conversions of the starting reagent triacetic acid lactone that
generate exemplary intermediates or end-products useful, for example, in chemical syntheses.

Figure 9 is a non-limiting list of 2-pyrone synthase variants, including the number of
amino acid substitutions in each one relative to the wild-type amino acid sequence and the
specific amino acid substitution identified by position.

Figure 10 is a list of amino acid sequences (SEQ ID NOS 3-63, respectively, in order of
appearance) of the 2-pyrone synthase variants.

Figure 11 is an alignment of the amino acid sequences (SEQ ID NOS 1 and 3-63,
respectively, in order of appearance) of the 2-pyrone synthase variants.

Figure 12 is a list of nucleic acid sequences (SEQ ID NOS 64-124, respectively, in order
of appearance) of the 2-pyrone synthase variants.

Figure 13 is an alignment of the nucleic acid sequences (SEQ ID NOS 125 and 64-124,
respectively, in order of appearance) of the 2-pyrone synthase variants

Figure 14 includes a graph and a table. The graph compares triacetic lactone (TAL) titers
(g/L) for 2-pyrone synthase (2-PS) variants C35A, C35S, L268F, and C35SL268F relative to the
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wildtype G. hybrida 2-pyrone synthase (WT). Bars represent mean values + one standard
deviation (n=6 independent experiments).

Figure 15 includes a graph and a table. The graph compares triacetic lactone (TAL) titers
(g/L) for -pyrone synthase (2-PS) variants with active site mutations at positions L202, 1268,
1343, M259, T137, and 1201 in combination with the C35S mutation. Bars represent mean
values + one standard deviation (n=6 independent experiments).

Figure 16 provides a graph and a table. The graph compares triacetic lactone titers (g/L)
for 2-Pyrone synthase variants with the C35S mutation and external cysteine mutations (to serine
or alanine) at positions C65, C89, C135, C195, C346, and C372S. Bars represent mean values +
one standard deviation (n=6 independent experiments).

Figure 17 provides a graph and a table. The graph compares triacetic lactone (TAL) titers
(g/L) for 2-Pyrone synthase variants with either the native C35 or modified C35S, and
incorporation of additional cysteine modifications. Bars represent mean values + one standard
deviation (n=6 independent experiments).

Figure 18 provides two graphs. The graph compares triacetic lactone (TAL) levels (g/L.
and g/g dry cell weight (DCW)) for BYt (light gray), and protease-knockout strains (BYtAprb1
(checkered), BYtApep4Aprb1 (hashed), and BJ5464 (light gray-hashed)) with wild-type 2-
Pyrone synthase or variants C35S or C35SC372S. Bars represent mean values + with one

standard deviation (n=6 biological replicates).

DETAILED DESCRIPTION OF THE INVENTION

As described below, the present invention provides polyketide synthase variants having
altered enzymatic activity, host cells (e.g., yeast, plant, algae, bacterial, mammalian, insect)
comprising such variants and in vitro and in vivo methods of using such enzymes for the
production of desired chemical compounds, including polyketide, pyrone and lactone products.

The invention is based, at least in part, on the discovery of 2-pyrone synthase variants
having increased enzyme activity. More specifically, as reported in detail below, the invention
provides polyketide synthase variants having increased triacetic acid lactone production relative
to a wild-type polyketide synthase enzyme. Such enzymes are useful, for example, for
enhancing the enzymatic synthesis of polyketide, pyrone and lactone products relative to wild-type

enzyme.
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Accordingly, the invention provides polyketide synthase variants proteins having
increased enzyme activity, polynucleotides encoding the polyketide synthase variants, host cells
(e.g., yeast, algae, plant, bacterial, mammalian, insect) comprising such polynucleotides), and
methods of using these host cells for the production of desired compounds (e.g., polyketide,

pyrone and lactone products).

Polyketide Synthases

Polyketides are a class of compounds that includes a broad range of antibiotics,
immunosuppressants and anticancer agents. Polyketides encompass molecules with extremely
rich bioactivities, including antibiotics (e.g., tetracyclines and erythromycin), anti-cancer agents
(e.g., daunomycin), immunosuppressants (e.g., FK506 and rapamycin), and veterinary products
(e.g., monensin). Many polyketides (produced by polyketide synthases) are valuable as
therapeutic agents. Polyketide synthases are multifunctional enzymes that catalyze the
biosynthesis of a variety of carbon chains differing in length and patterns of functionality and
cyclization (Figure 2).

In particular, the compound 2-pyrone is an attractive target for large-scale commercial
production because it serves as a starting material for the synthesis of a variety of commodity
chemicals. Through chemical catalysis, 2-pyrone can be converted to sorbic acid, a preservative
used widely in dairy-based foods. Moreover, further chemical modification yields the enone, 3-
pentene-2-one, which is useful for chemical synthesis, and the diene, 1,3-pentadiene, which is
useful as a plasticizer. In addition, 2-pyrone itself may be of value as a food additive, as a
phytochemical, or as part of a phytochemical mix.

2-Pyrone synthase (also termed 2-PS) is used to catalyze the synthesis of 2-pyrone. As
described herein, the enzyme-engineering methods described herein with 2-pyrone synthase
constitute a generally useful approach that can be applied to virtually any 2-pyrone synthase-type
(type-III polyketide synthase) enzyme for enhancing overall small molecule production in a yeast
metabolic-engineering host or other suitable hosts. Atomic resolution x-ray crystal structures
were found to be important in the rational engineering of the enzyme to accept a variety of CoA-
thioester starter molecules, the number of decarboxylative acetyl additions and the termination
chemistry used to offload useful products (Claisen and aldol condensations and lactonization)

(Figure 3). Moreover, the molecular structure of 2-pyrone synthase is useful for characterizing
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variants that greatly improve in vivo stability and production through the replacement of key Cys
residues that are either externally exposed to the bulk solvent or buried. Replacing Cys residues
defined by the x-ray structures with non-oxidizable amino acids has the potential to increase
productivity of the polyketide synthase enzymes in vitro and in vivo, which is useful for
biocatalysis and bioengineering. Thus, the effects of particular Cys residues was determined by
creating and characterizing such variants in 2-pyrone synthase.

A 2-pyrone synthase polypeptide of the invention encompasses wild-type polyketides
(e.g.,a G. hybrida 2-pyrone synthase amino acid sequence), or 2-pyrone synthase variants
having one or more mutations (e.g., those described in Figure 10 or otherwise delineated herein)
relative to the wild-type sequence. Mutations include deletions and additions of amino acid
residues, and substitutions of one amino acid residue for another. Exemplary substitutions
include: C35S (where Cys at position 35 of a wild type 2-pyrone synthase is changed to Ser),
1343F, 1343M, 1201M, L202F, L.268M, T137F, T137L, 1201F, 1201L, L202F, L202M, L268F,
L268M, C35A, C65A, C346S, C135A, C65S, C89S, C195S, C346A, C372A, C372S mutants,
variants and conservative substitutions thereof comprising L-or D-amino acids and include
modified sequences, such as glycoproteins.

Accordingly, the polypeptides of the invention encompass naturally occurring proteins, as
well as those which are recombinantly or synthetically synthesized. Polypeptide or protein
fragments are also encompassed by the invention. Fragments can have the same or substantially
the same amino acid sequence as the naturally occurring protein. In general, polypeptides of the
invention include peptides, or full-length proteins, that contain substitutions, deletions, or
insertions into the protein backbone, that would still have an approximately 70%, 80%, 85%,
90%, 95% or even 100% sequence identity to the original protein over the corresponding portion.

A conservative variation denotes the replacement of an amino acid residue by a
biologically similar residue. Examples of conservative variations include the substitution of one
hydrophobic residue, such as isoleucine, valine, leucine or methionine, for another hydrophobic
residue, or the substitution of one polar residue for another polar residue, such as the substitution
of arginine for lysine, glutamic for aspartic acids, or glutamine for asparagine. Other illustrative
examples of conservative substitutions include the following: alanine to serine; arginine to
lysine; asparagine to glutamine or histidine; aspartate to glutamate; cysteine to serine; glutamine

to asparagine; glutamate to aspartate; glycine to proline; histidine to asparagine or glutamine;
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isoleucine to leucine or valine; leucine to valine or isoleucine; lysine to arginine, glutamine, or
glutamate; methionine to leucine or isoleucine; phenylalanine to tyrosine, leucme or methionine;
serine to threonine; threonine to serine; tryptophan to tyrosine; tyrosine to tryptophan or
phenylalanine; and valine to isoleucine or leucine.

The present invention encompasses sequence alterations that increase stability or enhance

solubility.

Nucleic Acids, Cloning and Expression Systems

The present disclosure further provides isolated nucleic acids encoding the disclosed
polyketide synthases, and active fragments thereof. The nucleic acids may comprise DNA or
RNA and may be wholly or partially synthetic or recombinant. Reference to a nucleotide
sequence as set out herein encompasses a DNA molecule with the specified sequence, and
encompasses a RNA molecule with the specified sequence in which U is substituted for T, unless
context requires otherwise.

The present disclosure also provides constructs in the form of plasmids, vectors,
phagemids, transcription or expression cassettes that comprise at least one nucleic acid encoding
a polyketide synthase or a fragment thereof, disclosed herein.

The disclosure further provides a host cell that comprises one or more constructs as
above.

Also provided are methods of making the encoded products. The method comprises
expressing the encoded product from the encoding nucleic acid. Expression may be achieved by
culturing under appropriate conditions recombinant host cells containing the nucleic acid.
Following production by expression a polyketide synthase may be isolated and/or purified using
any suitable technique, then used as appropriate.

Polyketide synthases, active fragments, and encoding nucleic acid molecules and vectors
may be isolated and/or purified from their natural environment, in substantially pure or
homogeneous form, or, in the case of nucleic acid, free or substantially free of nucleic acid or
genes of origin other than the sequence encoding a polypeptide with the required function.

Systems for cloning and expression of a polypeptide in a variety of different host cells are
well known in the art. For cells suitable for producing antibodies, see Gene Expression Systems,

Academic Press, eds. Fernandez et al., 1999. Briefly, suitable host cells include, but are not
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limited to yeast, plant, algae, bacterial, mammalian, and insect cells. Mammalian cell lines
available in the art for expression of a heterologous polypeptide include Chinese hamster ovary
cells, HeLa cells, baby hamster kidney cells, NSO mouse myeloma cells, and many others. A
common bacterial host is E. coli. Any protein expression system compatible with the invention
may be used to produce the disclosed antibodies. Suitable expression systems include transgenic
animals described in Gene Expression Systems, Academic Press, eds. Fernandez ef al., 1999.

Suitable vectors can be chosen or constructed, so that they contain appropriate regulatory
sequences, including promoter sequences, terminator sequences, polyadenylation sequences,
enhancer sequences, marker genes and other sequences as appropriate. Vectors may be plasmids
or viral, e.g., phage, or phagemid, as appropriate. For further details see, for example, Sambrook
et al., Molecular Cloning: A Laboratory Manual, 2nd ed., Cold Spring Harbor Laboratory Press,
1989. Many known techniques and protocols for manipulation of nucleic acid, for example, in
preparation of nucleic acid constructs, mutagenesis, sequencing, introduction of DNA into cells
and gene expression, and analysis of proteins, are described in detail in Current Protocols in
Molecular Biology, 2nd Edition, eds. Ausubel ef al., John Wiley & Sons, 1992.

A further aspect of the disclosure provides a host cell comprising a nucleic acid as
disclosed here. A still further aspect provides a method comprising introducing such nucleic
acid into a host cell. The introduction may employ any available technique. For eukaryotic
cells, suitable techniques may include calcium phosphate transfection, DEAE-Dextran,
electroporation, liposome-mediated transfection and transduction using retrovirus or other virus,
e.g., vaccinia or, for insect cells, baculovirus. For bacterial cells, suitable techniques may
include calcium chloride transformation, electroporation and transfection using bacteriophage.
The introduction of the nucleic acid into the cells may be followed by causing or allowing
expression from the nucleic acid, e.g., by culturing host cells under conditions for expression of
the gene.

