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BIOLOGICAL METHODS FOR PREPARING A FATTY DICARBOXYLIC ACID

Field
The technology relates in part to biological methods for producing a fatty dicarboxylic acid and

engineered microorganisms capable of such production.

Background

Microorganisms employ various enzyme-driven biological pathways to support their own
metabolism and growth. A cell synthesizes native proteins, including enzymes, in vivo from
deoxyribonucleic acid (DNA). DNA first is transcribed into a complementary ribonucleic acid
(RNA) that comprises a ribonucleotide sequence encoding the protein. RNA then directs
translation of the encoded protein by interaction with various cellular components, such as
ribosomes. The resulting enzymes participate as biological catalysts in pathways involved in

production of molecules by the organism.

These pathways can be exploited for the harvesting of the naturally produced products. The
pathways also can be altered to increase production or to produce different products that may be
commercially valuable. Advances in recombinant molecular biology methodology allow
researchers to isolate DNA from one organism and insert it into another organism, thus altering
the cellular synthesis of enzymes or other proteins. Advances in recombinant molecular
biology methodology also allow endogenous genes, carried in the genomic DNA of a
microorganism, to be increased in copy number, thus altering the cellular synthesis of enzymes
or other proteins. Such genetic engineering can change the biological pathways within the host
organism, causing it to produce a desired product. Microorganic industrial production can
minimize the use of caustic chemicals and the production of toxic byproducts, thus providing a

“clean” source for certain compounds. The use of appropriate plant derived feedstocks allows
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production of “green” compounds while further minimizing the need for and use of petroleum

derived compounds.
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Summary

Provided in certain aspects is a genetically modified yeast, comprising: one or more genetic
modifications that substantially block beta oxidation activity; and one or more genetic
modifications that increase one or more activities chosen from monooxygenase activity,
monooxygenase reductase activity, thioesterase activity, acyltransferase activity, isocitrate
dehydrogenase activity, glyceraldehyde-3-phosphate dehydrogenase activity, glucose-6-
phosphate dehydrogenase activity, acyl-coA oxidase activity, fatty alcohol oxidase activity,
acyl-CoA hydrolase activity, alcohol dehydrogenase activity, peroxisomal biogenesis factor

activity, and fatty aldehyde dehydrogenase activity.

The one or more genctic modifications sometimes increase one or more of: (a) one or more
monooxygasc activitics chosen from monooxygenase activity chosen from CYP52A12
monooxygenase activity, CYP52A13 monooxygenase activity, CYP52A14 monooxygenase
activity, CYP52A15 monooxygenase activity, CYP52A16 monooxygenase activity, CYP52A17
monooxygenase activity, CYP52A18 monooxygenase activity, CYP52A19 monooxygenase
activity, CYP52A20 monooxygenase activity, CYP52D2 monooxygenase activity and BM3
monooxygenase activity; (b) one or more monooxygenase reductase activities chosen from
CPRA monooxygenase reductase activity, CPRB monooxygenase reductase activity and
CPR750 monooxygenase reductase activity; (c) an IDP2 isocitrate dehydrogenase activity; (d) a
GDP1 glyceraldehyde-3-phosphate dehydrogenase activity; (e) one or more glucose-6-
phosphate dehydrogenase activities chosen from a ZWF1 glucose-6-phosphate dehydrogenase
activity and ZWF2 glucose-6-phosphate dehydrogenase activity; (f) one or more fatty alcohol
oxidase activities chosen from FAQO1 fatty alcohol oxidase activity, FAO2A fatty alcohol
oxidase activity, FAO2B fatty alcohol oxidase activity, FAO13 fatty alcohol oxidase activity,
FAO17 fatty alcohol oxidase activity, FAO18 fatty alcohol oxidase activity and FAO20 fatty
alcohol oxidase activity; (g) one or more alcohol dechydrogenase activities chosen from ADH1
alcohol dehydrogenase activity, ADH2 alcohol dehydrogenase activity, ADH3 alcohol
dehydrogenase activity, ADH4 alcohol dehydrogenase activity, ADH5 alcohol dehydrogenase
activity, ADH7 alcohol dehydrogenase activity, ADHS alcohol dehydrogenase activity and SFA
alcohol dehydrogenase activity; (h) one or more acyl-CoA hydrolase activities chosen from
ACH-A acyl-CoA hydrolase activity and ACH-B acyl-CoA hydrolase activity; (i) one or more

acyltransferase activities chosen from acyl-CoA sterol acyltransferase activity, diacylglycerol
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acyltransferase activity and phospholipid:diacylglycerol acyltransferase activity; (j) one or more
acyltransferase activities chosen from ARE1 acyl-CoA sterol acyltransferase activity, ARE2
acyl-CoA sterol acyltransferase activity, DGA1 diacylglycerol acyltransferase activity, and
LRO1 phospholipid:diacylglycerol acyltransferase activity; (k) an acyl-coA thioesterase activity
(e.g., a TESA acyl-coA thioesterase activity); (1) a PEX11 peroxisomal biogenesis factor
activity; (m) one or more fatty aldehyde dehydrogenase activities chosen from HFD1 fatty
aldehyde dehydrogenase activity and HFD2 fatty aldehyde dehydrogenase activity; and (n) a
POXS5 acyl-coA oxidase activity.

In certain aspects, a genetically modified yeast is fully beta oxidation blocked. In some cases
all alleles of polynucleotides encoding a polypeptide having acyl-coA oxidase activity are
disrupted in a genetically modified yeast. In certain cases where a genetically modified yeast is

a Candida spp. ycast, all alleles of POX4 and POXS are disrupted.

In some aspects, a genetic modification that increases an activity in a genetically modified yeast
comprises incorporating in the yeast multiple copies of a polynucleotide that encodes a
polypeptide having the activity. Sometimes a genetic modification that increases an activity in
a genetically modified yeast comprises incorporating in the yeast a promoter in operable
linkage with a polynucleotide that encodes a polypeptide having the activity. In some cases the
promoter is chosen from a POX4 promoter, PEX11 promoter, TEF1 promoter, PGK promoter
and FAO1 promoter.

In certain aspects, a genetically modified yeast comprises one or more genetic modifications
that decrease an acyl-coA synthetase activity. In some cases the one or more genetic
modifications decrease one or more acyl-coA synthetase activities chosen from an ACS1 acyl-
coA synthetase activity and a FAT1 long-chain acyl-CoA synthetase activity.

In some aspects, a genetically modified yeast is chosen from a Candida spp. yeast (¢.g., C.
tropicalis, C. viswanathii, genetically modified ATCC20336 yeast), Yarrowia spp. yeast, Pichia

spp. yeast, Saccharomyces spp. ycast and Kluyveromyces spp. yeast.

Any suitable combination of genetic modifications described herein can be incorporated into a
genetically modified yeast for production of a diacid target product. In some cases, a

genetically modified yeast includes one or more of (a) a genetic modification that increases an
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activity, (b) a genetic modification that decreases an activity, and (c) a promoter insertion, as

described herein, in any suitable combination.

In some aspects, provided is a method for producing a diacid, comprising: contacting a
genetically modified yeast described herein with a feedstock capable of being converted by the
yeast to a diacid; and culturing the yeast under conditions in which the diacid is produced from
the feedstock. In some cases the feedstock comprises one or more components from a

vegetable oil, and sometimes the diacid is a C4 to C24 diacid.

In certain aspects, provided is a method for producing a diacid by a yeast from a feedstock toxic
to the yeast, comprising: (a) contacting a genetically modified yeast in culture with a feedstock
not substantially toxic to the yeast, thereby performing an induction; and (b) contacting the
yeast after the induction in (a) with a feedstock toxic to the yeast, whereby a diacid is produced
by the ycast from the feedstock toxic to the yeast in an amount greater than the amount of the

diacid produced from the feedstock toxic to the yeast when the induction is not performed.

Provided also herein in some aspects are particular isolated nucleic acids.

Certain embodiments are described further in the following description, examples, claims and

drawings.

Brief Description of the Drawings

The drawings illustrate embodiments of the technology and are not limiting. For clarity and
ease of illustration, the drawings are not made to scale and, in some instances, various aspects
may be shown exaggerated or enlarged to facilitate an understanding of particular

embodiments.

FIG. 1 is a schematic representation of the conversion of decane to sebacic acid in a beta-
oxidation blocked microorganism. Capric acid is formed as an intermediate during omega

oxidation.
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FIG. 2 is a schematic representation of the conversion of dodecane to dodecanedioic acid in a
beta-oxidation blocked microorganism. Lauric acid is formed as an intermediate during omega

oxidation.

FIG. 3 is a schematic representation of the conversion of a feedstock containing mixed chain-
length alkanes to mixed diacids products, including sebacic acid in a beta-oxidation blocked
microorganism. Mixed chain-length fatty acids are formed as intermediates during omega
oxidation. Sebacic acid can be separated from other diacid products by the use of appropriate

separation techniques.

FIG. 4 is a schematic representation of the conversion of a feedstock containing mixed chain-
length alkanes to mixed diacids products, including dodecanedioic acid in a beta-oxidation
blocked microorganism. Mixed chain-length fatty acids arc formed as intermediates during
omega oxidation. Dodecanedioic acid can be separated from other diacid products by the use of

appropriate separation techniques.

FIG. 5 is a schematic representation of the conversion of a long-chain alkane into sebacic acid
in a partially beta-oxidation blocked microorganism. The long-chain alkane is first converted
mnto a long-chain fatty acid and then into a long-chain diacid by activities in the omega-

oxidation pathway. The long-chain diacid can be converted to sebacic acid by activities in the

beta-oxidation pathway, with the simultaneous generation of acetyl-CoA.

FIG. 6 is a schematic representation of the conversion of a long-chain alkane into
dodecanedioic acid in a partially beta-oxidation blocked microorganism. The long-chain alkane
is first converted into a long-chain fatty acid and then into a long-chain diacid by activities in
the omega-oxidation pathway. The long-chain diacid can be converted to dodecanedioic acid

by activities in the beta-oxidation pathway, with the simultancous generation of acetyl-CoA.

FIG. 7 1s a schematic representation of the conversion of a feedstock containing mixed chain-
length alkanes into sebacic acid in a partially beta-oxidation blocked microorganism. The
mixed chain-length alkanes are first converted into mixed chain-length fatty acids and then
mixed diacids by activities in the omega-oxidation pathway. Mixed diacids can be converted to
sebacic acid by activities in the beta-oxidation pathway, with the simultaneous generation of

acetyl-CoA.



CA 02895124 2015-06-12

WO 2014/100461 PCT/US2013/076664

FIG. 8 is a schematic representation of the conversion of a feedstock containing mixed chain-
length alkanes into dodecanedioic acid in a partially beta-oxidation blocked microorganism.
The mixed chain-length alkanes are first converted into mixed chain-length fatty acids and then
mixed diacids by activities in the omega-oxidation pathway. Mixed diacids can be converted to
dodecanedioic acid by activities in the beta-oxidation pathway, with the simultaneous

generation of acetyl-CoA.

FIG. 9 graphically illustrates the conversion of decane to sebacic acid in a fully beta-oxidation
blocked C. tropicalis yeast strain. After incubation for the times shown in the graph, the media
was subjected to gas chromatography. The results indicate that greater than 99% of the decane
was converted into sebacic acid, with a minimal amount of capric acid also detected by gas
chromatography. No significant accumulation of any other monoacid or diacid was detected by

gas chromatography. Expecrimental details and results are given in Example 1.

FIG. 10 graphically illustrates the conversion of capric acid to sebacic acid in a C. tropicalis
yeast strain. GC analysis was performed after a predetermined period of growth. Nearly all the
capric acid added was converted to sebacic acid using a starting concentration of capric acid.

Experimental details and results are given in Example 2.

FIG. 11 graphically illustrates the distribution of diacids produced during the conversion of
long-chain fatty acids to mixed diacids under fermentation conditions using a partially beta-
oxidation blocked Candida tropicalis strain (e.g., sSAA106). Experimental details and results are

given in Example 5.

FIG. 12 graphically illustrates the conversion of decane to sebacic acid in a_fully beta-oxidation
blocked C. tropicalis yeast strain having additional genetic modifications. Strain SAA003 is the
fully beta-oxidation blocked control strain. +CPR indicates the fully beta-oxidation blocked
strain also includes an increased number of copies of cytochrome P450 reductase. +CPR+A12
indicates starting strain sAA003 includes the addition genetic modifications of an increased
number of copies of cytochrome P450 reductase and also includes an increased number of
copies of cytochrome P450 A12 (e.g., CYP52A12). +CPR+A18 indicates starting strain
SAA003 includes the addition genetic modifications of an increased number of copies of

cytochrome P450 reductase and also includes an increased number of copies of cytochrome
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P450 A18 (e.g., CYP52A18). +CPR+A19 indicates starting strain SAA003 includes the
addition genetic modifications of an increased number of copies of cytochrome P450 reductase
and also includes an increased number of copies of cytochrome P450 A19 (e.g., CYP52A19).
+CPR+A20 indicates starting strain sAA003 includes the addition genetic modifications of an
increased number of copies of cytochrome P450 reductase and also includes an increased
number of copies of cytochrome P450 A20 (e.g., CYP52A20). Experimental details and results

are given in Example 7.

FIG. 13 graphically illustrates the results of conversion of methyl laurate to dodecanedioic acid
in a fully beta-oxidation blocked C. tropicalis yeast strain also contain genetic alterations to a
monooxygenase reductase activity, a monooxygenase activity, or a monooxygenase reductase
activity and a monooxygenase activity. After 48 hours of incubation the media was subjected
to gas chromatography. The results indicate that Candida strains containing an increased
number of copics of a CYP52A18 monooxygenase activity and an increased number of copics
of a monooxygenase reductase activity (e.g., CPR750) gave the highest yield of dodecanedioic
acid (e.g., DDDA), in shake flask fermentation experiments. Experimental details and results

are given in Example §.

FIG. 14 and FIG. 15 schematically illustrate a screening and/or selection method for identifying
acyl-CoA oxidase activities with specific substrate specificities. The method can be utilized in
conjunction with generating and/or identifying acyl-CoA oxidase activities with altered chain-

length substrate specificities. Screening/selection method details are given in Example 9.

FIG. 16 graphically illustrates the results of engineered microorganisms described herein
converting decane to sebacic acid under fermentation conditions using different amounts of

decane as the feedstock. Experimental details and results are given in Example 3.

FIG. 17 graphically illustrates the results of engineered microorganisms described herein
converting a mixed fatty acid feedstock (c.g., mixed chain-length fatty acids) to sebacic acid
under fermentation conditions. Experimental details and results are given in Example 4.

FIG. 18 shows a diagram of a plasmid designated pAA073 containing a POX4 promoter and a
POX4 terminator.

FIG. 19 shows a diagram of a plasmid designated pAA298.
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FIG. 20 shows the production of either dodecanedioic acid from methyl laurate (ML) or
tetradecanedioic acid from methyl myristate (MM) utilizing strains SAA1306 and sAA003.

FIG. 21 shows the production of either dodecanedioic acid from methyl laurate (ML) or
tetradecanedioic acid from methyl myristate (MM) using strains SAA1082 and sAA003.

FIG. 22 shows the production cis-9-octadecenedioic acid (C18:1 diacid) from oleic acid for four
fully beta-oxidation blocked strains. The data points are derived from the averages of three

identical fermentations.

FIG. 23 shows the concentrations of HFAs produced during the omega oxidation of oleic acid
by strains SAA003, sAA1233, sAA1306 and sAA1485.

FIG. 24 shows the production of decanedioic acid (sebacic acid) and compares the productivity

of the two strains under the two different induction conditions.

FIG. 25 shows the amount of decanoic acid produced under the different fermentation

conditions.

FIG. 26 shows the production of DDDA and 12-hydroxy-dodecanoic acid (HFA) from methyl

laurate.

FIG. 27 shows the production of DDDA from methyl laurate.

FIG. 28 shows the production of DDDA.

FIG. 29 shows the production of HFAs from methyl laurate.

FIG. 30 shows a promoter replacement strategy.

FIG. 31 shows an example of the production of HFAs during the first oxidation step in the

omega-oxidation pathway.
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FIG. 32A shows the production of omega hydroxyl-oleic acid and cis-9 C18 diacid from strains
SAA003 and sAA2047.

FIG. 32B shows the production of 12-HDDA and DDDA from strains SAA003 and sAA2047.

Detailed Description

Certain fatty dicarboxylic acids (i.e., diacids, e.g., dodecancdioic acid or sebacic acid) are
chemical intermediates in manufacturing processes used to make certain polyamides,
polyurethanes and plasticizers, all of which have wide applications in producing items such as
antiseptics, top-grade coatings, hot-melt coating and adhesives, painting materials, corrosion
inhibitor, surfactant, engineering plastics and can also be used as a starting material in the
manufacture of fragrances, for example. For example dodecanedioic acid, also known as 1,12
dodecancdioic acid, and DDDA, is a 12 carbon organic molecule that is a fatty dicarboxylic
acid. In another example, sebacic acid, also known as 1,10 decanedioic acid, and 1,8

octanedicarboxylic acid, is a 10 carbon organic molecule that is a fatty dicarboxylic acid.

Provided herein are methods for producing a fatty dicarboxylic acid (also referred to herein as a
diacid). Any suitable diacid can be produced, and a diacid produced often includes acid
moieties at each terminus of the molecule (e.g., alpha omega diacids). A diacid sometimes is a
C4 to a C24 diacid (i.e., a diacid containing 4 carbons to 24 carbons) and sometimes is a C8,
C10, C12, C14, C16, C18, or C20 diacid. Yeast and processes herein are capable of producing
a diacid containing an odd number of carbons, and sometimes a product contains one or more
diacids chosen from a C5, C7, C9, C11, C13, C15, C17, C19, C21 and C23 diacid. A
hydrocarbon portion of a diacid sometimes is fully saturated and sometimes a diacid includes

one or more unsaturations (e.g., double bonds).

Non-limiting examples of diacids include octanedioic acid, decanedioic acid, dodecanedioic
acid, tetradecanedioic acid, hexadecanedioic acid, octadecanedioic acid, eicosanedioic acid) and
other organic intermediates using biological systems. Non-limiting examples of fatty
dicarboxylic acids include suberic acid (i.e., octanedioic acid, 1,8-octanedioic acid, octanedioic
acid, octane-1,8-dioic acid, 1,6-hexanedicarboxylic acid, capryllic diacids), sebacic acid (i.c.,
1,10-decanedioic acid, decanedioic acid, decane-1,10-dioic acid, 1,8-octanedicarboxylic acid,

capric diacid), dodecanedioic acid (i.e., DDDA, 1,12-dodecanedioic acid, dodecanedioic acid,

10
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dodecane-1,12-dioic acid, 1,10-decanedicarboxylic acid, decamethylenedicaboxylic acid, 1,10-
dicarboxydecane, lauric diacid), tetradecanedioic acid (i.e., TDDA, 1,14-tetradecanedioic acid,
tetradecanedioic acid, tetradecane-1,14-dioic acid, 1,12-dodecanedicarboxylic acid, myristic
diacid), thapsic acid (i.e., hexadecanedioic acid, 1,16-hexadecanedioic acid, hexadecanedioic
acid, hexadecane-1,16-dioic acid, 1,14-tetradecanedicarboxylic acid, palmitic diacid), cis-9-
hexadecenedioic acid (i.e., palmitoleic diacids), octadecanedioic acid (i.e., 1,18-octadecanedioic
acid, octadecanedioic acid, octadecane-1,18-dioic acid, 1,16-hexadecanedicarboxylic acid,
stearic diacid), cis-9-octadecenedioic acid (i.e., oleic diacids), cis-9,12-octadecenedioic acid
(i.e., linoleic diacids), cis-9,12,15-octadecenedioic acid (i.e., linolenic diacids), arachidic diacid
(i.e., eicosanoic diacid, icosanoic diacid), 11-eicosenoic diacid (i.e., cis-11-eicosenedioic acid),
13-cicosenoic diacids (i.e., cis-13-cicosenedioic acid), arachidonic diacid (i.c., cis-5,8,11,14-

eicosatetraenedioic acid).

A genctically modified yeast can be provided with a feedstock to produce a diacid, and the
feedstock sometimes includes a substantially pure aliphatic molecule from which the diacid is
produced. In certain embodiments, the feedstock contains a mixed set of aliphatic molecules
from which diacids may be produced. In some embodiments, an aliphatic molecule in the
feedstock is the predominant aliphatic species and sometimes a particular diacid produced from
that aliphatic molecule is the predominant diacid species produced. A predominant species
generally is 51% or more by weight of aliphatic molecule species in a feedstock or 51% or
more by weight of diacid species in a product (e.g., about 55% or more, 60% or more, 65% or

more, 70% or more, 75% or more, 80% or more, 85% or more, 90% or more or 95% or more).

Such production systems may have significantly less environmental impact and could be
economically competitive with current manufacturing systems. Thus, provided in part herein
are methods for manufacturing a fatty dicarboxylic acid (e.g., octanedioic acid, decanedioic
acid, dodecanedioic acid, tetradecanedioic acid, hexadecanedioic acid, octadecanedioic acid,
cicosancdioic acid) by engineered microorganisms. In some embodiments microorganisms are
enginecred to contain at least one heterologous gene encoding an enzyme, where the enzyme is
a member of a novel and/or altered pathway engincered into the microorganism. In certain

embodiments, an organism may be selected for elevated activity of a native enzyme.

Microorganisms

11
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A microorganism selected often is suitable for genetic manipulation and often can be cultured at
cell densities useful for industrial production of a target fatty dicarboxylic acid product. A

microorganism selected often can be maintained in a fermentation device.

The term "engineered microorganism" as used herein refers to a modified microorganism that
includes one or more activities distinct from an activity present in a microorganism utilized as a
starting point (hereafter a "host microorganism"). An engineered microorganism includes a
heterologous polynucleotide in some embodiments, and in certain embodiments, an engineered
organism has been subjected to selective conditions that alter an activity, or introduce an
activity, relative to the host microorganism. Thus, an engineered microorganism has been
altered directly or indirectly by a human being. A host microorganism sometimes is a native

microorganism, and at times is a microorganism that has been engineered to a certain point.

In some embodiments an engincered microorganism is a single ccll organism, often capable of
dividing and proliferating. A microorganism can include one or more of the following features:
aerobe, anaerobe, filamentous, non-filamentous, monoploid, dipoid, auxotrophic and/or non-
auxotrophic. In certain embodiments, an engineered microorganism is a prokaryotic
microorganism (e.g., bacterium), and in certain embodiments, an engineered microorganism is a
non-prokaryotic microorganism. In some embodiments, an engineered microorganism is a
eukaryotic microorganism (e.g., yeast, fungi, amoeba). In some embodiments, an engineered

microorganism is a fungus. In some embodiments, an engineered organism is a yeast.

Any suitable yeast may be selected as a host microorganism, engineered microorganism,
genetically modified organism or source for a heterologous or modified polynucleotide. Yeast
include, but are not limited to, Yarrowia yeast (e.g., Y. lipolytica (formerly classified as
Candida lipolytica)), Candida yeast (e.g., C. revkaufi, C. viswanathii, C. pulcherrima, C.
tropicalis, C. utilis), Rhodotorula yeast (¢.g., R. glutinus, R. graminis), Rhodosporidium yeast
(c.g., R. toruloides), Saccharomyces ycast (¢.g., S. cerevisiae, S. bayanus, S. pastorianus, S.
carlsbergensis), Cryptococcus yeast, Trichosporon yeast (¢.g., T. pullans, T. cutancum), Pichia
yeast (e.g., P. pastoris) and Lipomyces yeast (e.g., L. starkeyii, L. lipoferus). In some
embodiments, a suitable yeast is of the genus Arachniotus, Aspergillus, Aureobasidium,
Auxarthron, Blastomyces, Candida, Chrysosporuim, Chrysosporuim Debaryomyces,
Coccidiodes, Cryptococcus, Gymnoascus, Hansenula, Histoplasma, Issatchenkia,

Kluyveromyces, Lipomyces, Lssatchenkia, Microsporum, Myxotrichum, Myxozyma,
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Oidiodendron, Pachysolen, Penicillium, Pichia, Rhodosporidium, Rhodotorula, Rhodotorula,
Saccharomyces , Schizosaccharomyces, Scopulariopsis, Sepedonium, Trichosporon, or
Yarrowia. In some embodiments, a suitable yeast is of the species Arachniotus flavoluteus,
Aspergillus flavus, Aspergillus fumigatus, Aspergillus niger, Aureobasidium pullulans,
Auxarthron thaxteri, Blastomyces dermatitidis, Candida albicans, Candida dubliniensis,
Candida famata, Candida glabrata, Candida guilliermondii, Candida kefyr, Candida krusei,
Candida lambica, Candida lipolytica, Candida lustitaniae, Candida parapsilosis, Candida
pulcherrima, Candida revkaufi, Candida rugosa, Candida tropicalis, Candida utilis, Candida
viswanathii, Candida xestobii, Chrysosporuim keratinophilum, Coccidiodes immitis,
Cryptococcus albidus var. diffluens, Cryptococcus laurentii, Cryptococcus neofomans,
Debaryomyces hansenii, Gymnoascus dugwayensis, Hansenula anomala, Histoplasma
capsulatum, Issatchenkia occidentalis, Isstachenkia orientalis, Kluyveromyces lactis,
Kluyveromyces marxianus, Kluyveromyces thermotolerans, Kluyveromyces waltii, Lipomyces
lipoferus, Lipomyces starkeyii, Microsporum gypscum, Myxotrichum deflexum, Oidiodendron
echinulatum, Pachysolen tannophilis, Penicillium notatum, Pichia anomala, Pichia pastoris,
Pichia stipitis, Rhodosporidium toruloides, Rhodotorula glutinus, Rhodotorula graminis,
Saccharomyces cerevisiae, Saccharomyces kluyveri, Schizosaccharomyces pombe,
Scopulariopsis acremonium, Sepedonium chrysospermum, Trichosporon cutaneum,
Trichosporon pullans, Yarrowia lipolytica, or Yarrowia lipolytica (formerly classified as
Candida lipolytica). In some embodiments, a yeast is a Y. lipolytica strain that includes, but is
not limited to, ATCC20362, ATCC8862, ATCC18944, ATCC20228, ATCC76982 and LGAM
S(7)1 strains (Papanikolaou S., and Aggelis G., Bioresour. Technol. 82(1):43-9 (2002)). In
certain embodiments, a yeast is a Candida species (i.e., Candida spp.) yeast. Any suitable
Candida species can be used and/or genetically modified for production of a fatty dicarboxylic
acid (e.g., octanedioic acid, decanedioic acid, dodecanedioic acid, tetradecanedioic acid,
hexadecanedioic acid, octadecanedioic acid, eicosanedioic acid). In some embodiments,
suitable Candida species include, but are not limited to Candida albicans, Candida dubliniensis,
Candida famata, Candida glabrata, Candida guillicrmondii, Candida kefyr, Candida krusei,
Candida lambica, Candida lipolytica, Candida lustitaniae, Candida parapsilosis, Candida
pulcherrima, Candida revkaufi, Candida rugosa, Candida tropicalis, Candida utilis, Candida
viswanathii, Candida xestobii and any other Candida spp. yeast described herein. Non-limiting
examples of Candida spp. strains include, but are not limited to, SAA001 (ATCC20336),
SAA002 (ATCC20913), sAA003 (ATCC20962), sAA496 (US2012/0077252), sAA106
(US2012/0077252), SU-2 (ura3-/ura3-), H5343 (beta oxidation blocked; US Patent No.
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5648247) strains. Any suitable strains from Candida spp. yeast may be utilized as parental

strains for genetic modification.

Yeast genera, species and strains are often so closely related in genetic content that they can be
difficult to distinguish, classify and/or name. In some cases strains of C. lipolytica and Y.
lipolytica can be difficult to distinguish, classify and/or name and can be, in some cases,
considered the same organism. In some cases, various strains of C.tropicalis and C.viswanathii
can be difficult to distinguish, classify and/or name (for example see Arie et. al., J. Gen.
Appl.Microbiol., 46, 257-262 (2000). Some C. tropicalis and C.viswanathii strains obtained
from ATCC as well as from other commercial or academic sources can be considered
equivalent and equally suitable for the embodiments described herein. In some embodiments,

some parental stains of C.tropicalis and C.viswanathii are considered to differ in name only.