A wide variety of host cells are available for expressing polyketide synthase mutants of
the present invention. Such host cells include, for example, yeast, plant, algae, bacterial,
mammalian, and insect cells.

Once a synthase of the present invention is expressed, the protein obtained therefrom can
be purified so that structural analysis, modeling, and/or biochemical analysis can be performed,

as exemplified herein. The nature of the protein obtained can be dependent on the expression
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system used. For example, genes, when expressed in mammalian or other eukaryotic cells, may
contain latent signal sequences that may result in glycosylation, phosphorylation, or other post-
translational modifications, which may or may not alter function. Therefore, a preferred
embodiment of the present invention is the expression of mutant synthase genes in E. coli cells.
Once said proteins are expressed, they can be easily purified using techniques common to the
person having ordinary skill in the art of protein biochemistry, such as, for example, techniques
described in Colligan et al, (1997) Current Protocols in Protein Science, Chanda, V. B., d., John
Wiley & Sons, Inc., which is incorporated by reference herein. Such techniques often include
the use of cation-exchange or anion-exchange chromatography, gel filtration-size exclusion
chromatography, and the like. Another technique that may be commonly used is affinity
chromatography. Affinity chromatography can include the use of antibodies, substrate analogs,

or histidine residues (His-tag technology).

Expression of 2-Pyrone Synthase in Plants

Plants (including isolated plant cells) may be modified to express a 2-pyrone synthase
variant (e.g., a variant comprising one or more mutations described herein). A transgenic plant,
or population of such plants, expressing a 2-pyrone synthase variant transgene (e.g., a 2-pyrone
synthase variant polypeptide or 2-pyrone synthase variant nucleic acid molecule) are useful in
the methods of the invention. If desired, a plant expressing a 2-pyrone synthase variant of the
invention includes one or more other transgenes.

In one embodiment, a 2-pyrone synthase variant nucleic acid molecule is expressed by a
stably-transfected plant cell line, a transiently-transfected plant cell line, or by a transgenic plant.
A number of vectors suitable for stable or extrachromosomal transfection of plant cells or for the
establishment of transgenic plants are available to the public; such vectors are described in
Pouwels et al.(supra), Weissbach and Weissbach (supra), and Gelvin et al. (supra). Methods for
constructing such cell lines are described in, e. g., Weissbach and Weissbach (supra), and Gelvin
et all. (supra).

Typically, plant expression vectors include (1) a cloned plant gene under the
transcriptional control of 5'and 3'regulatory sequences and (2) a dominant selectable marker.
Such plant expression vectors may also contain, if desired, a promoter regulatory region (for

example, one conferring inducible or constitutive, pathogen-or wound-induced, environmentally-
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or developmentally-regulated, or cell-or tissue-specific expression), a transcription initiation start
site, a ribosome binding site, an RNA processing signal, a transcription termination site, and/or a
polyadenylation signal. In one embodiment, a 2-pyrone synthase variant polypeptide is
expressed, for example, in the glandular tricone tissue of a plant.

If desired, a 2-Pyrone synthase variant of the invention is modified to enhance expression
in a desired plant or plant cell. In one embodiment, a non-coding flanking is subjected to
mutagenesis. In one embodiment, a 2-pyrone synthase variant DNA sequence of the invention
may, if desired, be combined with other DNA sequences in a variety of ways. A 2-Pyrone
synthase DNA sequence of the invention may be employed with all or part of the gene sequences
normally associated with a 2-Pyrone synthase protein. In its component parts, a DNA sequence
encoding an 2-Pyrone synthase protein is combined in a DNA construct having a transcription
initiation control region capable of promoting transcription and translation in a host cell.

In general, the constructs will involve regulatory regions functional in plants which
provide for modified production of a 2-Pyrone synthase protein as discussed herein. The open
reading frame coding for the 2-Pyrone synthase protein or functional fragment thereof will be
joined at its 5' end to a transcription initiation regulatory region. Numerous transcription
initiation regions are available which provide for constitutive or inducible regulation. For
applications where developmental, cell, tissue, hormonal, or environmental expression is desired,
appropriate 5' upstream non-coding regions are obtained from other genes, for example, from
genes regulated during meristem development, seed development, embryo development, or leaf
development.

Regulatory transcript termination regions may also be provided in DNA constructs of this
invention as well. Transcript termination regions may be provided by the DNA sequence
encoding a 2-Pyrone synthase protein or any convenient transcription termination region derived
from a different gene source. In various embodiments, the transcript termination region will
contain at least 1-3 kb of sequence 3' to the structural gene from which the termination region is
derived. Plant expression constructs having a 2-Pyrone synthase gene as the DNA sequence of
interest for expression may be employed with a wide variety of plant life, particularly plant life
involved in the production of storage reserves (for example, those involving carbon and nitrogen
metabolism). Such genetically-engineered plants are useful for a variety of industrial and

agricultural applications. Importantly, this invention is applicable to dicotyledons and
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monocotyledons, and will be readily applicable to any new or improved transformation or
regeneration method.

The expression constructs include at least one promoter operably linked to at least one 2-
Pyrone synthase gene. An example of a useful plant promoter according to the invention is a
caulimovirus promoter, for example, a cauliflower mosaic virus(CaMV) promoter. These
promoters confer high levels of expression in most plant tissues, and the activity of these
promoters is not dependent on virally encoded proteins. CaMV is a source for both the 35S and
19S promoters.

Examples of plant expression constructs using these promoters are found in Fraley et al. ,
U. S. Pat. No. 5,352, 605. In most tissues of transgenic plants, theCaMV 35S promoter is a
strong promoter (see, €.g., Odell etal., Nature 313:810, 1985). TheCaMV promoter is also highly
active in monocots (see, e.g., Dekeyser et al., Plant Cell 2 : 591,1990 ; Terada and
Shimamoto,Mol. Gen. t Genet. 220: 389,1990). Moreover, activity of this promoter can be
further increased (i. e. , between 2-10 fold) by duplication of the CaMV 35S promoter (see e.g.,
Kay etal., Science 236: 1299,1987 ; Ow et al., Proc.Natl. Acad. Sci., U. S. A. 84:4870, 1987; and
Fang et al., Plant Cell 1 : 141,1989, and McPherson and Kay, U. S. Pat. No. 5,378, 142). Other
useful plant promoters include, without limitation, the nopaline synthase (NOS) promoter (An et
al., Plant Physiol. 88: 547,1988 and Rodgers and Fraley, U. S. Pat. No. 5,034, 322), the octopine
synthase promoter (Fromm et al., Plant Cell 1 : 977,1989), figwort mosiac virus (FMV) promoter
(Rodgers, U. S. Pat. No. 5,378, 619), and the rice actin promoter (Wu and
McElroy,W091/09948). Exemplary monocot promoters include, without limitation, commelina
yellow mottle virus promoter, sugar cane badna virus promoter, ricetungrobacilliform virus
promoter, maize streak virus element, and wheat dwarf virus promoter.

For certain applications, it may be desirable to produce the 2-Pyrone synthase gene
product in an appropriate tissue, such as glandular tricone tissue, at an appropriate level, or at an
appropriate developmental time. For this purpose, there are an assortment of gene promoters,
each with its own distinct characteristics embodied in its regulatory sequences, shown to be
regulated in response to inducible signals such as the environment, hormones, and/or
developmental cues. These include, without limitation, gene promoters that are responsible for
heat-regulated gene expression (see, €.g., Callis et al., Plant Physiol. 88: 965,1988 ; Takahashi
and Komeda, Mol. Gen. Genet. 219: 365,1989 ; and Takahashi et al. Plant J. 2: 751, 1992), light-
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regulated gene expression (e.g., the pea rbcS-3A described by Kuhlemeier et al., Plant Cell 1 :
471,1989 ; the maizerbcS promoter described by Schaffner and Sheen, Plant Cell 3 : 997,1991 ;
the chlorophyll a/b-binding protein gene found in pea described by Simpson et al., EMBO J. 4:
2723,1985 ; the Arabssu promoter; or the rice rbs promoter), hormone-regulated gene expression
(for example, the abscisic acid (ABA) responsive sequences from the Em gene of wheat
described by Marcotte et al., Plant Cell 1 : 969,1989 ; the ABA-inducible HVA1 and HVA22,
and rd29A promoters described for barley and Arabidopsis by Straub et al., Plant Cell 6 :
617,1994 and Shen et al., Plant Cell 7 : 295,1995, organ-specific gene expression (for example,
of the tuber-specific storage protein gene described by Roshal et al., EMBOJ. 6:1155, 1987; the
23-kDa zein gene from maize described by Schernthaner et al. , EMBO J. 7: 1249,1988 ; or the
French bean B- phaseolin gene described by Bustos et al., Plant Cell 1 : 839,1989.

Plant expression vectors may also optionally include RNA processing signals, e.g.,
introns, which have been shown to be important for efficient RNA synthesis and accumulation
(Callis et al., Genes and Dev. 1: 1183,1987). The location of the RNA splice sequences can
dramatically influence the level of transgene expression in plants. In view of this fact, an intron
may be positioned upstream or downstream of an 2-Pyrone synthase polypeptide-encoding
sequence in the transgene to modulate levels of gene expression.

In addition to the aforementioned 5' regulatory control sequences, the expression vectors
may also include regulatory control regions which are generally present in the 3' regions of plant
genes (Thornburg et al., Proc.Natl. Acad. Sci. U.S.A. 84:744, 1987;An et al., Plant Cell 1 : 115,
1989). For example, the 3' terminator region may be included in the expression vector to
increase stability of the mRNA. One such terminator region may be derived from the PI-11
terminator region of potato. In addition, other commonly used terminators are derived from the
octopine or nopaline synthase signals. The plant expression vector also typically contains a
dominant selectable marker gene used to identify those cells that have become transformed.
Useful selectable genes for plant systems include genes encoding antibiotic resistance genes, for
example, those encoding resistance to hygromycin, kanamycin, bleomycin, G418, streptomycin,
or spectinomycin. Genes required for photosynthesis may also be used as selectable markers in
photosynthetic- deficient strains. Finally, genes encoding herbicide resistance may be used as

selectable markers ; useful herbicide resistance genes include the bar gene encoding the enzyme
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phosphinothricin acetyltransferase and conferring resistance to the broad spectrum herbicide
Basta (Frankfurt, Germany).

Efficient use of selectable markers is facilitated by a determination of the susceptibility of
a plant cell to a particular selectable agent and a determination of the concentration of this agent
which effectively kills most, if not all, of the transformed cells. Some useful concentrations of
antibiotics for tobacco transformation include, e.g., 75-100 pg/mL (kanamycin), 20-50 pg/mL
(hygromycin), or 5-10 pg/mL (bleomycin). A useful strategy for selection of transformants for
herbicide resistance is described, e.g., by Vasil et al., supra. In addition, if desired, the plant
expression construct may contain a modified or fully-synthetic structural 2-Pyrone synthase
coding sequence that has been changed to enhance the performance of the gene in plants.
Methods for constructing such a modified or synthetic gene are described in Fischoff and
Perlak,U. S. Pat. No. 5,500, 365. It should be readily apparent to one skilled in the art of
molecular biology, especially in the field of plant molecular biology, that the level of gene
expression is dependent, not only on the combination of promoters, RNA processing signals, and
terminator elements, but also on how these elements are used to increase the levels of selectable

marker gene expression.

Plant Transformation

Upon construction of the plant expression vector, several standard methods are available
for introduction of the vector into a plant host, thereby generating a transgenic plant. These
methods include (1) Agrobacterium- mediated transformation (A. tumefaciens or A. rhiizogenes)
(see, e. g., Lichtenstein and Fuller In: Genetic Engineering, vol 6, PWJ Rigby, ed, London,
Academic Press, 1987; and Lichtenstein, C. P. , and Draper, J, . In: DNA Cloning, Vol II, D. M.
Glover, ed, Oxford, IRI Press,1985)), (2) the particle delivery system (see, e.g2., Gordon-Kamm
et al., Plant Cell 2 : 603 (1990); or BioRad Technical Bulletin 1687, supra), (3) microinjection
protocols (see, €. g., Green et al., supra), (4) polyethylene glycol (PEG) procedures (see, €. g.,
Draper et al., Plant Cell Physiol. 23: 451, 1982 ; or e.g., Zhang and Wu, Theor. Appl. Genet. 76:
835,1988), (5) liposome-mediated DNA uptake (see, e. g., Freeman al., Plant Cell Physiol. 25:
1353, 1984), (6) electroporation protocols (see, e.g., Gelvin et al., supra ; Dekeyser et al., supra ;
Fromm et al., Nature 319: 791,1986 ; Sheen Plant Cell 2 : 1027,1990 ; or Jang and Sheen Plant
Cell 6 : 1665,1994), and (7) the vortexing method (see, e. g., Kindle supra).
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The method of transformation is not critical to the invention. Any method which
provides for efficient transformation may be employed. As newer methods are available to
transform crops or other host cells, they may be directly applied. Suitable plants for use in the
practice of the invention include, but are not limited to, artemesia, sugar cane, wheat, rice, maize,
sugar beet, potato, barley, manioc, sweet potato, soybean, sorghum, cassava, banana, grape, oats,
solanaceus plants (e.g., tomato), millet, coconut, orange, rye, cabbage, apple, watermelon,
canola, cotton, carrot, garlic, onion, pepper, strawberry, yam, peanut, onion, bean, pea, mango,
citrus plants, walnuts, and sunflower.

The following is an example outlining one particular technique, an Agrobacterium-
mediated plant transformation. By this technique, the general process for manipulating genes to
be transferred into the genome of plant cells is carried out in two phases. First, cloning and DNA
modification steps are carried out in E. coli, and the plasmid containing the gene construct of
interest is transferred by conjugation or electroporation into Agrobacterium. Second, the
resulting Agrobacterium strain is used to transform plant cells. Thus, for the generalized plant
expression vector, the plasmid contains an origin of replication that allows it to replicate in
Agrobacterium and a high copy number origin of replication functional in E. coli. This permits
facile production and testing of transgenes in E. coli prior to transfer to Agrobacterium for
subsequent introduction into plants. Resistance genes can be carried on the vector, one for
selection in bacteria, for example, streptomycin, and another that will function in plants, for
example, a gene encoding kanamycin resistance or herbicide resistance. Also present on the
vector are restriction endonuclease sites for the addition of one or more transgenes and
directional T-DNA border sequences which, when recognized by the transfer functions of
Agrobacterium, delimit the DNA region that will be transferred to the plant.

In another example, plant cells may be transformed by shooting into the cell tungsten
microprojectiles on which cloned DNA is precipitated. In the Biolistic Apparatus (Bio-Rad) used
for the shooting, a gunpowder charge (22 caliber Power Piston Tool Charge) or an air-dliven
blast drives a plastic macroprojectile through a gun barrel. An aliquot of a suspension of tungsten
particles on which DNA has been precipitated is placed on the front of the plastic
macroprojectile. The latter is fired at an acrylic stopping plate that has a hole through it that is
too small for the macroprojectile to pass through. As a result, the plastic macroprojectile smashes

against the stopping plate, and the tungsten microprojectiles continue toward their target through
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the hole in the plate. For the instant invention the target can be any plant cell, tissue, seed, or
embryo. The DNA introduced into the cell on the microprojectiles becomes integrated into either
the nucleus or the chloroplast. In general, transfer and expression of transgenes in plant cells are
now routine for one skilled in the art, and have become major tools to carry out gene expression

studies in plants and to produce improved plant varieties of agricultural or commercial interest.

Transgenic Plant Regeneration

Plant cells transformed with a plant expression vector can be regenerated, for example,
from single cells, callus tissue, or leaf discs according to standard plant tissue culture techniques.
It is well known in the art that various cells, tissues, and organs from almost any plant can be
successfully cultured to regenerate an entire plant; such techniques are described, e.g., in Vasil
supra ; Green et al., supra ; Weissbach and Weissbach, supra ; and Gelvin et al., supra. In one
particular example, a cloned 2-Pyrone synthase polypeptide expression construct under the
control of the 35SCaMV promoter and the nopaline synthase terminator and carrying a selectable
marker (for example, kanamycin resistance) is transformed into Agrobacterium. Transformation
of leaf discs, with vector-containing Agrobacterium is carried out as described by Horsch et al.
(Science 227: 1229,1985). Putative transformants are selected after a few weeks (for example, 3
to 5 weeks) on plant tissue culture media containing kanamycin (e. g. 100Lg/nlL). Kanamycin-
resistant shoots are then placed on plant tissue culture media without hormones for root
initiation. Kanamycin resistant plants are then selected for greenhouse growth. If desired, seeds
from self-fertilized transgenic plants can then be sowed in a soil-less medium and grown in a
greenhouse. Kanamycin-resistant progeny are selected by sowing surfaced sterilized seeds on
hormone-free kanamycin-containing media.

Analysis for the integration of the transgene is accomplished by standard techniques (see,
for example, Ausubel et al. supra ; Gelvin et al. supra). Transgenic plants expressing the
selectable marker are then screened for transmission of the transgene DNA by standard
immunoblot and DNA detection techniques. Each positive transgenic plant and its transgenic
progeny are unique in comparison to other transgenic plants established with the same transgene.
Integration of the transgene DNA into the plant genomic DNA is in most cases random, and the
site of integration can profoundly affect the levels and the tissue and developmental patterns of

transgene expression. Consequently, a number of transgenic lines are usually screened for each
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transgene to identify and select plants with the most appropriate expression profiles.

Transgenic plant lines are evaluated for levels of transgene expression.

Pyrone synthase variant expression at the RNA level is determined initially to identify
and quantitate expression-positive plants. Standard techniques for RNA analysis are employed
for transgenic plants expressing 2-Pyrone synthase nucleic acids. Such techniques include PCR
amplification assays using oligonucleotide primers designed to amplify only transgene RNA
templates and solution hybridization assays using transgene- specific probes (see, €.g., Ausubel
et al., supra). Those RNA-positive plants that encode a 2-Pyrone synthase protein are then
analyzed for protein expression by Western immunoblot analysis using 2-Pyrone synthase
specific antibodies (see, e.g., Ausubel et al., supra). In addition, in situ hybridization and
immunocytochemistry according to standard protocols can be done using transgene-specific
nucleotide probes and antibodies, respectively, to localize sites of expression within transgenic

tissue.

Yeast Cells and Expression

In one embodiment, 2-pyrone synthase variants having increased activity are expressed in
yeast cells. Exemplary species include Kluyverei lactis, Schizosaccharomyces pombe, Ustilago
maydis, and Saccharomyces cerevisiae. Other yeast which can be used in practicing the
invention include, but are not limited to, Neurospora crassa, Aspergillus niger, Aspergillus
nidulans, Pichia pastoris, Candida tropicalis, and Hansenula polymorpha. The term "yeast", as
used herein, includes not only yeast in a strictly taxonomic sense, i.e., unicellular organisms, but
also yeast-like multicellular fungi or filamentous fungi.

If desired, the yeast strain is subjected to genetic selection. Such methods are known in
the art. In one embodiment, nutritional selection is used. For example, yeast strains that are
auxotrophic for histidine (HIS 3) are known, see Struhl and Hill, (1987) Mol. Cell. Biol., 7:104;
Fasullo and Davis, Mol. Cell. Biol., (1988) 8:4370), and the HIS3 (imidazoleglycerol phosphate
dehydratase) gene has been used as a selective marker in yeast. See Sikorski and Heiter, (1989)
Genetics, 122:19; Struhl, et al., PN.A.S. (1979) 76:1035; and, for FUS1-HIS3 fusions, see
Stevenson, et al., (1992) Genes Dev., 6:1293.
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In certain embodiments, the host yeast cell can be modified in other ways. For example, it
may be desirable to inactivate, such as by mutation or deletion, an endogenous yeast polypeptide.

In general, it will be desirable that an expression vector be capable of replication in a host
cell. Heterologous DNA may be integrated into the host genome, and thereafter replicated as a
part of the chromosomal DNA, or it may be DNA which replicates autonomously, as in the case
of a plasmid. In the latter case, the vector will include an origin of replication which is functional
in the host. In the case of an integrating vector, the vector may include sequences which facilitate
integration, e.g., sequences homologous to host sequences, or encoding integrases.

Appropriate cloning and expression vectors for use with bacterial, fungal, plant, insect,
yeast, and mammalian cellular hosts are known in the art, and are described in, for example,
Powels et al. (Cloning Vectors: A Laboratory Manual, Elsevier, N.Y., 1985). A number of
vectors exist for the expression of recombinant proteins in yeast. For instance, YEP24, YIPS,
YEPS51, YEPS2, pYES2, and YRP17 are cloning and expression vehicles useful in the
introduction of genetic constructs into S. cerevisiae (see, for example, Broach et al. (1983) in
Experimental Manipulation of Gene Expression, ed. M. Inouye Academic Press, p. 83,
incorporated by reference herein). These vectors can replicate in E. coli due to the presence of
the pBR322 ori, and in S. cerevisiae due to the replication determinant of the yeast 2 micron
plasmid.

In addition, drug resistance markers such as ampicillin can be used. Suitable promoters
for function in yeast include the promoters for metallothionein, 3-phosphoglycerate kinase
(Hitzeman et al., J. Biol. Chem. 255, 2073 (1980) or other glycolytic enzymes (Hess et al., J.
Adv. Enzyme Req. 7, 149 (1968); and Holland et al. Biochemistry 17, 4900 (1978)), such as
enolase, glyceraldehyde-3-phosphate dehydrogenase, hexokinase, pyruvate decarboxylase,
phospho-fructokinase, glucose-6-phosphate isomerase, 3-phosphoglycerate mutase, pyruvate
kinase, triosephosphate isomerase, phospho-glucose isomerase, and glucokinase. Suitable vectors
and promoters for use in yeast expression are further described in R. Hitzeman et al., EPO Pub.

No. 73,657.
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Mutagenesis and Expression of Biomolecules of Interest

Various types of cloning and mutagenesis methods can be used with the methods herein,
e.g., to produce and/or isolate polyketide synthases and/or to further modify/mutate the
polypeptides (e.g., polyketide synthases) provided herein.

In some embodiments, isolated nucleic acids, polypeptides and/or viruses can be further
mutated. Mutagenesis methods include but are not limited to site-directed, random point
mutagenesis, homologous recombination (DNA shuffling), mutagenesis using uracil containing
templates, oligonucleotide-directed mutagenesis, phosphorothioate-modified DNA mutagenesis,
mutagenesis using gapped duplex DNA and the like. Additional suitable mutagenesis methods
include point mismatch repair, mutagenesis using repair-deficient host strains, restriction-
selection and restriction-purification, deletion mutagenesis, mutagenesis by total gene synthesis,
double-strand break repair, and the like. Mutagenesis, e.g., involving chimeric constructs, is also
included in the methods herein. In some embodiments, mutagenesis can be guided by known
information of the naturally occurring molecule or altered or mutated naturally occurring
molecule, e.g., sequence, sequence comparisons, physical properties, crystal structure or the like.

Oligonucleotides for use in mutagenesis are typically synthesized chemically according
to the solid phase phosphoramidite triester method described by Beaucage and Caruthers,
Tetrahedron Letts 22(20):1859-1862, (1981) using an automated synthesizer, as described in
Needham-VanDevanter et al., Nucleic Acids Res, 12:6159-6168 (1984). In addition, essentially
any nucleic acid can be custom or standard ordered from any of a variety of commercial sources.
Similarly, peptides and antibodies can be custom ordered from any of a variety of sources.