Any suitable fungus may be sclected as a host microorganism, engineered microorganism or
source for a heterologous polynucleotide. Non-limiting examples of fungi include, but are not
limited to, Aspergillus fungi (e.g., A. parasiticus, A. nidulans), Thraustochytrium fungi,
Schizochytrium fungi and Rhizopus fungi (e.g., R. arrhizus, R. oryzae, R. nigricans). In some
embodiments, a fungus is an A. parasiticus strain that includes, but is not limited to, strain
ATCC24690, and in certain embodiments, a fungus is an A. nidulans strain that includes, but is

not limited to, strain ATCC38163.

Any suitable prokaryote may be selected as a host microorganism, engineered microorganism
or source for a heterologous polynucleotide. A Gram negative or Gram positive bacteria may
be selected. Examples of bacteria include, but are not limited to, Bacillus bacteria (e.g., B.
subtilis, B. megaterium), Acinetobacter bacteria, Norcardia baceteria, Xanthobacter bacteria,
Escherichia bacteria (e.g., E. coli (e.g., strains DH10B, Stbl2, DH5-alpha, DB3, DB3.1), DB4,
DBS, JDP682 and ccdA-over (e.g., U.S. Application No. 09/518,188)), Streptomyces bacteria,
Erwinia bacteria, Klebsiclla bacteria, Serratia bacteria (¢.g., S. marcessans), Pseudomonas
bacteria (c.g., P. acruginosa), Salmonella bacteria (e.g., S. typhimurium, S. typhi), Megasphacra
bacteria (e.g., Megasphacra elsdenii). Bacteria also include, but are not limited to,
photosynthetic bacteria (e.g., green non-sulfur bacteria, Choroflexus bacteria (e.g., C.
aurantiacus), Chloronema bacteria (e.g., C. gigateum)), green sulfur bacteria (e.g., Chlorobium
bacteria (e.g., C. limicola)), Pelodictyon bacteria (e.g., P. luteolum), purple sulfur bacteria (e.g.,

Chromatium bacteria (e.g., C. okenii)), and purple non-sulfur bacteria (e.g., Rhodospirillum
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bacteria (e.g., R. rubrum), Rhodobacter bacteria (e.g., R. sphaeroides, R. capsulatus), and

Rhodomicrobium bacteria (e.g., R. vanellii)).

Cells from non-microbial organisms can be utilized as a host microorganism, engineered
microorganism or source for a heterologous polynucleotide. Examples of such cells, include,
but are not limited to, insect cells (e.g., Drosophila (e.g., D. melanogaster), Spodoptera (e.g., S.
frugiperda Sf9 or Sf21 cells) and Trichoplusa (e.g., High-Five cells); nematode cells (e.g., C.
elegans cells); avian cells; amphibian cells (e.g., Xenopus laevis cells); reptilian cells;
mammalian cells (e.g., NIH3T3, 293, CHO, COS, VERO, C127, BHK, Per-C6, Bowes
melanoma and HeLa cells); and plant cells (e.g., Arabidopsis thaliana, Nicotania tabacum,
Cuphea acinifolia, Cuphea aequipetala, Cuphea angustifolia, Cuphea appendiculata, Cuphea
avigera, Cuphea avigera var. pulcherrima, Cuphea axilliflora, Cuphea bahiensis, Cuphea
baillonis, Cuphea brachypoda, Cuphca bustamanta, Cuphea calcarata, Cuphea calophylla,
Cuphea calophylla subsp. mesostemon, Cuphea carthagenensis, Cuphea circacoides, Cuphca
confertiflora, Cuphea cordata, Cuphea crassiflora, Cuphea cyanea, Cuphea decandra, Cuphea
denticulata, Cuphea disperma, Cuphea epilobiifolia, Cuphea ericoides, Cuphea flava, Cuphea
flavisetula, Cuphea fuchsiifolia, Cuphea gaumeri, Cuphea glutinosa, Cuphea heterophylla,
Cuphea hookeriana, Cuphea hyssopifolia (Mexican-heather), Cuphea hyssopoides, Cuphea
ignea, Cuphea ingrata, Cuphea jorullensis, Cuphea lanceolata, Cuphea linarioides, Cuphea
llavea, Cuphea lophostoma, Cuphea lutea, Cuphea lutescens, Cuphea melanium, Cuphea
melvilla, Cuphea micrantha, Cuphea micropetala, Cuphea mimuloides, Cuphea nitidula,
Cuphea palustris, Cuphea parsonsia, Cuphea pascuorum, Cuphea paucipetala, Cuphea
procumbens, Cuphea pseudosilene, Cuphea pseudovaccinium, Cuphea pulchra, Cuphea
racemosa, Cuphea repens, Cuphea salicifolia, Cuphea salvadorensis, Cuphea schumannii,
Cuphea sessiliflora, Cuphea sessilifolia, Cuphea setosa, Cuphea spectabilis, Cuphea
spermacoce, Cuphea splendida, Cuphea splendida var. viridiflava, Cuphea strigulosa, Cuphea
subuligera, Cuphea teleandra, Cuphea thymoides, Cuphea tolucana, Cuphea urens, Cuphea

utriculosa, Cuphea viscosissima, Cuphca watsoniana, Cuphea wrightii, Cuphea lanceolata)).

Microorganisms or cells used as host organisms or source for a heterologous polynucleotide are
commercially available. Microorganisms and cells described herein, and other suitable
microorganisms and cells are available, for example, from Invitrogen Corporation (Carlsbad,
California), American Type Culture Collection (Manassas, Virginia), and Agricultural Research

Culture Collection (NRRL; Peoria, Illinois).
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Host microorganisms and engineered microorganisms may be provided in any suitable form.
For example, such microorganisms may be provided in liquid culture or solid culture (e.g.,
agar-based medium), which may be a primary culture or may have been passaged (e.g., diluted
and cultured) one or more times. Microorganisms also may be provided in frozen form or dry

form (e.g., lyophilized). Microorganisms may be provided at any suitable concentration.

Carbon Processing Pathways and Activities

FIGS. 1-8 schematically illustrate non-limiting embodiments of engineered pathways that can
be used to produce a fatty dicarboxylic acid (e.g., octanedioic acid, decanedioic acid,
dodecanedioic acid, tetradecanedioic acid, hexadecanedioic acid, octadecanedioic acid,
cicosanedioic acid) from various starting carbon sources or feedstocks. FIG. 1 depicts an
cmbodiment of a non-limiting enginecred biological pathway for producing scbacic acid in
microorganisms having a fully blocked beta-oxidation pathway, using decane as the carbon
source starting material. FIG. 2 depicts an embodiment of a non-limiting engineered biological
pathway for producing dodecanedioic acid in microorganisms having a fully blocked beta-
oxidation pathway, using dodecane as the carbon source starting material. FIG. 3 and FIG. 4
depict an embodiment of a non-limiting engineered biological pathway for producing mixed
chain-length diacids in a microorganism having a fully blocked beta-oxidation pathway, using
mixed chain-length alkanes as the carbon source starting material. Sebacic acid (FIG. 3) and
dodecanedioic acid (FIG. 4) can be separated and/or purified away from other diacid products
using a suitable combination of centrifugation, organic solvent extraction, chromatography,
and/or other purification/separation techniques. FIG. 5 and FIG. 6 depict an embodiment of a
non-limiting engineered biological pathway for producing sebacic acid (FIG. 5) and
dodecanedioic acid (FIG. 6) in microorganisms having a partially blocked beta oxidation
pathway, using long-chain alkanes as the carbon source starting material. FIG. 7 and FIG. 8
depict an embodiment of a non-limiting engineered biological pathway for producing sebacic
acid (F1G. 7) and dodecanedioic acid (FIG. 8) in microorganisms having a partially blocked
beta oxidation pathway, using mixed-chain length alkanes as the carbon source starting
material.

The alkane carbon source starting materials are initially metabolized using naturally occurring
and/or engineered activities in naturally occurring and/or engineered pathways to yield an

intermediate alcohol which can then be converted to a carboxylic acid (e.g., fatty acid) by the
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action of other naturally occurring and/or engineered activities in the omega-oxidation pathway
depicted in FIGS. 1-8.

Alkanes are omega-hydroxylated by the activity of cytochrome P450 enzymes, thereby
generating the equivalent chain-length alcohol derivative of the starting alkane carbon source
material. In certain embodiments, a cytochrome P450 activity can be increased by increasing
the number of copies of a cytochrome P450 gene (e.g., 2, 3,4,5,6,7,8,9, 10, 15, 20, 25 or
more copies of the gene), by increasing the activity of a promoter that regulates transcription of
a cytochrome P450 gene, or by increasing the number of copies of a cytochrome P450 gene and
increasing the activity of a promoter that regulates transcription of a cytochrome P450 gene,
thereby increasing the production of target product (¢.g., sebacic or dodecanedioic acid) via
increased activity of one or more cytochrome P450 enzymes. In some embodiments, a
cytochrome P450 enzyme is endogenous to the host microorganism. One or more cytochrome
P450 activitics can be added and/or increased dependent on the carbon source starting material,
in certain embodiments. Cytochrome P450’s sometimes exhibit increased activities in response
to stimulation by certain feedstocks or carbon source starting materials. In some embodiments,
an engineered microorganism includes an increased number of copies of one or more
cytochrome P450s that are stimulated by a chosen carbon source starting material or feedstock.
Cytochrome P450 responsiveness to a chosen starting carbon source or feedstock can be
determined using any suitable assay. Non-limiting examples of assays suitable for
identification of cytochrome P450 responsiveness to a starting carbon source or feedstock
include RT-PCR or qRT-PCR after the host microorganism has been exposed to the chosen

carbon source or feedstock for varying amounts of time.

Cytochrome P450 is reduced by the activity of cytochrome P450 reductase (CPR), thereby
recycling cytochrome P450 to allow further enzymatic activity. In certain embodiments, the
CPR enzyme is endogenous to the host microorganism. In some embodiments, host CPR
activity can be increased by increasing the number of copics of a CPR gene (¢.g., 2, 3,4, 5,6, 7,
8,9, 10, 15, 20, 25 or more copics of the gene), by increasing the activity of a promoter that
regulates transeription of a CPR gene, or by increasing the number of copies of a CPR gene and
increasing the activity of a promoter that regulates transcription of a CPR gene, thereby
increasing the production of target product (e.g., sebacic or dodecanedioic acid) via increased
recycling of cytochrome P450. In certain embodiments, the promoter can be a heterologous

promoter (e.g., endogenous or exogenous promoter). In some embodiments, the CPR gene is
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heterologous and exogenous and can be isolated from any suitable organism. Non-limiting
examples of organisms from which a CPR gene can be isolated include C. tropicalis, S.

cerevisiae and Bacillus megaterium.

Oxidation of the alcohol to an aldehyde may be performed by an enzyme in the fatty alcohol
oxidase family (e.g., long-chain fatty alcohol oxidase EC 1.1.3.20), or an enzyme in the alcohol
dehydrogenase family (e.g., fatty alcohol dehydrogenase; EC 1.1.1.1). The aldehyde may be
oxidized to a carboxylic acid (e.g., sebacic or dodecanedioic acid) by the activity of the enzyme
aldehyde dehydrogenase (e.g., long-chain-aldehyde dehydrogenase or fatty aldehyde
dehydrogenase; EC 1.2.1.48). In some embodiments, the long chain fatty alcohol oxidase, fatty
alcohol dehydrogenase and/or the long-chain-aldehyde dehydrogenase exist in a host organism.
Flux through these two steps may sometimes be augmented by increasing the copy number of
the enzymes, or by increasing the activity of the promoter transcribing the genes. In some
cmbodiments alcohol and aldechyde dehydrogenases specific for 10, 12 or 14 carbon substrates

may be isolated from another organism, and inserted into the host organism.

FIG. 1 depicts a non-limiting embodiment of an engineered biological pathway for making
sebacic acid using decane (e.g., a C10 alkane) as the carbon source starting material. Due to the
carbon chain length of decane, no chain shortening is necessary to arrive at the 10 carbon
diacid, sebacic acid. Thus a fully beta oxidation blocked microorganism can be utilized to

minimize conversion of the desired 10 carbon diacid into diacids having shorter chain lengths.

FIG. 2 depicts a non-limiting embodiment of an engineered biological pathway for making
dodecanedioic acid using dodecane (e.g., a C12 alkane) as the carbon source starting material.
Due to the carbon chain length of dodecane, no chain shortening is necessary to arrive at the 12
carbon diacid, dodecanedioic acid. Thus a fully beta oxidation blocked microorganism can be
utilized to minimize conversion of the desired 12 carbon diacid into diacids having shorter

chain lengths.

FIGS. 3 and 4 depict a non-limiting embodiment of an engineered biological pathway for
generating a mixed population of diacid (fatty dicarboxylic acid) products, including sebacid
acid (FIG. 3) and dodecanedioic acid (FIG. 4), using a carbon source or feedstock that contains
mixed-chain-length alkanes as the carbon source starting material. Any suitable mixed-chain-

length alkane, fatty alcohol, mixed chain length fatty alcohol feedstock, fatty acid, mixed fatty
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acid feedstock, paraffin, fat or oil can be used. In some embodiments, the distribution of carbon
chain lengths in the starting material is substantially similar to the desired carbon chain length
distribution in the mixed diacid product. In certain embodiments, the feedstock is enriched for a
desired chain length. In some embodiments, the enriched fraction is enriched for carbon chain
lengths of about 10 carbons. In some embodiments, the enriched fraction is enriched for carbon
chain lengths of about 12 carbons. Because, in some embodiments, the diacids generated have
substantially the same chain lengths as the chain lengths found in the carbon source starting
material, a fully beta-oxidation blocked microorganism can be utilized to minimize conversion
of the diacids of desired chain length into diacids of shorter chain lengths. The lower part of
the pathways in FIG. 3 and FIG. 4 show the separation of sebacic acid and dodecanedioic acid,
respectively, away from the mixed diacid products by the use of separation techniques

described herein, or those known in the art.

In certain embodiments involving genctically modified organisms having partially blocked
beta-oxidation pathways (see FIGS. 5-8), feedstocks suitable for use include, but are not limited
to, fatty acid distillates or soapstocks of renewable oils (palm oil fatty acid distillate, soybean
oil soapstock, coconut oil soapstock), renewable oils (coconut oil, palm oil, palm kernel oil,
soybean oil, corn oil, etc.), fatty acids of chain length equal to or greater than C10 (in
substantially single form (e.g., in substantially pure form) or in mixture form, alkanes of chain
length equal to or greater than C10 in substantially single form (e.g., substantially pure form) or

in mixture form.

Carbon sources with longer chain lengths (e.g., 12 carbons or greater in length) can be
metabolized using naturally occurring and/or engineered pathways to yield molecules that can
be further metabolized using the beta oxidation pathway shown in the lower portion of FIGS. 5-
8. In some embodiments, beta-oxidation activities in the pathways shown in FIGS. 5-8 also can
be engineered (e.g., as described herein) to enhance metabolism and target product formation.
In some embodiments, one acyl-CoA oxidase activity of the beta-oxidation pathway is
enginecred to be enhanced, and in certain embodiments, the other acyl-CoA oxidase activity in
the beta-oxidation pathway is altered to reduce or eliminate the activity, thereby optimizing the
production of a diacid of a desired chain-length or diacids with a distribution of desired chain
lengths. In some embodiments, an acyl-CoA oxidase is selected and/or engineered to alter the
substrate specificity of the enzyme. In certain embodiments, the substrate specificity of a

heterologous and/or engineered acyl-CoA oxidase is for carbon chain lengths of between about
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12 carbons and about 18 carbons, and in some embodiments a heterologous and/or engineered
acyl-CoA oxidase exhibits no activity on substrates below 12 carbons in length. In certain
embodiments, a heterologous acyl-CoA oxidase with a desired chain length specificity can be
isolated from any suitable organism. Non-limiting examples of organisms that include, or can
be used as donors for acyl-CoA oxidase enzymes include yeast (e.g., Candida, Saccharomyces,
Debaryomyces, Meyerozyma, Lodderomyces, Scheffersomyces, Clavispora, Yarrowia, Pichia,
Kluyveromyces, Eremothecium, Zygosaccharomyces, Lachancea, Nakaseomyces), animals
(c.g., Homo, Rattus), bacteria (e.g., Escherichia, Pseudomonas, Bacillus), or plants (e.g.,

Arabidopsis, Nictotania, Cuphea).

In certain embodiments, a carbon source starting material (e.g., alkane, fatty acid, fatty alcohol,
dicarboxylic acid) of intermediate or long chain length (e.g., between about 10 carbons and 22
carbons) is converted into an acyl-CoA derivative for entry into the beta-oxidation pathway.
The acyl-CoA derivative can be generated by the activity of an acyl-CoA ligase enzyme, in
some embodiments. The acyl-CoA derivative is subsequently oxidized by the activity of an
acyl-CoA oxidase enzyme (e.g., also known as acyl-CoA oxidoreductase and fatty acyl-
coenzyme A oxidase) of natural or altered substrate specificity, in certain embodiments. The
trans-2,3-dehydroacyl-CoA derivative long chain fatty alcohol, fatty acid or dicarboxylic acid
may be further converted to 3-hydroxyacyl-CoA by the activity of enoyl-CoA hydratase. 3-
hydroxyacyl-CoA can be converted to 3-oxoacyl-CoA by the activity of 3-hydroxyacyl-CoA
dehydrogenase. 3-oxoacyl-CoA may be converted to an acyl-CoA molecule, shortened by 2
carbons and an acetyl-CoA, by the activity of Acetyl-CoA C-acyltransferase (¢.g., also known
as beta-ketothiolase and beta-ketothiolase). In some embodiments, acyl-CoA molecules may be
repeatedly shortened by beta oxidation until a desired carbon chain length is generated (e.g., 10
or 12 carbons, sebacic acid or dodecanedioic acid, respectively). A shortened fatty acid can be

further processed using omega oxidation to yield a dicarboxylic acid (e.g., dodecanedioic acid).

Beta-oxidation activities

The term “beta oxidation pathway” as used herein, refers to a series of enzymatic activities
utilized to metabolize fatty alcohols, fatty acids, or dicarboxylic acids. The activities utilized to
metabolize fatty alcohols, fatty acids, or dicarboxylic acids include, but are not limited to, acyl-
CoA ligase activity, acyl-CoA oxidase activity, acyl-CoA hydrolase activity, acyl-CoA
thioesterase activity, enoyl-CoA hydratase activity, 3-hydroxyacyl-CoA dehydrogenase activity
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and acetyl-CoA C-acyltransferase activity. The term “beta oxidation activity” refers to any of
the activities in the beta oxidation pathway utilized to metabolize fatty alcohols, fatty acids or

dicarboxylic acids.

Beta-oxidation — Acyl-CoA Ligase

An acyl-CoA ligase enzyme sometimes is encoded by the host organism and can be added to
generate an engineered organism. In some embodiments, host acyl-CoA ligase activity can be
increased by increasing the number of copies of an acyl-CoA ligase gene, by increasing the
activity of a promoter that regulates transcription of an acyl-CoA ligase gene, or by increasing
the number copies of the gene and by increasing the activity of a promoter that regulates
transcription of the gene, thereby increasing production of target product (e.g., sebacic or
dodecancdioic acid) duc to increased carbon flux through the pathway. In certain
embodiments, the acyl-CoA ligase gene can be isolated from any suitable organism. Non-
limiting examples of organisms that include, or can be used as donors for, acyl-CoA ligase

enzymes include Candida, Saccharomyces, or Yarrowia.

Beta-oxidation — Enoyl-CoA Hydratase

An enoyl-CoA hydratase enzyme catalyzes the addition of a hydroxyl group and a proton to the
unsaturated B-carbon on a fatty-acyl CoA and sometimes is encoded by the host organism and
sometimes can be added to generate an engineered organism. In certain embodiments, the
enoyl-CoA hydratase activity is unchanged in a host or engineered organism. In some
embodiments, the host enoyl-CoA hydratase activity can be increased by increasing the number
of copies of an enoyl-CoA hydratase gene, by increasing the activity of a promoter that
regulates transcription of an enoyl-CoA hydratase gene, or by increasing the number copies of
the gene and by increasing the activity of a promoter that regulates transcription of the gene,
thereby increasing the production of target product (¢.g., sebacic or dodecanedioic acid) due to
increased carbon flux through the pathway. In certain embodiments, the enoyl-CoA hydratase
gene can be isolated from any suitable organism. Non-limiting examples of organisms that
include, or can be used as donors for, enoyl-CoA hydratase enzymes include Candida,

Saccharomyces, or Yarrowia.

Beta-oxidation — 3-Hydroxyacyl-CoA Dehydrogenase
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3-hydroxyacyl-CoA dehydrogenase enzyme catalyzes the formation of a 3-ketoacyl-CoA by
removal of a hydrogen from the newly formed hydroxyl group created by the activity of enoyl-
CoA hydratase. In some embodiments, the activity is encoded by the host organism and
sometimes can be added or increased to generate an engineered organism. In certain
embodiments, the 3-hydroxyacyl-CoA activity is unchanged in a host or engineered organism.
In some embodiments, the host 3-hydroxyacyl-CoA dehydrogenase activity can be increased by
increasing the number of copies of a 3-hydroxyacyl-CoA dehydrogenase gene, by increasing
the activity of a promoter that regulates transcription of a 3-hydroxyacyl-CoA dehydrogenase
gene, or by increasing the number copies of the gene and by increasing the activity of a
promoter that regulates transcription of the gene, thereby increasing production of target
product (e.g., sebacic or dodecanedioic acid) due to increased carbon flux through the pathway.
In certain embodiments, the 3-hydroxyacyl-CoA dehydrogenase gene can be isolated from any
suitable organism. Non-limiting examples of organisms that include, or can be used as donors
for, 3-hydroxyacyl-CoA dehydrogenase enzymes include Candida, Saccharomyces, or

Yarrowia.

Beta-oxidation — Acetyl-CoA C-Acyltransferase

An Acetyl-CoA C-acyltransferase (e.g., beta-ketothiolase) enzyme catalyzes the formation of a
fatty acyl-CoA shortened by 2 carbons by cleavage of the 3-ketoacyl-CoA by the thiol group of
another molecule of CoA. The thiol is inserted between C-2 and C-3, which yields an acetyl
CoA molecule and an acyl CoA molecule that is two carbons shorter. An Acetyl-CoA C-
acyltransferase sometimes is encoded by the host organism and sometimes can be added to
generate an engineered organism. In certain embodiments, the acetyl-CoA C-acyltransferase
activity is unchanged in a host or engineered organism. In some embodiments, the host acetyl-
CoA C-acyltransferase activity can be increased by increasing the number of copies of an
acetyl-CoA C-acyltransferase gene, or by increasing the activity of a promoter that regulates
transcription of an acetyl-CoA C-acyltransferase gene, thereby increasing the production of
target product (e.g., scbacic or dodecanedioic acid) due to increased carbon flux through the
pathway. In certain embodiments, the acetyl-CoA C-acyltransferase gene can be isolated from
any suitable organism. Non-limiting examples of organisms that include, or can be used as
donors for, acetyl-CoA C-acyltransferase enzymes include Candida, Saccharomyces, or

Yarrowia.
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Omega oxidation activities

Targets for improving the productivity of diacid product formation from fatty acid feedstocks in
B-oxidation blocked strains are often those which can improve carbon flux through the o-
oxidation pathway. In some embodiments, these targets are: 1) enzymes performing the rate-
limiting step in the w-oxidation pathway (e.g., CPR and CYP45(), 2) enzymes performing fatty
acid transport into the cell (e.g., Acyl CoA Synthetases), and 3) enzymes that provide the
cofactors required for the w-oxidation pathway (e.g., G6PDH).

The term “‘omega oxidation activity” refers to any of the activities in the omega oxidation
pathway utilized to metabolize alkanes, fatty alcohols, fatty acids, dicarboxylic acids, or sugars.
The activities utilized to metabolize fatty alcohols, fatty acids, or dicarboxylic acids include, but
arc not limited to, monooxygenasc activity (c.g., cytochrome P450 activity), monooxygenasc
reductase activity (e.g., cytochrome P450 reductase activity), alcohol dehydrogenase activity
(c.g., fatty alcohol dehydrogenase activity, or long-chain alcohol dehydrogenase activity), fatty

alcohol oxidase activity, fatty aldehyde dehydrogenase activity, and thioesterase activity.

Omega Oxidation - Monooxygenases

A cytochrome P450 enzyme (e.g., monooxygenase activity) often catalyzes the insertion of one
atom of oxygen into an organic substrate (RH) while the other oxygen atom is reduced to water.
Insertion of the oxygen atom near the omega carbon of a substrate yields an alcohol derivative

of the original starting substrate (e.g., yields a fatty alcohol). A cytochrome P450 sometimes is

encoded by the host organism and sometimes can be added to generate an engineered organism.

In certain embodiments, the monooxygenase activity is unchanged in a host or engineered
organism. In some embodiments, the host monooxygenase activity can be increased by
increasing the number of copics of a cytochrome P450 gene, or by increasing the activity of a
promoter that regulates transcription of a cytochrome P450 gene, thereby increasing the
production of target product (e.g., sebacic or dodecanedioic acid) due to increased carbon flux
through the pathway. In certain embodiments, the cytochrome P450 gene can be isolated from
any suitable organism. Non-limiting examples of organisms that include, or can be used as

donors for, cytochrome P450 enzymes include yeast (e.g., Candida, Saccharomyces,

23



CA 02895124 2015-06-12

WO 2014/100461 PCT/US2013/076664

Debaryomyces, Meyerozyma, Lodderomyces, Scheffersomyces, Clavispora, Yarrowia, Pichia,
Kluyveromyces, Eremothecium, Zygosaccharomyces, Lachancea, Nakasecomyces), animals
(e.g., Homo, Rattus), bacteria (e.g., Escherichia, Pseudomonas, Bacillus), or plants (e.g.,

Arabidopsis, Nictotania, Cuphea).

The rate limiting step of w-oxidation is the hydroxylation of the w-carbon of a fatty acid which
is carried out by an enzyme system composed of two enzymes, NADPH cytochrome P450
reductase (CPR) and cytochrome P450 monooxygenase (e.g., CYP52, EC 1.14.14.1). The
P450’s are a gene family that produces isozymes with different substrate specificities. In
Candida the gene family is typically composed of CYP52A12, CYP52A13, CYP52A14,
CYP52A15, CYP52A16, CYP52A17, CYP52A18, CYP52A19, CYP52A20, and CYP52D2.
The P450 enzyme is encoded by a gene family of CYP genes designated 412-420, and D2 in
Candida spp. Each member of the P450 gene family displays unique substrate chain-length
specificity. Using engineered Candida strains we have identified the P450 isozymes that
improve performance upon different chain-length fatty acid feedstocks. For short- or medium-
chain fatty acid feedstocks (C6-C14) CYP52A19 amplification improved performance more
than the other isozymes. For long-chain fatty acid feedstocks (>C16) CYP52A14 amplification
improved performance more than the other isozymes. In some embodiments, to increase the
carbon flux through the w-oxidation pathway the enzyme activity for one or both of the CPR
and the P450 enzyme families is amplified. In some embodiments, care is taken to select the
P450 family member with substrate specificity that matches the chain length of the exogenously
supplied fatty acid feedstock. In some embodiments, to increase the carbon flux through the ®-
oxidation pathway the enzyme activity of a CYP52A19 is amplified. In some embodiments, to
increase the carbon flux through the m-oxidation pathway the enzyme activity of a CYP52A14

is amplified.