Also provided herein are host cells and organisms comprising a polyketide synthase or
other polypeptide and/or nucleic acid provided herein or such polyketide synthase or other
sequences within various vectors such as viruses, plasmids in plasmid rescue systems, and the
like. Host cells can be transformed, transduced or transfected with the vectors provided herein,
which can be, for example, a cloning vector or an expression vector. The vector can be, for
example, in the form of a plasmid, a bacterium, a virus, a naked polynucleotide, or a conjugated
polynucleotide. The vectors can be introduced into cells and/or microorganisms by standard
methods including electroporation (see, From et al., Proc Natl Acad Sci USA 82, 5824 (1985)),

infection by viral vectors, high velocity ballistic penetration by small particles with the nucleic
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acid either within the matrix of small beads or particles, or on the surface (Klein ef al., Nature
327,70-73 (1987)).

Several well-known methods of introducing target nucleic acids into bacterial cells are
available, any of which can be used with the methods herein. These include, for example, fusion
of the recipient cells with bacterial protoplasts containing the DNA, electroporation, projectile
bombardment, and infection with viral vectors, and the like. Bacterial cells can be used to
amplify the number of plasmids containing DNA constructs. The bacteria are grown to log
phase and the plasmids within the bacteria can be isolated by a variety of methods known in the
art. In addition, a plethora of kits are commercially available for the purification of plasmids
from bacteria, (see, e.g., EasyPrep.TM., FlexiPrep.TM., both from Pharmacia Biotech;
StrataClean. TM., from Stratagene; and, QIAprep. TM. from Qiagen). The isolated and purified
plasmids are then further manipulated to produce other plasmids, used to transfect cells or
incorporated into related vectors to infect organisms. Typical vectors contain transcription and
translation terminators, transcription and translation initiation sequences, and promoters useful
for regulation of the expression of the particular target nucleic acid. The vectors optionally
comprise generic expression cassettes containing at least one independent terminator sequence,
sequences permitting replication of the cassette in eukaryotes, or prokaryotes, or both, (e.g.,
shuttle vectors) and selection markers for both prokaryotic and eukaryotic systems. Vectors are
suitable for replication and integration in prokaryotes, eukaryotes, or both. See, Giliman &
Smith, Gene 8:81 (1979); Roberts, er al., Nature, 328:731 (1987); Schneider, B., er al., Protein
Expr Purif 6435:10 (1995); Ausubel, Sambrook, Berger (all supra). A catalogue of bacteria and
bacteriophages useful for cloning is provided, e.g., by the ATCC, e.g., The ATCC Catalogue of
Bacteria and Bacteriophage (1992) Gherna et al. (eds.) published by the ATCC. Additional
basic procedures for sequencing, cloning and other aspects of molecular biology and underlying
theoretical considerations are known in the art.

According to the present invention, nucleic acid sequences encoding a mutated
polyketide synthase can be produced by the methods described herein, or any alternative
methods available to the skilled artisan. In designing the nucleic acid sequence of interest, it
maybe desirable to reengineer said gene for improved expression in a particular expression
system. For example, it has been shown that many bacterially derived genes do not express well

in yeast systems, in some cases, yeast-derived genes do not express well in bacteria. This
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phenomenon may be due to the non-optimal G+C content and/or A+T content of said gene
relative to the expression system being used. Thus, one goal in the design of genes is to generate
nucleic acid sequences that have a G+C content that affords mRNA stability and translation
accuracy for a particular expression system.

Due to the redundancy of the genetic code (i.e., many amino acids are specified by more
than one codon), evolution of the genomes of different organisms or classes of organisms has
resulted in differential usage of redundant codons. This “codon bias” is reflected in the mean
base composition of protein coding regions. For example, organisms with relatively low G+C
contents utilize codons having A or T in the third position of redundant codons, whereas those
having higher G+C contents utilize codons having G or C in the third position.

Therefore, in reengineering genes for expression, one may wish to determine the codon
bias of the organism in which the gene is to be expressed. Looking at the usage of the codons as
determined for genes of a particular organism deposited in GenBank can provide this
information. After determining the bias thereof, the new gene sequence can be analyzed for
restriction enzyme sites as well as other sites that could affect transcription such as exon intron
junctions, polyA addition signals, or RNA polymerase termination signals.

Once expressed, mutants of the present invention may be purified for characterization by
any of several different properties. In some embodiments, such mutants may have altered active
site surface charges of one or more charge units. In addition, said mutants may have altered
substrate specificity or product capability relative to a non-mutated polyketide synthase. In other

embodiments, such mutants may have altered stability.

Compounds and Methods of Making Same

The present invention includes methods of preparing compounds using the synthases and
substrates contemplated within the invention. The present invention further includes compounds
that are prepared using the synthases and substrates contemplated within the invention. The
invention further includes derivatives of compounds that are prepared using the synthases and
substrates contemplated within the invention, such as, but not limited to, partially or fully
alkylated, or partially or fully acylated derivatives thereof.

The preparation of a compound contemplated within the invention includes the step of

contacting a substrate contemplated within the invention with a synthase contemplated within the
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invention, wherein the synthase catalyzes reaction of the substrate. In certain embodiments, the
substrate comprises acetyl-CoA. In other embodiments, the substrate comprises acetoacetyl-
CoA, malonyl-CoA, or coumaryl-CoA. In yet other embodiments, the substrate comprises a

compound of formula (I), or a salt, solvate or derivative thereof:

CoA-S-C(=0)-R! (D,

wherein in (I) R! is selected from the group consisting of C;-Cyg alkyl, C;-Cyg cycloalkyl, aryl-
(C1-Cyp alkyl), carboxy-(C;-Cyg alkyl), aryl, heterocyclyl, heteroaryl, aryl-CH=CH-,
heterocyclyl-CH=CH-, and heteroaryl-CH=CH-,

wherein each alkyl, cycloalkyl, aryl, heterocyclyl or heteroaryl group is independently

optionally substituted with at least one substituent selected from the group consisting of

F, Cl, Br, I, hydroxy, alkoxy, amino, nitro, monoalkylamino, dialkylamino, carboxy,

C(=0)0O(C;-Cg)alkyl, trifluoromethyl, cyano, -C(=0)NHa, -C(=0)NH(C;-Ce)alkyl,

-C(=0)N((Ci-Co)alkyl),, -SO,NH,, and -C(=NH)NH..

In certain embodiments, R!is selected from the group consisting of C;-Cy alkyl,
carboxy-(C;-Cy alkyl), aryl, heteroaryl, aryl-CH=CH-and heteroaryl-CH=CH-. In certain
embodiments, the alkyl, cycloalkyl, aryl or heteroaryl group is optionally substituted with at least
one substituent selected from the group consisting of F, Cl, Br, I, hydroxy, alkoxy, amino, nitro,
monoalkylamino, dialkylamino, carboxy, C(=0)O(C;-Cg)alkyl, trifluoromethyl, cyano,
-C(=0)NH,, -C(=0)NH(C;-Cg)alkyl, -C(=0)N((C;-Ce)alkyl),, -SO,NH,, and -C(=NH)NH,. In
certain embodiments, the aryl group is phenyl. In certain embodiments, the heteroaryl group is
pyridyl.

The substrate comprising the compound of formula (I) may be prepared using methods
known to those skilled in the art, such as but not limited to acylation of CoA using the
appropriate acylating agent under conditions known to those skilled in the art.

Upon contacting the substrate and the synthase contemplated within the invention, the
substrate undergoes a chemical reaction that is catalyzed by the synthase. In certain
embodiments, the product of the synthase-catalyzed substrate reaction is a compound
contemplated within the invention. In other embodiments, the product of the synthase-catalyzed

substrate reaction is further derivatized, and the resulting derivatization product is a compound
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contemplated within the invention. The derivatization of any compound may be performed using
chemical methods (i.e., reacting the product of the synthase-catalyzed substrate reaction with one
or more chemical reagents, either simultaneously or in sequence), enzymatic methods (i.e.,
contacting the product of the synthase-catalyzed substrate reaction with one or more enzymes,
such as but not limited to other synthases, chalcones and the like, either simultaneously or in
sequence), and/or a combination of chemical methods and biochemical methods.

The product of the synthase-catalyzed substrate reaction and/or the resulting product
from the derivatization of the product of the synthase-catalyzed substrate reaction may be
isolated using methods known to those skilled in the art, such as but not limited to
chromatography, liquid-liquid or liquid-solid extraction, precipitation, evaporation and/or
sublimation.

The invention contemplates compounds generated using the naturally occurring or mutant
synthases of the invention. In certain embodiments, the compounds contemplated within the
invention comprise a cyclic compound, or a salt, solvate or derivative thereof, selected from the
group consisting of:

OR?

wherein:

R! is selected from the group consisting of C;-C,g alkyl, C;-Cyg cycloalkyl, aryl-(C;-Cyg alkyl),
carboxy-(C;-Cy alkyl), aryl, heterocyclyl, heteroaryl, aryl-CH=CH-,
heterocyclyl-CH=CH-and heteroaryl-CH=CH-,

R” is selected from the group consisting of H, carboxy, C(=0)O(C;-Ce)alkyl, cyano, -C(=0)NH,,
-C(=0)NH(C,;-Cg)alkyl, and -C(=O)N((C;-Ce)alkyl);

each occurrence of R’ is independently selected from the group consisting of H, C1-Cy alkyl,
aryl-(C;-Cy alkyl), C;-Cy acyl, aroyl, and heteroaroyl; and,

nis0,1,2or 3;

wherein each alkyl, cycloalkyl, aryl, heterocyclyl or heteroaryl group is

independently optionally substituted with at least one substituent selected from
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the group consisting of F, Cl, Br, I, hydroxy, alkoxy, amino, nitro,
monoalkylamino, dialkylamino, carboxy, C(=0)O(C;-Ce)alkyl, trifluoromethyl,
cyano, -C(=0)NHa, -C(=0)NH(C,-Cy)alkyl, -C(=O)N((C;-C¢)alkyl),, -SO>NHo,
and -C(=NH)NHo..

In certain embodiments, the compound obtained by contacting a compound of formula (I)
with a synthase contemplated within the invention may be further derivatized by, such as but not
limited to, partial or total alkylation, or partial or total acylation. Any chemical products of such
derivatization reactions are also compounds contemplated within the invention.

In certain embodiments, the compound obtained by contacting acetyl-CoA or any known
acylated CoA derivative with a synthase contemplated within the invention may be further
derivatized by, such as but not limited to, partial or total alkylation, or partial or total acylation;
any products of such derivatization reactions are also compounds contemplated within the
invention.

In certain embodiments, the compounds of the invention may be further derivatized using
known procedures known in the art, and any products obtained by such derivatization reactions
are also compounds contemplated within the present invention. In a non-limiting example, all
compounds illustrated in the following scheme are compounds contemplated within the present

invention.
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wherein R' is selected from the group consisting of C;-Cyg alkyl, Ci-Cyo cycloalkyl, aryl-(Ci-Cao
alkyl), carboxy-(C;-Cy alkyl), aryl, heterocyclyl, heteroaryl, aryl-CH=CH-, heterocyclyl-
CH=CH-and heteroaryl-CH=CH-, wherein each alkyl, cycloalkyl, aryl, heterocyclyl or
heteroaryl group is independently optionally substituted with at least one substituent selected
from the group consisting of F, Cl, Br, I, hydroxy, alkoxy, amino, nitro, monoalkylamino,
dialkylamino, carboxy, C(=0)O(C;-C¢)alkyl, trifluoromethyl, cyano, -C(=O)NH,, -
C(=0)NH(C;-Cg)alkyl, -C(=0)N((C;-Ce)alkyl), -SO,NH,, and -C(=NH)NH,.

In certain embodiments, at least one functional group of the compound of the invention is
protected with an appropriate protective group before the compound of the invention is further
derivatized, as to avoid premature reaction of the at least one functional group being protected.
The protective groups that are useful within the invention are well-known to those skilled in the
art, and are determined in view of the functional group reactivity and the derivatization
conditions used. In certain embodiments, the functional groups of the compounds of the
invention are not protected with a protective group before the compound of the invention is
further derivatized. In the event that derivatization has the effect of modifying any functional
group(s) of the compounds of the invention, the resulting modified products are also compounds
of the present invention.