The term "monooxygenase activity” as used herein refers to inserting one atom of oxygen from
O; into an organic substrate (RH) and reducing the other oxygen atom to water. In some
embodiments, monooxygenase activity refers to incorporation of an oxygen atom onto a six-
carbon organic substrate. In certain embodiments, monooxygenase activity refers to conversion
of hexanoate to 6-hydroxyhexanoic acid. Monooxygenase activity can be provided by any
suitable polypeptide, such as a cytochrome P450 polypeptide (hereafter "CYP450") in certain
embodiments. Nucleic acid sequences conferring CYP450 activity can be obtained from a

number of sources, including Bacillus megaterium and may be induced in organisms including
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but not limited to Candida tropicalis, Yarrowia lipolytica, Aspergillus nidulans, and Aspergillus
parasiticus. Examples of oligonucleotide sequences utilized to isolate a polynucleotide
sequence encoding a polypeptide having CYP450 activity (e.g., CYP52A12 polynucleotide, a
CYP52A13 polynucleotide, a CYP52A14 polynucleotide, a CYP52A15 polynucleotide, a
CYP52A16 polynucleotide, a CYP52A17 polynucleotide, a CYP52A18 polynucleotide, a
CYP52A19 polynucleotide, a CYP52A20 polynucleotide, a CYP52D2 polynucleotide, and/or a
BM3 polynucleotide) are presented herein. In some embodiments, monooxygenase activity is
not altered in a host microorganism, and in certain embodiments, the activity is added or
increased in the engineered microorganism relative to the host microorganism. In some
embodiments, the altered monooxygenase activity is an endogenous activity, and in certain
embodiments, the altered monooxygenase activity is an exogenous activity. In some
embodiments, the exogenous activity is a single polypeptide with both monooxygenase and
monooxygenase reductase activities (¢.g., B. megaterium cytochrome P450:NADPH P450

reductasc).

Presence, absence or amount of cytochrome P450 activity can be detected by any suitable
method known in the art. For example, detection can be performed by assaying a reaction
containing cytochrome P450 (CYP52A family) and NADPH - cytochrome P450 reductase (see
Appl Environ Microbiol 69: 5983 and 5992). Briefly, cells are grown under standard
conditions and harvested for production of microsomes, which are used to detect CYP activity.
Microsomes are prepared by lysing cells in Tris-buffered sucrose (10mM Tris-HC1 pH 7.5,
ImM EDTA, 0.25M sucrose). Differential centrifugation is performed first at 25,000xg then at
100,000xg to pellet cell debris then microsomes, respectively. The microsome pellet is
resuspended in 0.1M phosphate buffer (pH 7.5), 1mM EDTA to a final concentration of
approximately 10mg protein/mL. A reaction mixture containing approximately 0.3mg
microsomes, 0.1mM sodium hexanoate, 0.7mM NADPH, 50mM Tris-HCI pH 7.5 in ImL is
initiated by the addition of NADPH and incubated at 37°C for 10 minutes. The reaction is
terminated by addition of 0.25mL 5M HCI and 0.25mL 2.5ug/mL 10-hydroxydecanoic acid is
added as an internal standard (3.3 nmol). The mixture is extracted with 4.5mL dicthyl cther
under NaCl-saturated conditions. The organic phase is transferred to a new tube and
evaporated to dryness. The residue is dissolved in acetonitrile containing 10mM 3-
bromomethyl-7-methoxy-1,4-benzoxazin-2-one (BrMB) and 0.1mL of 15mg/mL 18-crown-6 in
acetonitrile saturated with K,CO;. The solution is incubated at 40°C for 30 minutes before

addition of 0.05mL 2% acetic acid. The fluorescently labeled omega-hydroxy fatty acids are
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resolved via HPLC with detection at 430nm and excitation at 355nm (Yamada et al., 1991,
AnalBiochem 199: 132-136). Optionally, specifically induced CYP gene(s) may be detected by
Northern blotting and/or quantitative RT-PCR. (Craft et al., 2003, AppEnvironMicro 69: 5983-
5991).

Omega Oxidation - Monooxygenase Reductases

A cytochrome P450 reductase (e.g., monooxygenase reductase activity) catalyzes the reduction
of the heme-thiolate moiety in cytochrome P450 by transferring an electron to the cytochrome
P450. A cytochrome P450 reductase sometimes is encoded by the host organism and
sometimes can be added to generate an engineered organism. In certain embodiments, the
monooxygenase reductase activity is unchanged in a host or engineered organism. In some
embodiments, the host monooxygenase reductase activity can be increased by increasing the
number of copics of a cytochrome P450 reductase gene, or by increasing the activity of a
promoter that regulates transcription of a cytochrome P450 reductase gene, thereby increasing
the production of target product (e.g., sebacic or dodecanedioic acid) due to increased carbon
flux through the pathway. In certain embodiments, the cytochrome P450 reductase gene can be
isolated from any suitable organism. Non-limiting examples of organisms that include, or can
be used as donors for, cytochrome P450 reductase enzymes include yeast (e.g., Candida,
Saccharomyces, Debaryomyces, Meyerozyma, Lodderomyces, Scheffersomyces, Clavispora,
Yarrowia, Pichia, Kluyveromyces, Eremothecium, Zygosaccharomyces, Lachancea,
Nakaseomyces), animals (e.g., Homo, Rattus), bacteria (e.g., Escherichia, Pseudomonas,

Bacillus), or plants (e.g., Arabidopsis, Nictotania, Cuphea).

The reductase (CPR) enzyme (EC 1.6.2.4) is able to work with any of the P450 isozymes. The
reductase is encoded by the genes CPRA and CPRB in Candida sp. In some embodiments, to
increase the carbon flux through the w-oxidation pathway the enzyme activity of a CPR is
amplified. In some embodiments a CPRA gene is amplified. In some embodiments a CPRB

gene is amplified.

The term "monooxygenase reductase activity" as used herein refers to the transfer of an electron
from NAD(P)H, FMN, or FAD by way of an electron transfer chain, reducing the ferric heme
iron of cytochrome P450 to the ferrous state. The term “monooxygenase reductase activity” as

used herein also can refer to the transfer of a second electron via the electron transport system,
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reducing a dioxygen adduct to a negatively charged peroxo group. In some embodiments, a
monooxygenase activity can donate electrons from the two-electron donor NAD(P)H to the
heme of cytochrome P450 (e.g., monooxygenase activity) in a coupled two-step reaction in
which NAD(P)H can bind to the NAD(P)H-binding domain of the polypeptide having the
monooxygenase reductase activity and electrons are shuttled from NAD(P)H through FAD and
FMN to the heme of the monooxygenase activity, thereby regenerating an active
monooxygenase activity (e.g., cytochrome P450). Monooxygenase reductase activity can be
provided by any suitable polypeptide, such as a cytochrome P450 reductase polypeptide
(hereafter "CPR") in certain embodiments. Nucleic acid sequences conferring CPR activity can
be obtained from and/or induced in a number of sources, including but not limited to Bacillus
megaterium, Candida tropicalis, Yarrowia lipolytica, Aspergillus nidulans, and Aspergillus
parasiticus. Examples of oligonucleotide sequences utilized to isolate a polynucleotide
sequence encoding a polypeptide having CPR activity are presented herein. In some
cmbodiments, monooxygenase reductase activity is not altered in a host microorganism, and in
certain embodiments, the activity is added or increased in the engineered microorganism
relative to the host microorganism. In some embodiments, the altered monooxygenase
reductase activity is an endogenous activity, and in certain embodiments, the altered
monooxygenase reductase activity is an exogenous activity. In some embodiments, the
exogenous activity is a single polypeptide with both monooxygenase and monooxygenase

reductase activities (e.g., B. megaterium cytochrome P450:NADPH P450 reductase).

Presence, absence or amount of CPR activity can be detected by any suitable method known in
the art. For example, an engineered microorganism having an increased number of genes
encoding a CPR activity, relative to the host microorganism, could be detected using
quantitative nucleic acid detection methods (e.g., southern blotting, PCR, primer extension, the
like and combinations thereof). An engineered microorganism having increased expression of
genes encoding a CPR activity, relative to the host microorganism, could be detected using
quantitative expression based analysis (¢.g., RT-PCR, western blot analysis, northern blot
analysis, the like and combinations thereof). Alternately, an enzymatic assay can be used to
detect Cytochrome P450 reductase activity, where the enzyme activity alters the optical
absorbance at 550 nanometers of a substrate solution (Masters, B.S.S., Williams, C.H., Kamin,
H. (1967) Methods in Enzymology, X, 565-573).

Omega Oxidation — Hydroxy Fatty Acids
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Omega-hydroxy fatty acids (HFAs) are intermediates in oxidation of the terminal methyl group
of fatty acids (FIG. 31). HFAs can be produced during the first oxidation step in the omega-
oxidation pathway, which is catalyzed by cytochrome P450 using molecular oxygen and
electrons supplied by NADPH. Electron transfer from NADPH can be performed using the
enzyme, cytochrome P450 reductase (CPR). HFAs can be further oxidized to form the omega-
oxo-fatty acid. This oxidation of HFAs can occur through three different enzymatic
mechanisms: 1) Over-oxidation by cytochrome P450 which requires molecular oxygen,
NADPH, and CPR; 2) Alcohol dehydrogenase (ADH), which requires either NAD+ or NADP+,
depending upon the specificity of the ADH; or 3) Fatty alcohol oxidase (FAO), which requires
molecular oxygen and produces hydrogen peroxide as a byproduct in the reaction. FAO
enzymes are membrane-bound and associated with peroxisomes in Candida. Omega-oxo-fatty
acids can be oxidized to the dicarboxylic acid either through the over-oxidation reaction by
cytochrome P450s or through the enzyme aldehyde dehydrogenase (ALD).

HF As are frequently found in small, but economically significant amounts in dicarboxylic acid
fermentations in which beta-oxidation-blocked strains of Candida using fatty acids or fatty acid
methyl esters as feedstock. Although HFAs only constitute approximately 5-10% of the final
oxidation product, the presence of HFAs can result in decreased yields and purity of a final

fatty dicarboxylic acid product and can be undesirable.

Omega Oxidation —Alcohol Dehydrogenases

An alcohol dehydrogenase (e.g., fatty alcohol dehydrogenase, long-chain alcohol
dehydrogenase) catalyzes the removal of a hydrogen from an alcohol to yield an aldehyde or
ketone and a hydrogen atom and NADH, in the endoplasmic reticulum of a cell. In the case of
longer chain alcohols (e.g., hexadecanol), water is utilized in the dehydrogenation to yield a
long chain carboxylate, 2 NADH and H,. An alcohol dehydrogenase sometimes is encoded by
the host organism and sometimes can be added to generate an engineered organism. In certain
embodiments, the alcohol dehydrogenase activity is unchanged in a host or engineered
organism. In some embodiments, the host alcohol dehydrogenase activity can be increased by
increasing the number of copies of an alcohol dehydrogenase gene, or by increasing the activity
of a promoter that regulates transcription of an alcohol dehydrogenase gene, thereby increasing
the production of target product (e.g., sebacic or dodecanedioic acid) due to increased carbon

flux through the pathway. In certain embodiments, the alcohol dehydrogenase gene can be
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isolated from any suitable organism. Non-limiting examples of organisms that include, or can
be used as donors for, alcohol dehydrogenase enzymes include yeast (e.g., Candida,
Saccharomyces, Debaryomyces, Meyerozyma, Lodderomyces, Scheffersomyces, Clavispora,
Yarrowia, Pichia, Kluyveromyces, Eremothecium, Zygosaccharomyces, Lachancea,
Nakaseomyces), animals (e.g., Homo, Rattus), bacteria (e.g., Escherichia, Pseudomonas,
Bacillus), or plants (e.g., Arabidopsis, Nictotania, Cuphea). Non-limiting examples of fatty
alchohol dehydrogenases are ADH1, ADH2a, ADH2b, ADH3, ADH4, ADH6, ADH7, ADHS,
SFA1,FAO1,EC1.1.1.66, EC 1.1.1.164 and/or EC 1.1.1.192. In some embodiments, the
expression of ADH1, ADH2a, ADH2b, ADH3, ADH4, ADH6, ADH7, ADHS, SFA1, FAOI,
EC 1.1.1.66, EC 1.1.1.164 and/or EC 1.1.1.192 is increased in a fatty dicarboxylic acid

producing organism.

Omega Oxidation - Fatty Alcohol Oxidases

A fatty alcohol oxidase (e.g., long-chain alcohol oxidase, EC 1.1.3.20) enzyme catalyzes the
addition of oxygen to two molecules of a long-chain alcohol to yicld 2 long chain aldehydes
and 2 molecules of water, in the peroxisome of a cell. A fatty alcohol oxidase sometimes is
encoded by the host organism and sometimes can be added to generate an engineered organism.
In certain embodiments, the fatty alcohol oxidase activity is unchanged in a host or engineered
organism. In some embodiments, the host fatty alcohol oxidase activity can be increased by
increasing the number of copies of a fatty alcohol oxidase gene, or by increasing the activity of
a promoter that regulates transcription of a fatty alcohol oxidase gene, thereby increasing the
production of target product (e.g., sebacic or dodecanedioic acid) due to increased carbon flux
through the pathway. In certain embodiments, the fatty alcohol oxidase gene can be isolated
from any suitable organism. Non-limiting examples of fatty alcohol oxidases include FAO1,
FAQO2a, FAO2b, FAO13,FAO17, FAO18, FAO20 and FAOIAPTSI1. Non-limiting examples
of organisms that include, or can be used as donors for, fatty alcohol oxidase enzymes include
yeast (¢.g., Candida, Saccharomyces, Debaryomyces, Meyerozyma, Lodderomyces,
Scheffersomyces, Clavispora, Yarrowia, Pichia, Kluyveromyces, Eremothecium,
Zygosaccharomyces, Lachancea, Nakasecomyces), animals (e.g., Homo, Rattus), bacteria (e.g.,

Escherichia, Pseudomonas, Bacillus), or plants (e.g., Arabidopsis, Nictotania, Cuphea).

Omega Oxidation - Aldehyde Dehydrogenases
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A fatty aldehyde dehydrogenase (e.g., long chain aldehyde dehydrogenase) enzyme catalyzes
the oxidation of long chain aldehydes to a long chain dicarboxylic acid, NADH and H,. A fatty
aldehyde dehydrogenase sometimes is encoded by the host organism and sometimes can be
added to generate an engineered organism. In certain embodiments, the fatty aldehyde
dehydrogenase activity is unchanged in a host or engineered organism. In some embodiments,
the host fatty aldehyde dehydrogenase activity can be increased by increasing the number of
copies of a fatty aldehyde dehydrogenase gene, or by increasing the activity of a promoter that
regulates transcription of a fatty aldehyde dehydrogenase gene, thereby increasing the
production of target product (e.g., sebacic or dodecanedioic acid) due to increased carbon flux
through the pathway. In certain embodiments, the fatty aldehyde dehydrogenase gene can be
isolated from any suitable organism. Non-limiting examples of organisms that include, or can
be used as donors for, fatty aldehyde dehydrogenase enzymes include yeast (e.g., Candida,
Saccharomyces, Debaryomyces, Meyerozyma, Lodderomyces, Scheffersomyces, Clavispora,
Yarrowia, Pichia, Kluyveromyces, Eremothecium, Zygosaccharomyces, Lachancea,
Nakaseomyces), animals (e.g., Homo, Rattus), bacteria (e.g., Escherichia, Pseudomonas,
Bacillus), or plants (e.g., Arabidopsis, Nictotania, Cuphea). Non-limiting examples of aldehyde
dehydrogenases are ALD1, ALDS5, HFD1, HFD1a, EC 1.2.1.3, EC 1.2.1.48 and/or HFD2. In
some embodiments, the expression of ALD1, ALD5, HFD1 and/or HFD?2 is increased in a fatty

dicarboxylic acid producing organism.

Omega Oxidation - Thioesterases

A thioesterase enzyme (e.g., acyl-CoA thioesterase activity, acyl-ACP thioesterase activity)
catalyzes the removal of Coenzyme A or acyl carrier protein (e.g., ACP) from a fatty acid
including acyl-CoA or acyl carrier protein (e.g., esterified fatty acid) to yield a fatty acid and an
alcohol. The reaction occurs in the presence of water and Coenzyme A or acyl carrier protein is
specifically removed at a thiol group. A thioesterase sometimes is encoded by the host
organism and sometimes can be added to generate an engineered organism. In certain
embodiments, the thioesterase activity is unchanged in a host or engineered organism. In some
embodiments, the host thioesterase activity can be increased by increasing the number of copies
of a thioesterase gene, or by increasing the activity of a promoter that regulates transcription of
a thioesterase gene, thereby increasing the production of target product (e.g., sebacic or
dodecanedioic acid) due to increased carbon flux through the pathway. In certain

embodiments, a thioesterase gene can be isolated from any suitable organism. Non-limiting
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examples of organisms that include, or can be used as donors for, thioesterase enzymes include
yeast (e.g., Candida, Saccharomyces, Debaryomyces, Meyerozyma, Lodderomyces,
Scheffersomyces, Clavispora, Yarrowia, Pichia, Kluyveromyces, Eremothecium,
Zygosaccharomyces, Lachancea, Nakaseomyces), animals (e.g., Homo, Rattus), bacteria (e.g.,

Escherichia, Pseudomonas, Bacillus), or plants (e.g., Arabidopsis, Nictotania, Cuphea).

Transcription Factors

MIG1 (“Multicopy Inhibitor of GAL Gene Expression”) is a transcription factor that primarily
functions to repress the transcription of genes whose expression is turned off when glucose is
present. Examples of such genes are enzymes involved in the utilization of sugars. When cells
are glucose limited, MIG1 has been shown to be phosphorylated and removed from the nucleus
such that it cannot repress transcription of its targeted genes. Without being limited by
mechanism, it is believed that deletion of the MIG gene may increase activity in those gencs
involved in omega oxidation and transport required for the production of diacids. In some
instances, deletion of one or both MIG1 alleles in microorganisms engineered to produce di-
acids may serve to decrease the amount of omega-hydroxy fatty acids produced by the

microorganism.

CTF1 is a putative zinc-finger transcriptional factor and is apparently similar to the Aspergillus
nidulans FarA and FarB transcription factors. CTF1 is believed to activate genes required for
fatty acid degradation that are induced by the presence of oleic acid. Overexpression of CTF1
is expected to increase expression of genes involved in omega and beta oxidation thereby

increasing productivity of the engineered microorganisms..

UTR is a NADH kinase that phosphorylates both NAD and NADH into NADP and NADPH.
The EC numbers for UTR 2.7.1.23.and .2.7.1.86, respectively. In the situation that there is an
cxcess of NAD or NADH or a deficiency of NADP or NADPH, it can convert one into the
other. During omega oxidation there may be an increase NADH but a decrease of NADPH. In

some embodiments, overexpression of a NASH kinase increases production of a diacid.

Engineered Pathways
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FIGS. 1-8 depict embodiments of biological pathways for making sebacic acid and
dodecanedioic acid, using various alkanes, fatty acids, fatty alcohols or combinations thereof.
Any suitable alkane, fatty acid, fatty alcohol, plant based oil, seed based oil, non-petroleum
derived soap stock or the like can be used as the feedstock for the organism (e.g., dodecane,
methyl laurate, lauric acid, carbon sources having 10 or greater carbons (e.g. for sebacic acid
production) or carbon sources having 12 or greater carbons (e.g. for dodecanedioic acid
production). In some embodiments, carbon sources with greater than 12 carbons can be
metabolized using naturally occurring and/or engineered pathways to yield molecules that can
be further metabolized using the beta oxidation pathway shown in the lower portion of FIGS. 5-
8. In some embodiments, the activities in the pathways depicted in FIGS. 1-8 can be

engineered, as described herein, to enhance metabolism and target product formation.

In certain embodiments, one or more activities in one or more metabolic pathways can be
engincered to increase carbon flux through the engincered pathways to produce a desired
product (e.g., sebacic or dodecanedioic acid). The engineered activities can be chosen to allow
increased production of metabolic intermediates that can be utilized in one or more other
engineered pathways to achieve increased production of a desired product with respect to the
unmodified host organism. The engineered activities also can be chosen to allow decreased
activity of enzymes that reduce production of a desired intermediate or end product (e.g.,
reverse activities). This “carbon flux management” can be optimized for any chosen feedstock,
by engineering the appropriate activities in the appropriate pathways. Non-limiting examples
are given herein using pure alkanes (e.g., single chain length alkanes, dodecane or example),
mixed chain-length alkanes, long-chain alkanes, pure fatty acids (e.g., single chain length fatty
acids, capric acid for example) and mixed chain length fatty acids (see FIGS.1-8). The process
of “carbon flux management” through engineered pathways produces a dicarboxylic acid (e.g.
sebacic acid or dodecanedioic acid) at a level and rate closer to the calculated maximum
theoretical yield for any given feedstock, in certain embodiments. The terms “theoretical yield”
or “maximum theoretical yield” as used herein refer to the yield of product of a chemical or
biological reaction that can be formed if the reaction went to completion. Theoretical yicld is
based on the stoichiometry of the reaction and ideal conditions in which starting material is
completely consumed, undesired side reactions do not occur, the reverse reaction does not

occur, and there no losses in the work-up procedure.
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A microorganism may be modified and engineered to include or regulate one or more activities
in a fatty dicarboxylic acid (e.g., octanedioic acid, decanedioic acid, dodecanedioic acid,
tetradecanedioic acid, hexadecanedioic acid, octadecanedioic acid, eicosanedioic acid) pathway.
The term “activity” as used herein refers to the functioning of a microorganism’s natural or
engineered biological pathways to yield various products including a fatty dicarboxylic acid
(e.g., octanedioic acid, decanedioic acid, dodecanedioic acid, tetradecanedioic acid,
hexadecanedioic acid, octadecanedioic acid, eicosanedioic acid) and its precursors. A fatty
dicarboxylic acid (e.g., octanedioic acid, decanedioic acid, dodecanedioic acid, tetradecanedioic
acid, hexadecanedioic acid, octadecanedioic acid, eicosanedioic acid) producing activity can be
provided by any non-mammalian source in certain embodiments. Such sources include,
without limitation, eukaryotes such as yeast and fungi and prokaryotes such as bacteria. In
some embodiments, a reverse activity in a pathway described herein can be altered (e.g.,
disrupted, reduced) to increase carbon flux through a beta oxidation pathway, an omega
oxidation pathway, or a beta oxidation and omega oxidation pathway, towards the production of
target product (e.g., sebacic or dodecanedioic acid). In some embodiments, a genetic
modification disrupts an activity in the beta oxidation pathway, or disrupts a polynucleotide that
encodes a polypeptide that carries out a forward reaction in the beta oxidation pathway, which
renders beta oxidation activity undetectable. The term “undetectable” as used herein refers to
an amount of an analyte that is below the limits of detection, using detection methods or assays
known (e.g., described herein). In certain embodiments, the genetic modification partially
reduces beta oxidation activity. The term “partially reduces beta oxidation activity” as used
here refers to a level of activity in an engineered organism that is lower than the level of activity

found in the host or starting organism.

In some embodiments, a beta-oxidation activity can be modified to alter the catalytic specificity
of the chosen activity. In certain embodiments, an acyl-CoA oxidase activity can be altered by
modifying a catalytic domain associated with carbon chain length preference and/or specificity.
In some embodiments, the altered catalytic specificity can be found by screening naturally
occurring variant or mutant populations of a host organism. In certain embodiments, the altered
catalytic can be generated by various mutagenesis techniques in conjunction with selection
and/or screening for the desired activity. In some embodiments, the altered catalytic activity
can be generated by generating chimeric acyl-CoA oxidases using a mix and match approach,

followed by selection and/or screening for the desired catalytic activity. Examples of
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experiments performed to generate acyl-CoA oxidases with altered catalytic activity are

described herein.

An activity within an engineered microorganism provided herein can include one or more (e.g.,
1,2,3,4,5,6,7,8,9,10, 11, 12, 13, 14 or all) of the following activities: 6-oxohexanoic acid
dehydrogenase activity; 6-hydroxyhexanoic acid dehydrogenase activity; cytochrome P450
activity; cytochrome P450 reductase activity; fatty alcohol oxidase activity; acyl-CoA ligase
activity, acyl-CoA oxidase activity; enoyl-CoA hydratase activity, 3-hydroxyacyl-CoA
dehydrogenase activity, fatty acid synthase activity, lipase activity, acetyl-CoA carboxylase
activity, acyltransferase activity (diacylglycerol acyl transferase, lecithin-cholesterol
acyltransferase, phospholipid:diacylglycerol acyltransferase) and thioesterase activity (e.g.,
acyl-CoA hydrolase, acyl-CoA thioesterase, acyl-ACP thioesterase, acetyl-CoA C-
acyltransferase, beta-kcetothiolase, and the like). In certain embodiments, one or more (e.g., 1,
2,3,4,5,6,7,8,9, 10 or all) of the foregoing activitics is altcred by way of a genctic
modification. In some embodiments, one or more (¢.g., 1,2, 3,4,5,6,7,8,9, 10,11, 12, 13,
14 or all) of the foregoing activities is altered by way of (i) adding a heterologous
polynucleotide that encodes a polypeptide having the activity, and/or (ii) altering or adding a
regulatory sequence that regulates the expression of a polypeptide having the activity. In
certain embodiments, one or more of the foregoing activities is altered by way of (i) disrupting
an endogenous polynucleotide that encodes a polypeptide having the activity (e.g., insertional
mutagenesis), (ii) deleting a regulatory sequence that regulates the expression of a polypeptide
having the activity, and/or (iii) deleting the coding sequence that encodes a polypeptide having

the activity (e.g., knock out mutagenesis).

The term "omega hydroxyl fatty acid dehydrogenase activity" as used herein refers to
conversion of an omega hydroxyl fatty acid to an omega oxo fatty acid. The omega hydroxyl
fatty acid dehydrogenase activity can be provided by a polypeptide. In some embodiments, the
polypeptide is encoded by a heterologous nucleotide sequence introduced to a host
microorganism. In certain embodiments, an endogenous polypeptide having the omega
hydroxyl fatty acid dehydrogenase activity is identified in the host microorganism, and the host
microorganism is genetically altered to increase the amount of the polypeptide produced (e.g., a
heterologous promoter is introduced in operable linkage with a polynucleotide that encodes the
polypeptide; the copy number of a polynucleotide that encodes the polypeptide is increased

(e.g., by introducing a plasmid that includes the polynucleotide)). Nucleic acid sequences
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conferring omega hydroxyl fatty acid dehydrogenase activity can be obtained from a number of
sources, including Actinobacter, Norcardia, Pseudomonas and Xanthobacter bacteria.

Examples of an amino acid sequence of a polypeptide having omega hydroxyl fatty acid
dehydrogenase activity and a nucleotide sequence of a polynucleotide that encodes the
polypeptide, are presented herein. Presence, absence or amount of omega hydroxyl fatty acid
dehydrogenase activity can be detected by any suitable method known in the art. In some
embodiments, omega hydroxyl fatty acid dehydrogenase activity is not altered in a host
microorganism, and in certain embodiments, the activity is added or increased in the engineered

microorganism relative to the host microorganism.
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Increasing NADPH production in yeast producing a fatty dicarboxylic acid

The w-oxidation pathway requires the cofactors NADPH in the first step and NAD" in the
second and third steps. Since the first step in w-oxidation is the rate-limiting step, amplification
of the enzyme activity performing this step in the cell would also require a sufficient supply of
the NADPH cofactor for the reaction. There are a number of cellular reactions that produce
NADPH that may be used by the first step in w-oxidation. Some of the enzymes performing
NADPH-producing reactions in the cell are glucose-6-phosphate dehydrogenase, isocitrate
dehydrogenase, and glycerol-3-phosphate dehydrogenase. Amplification of the activity levels
of any of these genes can increase cellular levels of NADPH to provide enough cofactor for an
amplified w-oxidation activity.

NADPH is required for both w-oxidation and fatty acid synthesis. Genetic changes that
increase the amount of NADPH in the cell can result in a production boost for the production of
diacid from either single fatty acids and/or fatty acids mixtures. In addition, if the number of
NADPH obtained per glucose is increased, the amount of glucose required as co-feed can be

reduced.