The compounds of the present invention may be formulated as pharmaceutically
acceptable compositions, wherein the compositions further comprise at least one

pharmaceutically acceptable carrier.
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Structural and Computational Methods

The three-dimensional structures of polyketide synthase proteins have been determined.
In the present study, new structures of 2-pyrone synthase were obtained. The invention
encompasses specific three-dimensional space coordinates of at least fourteen -carbon atoms
defined for the active site. R-groups attached to said -carbons are defined such that mutants can
be made by changing at least one R-group found in the synthase active site. Such mutants may
have unique and useful properties within the present invention.

One aspect of the invention resides in obtaining crystals of the polyketide synthase
polypeptide, of sufficient quality to determine the three dimensional (tertiary) structure of the
protein by X-ray diffraction methods. The knowledge obtained concerning the three-
dimensional structure of chalcone synthase can be used in the determination of the three-
dimensional structure of other synthase polypeptides in the polyketide synthesis pathway. The
structural coordinates of a polyketide synthase can be used to develop new polyketide synthesis
enzymes or synthase inhibitors using various computer modeling protocols. Based on the
structural coordinates of a polyketide synthase polypeptide (e.g., the three-dimensional protein
structure), novel polyketide synthases can be engineered. In addition, small molecules that
mimic or interact with a synthase molecule functional domain can be designed and synthesized
to modulate chalcone synthase, pyrone synthase, and other polyketide synthase biological
functions, as well as the biological functions of other polyketide synthases.

Accordingly, in one embodiment, the invention provides a method of “rational” enzyme
or drug design. Another approach to “rational” enzyme or drug design is based on a lead
compound discovered using high throughput screening. This lead compound can be further
modified in order to optimize its binding and/or developability properties, based on a crystal
structure of the binding regions of the molecule in question. Accordingly, another aspect of the
invention is to provide related protein sequences or materials that are a starting material in the
rational design of new synthases or drugs, which can then lead to the synthesis of new
polyketides or the rational modification of the polyketide synthesis pathway.

The present invention relates to crystallized polyketide synthases and mutants thereof,
from which the position of specific -carbon atoms and R-groups associated therewith
comprising the active site can be determined in three-dimensional space. The invention also

relates to structural coordinates of said polyketide synthases, the use of said structural
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coordinates to develop structural information related to polyketide synthase homologues,
mutants, and the like, and to crystal forms of such synthases.

Furthermore, the invention, as disclosed herein, provides a method whereby said -
carbon structural coordinates determined for atoms comprising the active site of said synthase
can be used to design synthases wherein R-groups associated with active site -carbon atoms are
different from the R-groups found in native 2-pyrone synthase, e.g., variant synthases. In
addition, the invention provides for production of variant polyketide synthases based on the
structural information of synthases and for use of said mutant synthases to make a variety of
polyketide-based compounds using a variety of substrates (as described in PCT Application No.
PCT/US00/20674, filed July 27, 2000, incorporated by reference in its entirety herein). The
present invention also provides methods of producing novel mutant polyketide synthases by
comparing the crystal structures of two different polyketide synthases and identifying residues to
be mutated, deleted or added.

Crystal structures are preferably obtained at a resolution of about 1.56 A to about 3 A for
a polyketide synthase in the presence and in the absence of bound substrate or substrate analog.
Coordinates for a polyketide synthase in the absence of a substrate bound in the active site have
been deposited at the Protein Data Bank, accession number 1QLV. Those skilled in the art
understand that a set of structure coordinates determined by X-ray crystallography is not without
standard error.

In one embodiment, the active site may be altered to vary the activity of a polyketide
synthase. An appropriate combination of R-groups, linked to active site -carbons, can facilitate
the formation of one or more desired reaction products. The combination of R-groups selected
for use in a synthase can be any combination other than the ordered arrangements of R-groups
found in known native isolated polyketide synthases. Typically, R-groups found on active site -
carbons are those found in naturally occurring amino acids, in some embodiments, however, R-
groups other than those found in naturally occurring amino acids can be used.

The present invention permits the use of molecular design techniques to design, select,
and synthesize mutant polyketide synthases that use the same substrates as the native synthases
but yet produce different and/or novel polyketide compounds. Mutant proteins of the present
invention, and nucleic acids encoding the same, can be designed by genetic manipulation based

on structural information about polyketide synthases. For example, one or more R-groups
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associated with the active site -carbon atoms of 2-pyrone synthase can be changed by altering
the nucleotide sequence of the corresponding 2-pyrone synthase gene, thus making one or more
variant polyketide synthases. Such genetic manipulations can be guided by structural
information concerning the R-groups found in the active site -carbons when substrate is bound
to the protein upon crystallization. Alternatively, mutant polyketide synthases can be prepared
by standard protocols for polypeptide synthesis, as is well known in the art.

Furthermore, structural coordinates may be used to determine the structure of the
crystalline form of other proteins with significant amino acid or structural homology to any
functional domain of a synthase. One method that may be employed for such purpose is
molecular replacement. In this method, the unknown crystal structure, whether it is another
crystal form of a synthase, a synthase having a mutated active site, or the crystal of another
protein with significant sequence and/or structural identity to a polyketide synthase, may be
determined using a set of coordinates. This method provides sufficient structural information for
the unknown crystal more efficiently than attempting to determine such information ab initio. In
addition, this method can be used to determine whether or not a given polyketide synthase in
question falls within the scope of this invention. Furthermore, polyketide synthases and variants
thereof may be crystallized in the presence or absence of substrates and substrate analogs. The
crystal structures of a series of complexes may then be solved by molecular replacement and
compared to that of the wild-type to assist in determination of suitable replacements for R-groups
within the active site, thus making synthase mutants according to the present invention.

All variants of the present inventions maybe modeled using previously obtained
structural information without necessarily having to crystallize and solve the structure for each
and every mutant. For example, one skilled in the art may use one of several specialized
computer programs to assist in the process of designing synthases having mutated active sites
relative to the wild-type. Examples of such programs include: GRID (Goodford, 1985, J. Mod.
Chem.:2S: 849-857), MCSS (Miranker and Karplus, 1991, Proteins: Structure, Function and
Genetics, 11:29-34); AUTODOCK (Goodsell and Olsen, 1990, Proteins. Structure, Fumtion, and
Genetics, 8:195-202); and DOCK (Kuntz et al, 1982, J. Mol Biol: 161:269-288), and the like. In
addition, specific computer programs are also available to evaluate specific substrate-active site
interactions and the deformation energies and electrostatic interactions resulting therefrom.

MODELLER is a computer program often used for homology or comparative modeling of the
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three-dimensional structure of a protein (A. Saii & T.L. Blundell. ] Mol.Biol 234:779-815,
1993). A sequence to be modeled is aligned with one or more known related structures and the
MODELLER program is used to calculate a full-atom model, based on optimum satisfaction of
spatial restraints. Such restraints can include, inter alia, homologous structures, site-directed
mutagenesis, fluorescence spectroscopy results, NMR experiment results, or atom-atom
potentials of mean force.

The present invention enables polyketide synthase mutants to be made and the crystal
structure thereof to be solved. Moreover, by virtue of the present invention, the location of the
active site and the interface of substrate therewith permit the identification of desirable R-groups
for mutagenesis.

The three-dimensional coordinates of the polyketide synthase may be used to predict the
activity and or substrate specificity of a protein whose primary amino acid sequence suggests
that it may have polyketide synthase activity. The family of 2-pyrone synthase -related enzymes
is defined, in part, by the presence of four highly conserved amino acid residues, Cys164,
Phe215, His303, and Asn336.

In addition, the structural coordinates and three-dimensional models disclosed herein can
be used to design or identify polyketide synthase inhibitors. Using the modeling techniques
disclosed herein, potential inhibitor structures can be modeled with the polyketide synthase
active site and those that appear to interact therewith can subsequently be tested in activity
assays in the presence of substrate.

Methods of using crystal structure data to design binding agents or substrates are known
in the art. Thus, the crystal structure data provided herein can be used in the design of new or
improved inhibitors, substrates or binding agents. For example, the synthase polypeptide
coordinates can be superimposed onto available coordinates of other similar enzymes to identify
modifications in the active sites of the enzymes, thus allowing the novel enzyme products or the
modulation of polyketide synthesis. Alternatively, the synthase polypeptide coordinates can be
superimposed onto available coordinates of other similar enzymes which have substrates or
inhibitors bound to them to give an approximation of the way these and related substrates or
inhibitors might bind to a synthase. Alternatively, computer programs employed in the practice
of rational drug design can be used to identify compounds that reproduce interaction

characteristics similar to those found between a synthase polypeptide and a cocrystalized
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substrate. Furthermore, detailed knowledge of the nature of binding site interactions allows for
the modification of compounds to alter or improve developability parameters, such as but not
limited to solubility, pharmacokinetics and the like, without affecting binding activity.

Widely available are computer programs capable of carrying out the activities necessary
to design agents using the crystal structure information provided herein. Examples include, but
are not limited to, the following computer programs: Catalyst Databases™ - an information
retrieval program accessing chemical databases such as BioByte Master File, Derwent WDI and
ACD; Catalyst HYPO™ - generates models of compounds and hypotheses to explain variations
of activity with the structure of drug candidates; Ludi™ - fits molecules into the active site of a
protein by identifying and matching complementary polar and hydrophobic groups; Leapfrog™ -
“grows” new ligands using a genetic algorithm with parameters under the control of the user.

In addition, various general purpose machines may be used with programs written in
accordance with the teachings herein, or it may be more convenient to construct more specialized
apparatus to perform the operations. However, preferably the embodiment is implemented in
one or more computer programs executing on programmable systems each comprising at least
one processor, at least one data storage system (including volatile and non-volatile memory and
or storage elements), at least one input device, and at least one output device. The program is
executed on the processor to perform the functions described herein.

Each such program may be implemented in any desired computer language (including
machine, assembly, high level procedural, object oriented programming languages, or the like) to
communicate with a computer system. In any case, the language may be a compiled or
interpreted language. The computer program will typically be stored on a storage media or
device (e.g., ROM, CD-ROM, or magnetic or optical media) readable by a general or special
purpose programmable computer, for configuring and operating the computer when the storage
media or device is read by the computer to perform the procedures described herein. The system
may also be considered to be implemented as a computer-readable storage medium, configured
with a computer program, where the storage medium so configured causes a computer to operate
in a specific and predefined manner to perform the functions described herein.

Embodiments of the invention include systems (e.g., internet based systems), particularly
computer systems which store and manipulate coordinate and sequence information. As used

herein, “a computer system” refers to the hardware components, software components, and data
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storage components used to analyze coordinate and sequence information. The computer system
typically includes a processor for processing, accessing and manipulating the sequence data. The
processor can be any well-known type of central processing unit, such as, for example, the
Pentium in from Intel Corporation, or similar processor from Sun, Motorola, Compaq, AMD or
International Business Machines.

One approach enabled by this invention is to use the structure coordinates to design new
enzymes capable of synthesizing novel and known polyketides. For example, polyketide
synthases (PKSs) generate molecular diversity in their products by utilizing different starter
molecules and by varying the final size of the polyketide chain. The structural coordinates allow
the elucidation of the nature by which PKSs achieve starter molecule selectivity and control
polyketide chain length. For example, by comparing the structure of chalcone synthase that
yields a tetraketide product to 2-pyrone synthases that form a triketide product of the invention, it
was demonstrated that 2-pyrone synthase maintains a smaller initiation/elongation cavity.
Accordingly, generation of a chalcone synthase mutant with an active site sterically analogous to
2-pyrone synthase results in the synthesis of a polyketide product of a different size. The subject
invention allows for the strategic development and biosynthesis of more diverse polyketides and
demonstrates a structural basis for control of polyketide chain length in other PKSs. In addition,
the structural coordinates allow for the development of substrates or binding agents that bind to
the polypeptide and alter the physical properties of the compounds in different ways, e.g.,
solubility.

In another embodiment, one approach is to computationally screen small molecule
databases for chemical entities or compounds that can bind in whole, or in part, to a polyketide
synthase polypeptide or fragment thereof. In this screening, the quality of fit of such entities or
compounds to the binding site may be judged either by shape complementarity or by estimated
interaction energy. Meng, E. C. et al., J. Comp. Chem., 13:505-524 (1992).