Increasing NADPH production by increasing glucose-6-phosphate dehydrogenase
activity through overexpression of ZWF1lor ZWF?2 genes

The ZWF1 and ZWF?2 genes encode two isozymes of glucose-6-phosphate dehydrogenase
(G6PDH, e.g., EC 1.1.1.49). In S. cerevisiae increasing glucose-6-phosphate dehydrogenase
(G6PDH) activity results in an increase in cytosolic NADPH. This technique has been used to
create strains with increased xylitol production and increased furfurals resistance. In some
embodiments the ZWF 1 open reading frame will be amplified from either Candida strain
ATCC20336 or Scheffersomyces stipitis and placed under the control of the ZWF1 promoter,
TEF1 promoter, POX4 promoter, or another strong constitutive or inducible promoter. These
cassettes can be transformed into suitable yeast strains for either specific or random integration
using the URA3J auxotrophic marker for selection. Ura+ strains can be analyzed by PCR and
qPCR for proper integration or copy number. Increased glucose-6-phosphate dehydrogenase
activity can be confirmed by activity assays. Strains can then be tested for production of the
desired fatty dicarboxylic acid. In some embodiments strains can then be tested for production

of a octanedioic acid, decanedioic acid, dodecanedioic acid, tetradecanedioic acid,
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hexadecanedioic acid, octadecanedioic acid, eicosanedioic acid, suberic or adipic acid
depending on the strain and feedstock used. The fermentation performance of a yeast strain

engineered for increased NADPH production can be compared to the parental strain.

Two examples of the amino acid sequences for GOPDH are shown below:

>Scheffersomyces stipitis ZWF1 - SEQ ID NO: 157
Candida strain ATCC20336 ZWF1 — SEQ ID NO: 74

Increasing NADPH production by decreasing glycolysis and increasing pentose

pathway through disruption of the PGII gene.

In some embodiments a disruption cassctte for PGI1 is constructed. For example 300 to 700 bp
of the 5’ and 3’ untranslated region or open reading frame of the PGI1 gene can be amplified.
The two pieces can be ligated together leaving a unique restriction site between them where an
URA3 can be cloned into. This URA3 cassette can have either the terminator or promoter
duplicated in either the beginning or the end of the URA3 cassette, respectively. The direct
repeat can allow loop-out of the URA3. The disruption cassette can then be transformed into a
suitable yeast strain and select by growing in uracil deficient plates. Disruption of the first copy
of PGI1 can be verified by PCR. URA3 loopout events can be selected by growth in 5-
Fluorootic acid containing plates. The loop-out event can be verified by PCR using primers
outside the region encompassing the transformation cassette. This strain can be transformed
with the PGI1 disruption cassette previously used or a new disruption cassette that targets
regions not present in the first disruption. Ura+ strains can be screened for the complete loss of
the PGI1 gene. Strains can then be tested for production of the desired fatty dicarboxylic acid.
In some embodiments strains can then be tested for production of an octanedioic acid,
decanedioic acid, dodecanedioic acid, tetradecanedioic acid, hexadecanedioic acid,
octadecanedioic acid, eicosanedioic acid, suberic or adipic acid depending on the strain and
feedstock used. The fermentation performance of a yeast strain enginecred for increased

NADPH production can be compared to the parental strain.

An example of the amino acid sequences for PGI1 is shown below:

Candida strain ATCC20336_PGI1 - SEQ ID NO: 78
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Increasing NADPH production by overexpression of KIGDPI

GDPI1 (e.g., GDP1 of Kluyveromyces lactis, i.e., KIGDP1) encodes an NADP+ depending
glyceraldehyde dehydrogenase (EC 1.2.1.9) that converts glyceraldehyde 3-phosphate into 1,3
biphosphoglycerate producing NADPH instead of NADH. This activity can increase the
production of NADPH from glucose. KIGDP1 open reading can be mutagenized to change the
CTG codon to another leucine encoding codon. The open reading frame can be placed under
the control of the TEF1 promoter, POX4 promoter or another strong constitutive or inducible
promoter. These cassettes can be integrated into any suitable yeast strain by targeted or random
integration using the URA3 auxotrophic marker to select for transformation events. Ura+
strains can be analyzed by PCR and qPCR for proper integration or copy number determination.
In addition, incrcased NADP+ dependent glyceraldehyde 3-phosphate dehydrogenase activity
can be confirmed by activity assay. Strains can then be tested for production of the desired
fatty dicarboxylic acid. In some embodiments strains can then be tested for production of an
octanedioic acid, decanedioic acid, dodecanedioic acid, tetradecanedioic acid, hexadecanedioic
acid, octadecanedioic acid, eicosanedioic acid, suberic or adipic acid depending on the strain
and feedstock used. The fermentation performance of a yeast strain engineered for increased

NADPH production can be compared to the parental strain.

An example of the amino acid sequence for GDP1 is shown below:

>GDP1, KI - SEQ ID NO: 72

Increasing NADPH production by overexpression of IDPs

IDP1 and IDP2 (e.g., from Candida strain 20336) encode proteins with an isocitrate
dehydrogenase activity that converts isocitrate to a—ketoglutarate producing NADPH instead of
NADH (e.g., EC 1.1.1.42). The IDP1 protein is targeted to the mitochondria while the IDP2
protein is targeted to the peroxisome and it can be present in the ER where m-oxidation
happens. IDP2 expression has been shown to be induced by the presence of alkanes and

overexpression may increase NADPH availability.
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The open reading frame can be placed under the TEF1 promoter, POX4 promoter, or another
strong constitutive or inducible promoter. These cassettes can be integrated into any suitable
yeast strains either by targeted integration or random integration using the URA3 auxotrophic
marker to select for transformation events. Ura+ strains can be verified by PCR and qPCR for
proper integration or copy number. In addition, increased NADP+ dependent isocitrate
dehydrogenase activity can be confirmed by activity assay. Strains can then be tested for
production of the desired fatty dicarboxylic acid. In some embodiments strains can then be
tested for production of an octanedioic acid, decanedioic acid, dodecanedioic acid,
tetradecanedioic acid, hexadecanedioic acid, octadecanedioic acid, eicosanedioic acid, suberic
or adipic acid depending on the strain and feedstock used. The fermentation performance of a
yeast strain engineered for increased NADPH production can be compared to the parental

strain.

Another IDP to be tested can be IDP3 (e.g. from Saccharomyces cerevisiac, i.¢., Scldp3). This
protein is targeted to the peroxisome and may also be present in the ER. A similar approach
can be taken for IDP2 except that the open reading frame may need to be mutagenized if there
are any CTG codons.

An example of the amino acid sequences for an IDP2 and IDP3 are shown below:

Candida strain ATCC20336 IDP2 - SEQ ID NO: 67
>Saccharomyces cerevisiae IDP3 - SEQ ID NO: 69

Increasing NADPH production by overexpression of ScMAE1 and ScPYC2

MAE encodes a malic enzyme (e.g., 1.1.1.40) converting malic acid to pyruvate producing
NADPH (as shown below).

(S)-malate + NADP+ - pyruvate + CO2 + NADPH + H+

When overexpressed in the cytosol in the presence of PYC2 (i.e., pyruvate carboxylase, e.g.,

6.4.1.1) that converts pyruvate to oxaloacetate) a shunt is formed that produces one NADPH at
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the expense of one ATP and NADH. MAE expression can be directed to the cytosol by

expressing a truncated version that prevents its translocation into the mitochondria.

MAEI (e.g., from a Candida strain or Saccharomyces cerevisiae, i.e., SCMAE1) and PYC2
(e.g., from Saccharomyces cerevisiae, i.e., SCPYC2) open reading frames can be amplified and
mutagenized to replace any CTG codons for other leucine encoding codons. The genes can be
placed under the control of the TEF1 promoter, POX4 promoter, or another strong constitutive
or inducible promoter. These cassettes can be integrated into any suitable yeast strain by
targeting integration or random integration using the URA3 auxotrophic marker to select for
transformation events. Ura+ strains can be verified by PCR and qPCR for proper integration or
copy number. Strains can then be tested for production of the desired fatty dicarboxylic acid.
In some embodiments strains can then be tested for production of an octanedioic acid,
decanedioic acid, dodecanedioic acid, tetradecanedioic acid, hexadecanedioic acid,
octadecancdioic acid, cicosancdioic acid, suberic or adipic acid depending on the strain and
feedstock used. The fermentation performance of a yeast strain engineered for increased

NADPH production can be compared to the parental strain.

An example of the amino acid sequences for a SCMAE1 and ScPYC2 are shown below:

>ScMAE]! - SEQ ID NO: 191
>ScPYC2 - SEQ ID NO: 107
>Candida strain, truncated cytosolic MAE1 — SEQ: ID 143

Increasing NADPH production when using glycerol as a co-feed

Archacoglobus fulgidus gpsA encodes a glycerol 3-phosphate dehydrogenase using NADP+ as
a co-factor. The gene encoding this enzyme can be mutagenized to change any CTG codons to
other leucine encoding codons. This gene can be placed under either a constitutive or glycerol
inducible promoter with a loop-out capable URA3 auxotrophic marker in a disruption cassette
for GUT2. This cassette can be transformed into any suitable yeast strain disrupting the first
copy of GUT2. The URA3 marker can be recycled and the resulting strain can be

retransformed with the integration cassette. Strains that have both copies of GUT2 disrupted
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can be selected. This strain should produce NADPH instead of FADH in the conversion of
glycerol-3-phosphate to dihydroxyacetone. Strains can then be tested for production of the
desired fatty dicarboxylic acid. In some embodiments strains can then be tested for production
of an octanedioic acid, decanedioic acid, dodecanedioic acid, tetradecanedioic acid,
hexadecanedioic acid, octadecanedioic acid, eicosanedioic acid, suberic or adipic acid
depending on the strain and feedstock used. The fermentation performance of a yeast strain

engineered for increased NADPH production can be compared to the parental strain.

An example of the amino acid sequences for a GUT2 and Archacoglobus fulgidus gpsA are

shown below:

>Candida strain ATCC20336 GUT2 - SEQ ID NO: 109
>AfgpsA - SEQ ID NO: 111

Acyl-CoA Oxidases

The term “acyl-CoA oxidase activity” as used herein refers to the oxidation of a long chain
fatty-acyl-CoA to a trans-2,3-dehydroacyl-CoA fatty alcohol. In some embodiments, the acyl-
CoA activity is from a peroxisome. In certain embodiments, the acyl-CoA oxidase activity is a
peroxisomal acyl-CoA oxidase (POX) activity, carried out by a POX polypeptide. In some
embodiments the acyl-CoA oxidase activity is encoded by the host organism and sometimes
can be altered to generate an engineered organism. Acyl-CoA oxidase activity is encoded by
the POX4 and POXS5 genes of C. tropicalis. In certain embodiments, endogenous acyl-CoA
oxidase activity can be increased. In some embodiments, acyl-CoA oxidase activity of the
POX4 polypeptide or the POXS5 polypeptide can be altered independently of each other (e.g.,
increase activity of POX4 alone, POXS alone, increase one and disrupt the other, and the like).
Increasing the activity of one POX activity, while disrupting the activity of another POX
activity, may alter the specific activity of acyl-CoA oxidase with respect to carbon chain length,
while maintaining or increasing overall flux through the beta oxidation pathway, in certain

embodiments.

In certain embodiments, host acyl-CoA oxidase activity of one of the POX genes can be
increased by genetically altering (e.g., increasing) the amount of the polypeptide produced (e.g.,

a strongly transcribed or constitutively expressed heterologous promoter is introduced in
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operable linkage with a polynucleotide that encodes the polypeptide; the copy number of a
polynucleotide that encodes the polypeptide is increased (e.g., by introducing a plasmid that
includes the polynucleotide, integration of additional copies in the host genome)). In some
embodiments, the host acyl-CoA oxidase activity can be decreased by disruption (e.g.,
knockout, insertion mutagenesis, the like and combinations thereof) of an acyl-CoA oxidase
gene, or by decreasing the activity of the promoter (e.g., addition of repressor sequences to the

promoter or 5’UTR) which transcribes an acyl-CoA oxidase gene.

As noted above, disruption of nucleotide sequences encoding POX4, POX 5, or POX4 and
POXS5 sometimes can alter pathway efficiency, specificity and/or specific activity with respect
to metabolism of carbon chains of different lengths (e.g., carbon chains including fatty alcohols,
fatty acids, paraffins, dicarboxylic acids of between about 1 and about 60 carbons in length). In
some embodiments, the nucleotide sequence of POX4, POXS5, or POX4 and POXS is disrupted
with a URA3 nucleotide sequence encoding a sclectable marker, and introduced to a host
microorganism, thereby generating an engineered organism deficient in POX4, POX5 or POX4
and POXS activity. Nucleic acid sequences encoding POX4 and POXS5 can be obtained from a
number of sources, including Candida tropicalis, for example. Examples of POX4 and POX5
amino acid sequences and nucleotide sequences of polynucleotides that encode the
polypeptides, are presented herein. Described in the examples are experiments conducted to

amplify the activity encoded by the POXS5 gene.

Also as noted above, catalytic specificity of acyl-CoA oxidases (e.g., POX4, POXS5) can be
altered by a variety of methods. Altering the binding and/or catalytic specificity of acyl-CoA
oxidases may prove advantageous for generating novel acyl-CoA oxidases with altered chain
length recognition, altered chain length catalytic activity, and/or generation of an acyl-CoA
oxidase activity with a narrow or specific chain length specificity, thereby allowing further
increases in pathway efficiency, specificity and/or specific activity with respect to metabolism
of carbon chains of different lengths or metabolism of carbon chain distributions found in a
particular chosen feedstock. In some embodiments the altered acyl-CoA oxidase sequences are
identified and/or generated by; (i) screening naturally occurring variant populations; (ii)
mutagenesis of endogenous sequences; (iil) introduction of heterologous sequences having a
desired specificity; (iv) generation of chimeric sequences having a portion of the coding
sequence from one polynucleotide source (e.g., gene, organism) and a portion of the coding

sequence from another source and/or (v) intelligent design using nucleotide sequences and three
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dimensional structure analysis from an acyl-CoA oxidase having a desired specificity to
remodel an endogenous acyl-CoA oxidase, thereby generating a novel specificity enzyme. In
some embodiments a chimeric acyl-CoA oxidase sequence can have polynucleotide sequence
contributions from two or more sources. In some embodiments, a chimeric acyl-CoA oxidase
sequence comprises a portion of the coding sequences from an endogenous polynucleotide and
a portion of the coding sequence from a heterologous polynucleotide. Described in the
examples are methods utilized to identify and/or generate acyl-CoA oxidases with novel
catalytic and binding specificities.

Presence, absence or amount of POX4 and/or POXS5 activity can be detected by any suitable
method known in the art. For example, using enzymatic assays as described in Shimizu et al,
1979, and as described herein in the Examples. Alternatively, nucleic acid sequences
representing native and/or disrupted POX4 and POXS5 sequences also can be detected using
nucleic acid detection methods (e.g., PCR, primer extension, nucleic acid hybridization, the like
and combinations thereof), or quantitative cxpression based analysis (¢.g., RT-PCR, western
blot analysis, northern blot analysis, the like and combinations thereof), where the engineered

organism exhibits decreased RNA and/or polypeptide levels as compared to the host organism.

Thicesterase

The term "thioesterase activity” as used herein refers to removal of Coenzyme A from
hexanoate. The term “thioesterase activity” as used herein also refers to the removal of
Coenzyme A from an activated fatty acid (e.g., fatty-acyl-CoA). A Non-limiting example of an
enzyme with thioesterase activity includes acyl-CoA hydrolase (e.g., EC 3.1.2.20; also referred
to as acyl coenzyme A thioesterase, acyl-CoA thioesterase, acyl coenzyme A hydrolase,
thioesterase B, thioesterase I, lecithinase B, lysophopholipase L1, acyl-CoA thioesterase 1, and
acyl-CoA thioesterase). Thioesterases that remove Coenzyme A from fatty-acyl-CoA

molecules catalyze the reaction,

acyl-CoA + H20 -2 CoA + a carboxylate,

where the carboxylate often is a fatty acid. The released Coenzyme A can then be reused for

other cellular activities.
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The thioesterase activity can be provided by a polypeptide. In certain embodiments, the
polypeptide is an endogenous nucleotide sequence that is increased in copy number, operably
linked to a heterologous and/or endogenous promoter, or increased in copy number and
operably linked to a heterologous and/or endogenous promoter. In some embodiments, the
polypeptide is encoded by a heterologous nucleotide sequence introduced to a host
microorganism. Nucleic acid sequences conferring thioesterase activity can be obtained from a
number of sources, including Cuphea lanceolata, C. tropicalis (e.g., see SEQ ID NOS: 33 and
35), and E. coli (c.g., sce SEQ ID NO: 37). Additional organisms that can be used as
thioesterase polynucleotide sequence donors are given herein. Examples of such polypeptides
include, without limitation, acyl-(ACP) thioesterase type B from Cuphea lanceolata (see SEQ
ID NO: 1), acyl-CoA hydrolase (e.g., ACHA and ACHB, see SEQ ID NOS: 34 and 36)) from
C. tropicalis, acyl-CoA thioesterase (e.g., TESA, see SEQ ID NO: 38) from E. coli. A non-
limiting cxample of a thioesterase polynucleotide sequences is referenced by accession number
CABG60830 at the World Wide Web Uniform Resource Locator (URL) ncbi.nlm.nih.gov of the
National Center for Biotechnology Information (NCBI).

Presence, absence or amount of thioesterase activity can be detected by any suitable method
known in the art. An example of such a method is described Chemistry and Biology 9: 981-
988. In some embodiments, thioesterase activity is not altered in a host microorganism, and in
certain embodiments, the activity is added or increased in the engineered microorganism
relative to the host microorganism. In some embodiments, a polypeptide having thioesterase
activity is linked to another polypeptide (e.g., a hexanoate synthase A or hexanoate synthase B
polypeptide). Non-limiting examples of polynucleotide sequences encoding thioesterase

activities and polypeptides having thioesterase activity are provided in Example 33.

Reducing Omega Fatty Acid Conversion - General

The term "a genetic modification that reduces omega hydroxyl fatty acid conversion” as used
herein refer to genetic alterations of a host microorganism that reduce an endogenous activity
that converts an omega hydroxyl fatty acid to another product. In some embodiments, an
endogenous omega hydroxyl fatty acid dehydrogenase activity is reduced. Such alterations can
advantageously increase the amount of a dicarboxylic acid, which can be purified and further

processed.
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Reducing Beta Oxidation - General

The term "a genetic modification that reduces beta-oxidation activity” as used herein refers to a
genetic alteration of a host microorganism that reduces an endogenous activity that oxidizes a
beta carbon of carboxylic acid containing organic molecules. In certain embodiments, the
organic molecule is a ten or twelve carbon molecule, and sometimes contains one or two
carboxylic acid moietics located at a terminus of the molecule (e.g., sebacic or dodecanedioic
acid). Such alterations can advantageously increase yields of end products, such as a fatty
dicarboxylic acid (e.g., octanedioic acid, decanedioic acid, dodecanedioic acid, tetradecanedioic

acid, hexadecanedioic acid, octadecanedioic acid, eicosanedioic acid).

The term “a genetic modification that results in increased fatty acid synthesis” as used herein
also refers to a genetic alteration of a host microorganism that reduces an endogenous activity
that converts fatty acids into fatty-acyl-CoA intermediates. In some embodiments, an
endogenous activity that converts fatty acids into fatty-acyl-CoA intermediates is reduced. In
certain embodiments, an acyl-CoA synthetase activity is reduced. Such alterations can
advantageously increase yields of end products, such as a fatty dicarboxylic acid (e.g.,
octanedioic acid, decanedioic acid, dodecanedioic acid, tetradecanedioic acid, hexadecanedioic

acid, octadecanedioic acid, eicosanedioic acid).

Acyl-CoA Synthetase

Organisms that have a complete block of the B-oxidation pathway cannot utilize fatty acids or
diacids for energy. In these p-oxidation blocked organisms, the chain length of the diacid
produced mimics the chain length of the fatty acid feedstock. Blocking the B-oxidation
pathway removes the primary route for diacid product yield loss. In some embodiments,
genetic modifications that alter the cell’s ability to utilize fatty acids in other biochemical
pathways results in increased diacid production. In some embodiments, blocking a fatty acid
activation pathway by knocking out or modifying an acyl CoA synthetase results in increased

diacid production.
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The activation of fatty acids to fatty acyl-CoA thioesters is performed by an enzyme called
acyl-CoA synthetase (ACS). Acyl-CoA synthetases are a member of the ligase class of

enzymes and catalyzes the reaction,

ATP + Fatty Acid + CoA <=> AMP + Pyrophosphate + Fatty-Acyl-CoA.

Fatty acids can be converted into fatty-acyl-CoA intermediates by the activity of an acyl-CoA
synthetase (e.g., ACS1, ACS2; EC 6.2.1.3; also referred to as acyl-CoA synthetase, acyl-CoA
ligase), in many organisms. Yeast cells contain multiple genes for ACS enzymes that are
targeted to different cellular locations and may have different substrate chain-length
specificities. S. cerevisiae has six genes with ACS activity named FAA1, FAA2. FAA3, FAA4,
FATI1, and FAT2. The corresponding proteins produced by these genes are often called Faalp,
Faa2p, Faa3p, Faadp, Fatlp and Fat2p respectively. The Faalp isozyme can exhibit broad
substrate chain-length specificity, represents 90% of the cellular ACS activity, and is localized
in the cytosolic and microsomal fractions. The Faa2Zp isozyme is targeted to the peroxisome
and has broad chain-length specificity. The Faa3p isozyme has a substrate specificity for long-
chain or very long-chain fatty acids and its cellular localization is unknown. Faadp has broad
chain-length specificity and has been shown to be important in protein myristoylation. Fatlp is
a dual function protein localized to the cellular membrane that has activity for both fatty acid
transport and fatty acid activation. Fat2p is targeted to the peroxisomal membrane for medium

chain fatty acid transport and activation.

Acyl-CoA synthetase has six isoforms encoded by ACS1, FAT1, ACS2A, ACS2B, ACS2C,
and ACS2D, respectively, in some Candida spp. (e.g., homologous to FAAT, FAT1, and FAA2

in S. cerevisiae).

Disruption of the genes encoding ACS isozymes with activity targeted to the cellular membrane
and to the cytosolic fraction can leave the exogenously supplied fatty acids in the free fatty acid
form which is a substrate for entry into the m-oxidation pathway. This essentially redirects
exogenously supplied fatty acids from normal cellular utilization (energy, triacylglycerides,
phospholipids) to the production of the desired diacid product. In some embodiments, in

Candida strain ATCC20336 these gene targets are ACS1 and FAT1.

Candida strain ATCC20336_ACS1 - SEQ ID NO: 40
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Candida strain ATCC20336_FAT1 - SEQ ID NO: 148

Disruption of the genes encoding ACS isozymes with activity targeted to the peroxisome can
prevent the activation of any exogenously supplied fatty acids that are transported to the interior
of the peroxisomal compartment. In a B-oxidation blocked organism fatty acyl-CoA molecules
cannot enter B-oxidation, but they can be substrates for the synthesis of phospholipids.
Knocking out the genes encoding these ACS isozymes can increase the yield of a diacid
product by redirecting the free fatty acids to w-oxidation instead of the phospholipid synthesis
pathway. Candida strain ATCC20336 homologs to the peroxisomal S. cerevisiae FAA2 are
named 4CS24, ACS2B, ACS2C, and ACS2D and the protein sequences of ACS2A, ACS2B and
ACS2C are shown below.

Candida strain ATCC20336_ACS2A - SEQ ID NO: 80
Candida strain ATCC20336_ACS2B - SEQ ID NO: 158
Candida strain ATCC20336_ACS2C - SEQ ID NO: 159

Fatty acids and Coenzyme A often are utilized in the activation of fatty acids to fatty-acyl-CoA
intermediates for entry into various cellular processes. Without being limited by theory, it is
believed that reduction in the amount of fatty-acyl-CoA available for various cellular processes
can increase the amount of fatty acids available for conversion into a fatty dicarboxylic acid
(e.g., octanedioic acid, decanedioic acid, dodecanedioic acid, tetradecanedioic acid,
hexadecanedioic acid, octadecanedioic acid, eicosanedioic acid) by other engineered pathways
in the same host organism (e.g., omega oxidation pathway, beta oxidation pathway, omega
oxidation pathway and beta oxidation pathway). Acyl-CoA synthetase can be inactivated by
any suitable means. Described herein are gene knockout methods suitable for use to disrupt the
nucleotide sequence that encodes a polypeptide having ACS1 activity. A nucleotide sequence
of ACS1 is provided in Example 33, SEQ ID NO: 39. An example of an integration/disruption

construct, configured to generate a deletion mutant for ACS1 is also provided in the Examples.

The presence, absence or amount of acyl-CoA synthetase activity can be detected by any
suitable method known in the art. Non-limiting examples of suitable detection methods include
enzymatic assays (e.g., Lageweg et al “A Fluorimetric Assay for Acyl-CoA Synthetase
Activity”, Analytical Biochemistry, 197(2):384-388 (1991)), PCR based assays (e.g., qPCR,
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RT-PCR), immunological detection methods (e.g., antibodies specific for acyl-CoA synthetase),

the like and combinations thereof.

The term “a genetic modification that results in increased fatty acid synthesis" as used herein
also refers to a genetic alteration of a host microorganism that reduces an endogenous activity
that converts long chain and very long chain fatty acids into activated fatty-acyl-CoA
intermediates. In some embodiments, an endogenous activity that converts long chain and very
long chain fatty acids into activated fatty-acyl-CoA intermediates is reduced. In certain
embodiments, a long chain acyl-CoA synthetase activity is reduced. Such alterations can
advantageously increase yields of end products, such as a fatty dicarboxylic acid (e.g.,
octanedioic acid, decanedioic acid, dodecanedioic acid, tetradecanedioic acid, hexadecanedioic

acid, octadecanedioic acid, eicosanedioic acid).

Long chain fatty acids (c.g., C12-C18 chain lengths) and very long chain fatty acids (c.g., C20-
C26) often are activated and/or transported by the thioesterification activity of a long-chain
acyl-CoA synthetase (e.g., FAT1; EC 6.2.1.3; also referred to as long-chain fatty acid-CoA
ligase, acyl-CoA synthetase; fatty acid thiokinase (long chain); acyl-activating enzyme;
palmitoyl-CoA synthase; lignoceroyl-CoA synthase; arachidonyl-CoA synthetase; acyl
coenzyme A synthetase; acyl-CoA ligase; palmitoyl coenzyme A synthetase; thiokinase;
palmitoyl-CoA ligase; acyl-coenzyme A ligase; fatty acid CoA ligase; long-chain fatty acyl
coenzyme A synthetase; oleoyl-CoA synthetase; stearoyl-CoA synthetase; long chain fatty acyl-
CoA synthetase; long-chain acyl CoA synthetase; fatty acid elongase (ELO); LCFA synthetase;
pristanoyl-CoA synthetase; ACS3; long-chain acyl-CoA synthetase I; long-chain acyl-CoA
synthetase II; fatty acyl-coenzyme A synthetase; long-chain acyl-coenzyme A synthetase; and
acid:CoA ligase (AMP-forming)), in some organisms. Fatty acids also can be transported into

the host organism from feedstocks by the activity of long chain acyl-CoA synthetase.

Long-chain acyl-CoA synthetase catalyzes the reaction,

ATP + along-chain carboxylic acid + CoA = AMP + diphosphate + an acyl-CoA,
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where “an acyl-CoA” refers to a fatty-acyl-CoA molecule. As noted herein, activation of fatty
acids is often necessary for entry of fatty acids into various cellular processes (e.g., as an energy
source, as a component for membrane formation and/or remodeling, as carbon storage
molecules). Deletion mutants of FAT1 have been shown to accumulate very long chain fatty
acids and exhibit decreased activation of these fatty acids. Without being limited by theory, it
is believed that reduction in the activity of long-chain acyl-CoA synthetase may reduce the
amount of long chain fatty acids converted into fatty-acyl-CoA intermediates, thereby
increasing the amount of fatty acids available for conversion into a fatty dicarboxylic acid (e.g.,
octanedioic acid, decanedioic acid, dodecanedioic acid, tetradecanedioic acid, hexadecanedioic
acid, octadecanedioic acid, eicosanedioic acid) by other engineered pathways in the same host
organism (¢.g., omega oxidation pathway, beta oxidation pathway, omega oxidation pathway
and beta oxidation pathway). Long-chain-acyl-CoA synthetase activity can be reduced or
inactivated by any suitable means. Described herein are gene knockout methods suitable for
disrupting the nucleotide sequence that encodes the polypeptide having FAT1 activity. The
nucleotide sequence of FAT1 is provided in Example 33, SEQ ID NO: 41. DNA vectors

suitable for use in constructing “knockout” constructs are described herein.