The design of substrates, compounds or binding agents that bind to or inhibit a polyketide
synthase polypeptide according to the invention generally involves consideration of two factors.
First, the substrate, compound or binding agent must be capable of physically and structurally
associating with a polyketide synthase molecule. Non-covalent molecular interactions important
in the association of a polyketide synthase with a substrate include hydrogen bonding, van der

Waals and hydrophobic interactions, and the like.
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Second, the substrate, compound or binding agent must be able to assume a conformation
that allows it to associate with a polyketide synthase molecule. Although certain portions of the
substrate, compound or binding agent will not directly participate in this association, those
portions may still influence the overall conformation of the molecule. This, in turn, may have a
significant impact on potency. Such conformational requirements include the overall three-
dimensional structure and orientation of the chemical entity or compound in relation to all or a
portion of the binding site, e.g., active site or accessory binding site of a polyketide synthase
(e.g., a 2-pyrone synthase polypeptide), or the spacing between functional groups of a substrate
or compound comprising several chemical entities that directly interact with a polyketide
synthase.

The potential binding effect of a substrate or chemical compound on a polyketide
synthase, or the activity that a newly synthesized or mutated polyketide synthase might have on a
known substrate, may be analyzed prior to its actual synthesis and testing by the use of computer
modeling techniques. For example, if the theoretical structure of the given substrate or
compound suggests insufficient interaction and association between it and a polyketide synthase,
synthesis and testing of the compound may be obviated. However, if computer modeling
indicates a strong interaction, the molecule may then be tested for its ability to bind to, initiate
catalysis or elongation of a polyketide by a polyketide synthase. Methods of assaying for
polyketide synthase activity are known in the art (as identified and discussed herein). Methods
for assaying the effect of a newly created polyketide synthase or a potential substrate or binding
agent can be performed in the presence of a known binding agent or polyketide synthase. For
example, the effect of the potential binding agent can be assayed by measuring the ability of the
potential binding agent to compete with a known substrate.

Specialized computer programs may also assist in the process of selecting fragments or
chemical entities. These include:

1. GRID (Goodford, P. J., “A Computational Procedure for Determining
Energetically Favorable Binding Sites on Biologically Important Macromolecules”, J. Med.
Chem., 28:849-857 (1985)). GRID is available from Oxford University, Oxford, UK.

2. MCSS (Miranker, A. and M. Karplus, “Functionality Maps of Binding Sites: A
Multiple Copy Simultaneous Search Method.” Proteins: Structure. Function and Genetics, 11:29-
34 (1991)). MCSS is available from Molecular Simulations, Burlington, Mass.
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3. AUTODOCK (Goodsell, D. S. and A. J. Olsen, “Automated Docking of
Substrates to Proteins by Simulated Annealing”, Proteins: Structure. Function, and Genetics,
8:195-202 (1990)). AUTODOCK is available from Scripps Research Institute, La Jolla, Calif.

4. DOCK (Kuntz, I. D. et al., “A Geometric Approach to Macromolecule-Ligand
Interactions™, J. Mol. Biol, 161:269-288 (1982)). DOCK is available from University of
California, San Francisco, Calif.

Once suitable substrates, chemical entities or fragments have been selected, they can be
assembled into a single polypeptide, compound or binding agent (e.g., an inhibitor). Assembly
may be performed by visual inspection of the relationship of the fragments to each other on the
three-dimensional image displayed on a computer screen in relation to the structure coordinates
of the molecules. This would be followed by manual model building using software such as
Quanta or Sybyl.

Useful programs to aid one of skill in the art in connecting the individual chemical
entities or fragments include:

1. CAVEAT (Bartlett, P. A. et al., “CAVEAT: A Program to Facilitate the
Structure-Derived Design of Biologically Active Molecules”. In “Molecular Recognition in
Chemical and Biological Problems”, Special Pub., Royal Chem. Soc, 78, pp. 182-196 (1989)).
CAVEAT is available from the University of California, Berkeley, Calif.

2. 3D Database systems such as MACCS-3D (MDL Information Systems, San
Leandro, Calif). This area is reviewed in Martin, Y. C, “3D Database Searching in Drug
Design”, J Med. Chem., 35:2145-2154 (1992)).

3. HOOK (available from Molecular Simulations, Burlington, Mass.).

In addition to the method of building or identifying novel enzymes or a polyketide
synthase substrate or binding agent in a stepwise fashion, one fragment or chemical entity at a
time as described above, substrates, inhibitors or other polyketide synthase interactions may be
designed as a whole or “de novo™ using either an empty active site or optionally including some
portion(s) of known substrates, binding agents or inhibitors. These methods include:

1. LUDI (Bohm, H.-L, “The Computer Program LUDI: A New Method for the De
Novo Design of Enzyme Inhibitors”, ] Comp. Aid. Molec. Design, 6:61-78 (1992)). LUDI is

available from Biosym Technologies, San Diego, Calif.
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2. LEGEND (Mshibata, Y. and A. Itai, Tetrahedron, 47:8985 (1991)). LEGEND is
available from Molecular Simulations, Burlington, Mass.

3. LeapFrog (available from Tripos Associates, St. Louis, Mo.).

Other molecular modeling techniques may also be employed in accordance with this
invention. See, e.g., Cohen, N. C. et al., “Molecular Modeling Software and Methods for
Medicinal Chemistry”, J. Med. Chem., 33:883-894 (1990). See also, Navia, M. A. and M. A.
Murcko, “The Use of Structural Information in Drug Design”, Current Opinions in Structural

Biology, 2:202-210 (1992).

Kits

In various embodiments, the invention provides kits comprising a polyketide synthase
variant having altered enzymatic activity and/or a host cell (e.g., yeast, plant, algae, bacterial,
mammalian, insect) comprising such a variant. Such kits are useful in in vitro and in vivo
methods for the production of desired chemical compounds, including polyketide, pyrone and
lactone products.

In some embodiments, the kit provides a sterile container comprising a composition of
the invention; such containers can be boxes, ampoules, bottles, vials, tubes, bags, pouches,
blister-packs, or other suitable container forms known in the art. Such containers can be made of
plastic, glass, laminated paper, metal foil, or other materials suitable for holding reagents. If
desired a polypeptide of the invention is provided together with instructions for pyrone
production. The instructions may be printed directly on the container (when present), or as a
label applied to the container, or as a separate sheet, pamphlet, card, or folder supplied in or with
the container.

The practice of the present invention employs, unless otherwise indicated, conventional
techniques of molecular biology (including recombinant techniques), microbiology, cell biology,
biochemistry and immunology, which are well within the purview of the skilled artisan. Such
techniques are explained fully in the literature, such as, “Molecular Cloning: A Laboratory
Manual”, second edition (Sambrook, 1989); “Oligonucleotide Synthesis™ (Gait, 1984); “Animal
Cell Culture” (Freshney, 1987); “Methods in Enzymology” “Handbook of Experimental
Immunology” (Weir, 1996); “Gene Transfer Vectors for Mammalian Cells” (Miller and Calos,
1987); “Current Protocols in Molecular Biology” (Ausubel, 1987); “PCR: The Polymerase
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Chain Reaction”, (Mullis, 1994); “Current Protocols in Immunology” (Coligan, 1991). These
techniques are applicable to the production of the polynucleotides and polypeptides of the
invention, and, as such, may be considered in making and practicing the invention. Particularly
useful techniques for particular embodiments will be discussed in the sections that follow.

The following examples are put forth so as to provide those of ordinary skill in the art
with a complete disclosure and description of how to make and use the compositions of the

invention, and are not intended to limit the scope of what the inventors regard as their invention.
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EXAMPLES

Example 1. Cloning, Expression, and Purification of 2-Pyrone synthase Enzymes

Gerbera hybrida 2-Pyrone synthase (Gh2PS) was subcloned into the pHIS8 expression
vector, derived from pET28a(+) (Jez et al., 2000a). For protein expression, Gh2PS/pHISS§-
transformed E. coli BL21(DE3) cells were incubated with shaking at 37°C in Terrific-broth
medium containing 50 pg/ml kanamycin until the OD(600nm) reached ~1.0, and then induced
with 0.5 mM isopropyl 1-thio- -galactopyranoside (IPTG), grown at 18°C overnight, and finally
harvested by centrifugation at §,000 x g. Cell pellets were resuspended in lysis buffer A [TNB,
20 mM imidazole, 10% (v/v) glycerol, 1% (v/v) Tween-20, and 10 mM -mercaptoethanol ( -
ME); TNB is 50 mM Tris-HCI (pH 8.0), 500 mM NaCl] supplemented with 4 mM benzamidine,
1 mM PMSF, 2 ug/ml leupeptin, and 0.5 mg/ml lysozyme. Following cell lysis by sonication
and centrifugation at 100,000 x g, the cleared cell lysate was passed over a Ni**-NTA column
(Qiagen, Valencia, CA) equilibrated in lysis buffer A, which was then washed with 10 bed
volumes of wash buffer (TNB, 20 mM imidazole, 10 mM -ME). His-tagged protein was eluted
with 10 bed volumes of elution buffer (TNB, 250 mM imidazole, 10 mM -ME), and the N-
terminal His-tag was cleaved by thrombin digestion during a 24-hour dialysis against digestion
buffer (TNB, 10 mM -ME) at 4°C. Cleaved protein was isolated by running the dialyzed
sample over another Ni**-NTA column equilibrated in digestion buffer to remove the His-
containing peptide and any un-cleaved protein, followed by a benzamidine sepharose
chromatography to remove thrombin. A Superdex200 or S75 gel-filtration column (Amersham)
equilibrated in TNB with 2 mM DTT was utilized to isolate homogeneous protein, which was
finally dialyzed against storage buffer [100 mM NaCl, 50 mM Tris-HCl (pH 8.0), 2 mM DTT)],
and prior to concentration to 10-20 mg/ml and for storage at -80°C. Site-directed mutants 2-
Pyrone synthase were generated in the Gh2PS/pHIS8 expression vector, using the QuikChange
strategy (Stratagene). The mutant proteins were expressed and purified as described above for

the native protein.
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Example 2. Crystallization, X-ray Diffraction Data Collection, and Structure
Determination

Crystals of wild-type and mutant Gh2PS were grown by vapor diffusion at 4°C in
hanging drops, which consisted of 1 pl protein in storage buffer mixed with 1 ul crystallization
reservoir [1.7 M ammonium sulfate, 7.5% (v/v) glycerol, 100 mM sodium succinate (pH 35.5),
and 4 mM DTT]. Seeding was used to improve the quality and size of the crystals, which grew
t0 0.3 x 0.2 x 0.2 mm.

Prior to freezing in liquid nitrogen, crystals of Gh2PS were soaked for 3 minutes in
cryoprotectant [crystallization reservoir supplemented with 17% (v/v) ethylene glycol]. X-ray
diffraction data were collected on ADSC Q315 CCD detectors at beamlines 8.2.1 and 8.2.2 of
the Advanced Light Source, Lawrence Berkeley National Laboratory.

Diffraction data were indexed, integrated, and scaled with MOSFLM (Battye et al., 2011)
and SCALA (Evans, 2006). Gh2PS crystallized in one of two distinct forms: space group P3;21
with unit-cell dimensions a=b=83 A and c=242 A and two monomers in the asymmetric unit; or
space group P3,21 with unit-cell dimensions a=b=83 A and ¢=120 A and one monomer in the
asymmetric unit.

The structures of Gh2PS proteins were determined for the P3,21 crystal form from
refinements initiated directly with the previously published Gh2PS homodimeric structure (PDB
entry 1EEQ; Jez et al., 2000b); or for the P3,21 crystal form through molecular-replacement
(MR) analysis with the Molrep program (Vagin and Teplyakov, 2010) and a starting search
model consisting of one monomer of PDB entry 1EEQ. Further structural refinements utilized
the Phenix suite of programs (Adams et al., 2010) programs. Coot (Emsley and Cowtan, 2004)

was used for graphical map inspection and manual rebuilding of atomic models.