The presence, absence or amount of long-chain-acyl-CoA synthetase activity can be detected by
any suitable method known in the art. Non-limiting examples of suitable detection methods
include enzymatic assays, binding assays (e.g., Erland et al, Analytical Biochemistry 295(1):38-
44 (2001)), PCR based assays (e.g., qPCR, RTPCR), immunological detection methods (e.g.,

antibodies specific for long-chain-acyl-CoA synthetase), the like and combinations thereof.

Selective modification of Fatlp to retain transport activity

Transport of free fatty acids across a cellular membrane can occur by passive diffusion or by
protein-mediated active transport. The mechanism of passive diffusion can be manipulated
(increascd rate or decreased rate) to some extent, by the choice of fatty acid feedstock or by
changing the extracellular environment. The rate of active transport of free fatty acids into the
cell may be increased by amplifying transport proteins involved in fatty acid import. One such
enzyme is Fatlp (e.g., Fatlp of S. cerevisiae) which is a dual function protein with both fatty

acid transport and acyl-CoA synthetase activities.
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Discussed above were the benefits of knocking out enzymes with acyl-CoA synthetase activity.
In order to increase fatty acid transport into the cell without also increasing ACS activity,

mutants of the Fatlp can be constructed that are transport competent but ACS incompetent.

Fat1p can transport a free fatty acid across a cellular membrane and “activate” the fatty acid to
an acyl-CoA thioester on the inner side of the cellular membrane. Once converted to an acyl-
CoA thioester a fatty acid can enter the following biochemical pathways: 1) peroxisomal beta-
oxidation, 2) triacylglyceride synthesis, 3) cholesteryl ester synthesis or 4) phospholipid
synthesis. All of these possible fates for fatty acyl-CoA can prevent the metabolism of an
imported fatty acid into a dicarboxylic acid and result in a low yield production of dicarboxylic
acids from fatty acid feedstocks. Therefore, in some embodiments, strains are being developed
with a mutant Fat1p enzyme (i.e., Fat1p-mut), that retains fatty acid transport activity (e.g., the
ability to transport fatty acids across the cellular membrane) but lacks a thioesterase activity
(c.g., the ability to activate a fatty acid to an acyl-CoA thiocster). Fatlp mutants have been
described in the literature for S. cerevisiae. Some such mutants are known in the literature and

correspond to the mutants S244A or D495A in the Candida strain ATCC20336 Fat1p enzyme.

Knocking out transport into the peroxisome

The mechanism of transport of fatty acids into the peroxisome differs based upon the chain
length of the fatty acid. Long chain fatty acids, C16-C18, are not able to diffuse across the
peroxisomal membrane in free acid form but are instead transported across as fatty acyl-CoA
esters in an ATP-dependent process catalyzed by the Pxalp/Pxa2p heterodimer (e.g. EC
3.6.3.47). Short and medium chain fatty acids, C6-C14, are thought to be able to diffuse across
the peroxisomal membrane in the free acid form, however may also by aided in transport into
the peroxisomal matrix by Pex11p or by other as yet unknown transporters. In some
embodiments, knocking out the genes encoding these transport proteins would again improve
diacid yields by redirecting exogenously supplied fatty acids from biochemical use in the

peroxisome to the m-oxidation pathway.

Examples of the sequences of Pxalp, Pxa2p and Pex11p from Candida strain ATCC20336 are

shown below.

Candida strain ATCC20336_PXA1 - SEQ ID NO: 92
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Candida strain ATCC20336_PXA2 - SEQ ID NO: 94
Candida strain ATCC20336_PEX11 - SEQ ID NO: 96

Acyl-CoA sterol acyltransferase

The term “a genetic modification that results in increased fatty acid synthesis" as used herein
also refers to a genetic alteration of a host microorganism that reduces an endogenous activity
that converts fatty acids into cholesterol esters. In some embodiments, an endogenous activity
that converts fatty acids into cholesterol esters is reduced. In certain embodiments, an acyl-
CoA sterol acyltransferase activity is reduced. Such alterations can advantageously increase
yields of end products, such as a fatty dicarboxylic acid (¢.g., octanedioic acid, decanedioic
acid, dodecanedioic acid, tetradecanedioic acid, hexadecanedioic acid, octadecanedioic acid,

eicosancdioic acid).

Fatty acids can be converted into a cholesterol-ester by the activity of acyl-CoA sterol
acyltransferase (e.g., ARE1, ARE2, EC 2.3.1.26; also referred to as sterol O-acyltransferase;
cholesterol acyltransferase; sterol-ester synthase; sterol-ester synthetase; sterol-ester synthase;
acyl coenzyme A-cholesterol-O-acyltransferase; acyl-CoA:cholesterol acyltransferase; ACAT;
acylcoenzyme A:cholesterol O-acyltransferase; cholesterol ester synthase; cholesterol ester
synthetase; and cholesteryl ester synthetase), in many organisms. Without being limited by any
theory, cholesterol esterification may be involved in directing fatty acids away from
incorporation into cell membranes and towards storage forms of lipids. Acyl-CoA sterol

acyltransferase catalyzes the reaction,

acyl-CoA + cholesterol = CoA + cholesterol ester.

The esterification of cholesterol is believed to limit its solubility in cell membrane lipids and
thus promotes accumulation of cholesterol ester in the fat droplets (¢.g., a form of carbon
storage molecule) within cytoplasm. Therefore, without being limited by any theory
esterification of cholesterol may cause the accumulation of lipid storage molecules, and
disruption of the activity of acyl-CoA sterol acyltransferase may cause an increase in acyl-CoA
levels that can be converted into a fatty dicarboxylic acid (e.g., octanedioic acid, decanedioic
acid, dodecanedioic acid, tetradecanedioic acid, hexadecanedioic acid, octadecanedioic acid,

eicosanedioic acid) by other engineered pathways in the same host organism (e.g., omega
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oxidation pathway, beta oxidation pathway, omega oxidation pathway and beta oxidation
pathway). Acyl-CoA sterol acyltransferase can be inactivated by any suitable means.
Described herein are gene knockout methods suitable for disrupting nucleotide sequences that
encode polypeptides having ARE1 activity, ARE2 activity or ARE] activity and ARE?2 activity.
The nucleotide sequences of ARE1 and ARE2 are provided in Example 33, SEQ ID NOS: 43
and 45. DNA vectors suitable for use in constructing “knockout” constructs are described

herein.

The presence, absence or amount of acyl-CoA sterol acyltransferase activity can be detected by
any suitable method known in the art. Non-limiting examples of suitable detection methods
include enzymatic assays (¢.g., Chen et al, Plant Physiology 145:974-984 (2007)), binding
assays, PCR based assays (e.g., QPCR, RT-PCR), immunological detection methods (e.g.,

antibodics specific for long-chain-acyl-CoA synthetasc), the like and combinations thereof.

Diacylglycerol acyltransferase & Acyltransferases

The term “a genetic modification that results in increased fatty acid synthesis" as used herein
also refers to a genetic alteration of a host microorganism that reduces an endogenous activity
that catalyzes diacylglycerol esterification (e.g., addition of acyl group to a diacylglycerol to
form a triacylglycerol). In some embodiments, an endogenous activity that converts
diacylglycerol into triacylglycerol is reduced. In certain embodiments, an acyltransferase
activity is reduced. In some embodiments a diacylglycerol acyltransferase activity is reduced.
In some embodiments a diacylglycerol acyltransferase (e.g., DGA1, EC 2.3.1.20) activity and
an acyltransferase (e.g., LRO1) activity are reduced. Such alterations can advantageously
increase yields of end products, such as a fatty dicarboxylic acid (e.g., octanedioic acid,
decanedioic acid, dodecanedioic acid, tetradecanedioic acid, hexadecanedioic acid,

octadecanedioic acid, eicosanedioic acid).

Diacylglycerol can be converted into triacylglycerol by the activity of diacylglycerol
acyltransferase (e.g., DGA1; EC 2.3.1.20; also referred to as diglyceride acyltransferase; 1,2-
diacylglycerol acyltransferase; diacylglycerol acyltransferase; diglyceride O-acyltransferase;
palmitoyl-CoA-sn-1,2-diacylglycerol acyltransferase; acyl-CoA:1,2-diacylglycerol O-
acyltransferase and acyl-CoA:1,2-diacyl-sn-glycerol O-acyltransferase), in many organisms.

Diacylglycerol acyltransferase catalyzes the reaction,
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Acyl-CoA + 1,2-diacyl-sn-glycerol = CoA + triacylglycerol,

and is generally considered the terminal and only committed step in triglyceride synthesis. The

product of the DGA1 gene in yeast normally is localized to lipid particles.

In addition to the diacylglycerol esterification activity described for DGA1, many organisms
also can generate triglycerides by the activity of other acyltransferase activities, non-limiting
examples of which include lecithin-cholesterol acyltransferase activity (e.g., LRO1; EC
2.3.1.43; also referred to as phosphatidylcholine-sterol O-acyltransferase activity; lecithin-
cholesterol acyltransferase activity; phospholipid-cholesterol acyltransferase activity; LCAT
(lecithin-cholesterol acyltransferase) activity; lecithin:cholesterol acyltransferase activity; and
lysolecithin acyltransferase activity) and phospholipid:diacylglycerol acyltransferase (e.g., EC
2.3.1.158; also referred to as PDAT activity and phospholipid:1,2-diacyl-sn-glycerol O-
acyltransferase activity). Acyltransferases of the families EC 2.3.1.43 and EC 2.3.1.58 catalyze

the general reaction,

phospholipid + 1,2-diacylglycerol = lysophospholipid + triacylglycerol.

Triacylglycerides often are utilized as carbon (e.g., fatty acid or lipid) storage molecules.
Without being limited by any theory, it is believe that reducing the activity of acyltransferase
may reduce the conversion of diacylglycerol to triacylglycerol, which may cause increased
accumulation of fatty acid, in conjunction with additional genetic modifications (e.g., lipase to
further remove fatty acids from the glycerol backbone) that can be converted into a fatty
dicarboxylic acid (e.g., octanedioic acid, decanedioic acid, dodecanedioic acid, tetradecanedioic
acid, hexadecanedioic acid, octadecanedioic acid, eicosanedioic acid) by other engineered
pathways in the same host organism (e.g., omega oxidation pathway, beta oxidation pathway,
omega oxidation pathway and beta oxidation pathway). Acyltransferases can be inactivated by
any suitable means. Described herein are gene knockout methods suitable for disrupting
nucleotide sequences that encode polypeptides having DGA1 activity, LRO1 activity or DGAT1
activity and LRO1 activity. The nucleotide sequence of DGAL is provided in Example 33,
SEQ ID NO: 47 The nucleotide sequence of LRO1 is provided in Example 33, SEQ ID NO:

49. DNA vectors suitable for use in constructing “knockout” constructs are described herein.
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The genes ARE and ARE? in S. cerevisiae are also involved in triacylglyceride synthesis.
Knocking out genes encoding these enzymes can redirect exogenously supplied fatty acids to o-

oxidation.

The presence, absence or amount of acyltransferase activity can be detected by any suitable
method known in the art. Non-limiting examples of suitable detection methods include
enzymatic assays (e.g., Geelen, Analytical Biochemistry 322(2):264-268 (2003), Dahlqvist et
al, PNAS 97(12):6487-6492 (2000)), binding assays, PCR based assays (e.g., qPCR, RTPCR),
immunological detection methods (e.g., antibodies specific for a DGA1 or LRO1

acyltransferase), the like and combinations thereof.

Carnitine Acetyltransferase

Carnitine acctyltransferase (i.c., Cat2, Cat2p) is an cnzyme targeted to both the peroxisomal and
mitochondrial compartments. It catalyzes the transfer of an acetyl group from a CoA group to a

carnitine (or vice versa depending on location) as shown below.

Acetyl-CoA + carnitine > acetylcarnitine + CoA

An acetyl-carnitine molecule is transported across the peroxisomal and mitochondrial
membranes whereas an acetyl-CoA molecule is not. Therefore the action of Cat2 (e.g., 2.3.1.7)
provides one of three possible routes for acetyl groups to leave the peroxisome. Acetyl-CoA
produced by beta-oxidation can be converted to acetyl-carnitine and transported to the
mitochondria for entry into the TCA cycle. In some embodiments, the activity of Cat2 is
decreased or eliminated in order to slow the exit of acetyl-CoA from the peroxisome. In some
embodiments, providing a bottle-neck downstream of the adipic acid intermediate that is

derived from beta-oxidation is a strategy for improving the yield of adipic acid.

Carnitine O-acyltransferase

Carnitine O-acyltransferase (i.e., CROT, e.g., 2.3.1.137) is a peroxisomal enzyme that can

transfer an acyl chain from a CoA group to a carnitine group as shown below.

Acyl-CoA + carnitine = acylcarnitine + CoA

54



CA 02895124 2015-06-12

WO 2014/100461 PCT/US2013/076664

The acyl-carnitine produced may then be transported out of the peroxisome for use elsewhere in
the cell. The enzyme may act on acyl chains of different chain lengths but is most active on
short chains (C6-C8). Diacids that are prematurely pulled out of beta-oxidation and sent to

other cellular compartments can represent a yield loss.

UDP-glucosyltransferase

The UDP-glucosyltransferase enzyme (i.e., UGTA1, UgtAlp, e.g., 2.4.1.-) performs the first
reaction in the synthesis of sophorolipids. Sophorolipids are a class of biosurfactant molecules
produced by some yeast when exposed to hydrophobic environments. They are made up of
sophorose (2-O-B-D-glucopyranosyl-D-glucopyranose) attached through its anomeric carbon to
an o- or (w-1)-hydroxylated fatty acid of 16 or 18 carbons. The most well-known yeast for
producing sophorolipids is Candida bombicola. The pathway for sophorolipid production in
this yeast proceeds via a step-wise transfer of two glucose molecules to a hydroxy-fatty acid.
The first step is carried out by UgtA lp and the second step by UgtBlp (Saerens KMJ, Roelants
SLKW, VanBogaert INA, Soetaert W (2011) FEMS Yeast Res 11: 123-132; Saerens KMJ,
Zhang J, Sacy L, VanBogacrt INA, Soctacrt W (2011) Yeast 28: 279-292). The stepwise
transfer of glucose from UDP-glucose to the @w-end of the hydroxyl-fatty acid could represent a
yield loss if w-hydroxy fatty acids produced in the first step of ®w—oxidation are pulled into

sophorolipid production rather than diacid production.

Elongase(s)

“Elongase(s)” means those enzyme(s) in an organism that have ability to (i) extend the chain
length of fatty acyl-CoA molecules, as for example converting C-12 to C-16 fatty acyl-CoA
molecules to C16-C18 fatty acids; (ii) elongate palmitoyl-CoA and stearoyl-CoA up to about 22
carbon fatty acids; or (iii) synthesize longer chain carbon fatty acids from shorter chain CoA
primers such as C-18-CoA. In some embodiments, the expression of an elongase is decreased

or knocked out in a fatty dicarboxylic acid producing yeast.

Polynucleotides and Polypeptides
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A nucleic acid (e.g., also referred to herein as nucleic acid reagent, target nucleic acid, target
nucleotide sequence, nucleic acid sequence of interest or nucleic acid region of interest) can be
from any source or composition, such as DNA, cDNA, gDNA (genomic DNA), RNA, siRNA
(short inhibitory RNA), RNAI, tRNA or mRNA, for example, and can be in any form (e.g.,
linear, circular, supercoiled, single-stranded, double-stranded, and the like). A nucleic acid can
also comprise DNA or RNA analogs (e.g., containing base analogs, sugar analogs and/or a non-
native backbone and the like). It is understood that the term “nucleic acid” does not refer to or
infer a specific length of the polynucleotide chain, thus polynucleotides and oligonucleotides
are also included in the definition. Deoxyribonucleotides include deoxyadenosine,

deoxycytidine, deoxyguanosine and deoxythymidine. For RNA, the uracil base is uridine.

A nucleic acid sometimes is a plasmid, phage, autonomously replicating sequence (ARS),
centromere, artificial chromosome, yeast artificial chromosome (e.g., YAC) or other nucleic
acid able to replicate or be replicated in a host cell. In certain embodiments a nucleic acid can
be from a library or can be obtained from enzymatically digested, sheared or sonicated genomic
DNA (e.g., fragmented) from an organism of interest. In some embodiments, nucleic acid
subjected to fragmentation or cleavage may have a nominal, average or mean length of about 5
to about 10,000 base pairs, about 100 to about 1,000 base pairs, about 100 to about 500 base
pairs, or about 10, 15, 20, 25, 30, 35, 40, 45, 50, 55, 60, 65, 70, 75, 80, 85, 90, 95, 100, 200,
300, 400, 500, 600, 700, 800, 900, 1000, 2000, 3000, 4000, 5000, 6000, 7000, 8000, 9000 or
10000 base pairs. Fragments can be generated by any suitable method in the art, and the
average, mean or nominal length of nucleic acid fragments can be controlled by selecting an
appropriate fragment-generating procedure by the person of ordinary skill. In some
embodiments, the fragmented DNA can be size selected to obtain nucleic acid fragments of a

particular size range.

Nucleic acid can be fragmented by various methods known to the person of ordinary skill,
which include without limitation, physical, chemical and enzymic processes. Examples of such
processes are described in U.S. Patent Application Publication No. 20050112590 (published on
May 26, 2005, entitled “Fragmentation-based methods and systems for sequence variation
detection and discovery,” naming Van Den Boom et al.). Certain processes can be selected by
the person of ordinary skill to generate non-specifically cleaved fragments or specifically
cleaved fragments. Examples of processes that can generate non-specifically cleaved fragment

sample nucleic acid include, without limitation, contacting sample nucleic acid with apparatus
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that expose nucleic acid to shearing force (e.g., passing nucleic acid through a syringe needle;
use of a French press); exposing sample nucleic acid to irradiation (e.g., gamma, x-ray, UV
irradiation; fragment sizes can be controlled by irradiation intensity); boiling nucleic acid in
water (e.g., yields about 500 base pair fragments) and exposing nucleic acid to an acid and base

hydrolysis process.

Nucleic acid may be specifically cleaved by contacting the nucleic acid with one or more
specific cleavage agents. The term “specific cleavage agent” as used herein refers to an agent,
sometimes a chemical or an enzyme that can cleave a nucleic acid at one or more specific sites.
Specific cleavage agents often will cleave specifically according to a particular nucleotide
sequence at a particular site. Examples of enzymic specific cleavage agents include without
limitation endonucleases (e.g., DNase (¢.g., DNase I, II); RNase (e.g., RNase E, F, H, P);
Clecavase™ enzyme; Taq DNA polymerase; E. coli DNA polymerasc I and cukaryotic
structure-spccific endonucleases; murine FEN-1 endonucleases; type 1, 11 or 111 restriction
endonucleases such as Acc I, Afl 111, Alu I, Alw44 1, Apa I, Asn I, Ava I, Ava ll, BamH I, Ban
II, Bel I, Bgl 1. Bgl 11, Bin I, Bsm I, BssH II, BstE 11, Cfo I, Cla 1, Dde I, Dpn I, Dra I, EcIX 1,
EcoR I, EcoR 1, EcoR 11, EcoR V, Hae 11, Hae 11, Hind II, Hind 111, Hpa I, Hpa II, Kpn I, Ksp I,
Miu I, MIuN I, Msp I, Nci I, Nco I, Nde I, Nde 11, Nhe I, Not I, Nru I, Nsi I, Pst I, Pvu I, Pvu 11,
Rsal, Sacl, Sall, Sau3A L, Scal, SctF I, Sfil, Sma I, Spe I, Sph I, Ssp I, Stu I, Sty [, Swa I,
Taq I, Xba I, Xho I); glycosylases (e.g., uracil-DNA glycolsylase (UDG), 3-methyladenine
DNA glycosylase, 3-methyladenine DNA glycosylase 11, pyrimidine hydrate-DNA glycosylase,
FaPy-DNA glycosylase, thymine mismatch-DNA glycosylase, hypoxanthine-DNA glycosylase,
5-Hydroxymethyluracil DNA glycosylase (HmUDG), 5-Hydroxymethylcytosine DNA
glycosylase, or 1,N6-etheno-adenine DNA glycosylase); exonucleases (e.g., exonuclease IIT);
ribozymes, and DNAzymes. Sample nucleic acid may be treated with a chemical agent, or
synthesized using modified nucleotides, and the modified nucleic acid may be cleaved. In non-
limiting examples, sample nucleic acid may be treated with (i) alkylating agents such as
methylnitrosourca that gencrate several alkylated bases, including N3-methyladenine and N3-
methylguanine, which are recognized and cleaved by alkyl purine DNA-glycosylase; (i1)
sodium bisulfite, which causes deamination of cytosine residues in DNA to form uracil residues
that can be cleaved by uracil N-glycosylase; and (iii) a chemical agent that converts guanine to
its oxidized form, 8-hydroxyguanine, which can be cleaved by formamidopyrimidine DNA N-
glycosylase. Examples of chemical cleavage processes include without limitation alkylation,

(e.g., alkylation of phosphorothioate-modified nucleic acid); cleavage of acid lability of P3'-
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N5'-phosphoroamidate-containing nucleic acid; and osmium tetroxide and piperidine treatment

of nucleic acid.

As used herein, the term “complementary cleavage reactions” refers to cleavage reactions that
are carried out on the same nucleic acid using different cleavage reagents or by altering the
cleavage specificity of the same cleavage reagent such that alternate cleavage patterns of the
same target or reference nucleic acid or protein are generated. In certain embodiments, nucleic
acids of interest may be treated with one or more specific cleavage agents (e.g., 1, 2, 3,4, 5, 6,
7, 8,9, 10 or more specific cleavage agents) in one or more reaction vessels (e.g., nucleic acid

of interest is treated with each specific cleavage agent in a separate vessel).

A nucleic acid suitable for use in the embodiments described herein sometimes is amplified by
any amplification process known in the art (e.g., PCR, RT-PCR and the like). Nucleic acid
amplification may be particularly beneficial when using organisms that are typically difficult to
culture (e.g., slow growing, require specialize culture conditions and the like). The terms
“amplify”, “amplification”, “amplification reaction”, or “amplifying” as used herein refer to
any in vitro processes for multiplying the copies of a target sequence of nucleic acid.
Amplification sometimes refers to an “exponential” increase in target nucleic acid. However,
“amplifying” as used herein can also refer to linear increases in the numbers of a select target
sequence of nucleic acid, but is different than a one-time, single primer extension step. In some
embodiments, a limited amplification reaction, also known as pre-amplification, can be
performed. Pre-amplification is a method in which a limited amount of amplification occurs
due to a small number of cycles, for example 10 cycles, being performed. Pre-amplification
can allow some amplification, but stops amplification prior to the exponential phase, and
typically produces about 500 copies of the desired nucleotide sequence(s). Use of pre-
amplification may also limit inaccuracies associated with depleted reactants in standard PCR

reactions.

In some embodiments, a nucleic acid reagent sometimes is stably integrated into the
chromosome of the host organism, or a nucleic acid reagent can be a deletion of a portion of the
host chromosome, in certain embodiments (e.g., genetically modified organisms, where
alteration of the host genome confers the ability to selectively or preferentially maintain the
desired organism carrying the genetic modification). Such nucleic acid reagents (e.g., nucleic

acids or genetically modified organisms whose altered genome confers a selectable trait to the
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organism) can be selected for their ability to guide production of a desired protein or nucleic
acid molecule. When desired, the nucleic acid reagent can be altered such that codons encode
for (i) the same amino acid, using a different tRNA than that specified in the native sequence,
or (ii) a different amino acid than is normal, including unconventional or unnatural amino acids
(including detectably labeled amino acids). As described herein, the term “native sequence”
refers to an unmodified nucleotide sequence as found in its natural setting (e.g., a nucleotide

sequence as found in an organism).

A nucleic acid or nucleic acid reagent can comprise certain elements often selected according to
the intended use of the nucleic acid. Any of the following elements can be included in or
excluded from a nucleic acid reagent. A nucleic acid reagent, for example, may include one or
more or all of the following nucleotide elements: one or more promoter elements, one or more
5’ untranslated regions (5’UTRs), one or more regions into which a target nucleotide sequence
may be inscrted (an “insertion clement™), one or more target nucleotide sequences, one or more
3’ untranslated regions (3°’UTRs), and one or more selection elements. A nucleic acid reagent
can be provided with one or more of such elements and other elements may be inserted into the
nucleic acid before the nucleic acid is introduced into the desired organism. In some
embodiments, a provided nucleic acid reagent comprises a promoter, 5’UTR, optional 3’UTR
and insertion element(s) by which a target nucleotide sequence is inserted (i.e., cloned) into the
nucleotide acid reagent. In certain embodiments, a provided nucleic acid reagent comprises a
promoter, insertion element(s) and optional 3°UTR, and a 5° UTR/target nucleotide sequence is
inserted with an optional 3’UTR. The elements can be arranged in any order suitable for
expression in the chosen expression system (e.g., expression in a chosen organism, or
expression in a cell free system, for example), and in some embodiments a nucleic acid reagent
comprises the following elements in the 5° to 3’ direction: (1) promoter element, 5’UTR, and
insertion element(s); (2) promoter element, 5’UTR, and target nucleotide sequence; (3)
promoter element, S’UTR, insertion element(s) and 3’UTR; and (4) promoter element, 5’UTR,
target nucleotide sequence and 3°UTR.

Promofters

A promoter element typically is required for DNA synthesis and/or RNA synthesis. A
promoter element often comprises a region of DNA that can facilitate the transcription of a

particular gene, by providing a start site for the synthesis of RNA corresponding to a gene.
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Promoters generally are located near the genes they regulate, are located upstream of the gene
(e.g., 5’ of the gene), and are on the same strand of DNA as the sense strand of the gene, in
some embodiments. In some embodiments, a promoter element can be isolated from a gene or
organism and inserted in functional connection with a polynucleotide sequence to allow altered
and/or regulated expression. A non-native promoter (e.g., promoter not normally associated
with a given nucleic acid sequence) used for expression of a nucleic acid often is referred to as
a heterologous promoter. In certain embodiments, a heterologous promoter and/or a 5°UTR can
be inserted in functional connection with a polynucleotide that encodes a polypeptide having a
desired activity as described herein. The terms “operably linked” and “in functional connection
with” as used herein with respect to promoters, refer to a relationship between a coding
sequence and a promoter element. The promoter is operably linked or in functional connection
with the coding sequence when expression from the coding sequence via transcription is
regulated, or controlled by, the promoter element. The terms “operably linked” and “in
functional connection with” arc utilized interchangeably herein with respect to promoter

elements.

A promoter often interacts with a RNA polymerase. A polymerase is an enzyme that catalyses
synthesis of nucleic acids using a preexisting nucleic acid reagent. When the template is a
DNA template, an RNA molecule is transcribed before protein is synthesized. Enzymes having
polymerase activity suitable for use in the present methods include any polymerase that is
active in the chosen system with the chosen template to synthesize protein. In some
embodiments, a promoter (¢.g., a heterologous promoter) also referred to herein as a promoter
element, can be operably linked to a nucleotide sequence or an open reading frame (ORF).
Transcription from the promoter element can catalyze the synthesis of an RNA corresponding
to the nucleotide sequence or ORF sequence operably linked to the promoter, which in turn

leads to synthesis of a desired peptide, polypeptide or protein.

Promoter clements sometimes exhibit responsiveness to regulatory control. Promoter elements
also sometimes can be regulated by a selective agent. That is, transcription from promoter
clements sometimes can be turned on, turned off, up-regulated or down-regulated, in response
to a change in environmental, nutritional or internal conditions or signals (e.g., heat inducible
promoters, light regulated promoters, feedback regulated promoters, hormone influenced
promoters, tissue specific promoters, oxygen and pH influenced promoters, promoters that are

responsive to selective agents (e.g., kanamycin) and the like, for example). Promoters
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influenced by environmental, nutritional or internal signals frequently are influenced by a signal
(direct or indirect) that binds at or near the promoter and increases or decreases expression of

the target sequence under certain conditions.

Non-limiting examples of selective or regulatory agents that can influence transcription from a
promoter element used in embodiments described herein include, without limitation, (1) nucleic
acid segments that encode products that provide resistance against otherwise toxic compounds
(c.g., antibiotics); (2) nucleic acid segments that encode products that are otherwise lacking in
the recipient cell (e.g., essential products, tRNA genes, auxotrophic markers); (3) nucleic acid
segments that encode products that suppress the activity of a gene product; (4) nucleic acid
segments that encode products that can be readily identified (e.g., phenotypic markers such as
antibiotics (e.g., P-lactamase), B-galactosidase, green fluorescent protein (GFP), yellow
fluorescent protein (YFP), red fluorescent protein (RFP), cyan fluorescent protcin (CFP), and
cell surface proteins); (5) nucleic acid segments that bind products that arc otherwise
detrimental to cell survival and/or function; (6) nucleic acid segments that otherwise inhibit the
activity of any of the nucleic acid segments described in Nos. 1-5 above (c.g., antisense
oligonucleotides); (7) nucleic acid segments that bind products that modify a substrate (e.g.,
restriction endonucleases); (8) nucleic acid segments that can be used to isolate or identify a
desired molecule (e.g., specific protein binding sites); (9) nucleic acid segments that encode a
specific nucleotide sequence that can be otherwise non-functional (e.g., for PCR amplification
of subpopulations of molecules); (10) nucleic acid segments that, when absent, directly or
indirectly confer resistance or sensitivity to particular compounds; (11) nucleic acid segments
that encode products that either are toxic or convert a relatively non-toxic compound to a toxic
compound (e.g., Herpes simplex thymidine kinase, cytosine deaminase) in recipient cells; (12)
nucleic acid segments that inhibit replication, partition or heritability of nucleic acid molecules
that contain them; and/or (13) nucleic acid segments that encode conditional replication
functions, e.g., replication in certain hosts or host cell strains or under certain environmental
conditions (¢.g., temperature, nutritional conditions, and the like). In some embodiments, the
regulatory or selective agent can be added to change the existing growth conditions to which
the organism is subjected (e.g., growth in liquid culture, growth in a fermenter, growth on solid

nutrient plates and the like for example).

In some embodiments, regulation of a promoter element can be used to alter (e.g., increase, add,

decrease or substantially eliminate) the activity of a peptide, polypeptide or protein (e.g.,
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enzyme activity for example). For example, a microorganism can be engineered by genetic
modification to express a nucleic acid reagent that can add a novel activity (e.g., an activity not
normally found in the host organism) or increase the expression of an existing activity by
increasing transcription from a homologous or heterologous promoter operably linked to a
nucleotide sequence of interest (e.g., homologous or heterologous nucleotide sequence of
interest), in certain embodiments. In some embodiments, a microorganism can be engineered
by genetic modification to express a nucleic acid reagent that can decrease expression of an
activity by decreasing or substantially eliminating transcription from a homologous or
heterologous promoter operably linked to a nucleotide sequence of interest, in certain

embodiments.

In some embodiments the activity can be altered using recombinant DNA and genetic
techniques known to the artisan. Methods for enginecring microorganisms arc further
described herein. Tables herein provide non-limiting lists of ycast promoters that arc up-
regulated by oxygen, yeast promoters that are down-regulated by oxygen, yeast transcriptional
repressors and their associated genes, DNA binding motifs as determined using the MEME
sequence analysis software. Potential regulator binding motifs can be identified using the
program MEME to search intergenic regions bound by regulators for overrepresented
sequences. For each regulator, the sequences of intergenic regions bound with p-values less
than 0.001 were extracted to use as input for motif discovery. The MEME software was run
using the following settings: a motif width ranging from 6 to 18 bases, the “zoops” distribution
model, a 6™ order Markov background model and a discovery limit of 20 motifs. The
discovered sequence motifs were scored for significance by two criteria: an E-value calculated
by MEME and a specificity score. The motif with the best score using each metric is shown for
each regulator. All motifs presented are derived from datasets generated in rich growth
conditions with the exception of a previously published dataset for epitope-tagged Gal4 grown

in galactose.

In some embodiments, the altered activity can be found by screening the organism under
conditions that select for the desired change in activity. For example, certain microorganisms
can be adapted to increase or decrease an activity by selecting or screening the organism in
question on a media containing substances that are poorly metabolized or even toxic. An
increase in the ability of an organism to grow a substance that is normally poorly metabolized

may result in an increase in the growth rate on that substance, for example. A decrease in the
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sensitivity to a toxic substance might be manifested by growth on higher concentrations of the
toxic substance, for example. Genetic modifications that are identified in this manner
sometimes are referred to as naturally occurring mutations or the organisms that carry them can
sometimes be referred to as naturally occurring mutants. Modifications obtained in this manner
are not limited to alterations in promoter sequences. That is, screening microorganisms by
selective pressure, as described above, can yield genetic alterations that can occur in non-
promoter sequences, and sometimes also can occur in sequences that are not in the nucleotide
sequence of interest, but in a related nucleotide sequences (e.g., a gene involved in a different
step of the same pathway, a transport gene, and the like). Naturally occurring mutants
sometimes can be found by isolating naturally occurring variants from unique environments, in

some embodiments.

Homology and Identity

In addition to the regulated promoter sequences, regulatory sequences, and coding
polynucleotides provided herein, a nucleic acid reagent may include a polynucleotide sequence
80% or more identical to the foregoing (or to the complementary sequences). That is, a
nucleotide sequence that is at least 80% or more, 81% or more, 82% or more, 83% or more,
84% or more, §5% or more, 86% or more, 87% or more, 88% or more, 89% or more, 90% or
more, 91% or more, 92% or more, 93% or more, 94% or more, 95% or more, 96% or more,
97% or more, 98% or more, or 99% or more identical to a nucleotide sequence described herein
can be utilized. The term “identical” as used herein refers to two or more nucleotide sequences
having substantially the same nucleotide sequence when compared to each other. One test for
determining whether two nucleotide sequences or amino acids sequences are substantially
identical is to determine the percent of identical nucleotide sequences or amino acid sequences

shared.

Calculations of sequence identity can be performed as follows. Sequences are aligned for
optimal comparison purposes (¢.g., gaps can be introduced in one or both of a first and a second
amino acid or nucleic acid sequence for optimal alignment and non-homologous sequences can
be disregarded for comparison purposes). The length of a reference sequence aligned for
comparison purposes is sometimes 30% or more, 40% or more, 50% or more, often 60% or
more, and more often 70% or more, 80% or more, 90% or more, or 100% of the length of the

reference sequence. The nucleotides or amino acids at corresponding nucleotide or polypeptide
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positions, respectively, are then compared among the two sequences. When a position in the
first sequence is occupied by the same nucleotide or amino acid as the corresponding position
i the second sequence, the nucleotides or amino acids are deemed to be identical at that
position. The percent identity between the two sequences is a function of the number of
identical positions shared by the sequences, taking into account the number of gaps, and the

length of each gap, introduced for optimal alignment of the two sequences.

Comparison of sequences and determination of percent identity between two sequences can be
accomplished using a mathematical algorithm. Percent identity between two amino acid or
nucleotide sequences can be determined using the algorithm of Meyers & Miller, CABIOS 4:
11-17 (1989), which has been incorporated into the ALIGN program (version 2.0), using a
PAM120 weight residue table, a gap length penalty of 12 and a gap penalty of 4. Also, percent
identity between two amino acid sequences can be determined using the Needleman & Wunsch,
J. Mol. Biol. 48: 444-453 (1970) algorithm which has been incorporated into the GAP program
in the GCQG software package, using either a
Blossum 62 matrix or a PAM250 matrix, and a gap weight of 16, 14, 12, 10, 8, 6,0or 4 and a
length weight of 1, 2, 3, 4, 5, or 6. Percent identity between two nucleotide sequences can be
determined using the GAP program in the GCG software package (available at http address
www.gcg.com), using a NWSgapdna.CMP matrix and a gap weight of 40, 50, 60, 70, or 80 and
a length weight of 1, 2, 3, 4, 5, or 6. A set of parameters often used is a Blossum 62 scoring
matrix with a gap open penalty of 12, a gap extend penalty of 4, and a frameshift gap penalty of
5.

Sequence identity can also be determined by hybridization assays conducted under stringent
conditions. As use herein, the term “stringent conditions” refers to conditions for hybridization
and washing. Stringent conditions are known to those skilled in the art and can be found in
Current Protocols in Molecular Biology, John Wiley & Sons, N.Y ., 6.3.1-6.3.6 (1989).
Aqueous and non-aqueous methods are described in that reference and either can be used. An
example of stringent hybridization conditions is hybridization in 6X sodium chloride/sodium
citrate (SSC) at about 45°C, followed by one or more washes in 0.2X SSC, (.1% SDS at 50°C.
Another example of stringent hybridization conditions are hybridization in 6X sodium
chloride/sodium citrate (SSC) at about 45°C, followed by one or more washes in 0.2X SSC,
0.1% SDS at 55°C. A further example of stringent hybridization conditions is hybridization in

6X sodium chloride/sodium citrate (SSC) at about 45°C, followed by one or more washes in
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0.2X S8SC, 0.1% SDS at 60°C. Often, stringent hybridization conditions are hybridization in
6X sodium chloride/sodium citrate (SSC) at about 45°C, followed by one or more washes in
0.2X SSC, 0.1% SDS at 65°C. More often, stringency conditions are 0.5M sodium phosphate,
7% SDS at 65°C, followed by one or more washes at 0.2X SSC, 1% SDS at 65°C.

UTRs

As noted above, nucleic acid reagents may also comprise one or more 5° UTR’s, and one or
more 3’UTR’s. A 5° UTR may comprise one or more elements endogenous to the nucleotide
sequence from which it originates, and sometimes includes one or more exogenous elements. A
5" UTR can originate from any suitable nucleic acid, such as genomic DNA, plasmid DNA,
RNA or mRNA, for example, from any suitable organism (e.g., virus, bacterium, yeast, fungi,
plant, insect or mammal). The artisan may sclect appropriate elements for the 5° UTR based
upon the chosen expression system (¢.g., expression in a chosen organism, or ¢xpression in a
cell free system, for example). A 5° UTR sometimes comprises one or more of the following
elements known to the artisan: enhancer sequences (e.g., transcriptional or translational),
transcription initiation site, transcription factor binding site, translation regulation site,
translation initiation site, translation factor binding site, accessory protein binding site, feedback
regulation agent binding sites, Pribnow box, TATA box, -35 element, E-box (helix-loop-helix
binding element), ribosome binding site, replicon, internal ribosome entry site (IRES), silencer
element and the like. In some embodiments, a promoter element may be isolated such that all
5’ UTR elements necessary for proper conditional regulation are contained in the promoter

element fragment, or within a functional subsequence of a promoter element fragment.

A 5 °UTR in the nucleic acid reagent can comprise a translational enhancer nucleotide
sequence. A translational enhancer nucleotide sequence often is located between the promoter
and the target nucleotide sequence in a nucleic acid reagent. A translational enhancer sequence
often binds to a ribosome, sometimes is an 18S rRNA-binding ribonucleotide sequence (i.c., a
408 ribosome binding sequence) and sometimes is an internal ribosome entry sequence (IRES).
An IRES generally forms an RNA scaffold with precisely placed RNA tertiary structures that
contact a 40S ribosomal subunit via a number of specific intermolecular interactions. Examples
of ribosomal enhancer sequences are known and can be identified by the artisan (e.g., Mignone
et al., Nucleic Acids Research 33: D141-D146 (2005); Paulous et al., Nucleic Acids Research
31: 722-733 (2003); Akbergenov et al., Nucleic Acids Research 32: 239-247 (2004); Mignone
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et al., Genome Biology 3(3): reviews0004.1-0001.10 (2002); Gallie, Nucleic Acids Research
30: 3401-3411 (2002); Shaloiko et al., DOI:
10.1002/bit.20267; and Gallie et al., Nucleic Acids Research 15: 3257-3273 (1987)).

A translational enhancer sequence sometimes is a eukaryotic sequence, such as a Kozak
consensus sequence or other sequence (e.g., hydroid polyp sequence, GenBank accession no.
U07128). A translational enhancer sequence sometimes is a prokaryotic sequence, such as a
Shine-Dalgarno consensus sequence. In certain embodiments, the translational enhancer
sequence is a viral nucleotide sequence. A translational enhancer sequence sometimes is from a
5’ UTR of a plant virus, such as Tobacco Mosaic Virus (TMV), Alfalfa Mosaic Virus (AMV);
Tobacco Etch Virus (ETV); Potato Virus Y (PVY); Turnip Mosaic (poty) Virus and Pea Seed
Borne Mosaic Virus, for example. In certain embodiments, an omega sequence about 67 bases
in length from TMYV is included in the nucleic acid reagent as a translational enhancer sequence
(c.g., devoid of guanosine nucleotides and includes a 25 nucleotide long poly (CAA) central

region).

A 3’ UTR may comprise one or more elements endogenous to the nucleotide sequence from
which it originates and sometimes includes one or more exogenous elements. A 3’ UTR may
originate from any suitable nucleic acid, such as genomic DNA, plasmid DNA, RNA or
mRNA, for example, from any suitable organism (e.g., a virus, bacterium, yeast, fungi, plant,
insect or mammal). The artisan can select appropriate elements for the 3° UTR based upon the
chosen expression system (e.g., expression in a chosen organism, for example). A 3° UTR
sometimes comprises one or more of the following elements known to the artisan: transcription
regulation site, transcription initiation site, transcription termination site, transcription factor
binding site, translation regulation site, translation termination site, translation initiation site,
translation factor binding site, ribosome binding site, replicon, enhancer element, silencer
element and polyadenosine tail. A 3’ UTR often includes a polyadenosine tail and sometimes
does not, and if a polyadenosine tail is present, one or more adenosine moictics may be added
or deleted from it (¢.g., about 5, about 10, about 15, about 20, about 25, about 30, about 35,

about 40, about 45 or about 50 adenosine moicties may be added or subtracted).

In some embodiments, modification of a 5 UTR and/or a 3’ UTR can be used to alter (e.g.,

increase, add, decrease or substantially eliminate) the activity of a promoter. Alteration of the

promoter activity can in turn alter the activity of a peptide, polypeptide or protein (e.g., enzyme
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activity for example), by a change in transcription of the nucleotide sequence(s) of interest from
an operably linked promoter element comprising the modified 5> or 3’ UTR. For example, a
microorganism can be engineered by genetic modification to express a nucleic acid reagent
comprising a modified 5’ or 3° UTR that can add a novel activity (e.g., an activity not normally
found in the host organism) or increase the expression of an existing activity by increasing
transcription from a homologous or heterologous promoter operably linked to a nucleotide
sequence of interest (e.g., homologous or heterologous nucleotide sequence of interest), in
certain embodiments. In some embodiments, a microorganism can be engineered by genetic
modification to express a nucleic acid reagent comprising a modified 5 or 3° UTR that can
decrease the expression of an activity by decreasing or substantially eliminating transcription
from a homologous or heterologous promoter operably linked to a nucleotide sequence of

interest, in certain embodiments.

Target Nucleotide Sequence

A nucleotide reagent sometimes can comprise a target nucleotide sequence. A “target
nucleotide sequence” as used herein encodes a nucleic acid, peptide, polypeptide or protein of
interest, and may be a ribonucleotide sequence or a deoxyribonucleotide sequence. A target
nucleic acid sometimes is an untranslated ribonucleic acid and sometimes is a translated
ribonucleic acid. An untranslated ribonucleic acid may include, but is not limited to, a small
interfering ribonucleic acid (siRNA), a short hairpin ribonucleic acid (shRNA), other
ribonucleic acid capable of RNA interference (RNAI1), an antisense ribonucleic acid, or a
ribozyme. A translatable target nucleotide sequence (e.g., a target ribonucleotide sequence)
sometimes encodes a peptide, polypeptide or protein, which are sometimes referred to herein as

“target peptides,” “target polypeptides” or “target proteins”.

Any peptides, polypeptides or proteins, or an activity catalyzed by one or more peptides,
polypeptides or proteins may be encoded by a target nucleotide sequence and may be selected
by a user. Representative proteins include enzymes (e.g., acetyl-CoA carboxylase, acyl-CoA
oxidase, thioesterase, monooxygenase, monooxygenase reductase, fatty alcohol oxidase,
acyltransferase and the like, for example), antibodies, serum proteins (e.g., albumin), membrane
bound proteins, hormones (¢.g., growth hormone, erythropoietin, insulin, etc.), cytokines, etc.,
and include both naturally occurring and exogenously expressed polypeptides. Representative

activities (e.g., enzymes or combinations of enzymes which are functionally associated to
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provide an activity) include thioesterase activity, monooxygenase activity, monooxygenase
reductase activity, acyltransferase activity, omega hydroxyl fatty acid dehydrogenase activity,
beta-oxidation activity, omega-oxidation activity and the like, for example. The term “enzyme”
as used herein refers to a protein which can act as a catalyst to induce a chemical change in

other compounds, thereby producing one or more products from one or more substrates.

Specific polypeptides (e.g., enzymes) useful for embodiments described herein are listed herein.
The term "protein” as used herein refers to a molecule having a sequence of amino acids linked
by peptide bonds. This term includes fusion proteins, oligopeptides, peptides, cyclic peptides,
polypeptides and polypeptide derivatives, whether native or recombinant, and also includes
fragments, derivatives, homologs, and variants thereof. A protein or polypeptide sometimes is
of intracellular origin (e.g., located in the nucleus, cytosol, or interstitial space of host cells in
vivo) and sometimes is a cell membrane protein in vivo. In some embodiments (described
above, and in further detail hereafter in Engincering and Alteration Mcthods), a genetic
modification can result in a modification (e.g., increase, substantially increase, decrease or

substantially decrease) of a target activity.

A translatable nucleotide sequence generally is located between a start codon (AUG in
ribonucleic acids and ATG in deoxyribonucleic acids) and a stop codon (e.g., UAA (ochre),
UAG (amber) or UGA (opal) in ribonucleic acids and TAA, TAG or TGA in deoxyribonucleic
acids), and sometimes is referred to herein as an “open reading frame” (ORF). A translatable
nucleotide sequence (e.g., ORF) sometimes is encoded differently in one organism (e.g., most
organisms encode CTG as leucine) than in another organism (e.g., C. tropicalis encodes CTG as
serine). In some embodiments, a translatable nucleotide sequence is altered to correct alternate
genetic code (e.g., codon usage) differences between a nucleotide donor organism and an
nucleotide recipient organism (e.g., engineered organism). In certain embodiments, a
translatable nucleotide sequence is altered to improve; (i) codon usage, (ii) transcriptional

cfficiency, (iii) translational efficiency, (iv) the like, and combinations thercof.

Nucleic Acid Reagents & Tools

A nucleic acid reagent sometimes comprises one or more ORFs. An ORF may be from any
suitable source, sometimes from genomic DNA, mRNA, reverse transcribed RNA or

complementary DNA (cDNA) or a nucleic acid library comprising one or more of the
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foregoing, and is from any organism species that contains a nucleic acid sequence of interest,
protein of interest, or activity of interest. Non-limiting examples of organisms from which an
ORF can be obtained include bacteria, yeast, fungi, human, insect, nematode, bovine, equine,

canine, feline, rat or mouse, for example.

A nucleic acid reagent sometimes comprises a nucleotide sequence adjacent to an ORF that is
translated in conjunction with the ORF and encodes an amino acid tag. The tag-encoding
nucleotide sequence is located 3” and/or 5° of an ORF in the nucleic acid reagent, thereby
encoding a tag at the C-terminus or N-terminus of the protein or peptide encoded by the ORF.
Any tag that does not abrogate in vitro transcription and/or translation may be utilized and may
be appropriately selected by the artisan. Tags may facilitate isolation and/or purification of the
desired ORF product from culture or fermentation media.

A tag somctimes specifically binds a molecule or moiety of a solid phase or a detectable label,
for example, thereby having utility for isolating, purifying and/or detecting a protein or peptide
encoded by the ORF. In some embodiments, a tag comprises one or more of the following
elements: FLAG (e.g., DYKDDDDKG), V5 (e.g., GKPIPNPLLGLDST), c-MYC (e.g.,
EQKLISEEDL), HSV (e.g., QPELAPEDPED), influenza hemaglutinin, HA (e.g.,
YPYDVPDYA), VSV-G (e.g., YTDIEMNRLGK), bacterial glutathione-S-transferase, maltose
binding protein, a streptavidin- or avidin-binding tag (e.g., pcDNA™6 BioEase™ Gateway®
Biotinylation System (Invitrogen)), thioredoxin, B-galactosidase, VSV-glycoprotein, a
fluorescent protein (e.g., green fluorescent protein or one of its many color variants (e.g.,
yellow, red, blue)), a polylysine or polyarginine sequence, a polyhistidine sequence (¢.g., His6)
or other sequence that chelates a metal (e.g., cobalt, zinc, copper), and/or a cysteine-rich
sequence that binds to an arsenic-containing molecule. In certain embodiments, a cysteine-rich
tag comprises the amino acid sequence CC-Xn-CC, wherein X is any amino acid and nis 1 to 3,
and the cysteine-rich sequence sometimes is CCPGCC. In certain embodiments, the tag

comprises a cysteine-rich element and a polyhistidine element (¢.g., CCPGCC and His6).

A tag often conveniently binds to a binding partner. For example, some tags bind to an
antibody (e.g., FLLAG) and sometimes specifically bind to a small molecule. For example, a
polyhistidine tag specifically chelates a bivalent metal, such as copper, zinc and cobalt; a
polylysine or polyarginine tag specifically binds to a zinc finger; a glutathione S-transferase tag
binds to glutathione; and a cysteine-rich tag specifically binds to an arsenic-containing

molecule. Arsenic-containing molecules include LUMIO™ agents (Invitrogen, California),
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such as FIAsH™ (EDT2[4',5'-bis(1,3,2-dithioarsolan-2-yl)fluorescein-(1,2-ethanedithiol)2])
and ReAsH reagents (e.g., U.S. Patent 5,932,474 to Tsien et al., entitled “Target Sequences for
Synthetic Molecules;” U.S. Patent 6,054,271 to Tsien et al., entitled “Methods of Using
Synthetic Molecules and Target Sequences;” U.S. Patents 6,451,569 and 6,008,378; published
U.S. Patent Application 2003/0083373, and published PCT Patent Application WO 99/21013,
all to Tsien et al. and all entitled “Synthetic Molecules that Specifically React with Target
Sequences™). Such antibodies and small molecules sometimes are linked to a solid phase for

convenient isolation of the target protein or target peptide.

A tag sometimes comprises a sequence that localizes a translated protein or peptide to a
component in a system, which is referred to as a “signal sequence” or “localization signal
sequence” herein. A signal sequence often is incorporated at the N-terminus of a target protein
or target peptide, and sometimes is incorporated at the C-terminus. Examples of signal
scquences arc known to the artisan, arce readily incorporated into a nucleic acid reagent, and
often are selected according to the organism in which expression of the nucleic acid reagent is
performed. A signal sequence in some embodiments localizes a translated protein or peptide to
a cell membrane. Examples of signal sequences include, but are not limited to, a nucleus
targeting signal (e.g., steroid receptor sequence and N-terminal sequence of SV40 virus large T
antigen); mitochondrial targeting signal (e.g., amino acid sequence that forms an amphipathic
helix); peroxisome targeting signal (e.g., C-terminal sequence in YFG from S.cerevisiae); and a
secretion signal (e.g., N-terminal sequences from invertase, mating factor alpha, PHOS and
SUC2 in S.cerevisiae; multiple N-terminal sequences of B. subtilis proteins (e.g., Tjalsma et al.,
Microbiol.Molec. Biol. Rev. 64: 515-547 (2000)); alpha amylase signal sequence (e.g., U.S.
Patent No. 6,288,302); pectate lyase signal sequence (e.g., U.S. Patent No. 5,846,818);
precollagen signal sequence (e.g., U.S. Patent No. 5,712,114); OmpA signal sequence (e.g.,
U.S. Patent No. 5,470,719), lam beta signal sequence (e.g., U.S. Patent No. 5,389,529); B.
brevis signal sequence (e.g., U.S. Patent No. 5,232,841); and P. pastoris signal sequence (¢.g.,
U.S. Patent No. 5,268,273)).

A tag sometimes is directly adjacent to the amino acid sequence encoded by an ORF (i.e., there
is no intervening sequence) and sometimes a tag is substantially adjacent to an ORF encoded
amino acid sequence (e.g., an intervening sequence is present). An intervening sequence
sometimes includes a recognition site for a protease, which is useful for cleaving a tag from a

target protein or peptide. In some embodiments, the intervening sequence is cleaved by Factor
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Xa (e.g., recognition site I (E/D)GR), thrombin (e.g., recognition site LVPRGS), enterokinase
(e.g., recognition site DDDDK), TEV protease (e.g., recognition site ENLYFQG) or
PreScission™ protease (e.g., recognition site LEVLFQGP), for example.

An intervening sequence sometimes is referred to herein as a “linker sequence,” and may be of
any suitable length selected by the artisan. A linker sequence sometimes is about 1 to about 20
amino acids in length, and sometimes about 5 to about 10 amino acids in length. The artisan
may select the linker length to substantially preserve target protein or peptide function (e.g., a
tag may reduce target protein or peptide function unless separated by a linker), to enhance
disassociation of a tag from a target protein or peptide when a protease cleavage site is present
(c.g., cleavage may be enhanced when a linker is present), and to enhance interaction of a
tag/target protein product with a solid phase. A linker can be of any suitable amino acid
content, and often comprises a higher proportion of amino acids having relatively short side

chains (c.g., glycine, alanine, scrine and threonine).

A nucleic acid reagent sometimes includes a stop codon between a tag element and an insertion
element or ORF, which can be useful for translating an ORF with or without the tag. Mutant
tRNA molecules that recognize stop codons (described above) suppress translation termination
and thereby are designated “suppressor tRNAs.” Suppressor tRNAs can result in the insertion
of amino acids and continuation of translation past stop codons (e.g., U.S. Patent Application
No. 60/587,583, filed July 14, 2004, entitled "Production of Fusion Proteins by Cell-Free
Protein Synthesis,"; Eggertsson, et al., (1988) Microbiological Review 52(3):354-374, and
Engleerg-Kukla, et al. (1996) in Escherichia coli and Salmonella Cellular and Molecular
Biology, Chapter 60, pps 909-921, Neidhardt, et al. eds., ASM Press, Washington, DC). A
number of suppressor tRNAs are known, including but not limited to, supE, supP, supD, supF
and supZ suppressors, which suppress the termination of translation of the amber stop codon;
supB, gIT, supL, supN, supC and supM suppressors, which suppress the function of the ochre
stop codon and glyT, trpT and Su-9 suppressors, which suppress the function of the opal stop
codon. In genecral, suppressor tRNAs contain one or more mutations in the anti-codon loop of
the tRNA that allows the tRNA to base pair with a codon that ordinarily functions as a stop
codon. The mutant tRNA is charged with its cognate amino acid residue and the cognate amino
acid residue is inserted into the translating polypeptide when the stop codon is encountered.
Mutations that enhance the efficiency of termination suppressors (i.c., increase stop codon read-

through) have been identified. These include, but are not limited to, mutations in the uar gene
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(also known as the prfA gene), mutations in the ups gene, mutations in the sueA, sueB and sueC

genes, mutations in the rpsD (ramA) and rpsE (spcA) genes and mutations in the rplL gene.