Example 3. In vivo Production using 2-Pyrone synthase Variants

G. hybrida 2-Pyrone Synthase (2-PS) catalyses the iterative condensation of two
malonyl-CoA derived acetyl-groups with one acetyl-CoA molecule to form 6-methyl-4-hydroxy-
2-pyrone (a cyclic six-carbon product), via the intermediate, acetoacetyl CoA. The atomic-
resolution crystal structure of the 2-Pyrone synthase has been determined. The structure has
confirmed the substantially smaller (only one third the volume) active-site cavity of 2-Pyrone

synthase in comparison to the closely related enzyme, chalcone synthase (also termed 2-CHS)
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(Figure 4). Notably, CHS employs a larger starter molecule, coumaryl CoA, (as opposed to the
smaller acetyl CoA preferred by 2-Pyrone synthase), and performs three iterations of the acetyl-
group extension (as opposed to two by 2-Pyrone synthase) to generate chalcone, a bicyclic 15-
carbon product. Alfalfa CHS and 2-Pyrone synthase share 74% sequence identity and thus differ
at ~100 amino-acid positions, but remarkably, substitutions in CHS at only three active-site
cavity residues by the corresponding residue in 2-Pyrone synthase is sufficient to render CHS
functionally identical to 2-Pyrone synthase, in terms of both substrate/product specificity and
enzyme kinetics. That the functional conversion of CHS to 2-Pyrone synthase can be effected
through changes at a very small subset of residues supports an intuitively simple model for the
steric modulation of enzyme activity of CHS/2-Pyrone synthase, and this model sets the stage for
structure-based enzyme-engineering approaches (Figure 5). The region of the 2-Pyrone synthase
active site that accommodates the initial loading of the acetyl group from acetyl CoA appears to
have sufficient volume to accommodate larger starter moieties, such as a benzoyl group (Figure
6). Without being bound to a particular theory, steric restriction of this “starter loading pocket”
may improve the efficiency of acetyl-group loading and subsequent extension with malonyl
CoA.

To this end, seven active-site residues were selected that demarcate the active-site cavity
and systematically replaced with a residue possessing a longer and/or bulkier side chain (Figure
1A and 1B). Most of these substitutions proved to be deleterious for enzyme activity; however,
substitutions at two positions (Leu202Phe and Leu268Met) have yielded positive results, with
the mutant enzymes having an increased affinity for the reaction intermediate acetoacetyl CoA
and a higher overall level of pyrone production. Active site modifications are summarized in

Tables 1 and 2 below.

Table 1. 2-Pyrone Synthase Active Site Variants with decreased activity compared to wild-

type

€358, 1343F

355, 1343M

CA55, 1201 M

{355, L202F, L263M
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Table 2. 2-Pyrone Synthase Active Site Variants with increased activity compared to wild-

type

0355, T137F
€355, T137L
£355, 1201F
£35S, 12011
€355, L202F
£355, L202M
C3I55 L26&F

Positions 137, 201, 202, and 268 responded positively to mutations, whereas substitution at
position 343 consistently made the enzyme underperform.

Concurrent with enzyme-engineering approaches through active-site steric modulation,
overall efficiency of pyrone production by 2-Pyrone synthase in a yeast (Saccharomyces
cerevisiae) metabolic-engineering host was enhanced by creating variant forms of the enzyme
that are more resilient and stable post expression. This component of the invention has focused
on the replacement in 2-Pyrone synthase of cysteine residues with serine or alanine (Figure 1B).
Assessments of the overall production of pyrone by the mutant 2-Pyrone synthase enzymes
expressed in a yeast host have demonstrated that replacements of Cys35 in particular and also
Cys65, 89, 195, 346, and 372 have resulted in significant increases in pyrone yield. Without
being bound to a particular theory, the C35S appears to be important for enhancing activity
and/or stability. When the C35S modification is removed, the enzyme either reverts to WT
levels or underperforms. In attempts to further improve pyrone production levels, individual
beneficial cysteine substitutions have been combined with multi-site cysteine substitutions.

External site modifications are summarized in Tables 3 and 4 below.
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Table 3. 2-Pyrone Synthase External Site Variants with decreased activity compared to

wild-type

C35A

£355, CE5A

€355, £3465

€358, £1354

€655, £89S, €3728

£ROS, C1955, L3464, CI725

€655, CRAS, £1955, C346A, £3725

Table 4. 2-Pyrone Synthase External Site Variants with increased activity compared to

wild-type

355

€355, U658

€355, £89S

355, 01855

355, C346A

€355, C373A

(358, €3725

35S, €855, 3735

358, Cah4, C895, C3735

(35S, €8RS, 1955, C346A, U378
U356, Ca5S5, CBYS, 1555, C346A, (3735

Regardless of how few cysteine substitutions are present, 2-pyrone synthase variants performed
extremely well. Thus, an enzyme comprising C35S, C65S, C89S, C195S, C346A, C372S
background might be useful for generating active site variants.

Measurement of the kinetic parameters (k.o and Ky,) for the active-site 2-Pyrone synthase
variants have shown increased levels of pyrone production (in comparison to native 2-Pyrone
synthase) generated in double active-site variant (Leu202Phe and Leu268Met) when the variant
2-Pyrone synthase gene is integrated as a single copy gene in yeast. Measurements of kinetic
parameters of 2-Pyrone synthase cysteine variants have also been performed. In yeast metabolic-
engineering hosts, greater increases in pyrone production have been obtained with combinations
of cysteine mutants than with the active-site mutants alone. The greatest increase thus far has

been obtained with the Cys35Ser mutant expressed from multiply integrated copies of the 2-
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Pyrone synthase gene. Such exemplary engineered enzymes may be used to prepare
commercially useful chemical compounds (Figure §).

Example 4: 2-Pyrone synthase C35S variant showed increased triacetic lactone synthesis in
vivo.

Figure 14 shows the significance of 2-Pyrone synthase C35 and L1268 modifications on
the synthesis of triacetic lactone in vivo. Relative to the native G. hybrida 2-Pyrone synthase
(WT), enzyme variants with modifications at C35 and / or L268 exhibited major changes to
triacetic lactone production in vivo. While C35S increased titers, C35A rendered the enzyme
nearly inactive, with poor synthesis. In combination with C35S, the L268F variant showed
additional improvement suggesting there is active site enhancement using L268F. However,
removal of C35S from the L268F variant caused triacetic lactone levels to revert to near wild-
type levels. The results indicate that C35 is an important functional position outside of the

catalytic cavity and that it may be important to obtain active site improvements.

Example 5: 2-Pyrone synthase variants C35SL268F and C35ST137F showed increased
triacetic lactone synthesis

2-Pyrone synthase active site mutations coupled to the C35S mutation were screened
(Figure 15). Using steric hindrance as the motivation, various residues in the active site cavity
were selected for replacement with bulkier residues (M, F). Following screening in vivo,
variants C35SL268F and C35ST137F were found to result in higher triacetic lactone levels
relative to the C35S variant. Several variants showed lower levels relative to C35S, and the
deleterious effect of the 1201M substitution suggests side chain chemistry using methionine is
unfavorable at this position. Additional reduction in triacetic lactone levels when multiple
residue changes are combined indicate that changes at one position alter the impact of other

neighboring residues in the cavity.

Example 6: Variations in residues exposed to the enzyme surface increased triacetic lactone
synthesis

Individual cysteine residues, in addition to C35S, were modified to either an alanine or
serine residue to mimic the size or chemistry of the thiol side chain. Significant changes in

triacetic lactone titers were observed when using these cysteine variants, where residues highly
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exposed to the enzyme surface provided the largest improvements (Figure 16). This screening
process identified C65, C89, C135, C195, C346 and C372 as positions where substitution

increases in vivo triacetic lactone levels.

Example 7: 2-Pyrone synthase C36 is important for triacetic lactone synthesis

Following evaluation of individual surface cysteine modifications (Figure 16), different
combinations of C65S, C89S, C195S, C346A, and C372S (with or without C35S) were
evaluated (Figure 17). In the absence of C35S, an increase in surface cysteine substitutions
resulted in reduced triacetic lactone levels. In contrast, variants incorporating C35S showed
comparable levels to the single C35S variant. However, no additional increase in in vivo TAL
levels was observed beyond the C35SC372S double variant. These results further validate the
importance of the C35 position, possibly in enzyme stability and protection from in vivo

degradative processes.

Example 8: C35SC372S protects 2-Pyrone synthase from proteolysis

The C35S and C35SC372S 2-PS variants were evaluated in strains with protease
knockouts. Knocking out PEP4 or PRB1 significantly improved triacetic lactone levels when the
wild-type 2-Pyrone synthase was used (Figures 7 and 18). However, the increase was smaller
with the C358S variant, and no improvement was seen with C35SC372S. These results suggest
that C35SC372S is sufficient to protect the synthase from yeast proteolytic mechanisms targeting
the enzyme.

The results described herein were obtained using the following materials and methods.

Strains and plasmids

Escherichia coli strain XL1-Blue (Stratagene, Santa Clara, CA) was used for
amplification of plasmids. S. cerevisiae strain BJ5464 (Jones, 1991) was used as the base strain
for TAL production. The engineered strains BJApyc2Antel and protease limited strains
BYtApep4, BYtAprbl, and BYtApep4Aprbl (Cardenas and Da Silva, 2014) were used for the in
vivo 2-PS evaluation studies. S. cerevisiae strain BY4741Atrpl (Open Biosystems, Huntsville,

AL) was also used for comparison as a control.

58



10

15

20

25

WO 2015/134807 PCT/US2015/019058

The high copy 2u-based pXP842 vector (Shen et al., 2012), harboring the glucose-
repressed ADH?2 promoter and the CYC/ terminator with a loxP-flanked URA3 selection marker,
was used to express all 2-PS enzyme variants. Yeast cells were transformed as previously
described (Gietz et al., 1992; Hill et al., 1991) using selective SDC-A plates. Cell colonies were
allowed to grow for 3-5 days before generating inoculum cultures or glycerol stocks for long-
term storage.

The Gerbera hybrida g2psl gene (encoding 2-PS) and all variant genes were PCR
amplified from the pHISS cassette (Jez et al., 2000). Following Spel and Xhol digestion, the gene
was inserted into pXP842 (Shen et al., 2012) using the Rapid DNA Ligation Kit (Thermo
Scientific, Waltham, MA). Plasmid recovery was performed using the GeneJet™ Plasmid
Miniprep Kit (Thermo Scientific, Waltham, MA) and DNA sequence analysis confirmed the
correct sequence of all PCR-amplified inserts (GeneWiz, South Plainfield, NJ; Eton Biosciences,
San Diego, CA).

The KOD Hot-start polymerase (EMD Chemicals, San Diego, CA) was used in PCR
reactions for plasmid constructs. Restriction enzymes, T4 DNA ligase, Taqg DNA polymerase,
and deoxynucleotides were purchased from New England Biolabs. Oligonucleotide primers were

purchased from IDT DNA (San Diego, CA).
Media and cultivation

Luria-Bertani (LB) media was used for proliferation of XL1-Blue cells with 150 mg/L
ampicillin for selection of plasmid-containing strains (Sambrook and Russell, 2001)., For
inoculum cultures, S. cerevisiae strains were grown for 16 h in 5 mL selective SDC(A) medium
(1% dextrose, 0.67% yeast nitrogen base, 0.5% Bacto casamino acids, 0.5% ammonium sulfate
and 100 mg/L adenine) in an air shaker (New Brunswick Scientific) at 250 rpm and 30°C. These
were used to inoculate cultures in complex YPD media (1% dextrose; 1% Bacto yeast extract;
2% Bacto peptone) to an initial ODggo of 0.3 (Shimadzu UV-2450 UV-VIS Spectrophotometer,
Columbia, MD). At 48 h, samples were taken and cell density determined. The samples were
then centrifuged at 3,000 rpm (2,600 g) for 5 min at 4°C (Beckman GS-6R Centrifuge, Brea,
CA), and the supernatants stored at 4°C for HPLC analysis of TAL levels in the culture broth.
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HPLC Assay

The concentration of triacetic acid lactone was measured by HPLC using a Shimadzu
HPLC system: LC-10AT pumps (Shimadzu), UV-VIS detector (SPD-10A VP, Shimadzu),
Zorbax SB-C18 reversed-phase column (2.1x150 mm, Agilent Technologies). Acetonitrile
buffered in 1% acetic acid was used as the mobile phase, while HPLC grade water buffered in
1% acetic acid was used as the aqueous phase. A gradient program using a 95-85% Pump B
gradient (H,O with 1% acetic acid) provided an elution time of approximately 12 minutes (flow

rate 0.25 mL/min, column temperature 25°C).