Thus, a nucleic acid reagent comprising a stop codon located between an ORF and a tag can
yield a translated ORF alone when no suppressor tRNA is present in the translation system, and
can yield a translated ORF-tag fusion when a suppressor tRNA is present in the system.
Suppressor tRNA can be generated in cells transfected with a nucleic acid encoding the tRNA
(e.g., areplication incompetent adenovirus containing the human tRNA-Ser suppressor gene
can be transfected into cells, or a YAC containing a yeast or bacterial tRNA suppressor gene
can be transfected into yeast cells, for example). Vectors for synthesizing suppressor tRNA and
for translating ORFs with or without a tag are available to the artisan (e.g., Tag-On-Demand™
kit (Invitrogen Corporation, California); Tag-On-Demand™ Suppressor Supernatant Instruction
Manual, Version B, 6 June 2003,
Tag-On-Demand™ Gateway® Vector

Instruction Manual, Version B, 20 June, 2003,

and Capone et al., Amber, ochre and opal suppressor

tRNA genes derived from a human serine tRNA gene. EMBO J. 4:213, 1985).

Any convenient cloning strategy known in the art may be utilized to incorporate an element,
such as an ORF, into a nucleic acid reagent. Known methods can be utilized to insert an
element into the template independent of an insertion element, such as (1) cleaving the template
at one or more existing restriction enzyme sites and ligating an element of interest and (2)
adding restriction enzyme sites to the template by hybridizing oligonucleotide primers that
include one or more suitable restriction enzyme sites and amplifying by polymerase chain
reaction (described in greater detail herein). Other cloning strategies take advantage of one or
more insertion sites present or inserted into the nucleic acid reagent, such as an oligonucleotide
primer hybridization site for PCR, for example, and others described herein. In some
embodiments, a cloning strategy can be combined with genetic manipulation such as
recombination (e.g., reccombination of a nucleic acid reagent with a nucleic acid sequence of
interest into the genome of the organism to be modified, as described further herein). In some
embodiments, the cloned ORF(s) can produce (directly or indirectly) a fatty dicarboxylic acid
(e.g., octanedioic acid, decanedioic acid, dodecanedioic acid, tetradecanedioic acid,
hexadecanedioic acid, octadecanedioic acid, eicosanedioic acid), by engineering a

microorganism with one or more ORFs of interest, which microorganism comprises one or
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more altered activities selected from the group consisting of omega hydroxyl fatty acid
dehydrogenase activity, acyl-CoA oxidase activity, acyltransferase activity, thioesterase

activity, monooxygenase activity and monooxygenase reductase activity.

In some embodiments, the nucleic acid reagent includes one or more recombinase insertion
sites. A recombinase insertion site is a recognition sequence on a nucleic acid molecule that
participates in an integration/recombination reaction by recombination proteins. For example,
the recombination site for Cre recombinase is loxP, which is a 34 base pair sequence comprised
of two 13 base pair inverted repeats (serving as the recombinase binding sites) flanking an 8
base pair core sequence (e.g., Figure 1 of Sauer, B., Curr. Opin. Biotech. 5:521-527 (1994)).
Other examples of recombination sites include attB, attP, attL, and attR sequences, and mutants,
fragments, variants and derivatives thereof, which are recognized by the recombination protein
A Int and by the auxiliary proteins integration host factor (IHF), FIS and cxcisionase (Xis) (c.g.,
U.S. Patent Nos. 5,888,732; 6,143,557; 6,171,861; 6,270,969; 6,277,608; and 6,720,140; U.S.
Patent Appln. Nos. 09/517,466, filed March 2, 2000, and 09/732,914, filed August 14, 2003,
and in U.S. patent publication no. 2002-0007051-A1; Landy, Curr. Opin. Biotech. 3:699-707
(1993)).

Examples of recombinase cloning nucleic acids are in Gateway® systems (Invitrogen,
California), which include at least one recombination site for cloning a desired nucleic acid
molecules in vivo or in vitro. In some embodiments, the system utilizes vectors that contain at
least two different site-specific recombination sites, often based on the bacteriophage lambda
system (e.g., att]l and att2), and are mutated from the wild-type (att0) sites. Each mutated site
has a unique specificity for its cognate partner att site (i.e., its binding partner recombination
site) of the same type (for example attB1 with attP1, or attL.1 with attR1) and will not cross-
react with recombination sites of the other mutant type or with the wild-type att0 site. Different
site specificities allow directional cloning or linkage of desired molecules thus providing
desired orientation of the cloned molecules. Nucleic acid fragments flanked by recombination
sites are cloned and subcloned using the Gateway® system by replacing a selectable marker
(for example, ccdB) flanked by att sites on the recipient plasmid molecule, sometimes termed
the Destination Vector. Desired clones are then selected by transformation of a ccdB sensitive
host strain and positive selection for a marker on the recipient molecule. Similar strategies for
negative selection (e.g., use of toxic genes) can be used in other organisms such as thymidine

kinase (TK) in mammals and insects.
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A recombination system useful for engineering yeast is outlined briefly. The system makes use
of the URA3 gene (e.g., for S. cerevisieae and C. albicans, for example) or URA4 and URAS
genes (e.g., for S. pombe, for example) and toxicity of the nucleotide analogue 5-Fluoroorotic
acid (5-FOA). The URA3 or URA4 and URAS genes encode orotine-5’-monophosphate
(OMP) dicarboxylase. Yeast with an active URA3 or URA4 and URAS gene (phenotypically
Ura+t) convert 5-FOA to fluorodeoxyuridine, which is toxic to yeast cells. Yeast carrying a
mutation in the appropriate gene(s) or having a knock out of the appropriate gene(s) can grow

in the presence of 5-FOA, if the media is also supplemented with uracil.

A nucleic acid engincering construct can be made which may comprise the URA3 gene or
cassette (for S. cerevisieae), flanked on either side by the same nucleotide sequence in the same
orientation. The URA3 cassette compriscs a promoter, the URA3 gene and a functional
transcription terminator. Target sequences which direct the construct to a particular nucleic
acid region of interest in the organism to be engineered are added such that the target sequences
are adjacent to and abut the flanking sequences on either side of the URA3J cassette. Yeast can
be transformed with the engineering construct and plated on minimal media without uracil.
Colonies can be screened by PCR to determine those transformants that have the engineering
construct inserted in the proper location in the genome. Checking insertion location prior to
selecting for recombination of the ura3 cassette may reduce the number of incorrect clones
carried through to later stages of the procedure. Correctly inserted transformants can then be
replica plated on minimal media containing 5-FOA to select for recombination of the URA3
cassette out of the construct, leaving a disrupted gene and an identifiable footprint (e.g., nucleic
acid sequence) that can be use to verify the presence of the disrupted gene. The technique
described is useful for disrupting or “knocking out” gene function, but also can be used to insert

genes or constructs into a host organisms genome in a targeted, sequence specific manner.

In certain embodiments, a nucleic acid reagent includes one or more topoisomerase inscrtion
sitcs. A topoisomerase insertion site is a defined nucleotide sequence recognized and bound by
a site-specific topoisomerase. For example, the nucleotide sequence 5'-(C/T)CCTT-3'is a
topoisomerase recognition site bound specifically by most poxvirus topoisomerases, including
vaccinia virus DNA topoisomerase 1. After binding to the recognition sequence, the
topoisomerase cleaves the strand at the 3'-most thymidine of the recognition site to produce a

nucleotide sequence comprising 5'-(C/T)CCTT-PO4-TOPO, a complex of the topoisomerase

74



covalently bound to the 3' phosphate via a tyrosine in the topoisomerase (¢.g., Shuman, J. Biol.
Chem. 266:11372-11379, 1991; Sekiguchi and Shuman, Nucl. Acids Res. 22:5360-5365, 1994;
U.S. Pat. No. 5,766,891; PCT/US95/16099; and PCT/US98/12372). In comparison, the
nucleotide sequence 5'-GCAACTT-3' is a topoisomerase recognition site for type IA E. coli
topoisomerase III. An element to be inserted often is combined with topoisomerase-reacted

template and thereby incorporated into the nucleic acid reagent (e.g.,

TOPO TA Cloning® Kit and Zero Blunt®
TOPO® Cloning Kit product information).
A nucleic acid reagent sometimes contains one or more origin of replication (ORI) elements. In
some embodiments, a template comprises two or more ORIs, where one functions efficiently in
onc organism (c.g., a bactcrium) and another functions cfficiently in another organism (c.g., a
cukaryote, like yeast for example). In some embodiments, an ORI may function cfficiently in
one species (e.g., S. cerevisicae, for example) and another ORI may function efficiently in a
different species (e.g., S. pombe, for example). A nucleic acid reagent also sometimes includes

one or more transcription regulation sites.

A nucleic acid reagent can include one or more selection elements (e.g., elements for selection
of the presence of the nucleic acid reagent, and not for activation of a promoter element which
can be selectively regulated). Selection elements often are utilized using known processes to
determine whether a nucleic acid reagent is included in a cell. In some embodiments, a nucleic
acid reagent includes two or more selection elements, where one functions efficiently in one
organism and another functions efficiently in another organism. Examples of selection
elements include, but are not limited to, (1) nucleic acid segments that encode products that
provide resistance against otherwise toxic compounds (e.g., antibiotics); (2) nucleic acid
segments that encode products that are otherwise lacking in the recipient cell (e.g., essential
products, tRNA genes, auxotrophic markers); (3) nucleic acid segments that encode products
that suppress the activity of a gene product; (4) nucleic acid segments that encode products that
can be readily identified (c.g., phenotypic markers such as antibiotics (e.g., B-lactamase), -
galactosidase, green fluorescent protein (GFP), yellow fluorescent protein (YFP), red
fluorescent protein (RFP), cyan fluorescent protein (CFP), and cell surface proteins); (5) nucleic
acid segments that bind products that are otherwise detrimental to cell survival and/or function;

(6) nucleic acid segments that otherwise inhibit the activity of any of the nucleic acid segments
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described in Nos. 1-5 above (e.g., antisense oligonucleotides); (7) nucleic acid segments that
bind products that modify a substrate (e.g., restriction endonucleases); (8) nucleic acid
segments that can be used to isolate or identify a desired molecule (e.g., specific protein binding
sites); (9) nucleic acid segments that encode a specific nucleotide sequence that can be
otherwise non-functional (e.g., for PCR amplification of subpopulations of molecules); (10)
nucleic acid segments that, when absent, directly or indirectly confer resistance or sensitivity to
particular compounds; (11) nucleic acid segments that encode products that either are toxic or
convert a relatively non-toxic compound to a toxic compound (e.g., Herpes simplex thymidine
kinase, cytosine deaminase) in recipient cells; (12) nucleic acid segments that inhibit
replication, partition or heritability of nucleic acid molecules that contain them; and/or (13)
nucleic acid segments that encode conditional replication functions, ¢.g., replication in certain
hosts or host cell strains or under certain environmental conditions (e.g., temperature,

nutritional conditions, and the like).

A nucleic acid reagent is of any form useful for in vivo transcription and/or translation. A
nucleic acid sometimes is a plasmid, such as a supercoiled plasmid, sometimes is a yeast
artificial chromosome (e.g., YAC), sometimes is a linear nucleic acid (e.g., a linear nucleic acid
produced by PCR or by restriction digest), sometimes is single-stranded and sometimes is
double-stranded. A nucleic acid reagent sometimes is prepared by an amplification process,
such as a polymerase chain reaction (PCR) process or transcription-mediated amplification
process (TMA). In TMA, two enzymes are used in an isothermal reaction to produce
amplification products detected by light emission (sce, e.g., Biochemistry 1996 Jun
25;35(25):8429-38).

Standard PCR processes are known (e.g., U. S. Patent Nos. 4,683,202; 4,683,195; 4,965,188;
and 5,656,493), and generally are performed in cycles. Each cycle includes heat denaturation,
in which hybrid nucleic acids dissociate; cooling, in which primer oligonucleotides hybridize;
and extension of the oligonucleotides by a polymerase (i.¢., Taq polymerase). An example of a
PCR cyclical process is treating the sample at 95 C for 5 minutes; repeating forty-five cycles of
95°C for 1 minute, 59°C for 1 minute, 10 seconds, and 72°C for 1 minute 30 scconds; and then
treating the sample at 72°C for 5 minutes. Multiple cycles frequently are performed using a
commercially available thermal cycler. PCR amplification products sometimes are stored for a
time at a lower temperature (¢.g., at 4 C) and sometimes are frozen (e.g., at 20 C) before

analysis.
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In some embodiments, a nucleic acid reagent, protein reagent, protein fragment reagent or other
reagent described herein is isolated or purified. The term “isolated” as used herein refers to
material removed from its original environment (e.g., the natural environment if it is naturally
occurring, or a host cell if expressed exogenously), and thus is altered "by the hand of man"
from its original environment. The term “purified” as used herein with reference to molecules
does not refer to absolute purity. Rather, “purified” refers to a substance in a composition that
contains fewer substance species in the same class (e.g., nucleic acid or protein species) other
than the substance of interest in comparison to the sample from which it originated. “Purified,”
if a nucleic acid or protein for example, refers to a substance in a composition that contains
fewer nucleic acid species or protein species other than the nucleic acid or protein of interest in
comparison to the sample from which it originated. Sometimes, a protein or nucleic acid is
“substantially pure,” indicating that the protein or nucleic acid represents at least 50% of
protein or nucleic acid on a mass basis of the composition. Often, a substantially pure protein or
nucleic acid is at least 75% on a mass basis of the composition, and sometimes at Ieast 95% on

a mass basis of the composition.

Engineering and Alteration Methods

Methods and compositions (e.g., nucleic acid reagents) described herein can be used to generate
engineered microorganisms. As noted above, the term “engineered microorganism” as used
herein refers to a modified organism that includes one or more activities distinct from an
activity present in a microorganism utilized as a starting point for modification (e.g., host
microorganism or unmodified organism). Engineered microorganisms typically arise as a result
of a genetic modification, usually introduced or selected for, by one of skill in the art using
readily available techniques. Non-limiting examples of methods useful for generating an
altered activity include, introducing a heterologous polynucleotide (e.g., nucleic acid or gene
integration, also referred to as “knock in”), removing an endogenous polynucleotide, altering
the sequence of an existing endogenous nucleic acid sequence ( ¢.g., site-directed mutagenesis),
disruption of an existing endogenous nucleic acid sequence (¢.g., knock outs and transposon or
insertion element mediated mutagenesis), selection for an altered activity where the selection
causes a change in a naturally occurring activity that can be stably inherited (e.g., causes a
change in a nucleic acid sequence in the genome of the organism or in an epigenetic nucleic
acid that is replicated and passed on to daughter cells), PCR-based mutagenesis, and the like.

The term “mutagenesis” as used herein refers to any modification to a nucleic acid (e.g., nucleic
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acid reagent, or host chromosome, for example) that is subsequently used to generate a product
in a host or modified organism. Non-limiting examples of mutagenesis include deletion,
msertion, substitution, rearrangement, point mutations, suppressor mutations and the like.
Mutagenesis methods are known in the art and are readily available to the artisan. Non-limiting
examples of mutagenesis methods are described herein and can also be found in Maniatis, T., E.
F. Fritsch and J. Sambrook (1982) Molecular Cloning: a Laboratory Manual; Cold Spring
Harbor Laboratory, Cold Spring Harbor, N.Y. Another non-limiting example of mutagenesis
can be conducted using a Stratagene (San Diego, CA) “QuickChange” kit according to the

manufacturer’s instructions.

The term "genetic modification” as used herein refers to any suitable nucleic acid addition,
removal or alteration that facilitates production of a target fatty dicarboxylic acid product (e.g.,
scbacic or dodecanedioic acid) in an engineered microorganism. Genetic modifications
include, without limitation, insertion of one or more nuclcotides in a native nucleic acid of a
host organism in one or more locations, deletion of one or more nucleotides in a native nucleic
acid of a host organism in one or more locations, modification or substitution of one or more
nucleotides in a native nucleic acid of a host organism in one or more locations, insertion of a
non-native nucleic acid into a host organism (e.g., insertion of an autonomously replicating

vector), and removal of a non-native nucleic acid in a host organism (e.g., removal of a vector).

The term "heterologous polynucleotide" as used herein refers to a nucleotide sequence not
present in a host microorganism in some embodiments. In certain embodiments, a heterologous
polynucleotide is present in a different amount (e.g., different copy number) than in a host
microorganism, which can be accomplished, for example, by introducing more copies of a
particular nucleotide sequence to a host microorganism (e.g., the particular nucleotide sequence
may be in a nucleic acid autonomous of the host chromosome or may be inserted into a
chromosome). A heterologous polynucleotide is from a different organism in some
embodiments, and in certain embodiments, is from the same type of organism but from an

outside source (¢.g., a recombinant source).

In some embodiments, an organism engineered using the methods and nucleic acid reagents
described herein can produce a fatty dicarboxylic acid (e.g., octanedioic acid, decanedioic acid,
dodecanedioic acid, tetradecanedioic acid, hexadecanedioic acid, octadecanedioic acid,

eicosanedioic acid). In certain embodiments, an engineered microorganism described herein
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that produces a fatty dicarboxylic acid (e.g., octanedioic acid, decanedioic acid, dodecanedioic
acid, tetradecanedioic acid, hexadecanedioic acid, octadecanedioic acid, eicosanedioic acid)
may comprise one ore more altered activities selected from the group consisting of omega oxo
fatty acid dehydrogenase activity, omega hydroxyl fatty acid dehydrogenase activity, fatty acid
synthase activity, acetyl CoA carboxylase activity, acyl-CoA oxidase activity, monooxygenase
activity and monooxygenase reductase activity. In some embodiments, an engineered
microorganism as described herein may comprise a genetic modification that adds or increases
the omega oxo fatty acid dehydrogenase activity, omega hydroxyl fatty acid dehydrogenase
activity, fatty acid synthase activity, acetyl CoA carboxylase activity, acyl-CoA oxidase

activity, monooxygenase activity and monooxygenase reductase activity.

In certain embodiments, an engineered microorganism described herein can comprise an altered
thioesterase activity. In some embodiments, the engineered microorganism may comprise a
genctic alteration that adds or increases a thioesterase activity. In some embodiments, the
engineered microorganism comprising a genetic alteration that adds or increases a thioesterase
activity, may further comprise a heterologous polynucleotide encoding a polypeptide having

thioesterase activity.

The term "altered activity" as used herein refers to an activity in an engineered microorganism
that is added or modified relative to the host microorganism (e.g., added, increased, reduced,
inhibited or removed activity). An activity can be altered by introducing a genetic modification
to a host microorganism that yields an engineered microorganism having added, increased,

reduced, inhibited or removed activity.

An added activity often is an activity not detectable in a host microorganism. An increased
activity generally is an activity detectable in a host microorganism that has been increased in an
engineered microorganism. An activity can be increased to any suitable level for production of
a target fatty dicarboxylic acid product (¢.g., sebacic or dodecanedioic acid), including but not
limited to less than 2-fold (e.g., about 10% increase to about 99% increase; about 20%, 30%,
40%, 50%, 60%, 70%, 80%, 90% increase), 2-fold, 3-fold, 4-fold, 5-fold, 6-fold, 7-fold, 8-fold,
9-fold, of 10-fold increase, or greater than about 10-fold increase. A reduced or inhibited
activity generally is an activity detectable in a host microorganism that has been reduced or
inhibited in an engineered microorganism. An activity can be reduced to undetectable levels in

some embodiments, or detectable levels in certain embodiments. An activity can be decreased
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to any suitable level for production of a target fatty dicarboxylic acid product (e.g., sebacic or
dodecanedioic acid), including but not limited to less than 2-fold (e.g., about 10% decrease to
about 99% decrease; about 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90% decrease), 2-fold, 3-
fold, 4-fold, 5-fold, 6-fold, 7-fold, 8-fold, 9-fold, of 10-fold decrease, or greater than about 10-

fold decrease.

An altered activity sometimes is an activity not detectable in a host organism and is added to an
engineered organism. An altered activity also may be an activity detectable in a host organism
and is increased in an engineered organism. An activity may be added or increased by
increasing the number of copies of a polynucleotide that encodes a polypeptide having a target
activity, in some embodiments. In some embodiments, the activity of a native polypeptide can
be increased by increasing in the modified organism the number of copies of a polynucleotide
that encodes the polypeptide (c.g., introducing 1 to about 100 additional copies of the
polynucleotide (c.g., introducing 1, 2, 3,4,5,6,7,8,9,10, 11, 12, 13, 14, 15, 16, 17, 18, 19,
20, 22, 24, 26, 28, 30 or more additional copies of the polynucleotide). In certain embodiments
an activity can be added or increased by inserting into a host microorganism a polynucleotide
that encodes a heterologous polypeptide having the added activity or encodes a modified
endogenous polypeptide. In such embodiments, 1 to about 100 copies of the polynucleotide can
be introduced (e.g., introducing 1, 2, 3,4, 5,6,7, 8,9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20,
22, 24,26, 28, 30 copies). A "modified endogenous polypeptide" often has an activity different
than an activity of a native polypeptide counterpart (e.g., different catalytic activity and/or
different substrate specificity), and often is active (¢.g., an activity (e.g., substrate turnover) is
detectable). In certain embodiments, an activity can be added or increased by inserting into a
host microorganism a heterologous polynucleotide that is (i) operably linked to another
polynucleotide that encodes a polypeptide having the added activity, and (ii) up regulates
production of the polynucleotide. Thus, an activity can be added or increased by inserting or
modifying a regulatory polynucleotide operably linked to another polynucleotide that encodes a
polypeptide having the target activity. In certain embodiments, an activity can be added or
increased by subjecting a host microorganism to a selective environment and screening for
microorganisms that have a detectable level of the target activity. Examples of a selective
environment include, without limitation, a medium containing a substrate that a host organism

can process and a medium lacking a substrate that a host organism can process.
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An altered activity sometimes is an activity detectable in a host organism and is reduced,
inhibited or removed (i.e., not detectable) in an engineered organism. An activity may be
reduced or removed by decreasing the number of copies of a polynucleotide that encodes a
polypeptide having a target activity, in some embodiments. In some embodiments, an activity
can be reduced or removed by (i) inserting a polynucleotide within a polynucleotide that
encodes a polypeptide having the target activity (disruptive insertion), and/or (ii) removing a
portion of or all of a polynucleotide that encodes a polypeptide having the target activity
(deletion or knock out, respectively). In certain embodiments, an activity can be reduced or
removed by inserting into a host microorganism a heterologous polynucleotide that is (i)
operably linked to another polynucleotide that encodes a polypeptide having the target activity,
and (ii) down regulates production of the polynucleotide. Thus, an activity can be reduced or
removed by inserting or modifying a regulatory polynucleotide operably linked to another

polynucleotide that encodes a polypeptide having the target activity.

An activity also can be reduced or removed by (i) inhibiting a polynucleotide that encodes a
polypeptide having the activity or (ii) inhibiting a polynucleotide operably linked to another
polynucleotide that encodes a polypeptide having the activity. A polynucleotide can be
inhibited by a suitable technique known in the art, such as by contacting an RNA encoded by
the polynucleotide with a specific inhibitory RNA (e.g., RNAi, siRNA, ribozyme). An activity
also can be reduced or removed by contacting a polypeptide having the activity with a molecule
that specifically inhibits the activity (e.g., enzyme inhibitor, antibody). In certain embodiments,
an activity can be reduced or removed by subjecting a host microorganism to a selective
environment and screening for microorganisms that have a reduced level or removal of the

target activity.

In some embodiments, an untranslated ribonucleic acid, or a cDNA can be used to reduce the
expression of a particular activity or enzyme. For example, a microorganism can be engineered
by genetic modification to express a nucleic acid rcagent that reduces the expression of an
activity by producing an RNA molecule that is partially or substantially homologous to a
nucleic acid sequence of interest which encodes the activity of interest. The RNA molecule can
bind to the nucleic acid sequence of interest and inhibit the nucleic acid sequence from
performing its natural function, in certain embodiments. In some embodiments, the RNA may

alter the nucleic acid sequence of interest which encodes the activity of interest in a manner that
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the nucleic acid sequence of interest is no longer capable of performing its natural function

(e.g., the action of a ribozyme for example).

In certain embodiments, nucleotide sequences sometimes are added to, modified or removed
from one or more of the nucleic acid reagent elements, such as the promoter, 5’UTR, target
sequence, or 3’UTR elements, to enhance, potentially enhance, reduce, or potentially reduce
transcription and/or translation before or after such elements are incorporated in a nucleic acid
reagent. In some embodiments, one or more of the following sequences may be modified or
removed if they are present in a 5’"UTR: a sequence that forms a stable secondary structure
(e.g., quadruplex structure or stem loop stem structure (¢.g., EMBL sequences X12949,
AF274954, AF139980, AF152961, S95936, U194144, AF116649 or substantially identical
sequences that form such stem loop stem structures)); a translation initiation codon upstream of
the target nucleotide sequence start codon; a stop codon upstream of the target nucleotide
scquence translation initiation codon; an ORF upstream of the target nucleotide sequence
translation initiation codon; an iron responsive element (IRE) or like sequence; and a 5’
terminal oligopyrimidine tract (TOP, e.g., consisting of 5-15 pyrimidines adjacent to the cap).
A translational enhancer sequence and/or an internal ribosome entry site (IRES) sometimes is
inserted into a 5’UTR (e.g., EMBL nucleotide sequences J04513, X87949, M95825, M12783,
AF025841, AF013263, AF006822, M17169, M 13440, M22427, D14838 and M17446 and

substantially identical nucleotide sequences).

An AU-rich element (ARE, e.g., AUUUA repeats) and/or splicing junction that follows a non-
sense codon sometimes is removed from or modified in a 3°UTR. A polyadenosine tail
sometimes is inserted into a 3’UTR if none is present, sometimes is removed if it is present, and
adenosine moicties sometimes are added to or removed from a polyadenosine tail present in a
3’UTR. Thus, some embodiments are directed to a process comprising: determining whether
any nucleotide sequences that increase, potentially increase, reduce or potentially reduce
translation efficiency are present in the elements, and adding, removing or modifying one or
more of such sequences if they are identified. Certain embodiments are directed to a process
comprising: determining whether any nucleotide sequences that increase or potentially increase
translation efficiency are not present in the elements, and incorporating such sequences into the

nucleic acid reagent.
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In some embodiments, an activity can be altered by modifying the nucleotide sequence of an
ORF. An ORF sometimes is mutated or modified (for example, by point mutation, deletion
mutation, insertion mutation, PCR based mutagenesis and the like) to alter, enhance or increase,
reduce, substantially reduce or eliminate the activity of the encoded protein or peptide. The
protein or peptide encoded by a modified ORF sometimes is produced in a lower amount or
may not be produced at detectable levels, and in other embodiments, the product or protein
encoded by the modified ORF is produced at a higher level (e.g., codons sometimes are
modified so they are compatible with tRNA’s preferentially used in the host organism or
engineered organism). To determine the relative activity, the activity from the product of the
mutated ORF (or cell containing it) can be compared to the activity of the product or protein

encoded by the unmodified ORF (or cell containing it).

In some embodiments, an ORF nucleotide sequence sometimes is mutated or modified to alter
the triplet nucleotide sequences used to encode amino acids (¢.g., amino acid codon triplets, for
example). Modification of the nucleotide sequence of an ORF to alter codon triplets sometimes
is used to change the codon found in the original sequence to better match the preferred codon
usage of the organism in which the ORF or nucleic acid reagent will be expressed. The codon
usage, and therefore the codon triplets encoded by a nucleic acid sequence, in bacteria may be
different from the preferred codon usage in eukaryotes, like yeast or plants for example.
Preferred codon usage also may be different between bacterial species. In certain embodiments
an ORF nucleotide sequences sometimes is modified to eliminate codon pairs and/or eliminate
mRNA secondary structures that can cause pauses during translation of the mRNA encoded by
the ORF nucleotide sequence. Translational pausing sometimes occurs when nucleic acid
secondary structures exist in an mRNA, and sometimes occurs due to the presence of codon
pairs that slow the rate of translation by causing ribosomes to pause. In some embodiments, the
use of lower abundance codon triplets can reduce translational pausing due to a decrease in the
pause time needed to load a charged tRNA into the ribosome translation machinery. Therefore,
to increase transcriptional and translational efficiency in bacteria (¢.g., where transcription and
translation are concurrent, for example) or to increase translational efficiency in eukaryotes
(c.g., where transcription and translation are functionally separated), the nucleotide sequence of
a nucleotide sequence of interest can be altered to better suit the transcription and/or
translational machinery of the host and/or genetically modified microorganism. In certain

embodiments, slowing the rate of translation by the use of lower abundance codons, which slow
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or pause the ribosome, can lead to higher yields of the desired product due to an increase in

correctly folded proteins and a reduction in the formation of inclusion bodies.