Pyrone Synthase Assay

Activities of 2-Pyrone synthase and variants (0.5-2.5 g) were determined by monitoring
product formation using a LC/MS assay. Standard assay conditions were 100 mM HEPES (pH
7.0), 30 M starter-CoA (usually acetyl-CoA), and 60 M malonyl-CoA in 2.0 ml at 25°C.
Reactions were quenched with 5% acetic acid and extracted with ethyl acetate. Product
formation was determined by analysis of extracts on a Hewlett-Packard HP1100 MSD single
quadrupole mass spectrometer coupled to a Zorbax SB-C18 column (5 m, 2.1 mm x 150 mm).
High performance liquid chromatography conditions were as follows: gradient system from 0 to
100% methanol in water (each containing 0.2% acetic acid) over 20 min; flow rate 0.25 ml/min.
LC/MS/MS data: 2PY (6-methyl-4-hydroxy-2-pyrone), Rt = 9.62 min. Steady-state kinetic
constants were determined from initial velocity measurements, in which product formation was
linear over the time periods monitored, using standard assay conditions with a fixed malonyl-

CoA concentration (120 M) and varying acetyl-CoA concentrations (0.5-50 M).

Thermal-shift Binding Assay

The shifts in melting temperature of 2-Pyrone synthase proteins induced by a series of
coenzyme-A ligands at varying concentrations were measured using a Thermofluor-type assay
similar to one previously published (Niesen et al., 2007). Protein melting was monitored using a
LightCycler480 System II (Roche), with the following temperature-ramping program: 30
seconds at 20°C, ramp up to 85°C at 0.06°C/second, 30 seconds at 20°C. Using SYPRO Orange
(Sigma; excitation wavelength 483 nm, emission wavelength 568 nm), an environmentally-

sensitive fluorescent dye that can interact with hydrophobic amino-acid residues, the thermal
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melting of a protein can be monitored through the increased fluorescence signal accompanying
exposure to the solvent medium of the hydrophobic core residues of a denatured protein. The
maximum of the first-derivative curve of the fluorescence profile is typically used as a measure

of the melting temperature (Ty,).
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Other Embodiments

From the foregoing description, it will be apparent that variations and modifications may
be made to the invention described herein to adopt it to various usages and conditions. Such
embodiments are also within the scope of the following claims.

The recitation of a listing of elements in any definition of a variable herein includes
definitions of that variable as any single element or combination (or subcombination) of listed
elements. The recitation of an embodiment herein includes that embodiment as any single
embodiment or in combination with any other embodiments or portions thereof.

All patents and publications mentioned in this specification are herein incorporated by
reference to the same extent as if each independent patent and publication was specifically and

individually indicated to be incorporated by reference.
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CLAIMS

What is claimed is:

1. An isolated nucleic acid molecule encoding a polyketide synthase variant comprising an
altered amino acid residue corresponding to amino acid positions C35, T137, 1201, L202, L.268,
C65, C89, C195, C346; and/or C372 of 2-pyrone synthase.

2. The isolated nucleic acid molecule of claim 1, wherein the polyketide synthase variant is

2-pyrone synthase.

3. The isolated nucleic acid molecule of claim 1, wherein the altered amino acid residue is
selected from the group consisting of C35S, C635S, C89S, C195S, C346A, C372S, L202F, and
L268M.

4, The isolated nucleic acid molecule of claim 2, wherein the altered amino acid residue is
C358S.
5. The isolated nucleic acid molecule of claim 2, wherein the encoded polyketide synthase

variant comprises a combination of altered amino acid residues selected from the group
consisting of C35S, T137F; C35S, T137L; C35S, 1201F; C35S, 1201L; C35S, L202F; C35S,
L202M; C358S, L268F; C35S, L268M; C35S; C35S, C65S; C35S, C89S; C35S, C195S;
C35S, C346A; C35S, C372A; C35S, C372S; C35S, C89S, C372S; C35S, C65S, C89S,
C372S; C358S, C89S, C195S, C346A, C372S; and C35S, C65S, C89S, C195S, C346A, and
C3728S.

6. The isolated nucleic acid molecule of claim 2, wherein the encoded polyketide synthase

variant comprises C35SC372S.

7. The isolated nucleic acid molecule of claim 1, wherein the activity and/or stability of the

polyketide synthase is increased relative to a reference polypeptide.
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8. The isolated nucleic acid molecule of claim 7, wherein the activity comprises production
of a compound selected from the group consisting of a pyrone, a chromone, a lactone, a
polyhydroxynaphthalene, a phloroglucinol, a resorcinol, a resorcinol acid, SEK 4, SEK4b,

aloesone, and combinations thereof.

9. The isolated nucleic acid molecule of claim 8, wherein the lactone is triacetic acid
lactone.

10. A vector comprising the isolated nucleic acid molecule of any one of claims 1-9.

11. A cell comprising the isolated nucleic acid molecule of any one of claims 1-9 and/or the

vector of claim 10.

12. The cell of claim 11, wherein the cell is a yeast, plant, algae, bacterial, mammalian, or

insect cell.

13. The cell of claim 12, wherein the cell is in vitro or in vivo.

14. A plant comprising the isolated nucleic acid molecule of any one of claims 1-9 and/or the

vector of claim 10.

15. The plant of claim 14, wherein the nucleic acid molecule is expressed in a glandular
tricone.
16. An isolated polyketide synthase polypeptide comprising an altered amino acid residue

corresponding to amino acid positions C35, T137, 1201, L202, L.268, C65, C89, C195, C346;
and/or C372 of 2-pyrone synthase.

17. The isolated polyketide synthase polypeptide of claim 16, wherein the polyketide
synthase polypeptide is 2-pyrone synthase.
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18. The isolated polyketide synthase polypeptide of claim 17, wherein the altered amino acid
residue is selected from the group consisting of C35S, C65S, C89S, C195S, C346A, C372S,
L202F, and L268M.

19. The isolated polyketide synthase polypeptide of claim 16, wherein the altered amino acid
residue is C35S.

20. The isolated polyketide synthase polypeptide of claim 16, wherein the encoded
polyketide synthase variant comprises a combination of altered amino acid residues selected
from the group consisting of C35S, T137F; C35S, T137L; C35S, 1201F; C35S, 1201L; C35S,
L202F; C35S, L202M; C35S, L268F; C35S, L268M; C35S; C35S, C65S; C358S, C89S;
C35S, C195S; €358, C346A; C35S, C372A; C35S, C372S; C358, C89S, C372S; C35S,
C65S, C89S, C372S; C35S, C&IS, C195S, C346A, C372S; and C35S, C65S, C89S, C195S,
C346A, and C372S.

21. The isolated polyketide synthase of claim 16, wherein the polyketide synthase
polypeptide comprises C35SC372S.

22. The isolated polyketide synthase of claim 16, wherein the polyketide synthase
polypeptide comprises C35S, C65S, C89S, C1958S, C346A, C372S, L202F, and L268M.

23. The isolated polyketide synthase of any of claims 16-21, wherein the activity and/or
stability of the synthase is increased relative to a wild-type 2-pyrone synthase polypeptide.

24. The isolated polyketide synthase of claim 23, wherein the activity comprises production
of a compound selected from the group consisting of a pyrone, a chromone, a lactone, a
polyhydroxynaphthalene, a phloroglucinol, a resorcinol, a resorcinol acid, SEK 4, SEK4b,

alonesone, and any combinations thereof.
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25. The isolated polyketide synthase of claim 24, wherein the lactone comprises triacetic acid

lactone.

26. A method of increasing the activity of a polyketide synthase, the method comprising
introducing an altered amino acid residue at a position corresponding to C35, T137, 1201, L.202,
L268, C65, C89, C195, C346; and/or C372 of 2-pyrone synthase.

27. The method of claim 26, wherein the polyketide synthase is 2-pyrone synthase.

28. The method of claim 26, wherein the altered amino acid residue is selected from the

group consisting of C35S, C65S, C89S, C195S, C346A, C372S, L202F, and L268M.

29. The method of claim 26, wherein the altered amino acid residue is C35S.

30. The method of claim 26, wherein ke, of the synthase is increased and/or Ky, of the

synthase is decreased relative to a wild-type 2-pyrone synthase polypeptide.

31. The method of claim 26, wherein the activity comprises production of a compound
selected from the group consisting of a pyrone, a chromone, a lactone, a
polyhydroxynaphthalene, a phloroglucinol, a resorcinol, a resorcinol acid, SEK 4, SEK4b,
alonesone, and any combinations thereof.

32. The method of claim 31, wherein the lactone comprises triacetic acid lactone.

33. The method of claim 26, wherein the variant polyketide synthase is expressed in a yeast,

plant, algae, bacterial, mammalian, or insect cell.

34. The method of claim 27, wherein the cell is in vitro or in vivo.

35. A method of preparing a polyketide using the cell of claims 11-13.
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36. The method of claim 33 wherein the polyketide is a pyrone, a chromone, a lactone, a
polyhydroxynaphthalene, a phloroglucinol, a resorcinol, a resorcinol acid, SEK 4, SEK4b,

alonesone, and any combinations thereof.

37. A method of preparing a cyclic compound, or a salt, solvate or derivative thereof, the
method comprising contacting the isolated polyketide synthase of any one of claims 15-23 with a
substrate of formula (I), or a salt, solvate or derivative thereof:

CoA-S-C(=0)-R' (D),
wherein the cyclic compound is selected from the group consisting of:
OR”

R3O ORS R

R
oY 0 , wherein:

R! is selected from the group consisting of C;-Cyp alkyl, C;-Cyp cycloalkyl, aryl-(C;-Cyp alkyl),

carboxy-(C;-Cy alkyl), aryl, heterocyclyl, heteroaryl, aryl-CH=CH-,

heterocyclyl-CH=CH-and heteroaryl-CH=CH-,

R? is selected from the group consisting of H, carboxy, C(=0)O(C;-Cg)alkyl, cyano, -C(=O)NH,,

-C(=0)NH(C;-Ce)alkyl, and -C(=O)N((Ci-Ce)alkyl);

each occurrence of R’ is independently selected from the group consisting of H, C;-Ca alkyl,

aryl-(C;-Cy alkyl), C;-Cy acyl, aroyl, and heteroaroyl; and,

nis0,1,2or 3;
wherein each alkyl, cycloalkyl, aryl, heterocyclyl or heteroaryl group is
independently optionally substituted with at least one substituent selected from
the group consisting of F, Cl, Br, I, hydroxy, alkoxy, amino, nitro,
monoalkylamino, dialkylamino, carboxy, C(=0)O(C;-C¢)alkyl, trifluoromethyl,
cyano, -C(=0)NH,, -C(=0)NH(C;-C¢)alkyl, -C(=O)N((C;-Ce¢)alkyl), -SO,NH,,
and -C(=NH)NH..

38. The method of claim 37, wherein R! is selected from the group consisting of C;-Cy

alkyl, carboxy-(C;-C,g alkyl), aryl, heteroaryl, aryl-CH=CH-, and heteroaryl-CH=CH-.
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39. The method of claim 37, wherein R! is selected from the group consisting of C;-Cyo

alkyl, carboxy-(Ci-Cyo alkyl), aryl, and aryl-CH=CH-.

40. The method of claim 37, wherein each occurrence of aryl comprises phenyl.

41. A kit comprising an isolated polyketide synthase, a nucleic acid molecule, a vector or a

cell of any preceding claim.
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