Codons can be altered and optimized according to the preferred usage by a given organism by
determining the codon distribution of the nucleotide sequence donor organism and comparing
the distribution of codons to the distribution of codons in the recipient or host organism.
Techniques described herein (e.g., site directed mutagenesis and the like) can then be used to
alter the codons accordingly. Comparisons of codon usage can be done by hand or using

nucleic acid analysis software commercially available to the artisan.

Modification of the nucleotide sequence of an ORF also can be used to correct codon triplet
sequences that have diverged in different organisms. For example, certain yeast (e.g., C.
tropicalis and C. maltosa) use the amino acid triplet CUG (e.g., CTG in the DNA scquence) to
encode serine. CUG typically encodes Icucine in most organisms. In order to maintain the
correct amino acid in the resultant polypeptide or protein, the CUG codon must be altered to
reflect the organism in which the nucleic acid reagent will be expressed. Thus, if an ORF from
a bacterial donor is to be expressed in either Candida yeast strain mentioned above, the
heterologous nucleotide sequence must first be altered or modified to the appropriate leucine
codon. Therefore, in some embodiments, the nucleotide sequence of an ORF sometimes is
altered or modified to correct for differences that have occurred in the evolution of the amino
acid codon triplets between different organisms. In some embodiments, the nucleotide
sequence can be left unchanged at a particular amino acid codon, if the amino acid encoded is a
conservative or neutral change in amino acid when compared to the originally encoded amino

acid.

In some embodiments, an activity can be altered by modifying translational regulation signals,
like a stop codon for example. A stop codon at the end of an ORF sometimes is modified to
another stop codon, such as an amber stop codon described above. In some embodiments, a
stop codon is introduced within an ORF, sometimes by insertion or mutation of an existing
codon. An ORF comprising a modified terminal stop codon and/or internal stop codon often is
translated in a system comprising a suppressor tRNA that recognizes the stop codon. An ORF
comprising a stop codon sometimes is translated in a system comprising a suppressor tRNA that
incorporates an unnatural amino acid during translation of the target protein or target peptide.

Methods for incorporating unnatural amino acids into a target protein or peptide are known,
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which include, for example, processes utilizing a heterologous tRNA/synthetase pair, where the
tRNA recognizes an amber stop codon and is loaded with an unnatural amino acid (e.g., World

Wide Web URL iupac.org/news/prize/2003/wang.pdf).

Depending on the portion of a nucleic acid reagent (e.g., Promoter, 5’ or 3’ UTR, ORI, ORF,
and the like) chosen for alteration (e.g., by mutagenesis, introduction or deletion, for example)
the modifications described above can alter a given activity by (i) increasing or decreasing
feedback inhibition mechanisms, (ii) increasing or decreasing promoter initiation, (iii)
increasing or decreasing translation initiation, (iv) increasing or decreasing translational
efficiency, (v) modifying localization of peptides or products expressed from nucleic acid
reagents described herein, or (vi) increasing or decreasing the copy number of a nucleotide
sequence of interest, (vii) expression of an anti-sense RNA, RNAI, siRNA, ribozyme and the
like. In some embodiments, alteration of a nucleic acid reagent or nucleotide sequence can alter
aregion involved in feedback inhibition (c.g., 5° UTR, promoter and the like). A modification
sometimes is made that can add or enhance binding of a feedback regulator and sometimes a

modification is made that can reduce, inhibit or eliminate binding of a feedback regulator.

In certain embodiments, alteration of a nucleic acid reagent or nucleotide sequence can alter
sequences involved in transcription initiation (e.g., promoters, 5’ UTR, and the like). A
modification sometimes can be made that can enhance or increase initiation from an
endogenous or heterologous promoter element. A modification sometimes can be made that
removes or disrupts sequences that increase or enhance transcription initiation, resulting in a

decrease or elimination of transcription from an endogenous or heterologous promoter element.

In some embodiments, alteration of a nucleic acid reagent or nucleotide sequence can alter
sequences involved in translational initiation or translational efficiency (e.g., 5° UTR, 3’ UTR,
codon triplets of higher or lower abundance, translational terminator sequences and the like, for
cxample). A modification sometimes can be made that can increase or decrease translational
mitiation, modifying a ribosome binding site for example. A modification sometimes can be
made that can increase or decrease translational efficiency. Removing or adding sequences that
form hairpins and changing codon triplets to a more or less preferred codon are non-limiting
examples of genetic modifications that can be made to alter translation initiation and translation

efficiency.
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In certain embodiments, alteration of a nucleic acid reagent or nucleotide sequence can alter
sequences involved in localization of peptides, proteins or other desired products (e.g., a
sebacic acid or dodecanedioic acid, for example). A modification sometimes can be made that
can alter, add or remove sequences responsible for targeting a polypeptide, protein or product to
an intracellular organelle, the periplasm, cellular membranes, or extracellularly. Transport of a
heterologous product to a different intracellular space or extracellularly sometimes can reduce
or climinate the formation of inclusion bodies (e.g., insoluble aggregates of the desired

product).

In some embodiments, alteration of a nucleic acid reagent or nucleotide sequence can alter
sequences involved in increasing or decreasing the copy number of a nucleotide sequence of
interest. A modification sometimes can be made that increases or decreases the number of
copics of an ORF stably integrated into the genome of an organism or on an epigenetic nucleic
acid rcagent. Non-limiting cxamples of alterations that can increase the number of copics of a
sequence of interest include, adding copies of the sequence of interest by duplication of regions
in the genome (c.g., adding additional copies by recombination or by causing gene
amplification of the host genome, for example), cloning additional copies of a sequence onto a
nucleic acid reagent, or altering an ORI to increase the number of copies of an epigenetic
nucleic acid reagent. Non-limiting examples of alterations that can decrease the number of
copies of a sequence of interest include, removing copies of the sequence of interest by deletion
or disruption of regions in the genome, removing additional copies of the sequence from
epigenetic nucleic acid reagents, or altering an ORI to decrease the number of copies of an

epigenetic nucleic acid reagent.

In certain embodiments, increasing or decreasing the expression of a nucleotide sequence of
interest can also be accomplished by altering, adding or removing sequences involved in the
expression of an anti-sense RNA, RNAI, siRNA, ribozyme and the like. The methods
described above can be used to modify expression of anti-sense RNA, RNAI, siRNA, ribozyme
and the like.

The methods and nucleic acid reagents described herein can be used to generate genetically
modified microorganisms with altered activities in cellular processes involved in a fatty
dicarboxylic acid (e.g., octanedioic acid, decanedioic acid, dodecanedioic acid, tetradecanedioic

acid, hexadecanedioic acid, octadecanedioic acid, eicosanedioic acid) synthesis. In some
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embodiments, an engineered microorganism described herein may comprise an increased
number of copies of an endogenous polynucleotide encoding a polypeptide having omega oxo
fatty acid dehydrogenase activity. In certain embodiments, an engineered microorganism
described herein may comprise an increased number of copies of an endogenous polynucleotide
encoding a polypeptide having omega hydroxyl fatty acid dehydrogenase activity. In some
embodiments, an engineered microorganism described herein may comprise a heterologous
polynucleotide encoding a polypeptide having omega oxo fatty acid dehydrogenase activity. In
some embodiments, an engineered microorganism described herein may comprise a
heterologous polynucleotide encoding a polypeptide having omega hydroxyl fatty acid
dehydrogenase activity. In some embodiments, the heterologous polynucleotide can be from a
bacterium. In some embodiments, the bacterium can be an Acinetobacter, Nocardia,

Pseudomonas or Xanthobacter bacterium.

In some embodiments, an engincered microorganism described herein may comprisc a
heterologous polynucleotide encoding a polypeptide having monooxygenase activity. In certain
embodiments, the heterologous polynucleotide can be from a bacterium. In some
embodiments, the bacterium can be a Bacillus bacterium. In certain embodiments, the Bacillus

bacterium is B. megaterium.

In certain embodiments, an engineered microorganism described herein may comprise a genetic
modification that reduces omega hydroxyl fatty acid conversion. In some embodiments, the
genetic modification can reduce omega hydroxyl fatty acid dehydrogenase activity. In certain
embodiments, an engineered microorganism described herein may comprise a genetic
modification that reduces beta-oxidation activity. In some embodiments, the genetic

modification can reduce a target activity described herein.

Engineered microorganisms that produce a fatty dicarboxylic acid (e.g., octanedioic acid,
decanedioic acid, dodecanedioic acid, tetradecanedioic acid, hexadecanedioic acid,
octadecanedioic acid, eicosanedioic acid), as described herein, can comprise an altered
monooxygenase activity, in certain embodiments. In some embodiments, the engineered
microorganism described herein may comprise a genetic modification that alters the
monooxygenase activity. In certain embodiments, the engineered microorganism described
herein can comprise an increase number of copies of an endogenous polynucleotide encoding a

polypeptide having monooxygenase activity. In some embodiments, the engineered
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microorganism described herein can comprise a heterologous polynucleotide encoding a
polypeptide having monooxygenase activity. In certain embodiments, the heterologous
polynucleotide can be from a bacterium. In some embodiments, the bacterium can be a
Bacillus bacterium. In certain embodiments, the Bacillus bacterium is B. megaterium. In some

embodiments, the genetic modification can reduce a polyketide synthase activity.

Engineered microorganisms that produce a fatty dicarboxylic acid (e.g., octanedioic acid,
decanedioic acid, dodecanedioic acid, tetradecanedioic acid, hexadecanedioic acid,
octadecanedioic acid, eicosanedioic acid), as described herein, can comprise an altered
thioesterase activity, in certain embodiments. In some embodiments, the engineered
microorganism may comprise a genetic modification that adds or increases the thioesterase
activity. In certain embodiments, the engineered microorganism may comprise a heterologous

polynucleotide encoding a polypeptide having thiocsterase activity.

In some embodiments, the engineered microorganism with an altered thioesterase activity may
comprise an altered omega oxo fatty acid dehydrogenase activity. In certain embodiments, the
engineered microorganism with an altered thioesterase activity may comprise a genetic
modification that adds or increases omega oxo fatty acid dehydrogenase activity. In some
embodiments, the engineered microorganism may comprise a heterologous polynucleotide
encoding a polypeptide having altered omega oxo fatty acid dehydrogenase activity. In certain
embodiments, the heterologous polynucleotide can be from a bacterium. In some
embodiments, the bacterium can be an Acinetobacter, Nocardia, Pseudomonas or Xanthobacter

bacterium.

Engineered microorganisms that produce a fatty dicarboxylic acid (e.g., octanedioic acid,
decanedioic acid, dodecanedioic acid, tetradecanedioic acid, hexadecanedioic acid,
octadecanedioic acid, eicosanedioic acid), as described herein, can comprise an altered omega
hydroxyl fatty acid dehydrogenase activity. In certain embodiments, the engineered
microorganism may comprisc a genetic modification that adds or increases the omega hydroxyl
fatty acid dehydrogenase activity. In certain embodiments, the engineered microorganism may
comprise a heterologous polynucleotide encoding a polypeptide having altered omega hydroxyl
fatty acid dehydrogenase activity. In some embodiments, the heterologous polynucleotide is
from a bacterium. In certain embodiments, the bacterium can be an Acinetobacter, Nocardia,

Pseudomonas or Xanthobacter bacterium. In some embodiments, the engineered
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microorganism can be a eukaryote. In certain embodiments, the eukaryote can be a yeast. In
some embodiments, the eukaryote may be a fungus. In certain embodiments, the yeast can be a
Candida yeast. In some embodiments, the Candida yeast may be C. tropicalis. In certain
embodiments, the fungus can be a Yarrowia fungus. In some embodiments the Yarrowia
fungus may be Y. lipolytica. In certain embodiments, the fungus can be an Aspergillus fungus.
In some embodiments, the Aspergillus fungus may be A. parasiticus or A. nidulans. In some
embodiments, an engineered microorganism as described above may comprise a genetic
modification that reduces omega hydroxyl fatty acid conversion. In certain embodiments, the
genetic modification can reduce omega hydroxyl fatty acid dehydrogenase activity. In some
embodiments the genetic may reduce beta-oxidation activity. In certain embodiments, the

genetic modification may reduce a target activity described herein.

Engincercd microorganisms can be prepared by altering, introducing or removing nucleotide
scquences in the host genome or in stably maintained epigenctic nucleic acid reagents, as noted
above. The nucleic acid reagents use to alter, introduce or remove nucleotide sequences in the
host genome or epigenetic nucleic acids can be prepared using the methods described herein or

available to the artisan.

Nucleic acid sequences having a desired activity can be isolated from cells of a suitable
organism using lysis and nucleic acid purification procedures described in a known reference
manual (e.g., Maniatis, T., E. F. Fritsch and J. Sambrook (1982) Molecular Cloning: a
Laboratory Manual; Cold Spring Harbor Laboratory, Cold Spring Harbor, N.Y.) or using
commercially available cell lysis and DNA purification reagents and kits. In some
embodiments, nucleic acids used to engineer microorganisms can be provided for conducting
methods described herein after processing of the organism containing the nucleic acid. For
example, the nucleic acid of interest may be extracted, isolated, purified or amplified from a
sample (e.g., from an organism of interest or culture containing a plurality of organisms of
interest, like yeast or bacteria for example). The term “isolated” as used herein refers to nucleic
acid removed from its original environment (¢.g., the natural environment if it is naturally
occurring, or a host cell if expressed exogenously), and thus is altered "by the hand of man”
from its original environment. An isolated nucleic acid generally is provided with fewer non-
nucleic acid components (e.g., protein, lipid) than the amount of components present in a source
sample. A composition comprising isolated sample nucleic acid can be substantially isolated

(e.g., about 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, 99% or greater than 99% free
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of non-nucleic acid components). The term “purified” as used herein refers to sample nucleic
acid provided that contains fewer nucleic acid species than in the sample source from which the
sample nucleic acid is derived. A composition comprising sample nucleic acid may be
substantially purified (e.g., about 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, 99% or
greater than 99% free of other nucleic acid species). The term “amplified” as used herein refers
to subjecting nucleic acid of a cell, organism or sample to a process that linearly or
exponentially generates amplicon nucleic acids having the same or substantially the same
nucleotide sequence as the nucleotide sequence of the nucleic acid in the sample, or portion
thereof. As noted above, the nucleic acids used to prepare nucleic acid reagents as described

herein can be subjected to fragmentation or cleavage.

Amplification of nucleic acids is sometimes necessary when dealing with organisms that are
difficult to culture. Where amplification may be desired, any suitable amplification technique
can be utilized. Non-limiting examples of methods for amplification of polynucleotides
include, polymerase chain reaction (PCR); ligation amplification (or ligase chain reaction
(LCR)); amplification methods based on the use of Q-beta replicase or template-dependent
polymerase (see US Patent Publication Number US20050287592); helicase-dependent
isothermal amplification (Vincent et al., "Helicase-dependent isothermal DNA amplification”.
EMBO reports 5 (8): 795-800 (2004)); strand displacement amplification (SDA); thermophilic
SDA nucleic acid sequence based amplification (3SR or NASBA) and transcription-associated
amplification (TAA). Non-limiting examples of PCR amplification methods include standard
PCR, AFLP-PCR, Allele-specific PCR, Alu-PCR, Asymmetric PCR, Colony PCR, Hot start
PCR, Inverse PCR (IPCR), In situ PCR (ISH), Intersequence-specific PCR (ISSR-PCR), Long
PCR, Multiplex PCR, Nested PCR, Quantitative PCR, Reverse Transcriptase PCR (RT-PCR),
Real Time PCR, Single cell PCR, Solid phase PCR, combinations thereof, and the like.

Reagents and hardware for conducting PCR are commercially available.

Protocols for conducting the various type of PCR listed above are readily available to the
artisan. PCR conditions can be dependent upon primer sequences, target abundance, and the
desired amount of amplification, and therefore, one of skill in the art may choose from a
number of PCR protocols available (see, e.g., U.S. Pat. Nos. 4,683,195 and 4,683,202; and PCR
Protocols: A Guide to Methods and Applications, Innis et al., eds, 1990. PCR often is carried
out as an automated process with a thermostable enzyme. In this process, the temperature of

the reaction mixture is cycled through a denaturing region, a primer-annealing region, and an
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extension reaction region automatically. Machines specifically adapted for this purpose are
commercially available. A non-limiting example of a PCR protocol that may be suitable for
embodiments described herein is, treating the sample at 95°C for 5 minutes; repeating forty-five
cycles of 95°C for 1 minute, 59°C for 1 minute, 10 seconds, and 72°C for 1 minute 30 seconds;
and then treating the sample at 72°C for 5 minutes. Additional PCR protocols are described in
the example section. Multiple cycles frequently are performed using a commercially available
thermal cycler. Suitable isothermal amplification processes known and selected by the person
of ordinary skill in the art also may be applied, in certain embodiments. In some embodiments,
nucleic acids encoding polypeptides with a desired activity can be isolated by amplifying the
desired sequence from an organism having the desired activity using oligonucleotides or

primers designed based on sequences described herein.

Amplified, isolated and/or purified nucleic acids can be cloned into the recombinant DNA
vectors described in Figures herein or into suitable commercially available recombinant DNA
vectors. Cloning of nucleic acid sequences of interest into recombinant DNA vectors can
facilitate further manipulations of the nucleic acids for preparation of nucleic acid reagents,
(e.g., alteration of nucleotide sequences by mutagenesis, homologous recombination,
amplification and the like, for example). Standard cloning procedures (e.g., enzymic digestion,
ligation, and the like) are known (e.g., described in Maniatis, T., E. F. Fritsch and J. Sambrook
(1982) Molecular Cloning: a Laboratory Manual;, Cold Spring Harbor Laboratory, Cold Spring
Harbor, N.Y.).

In some embodiments, nucleic acid sequences prepared by isolation or amplification can be
used, without any further modification, to add an activity to a microorganism and thereby create
a genetically modified or engineered microorganism. In certain embodiments, nucleic acid
sequences prepared by isolation or amplification can be genetically modified to alter (e.g.,
increase or decrease, for example) a desired activity. In some embodiments, nucleic acids, used
to add an activity to an organism, sometimes are genetically modified to optimize the
heterologous polynucleotide sequence encoding the desired activity (e.g., polypeptide or
protein, for example). The term “optimize” as used herein can refer to alteration to increase or
enhance expression by preferred codon usage. The term optimize can also refer to
modifications to the amino acid sequence to increase the activity of a polypeptide or protein,
such that the activity exhibits a higher catalytic activity as compared to the “natural” version of

the polypeptide or protein.
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Nucleic acid sequences of interest can be genetically modified using methods known in the art.
Mutagenesis techniques are particularly useful for small scale (e.g., 1, 2, 5, 10 or more
nucleotides) or large scale (e.g., 50, 100, 150, 200, 500, or more nucleotides) genetic
modification. Mutagenesis allows the artisan to alter the genetic information of an organism in
a stable manner, either naturally (e.g., isolation using selection and screening) or experimentally
by the use of chemicals, radiation or inaccurate DNA replication (e.g., PCR mutagenesis). In
some embodiments, genetic modification can be performed by whole scale synthetic synthesis
of nucleic acids, using a native nucleotide sequence as the reference sequence, and modifying
nucleotides that can result in the desired alteration of activity. Mutagenesis methods sometimes
are specific or targeted to specific regions or nucleotides (¢.g., site-directed mutagenesis, PCR-
based site-directed mutagenesis, and in vitro mutagenesis techniques such as transplacement
and in vivo oligonucleotide site-directed mutagenesis, for example). Mutagenesis methods
somectimes are non-specific or random with respect to the placement of genetic modifications
(c.g., chemical mutagenesis, insertion element (e.g., insertion or transposon elements) and

inaccurate PCR based methods, for example).

Site directed mutagenesis is a procedure in which a specific nucleotide or specific nucleotides
in a DNA molecule are mutated or altered. Site directed mutagenesis typically is performed
using a nucleic acid sequence of interest cloned into a circular plasmid vector. Site-directed
mutagenesis requires that the wild type sequence be known and used a platform for the genetic
alteration. Site-directed mutagenesis sometimes is referred to as oligonucleotide-directed
mutagenesis because the technique can be performed using oligonucleotides which have the
desired genetic modification incorporated into the complement a nucleotide sequence of
interest. The wild type sequence and the altered nucleotide are allowed to hybridize and the
hybridized nucleic acids are extended and replicated using a DNA polymerase. The double
stranded nucleic acids are introduced into a host (e.g., E. coli, for example) and further rounds
of replication are carried out in vivo. The transformed cells carrying the mutated nucleic acid
sequence are then selected and/or screened for those cells carrying the correctly mutagenized
sequence. Cassette mutagenesis and PCR-based site-directed mutagenesis are further
modifications of the site-directed mutagenesis technique. Site-directed mutagenesis can also be
performed in vivo (e.g., transplacement “pop-in pop-out”, In vivo site-directed mutagenesis

with synthetic oligonucleotides and the like, for example).
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PCR-based mutagenesis can be performed using PCR with oligonucleotide primers that contain
the desired mutation or mutations. The technique functions in a manner similar to standard site-
directed mutagenesis, with the exception that a thermocycler and PCR conditions are used to
replace replication and selection of the clones in a microorganism host. As PCR-based
mutagenesis also uses a circular plasmid vector, the amplified fragment (e.g., linear nucleic acid
molecule) containing the incorporated genetic modifications can be separated from the plasmid
containing the template sequence after a sufficient number of rounds of thermocycler
amplification, using standard electrophorectic procedures. A modification of this method uses
linear amplification methods and a pair of mutagenic primers that amplify the entire plasmid.
The procedure takes advantage of the E. coli Dam methylase system which causes DNA
replicated in vivo to be sensitive to the restriction endonucleases Dpnl. PCR synthesized DNA
is not methylated and is therefore resistant to Dpnl. This approach allows the template plasmid
to be digested, lcaving the genetically modified, PCR synthesized plasmids to be isolated and
transformed into a host bacteria for DNA repair and replication, thereby facilitating subsequent
cloning and identification steps. A certain amount of randomness can be added to PCR-based

sited directed mutagenesis by using partially degenerate primers.

Recombination sometimes can be used as a tool for mutagenesis. Homologous recombination
allows the artisan to specifically target regions of known sequence for insertion of heterologous
nucleotide sequences using the host organisms natural DNA replication and repair enzymes.
Homologous recombination methods sometimes are referred to as “pop in pop out”
mutagenesis, transplacement, knock out mutagenesis or knock in mutagenesis. Integration of a
nucleic acid sequence into a host genome is a single cross over event, which inserts the entire
nucleic acid reagent (e.g., pop in). A second cross over event excises all but a portion of the
nucleic acid reagent, leaving behind a heterologous sequence, often referred to as a “footprint™
(e.g., pop out). Mutagenesis by insertion (e.g., knock in) or by double recombination leaving
behind & disrupting heterologous nucleic acid (e.g., knock out) both server to disrupt or “knock
out” the function of the gene or nucleic acid sequence in which insertion occurs. By combining
selectable markers and/or auxotrophic markers with nucleic acid reagents designed to provide
the appropriate nucleic acid target sequences, the artisan can target a selectable nucleic acid
reagent to a specific region, and then select for recombination events that “pop out” a portion of

the inserted (e.g., “pop in”) nucleic acid reagent.
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Such methods take advantage of nucleic acid reagents that have been specifically designed with
known target nucleic acid sequences at or near a nucleic acid or genomic region of interest.
Popping out typically leaves a “foot print” of left over sequences that remain after the
recombination event. The left over sequence can disrupt a gene and thereby reduce or eliminate
expression of that gene. In some embodiments, the method can be used to insert sequences,
upstream or downstream of genes that can result in an enhancement or reduction in expression
of the gene. In certain embodiments, new genes can be introduced into the genome of a host
organism using similar recombination or “pop in” methods. An example of a yeast
recombination system using the ura3 gene and 5-FOA were described briefly above and further

detail is presented herein.

A method for modification is described in Alani et al., “A method for gene disruption that
allows repeated use of URA3 selection in the construction of multiply disrupted yeast strains”,
Genctics 116(4):541-545 August 1987. The original method uses a Ura3 cassette with 1000
base pairs (bp) of the same nucleotide sequence cloned in the same orientation on either side of
the URA3 cassette. Targeting sequences of about 50 bp are added to each side of the construct.
The double stranded targeting sequences are complementary to sequences in the genome of the
host organism. The targeting sequences allow site-specific recombination in a region of
interest. The modification of the original technique replaces the two 1000 bp sequence direct
repeats with two 200 bp direct repeats. The modified method also uses 50 bp targeting
sequences. The modification reduces or eliminates recombination of a second knock out into
the 1000 bp repeat left behind in a first mutagenesis, therefore allowing multiply knocked out
yeast. Additionally, the 200 bp sequences used herein are uniquely designed, self-assembling
sequences that leave behind identifiable footprints. The technique used to design the sequences
incorporate design features such as low identity to the yeast genome, and low identity to each
other. Therefore a library of the self-assembling sequences can be generated to allow multiple
knockouts in the same organism, while reducing or eliminating the potential for integration into

a previous knockout.

As noted above, the URA3 cassette makes use of the toxicity of 5-FOA i yeast carrying a
functional URA3 gene. Uracil synthesis deficient yeast are transformed with the modified
URAJ3 cassette, using standard yeast transformation protocols, and the transformed cells are
plated on minimal media minus uracil. In some embodiments, PCR can be used to verify

correct insertion into the region of interest in the host genome, and certain embodiments the
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PCR step can be omitted. Inclusion of the PCR step can reduce the number of transformants
that need to be counter selected to “pop out” the URAS3 cassette. The transformants (e.g., all or
the ones determined to be correct by PCR, for example) can then be counter-selected on media
containing 5-FOA, which will select for recombination out (e.g., popping out) of the URA3
cassette, thus rendering the yeast ura3 deficient again, and resistant to 5-FOA toxicity.
Targeting sequences used to direct recombination events to specific regions are presented
herein. A modification of the method described above can be used to integrate genes in to the
chromosome, where after recombination a functional gene is left in the chromosome next to the

200bp footprint.

In some embodiments, other auxotrophic or dominant selection markers can be used in place of
URA3 (e.g., an auxotrophic selectable marker), with the appropriate change in selection media
and sclection agents. Auxotrophic selectable markers are uscd in strains deficient for synthesis
of a required biological molecule (¢.g., amino acid or nuclcoside, for example). Non-limiting
examples of additional auxotrophic markers include; HIS3, TRP1, LEU2, LEU2-d, and LYS2.
Certain auxotrophic markers (e.g., URA3 and L.YS2) allow counter selection to select for the
second recombination event that pops out all but one of the direct repeats of the recombination
construct. HIS3 encodes an activity involved in histidine synthesis. TRP1 encodes an activity
involved in tryptophan synthesis. LEU2 encodes an activity involved in leucine synthesis.
LEU2-d is a low expression version of LEU2 that selects for increased copy number (e.g., gene
or plasmid copy number, for example) to allow survival on minimal media without leucine.
LYS2 encodes an activity involved in lysine synthesis, and allows counter selection for

recombination out of the LY S2 gene using alpha-amino adipate (o-amino adipate).

Dominant selectable markers are useful because they also allow industrial and/or prototrophic
strains to be used for genetic manipulations. Additionally, dominant selectable markers provide
the advantage that rich medium can be used for plating and culture growth, and thus growth
rates are markedly increased. Non-limiting examples of dominant selectable markers include;
Tn903 kan', Cm’, Hyg', CUP1, and DHFR. Tn903 kan' encodes an activity involved in
kanamycin antibiotic resistance (e.g., typically neomycin phosphotransferase II or NPTII, for
example). Cm' encodes an activity involved in chloramphenicol antibiotic resistance (e.g.,
typically chloramphenicol acetyl transferase or CAT, for example). Hyg' encodes an activity
involved in hygromycin resistance by phosphorylation of hygromycin B (e.g., hygromycin

phosphotransferase, or HPT). CUP1 encodes an activity involved in resistance to heavy metal
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(e.g., copper, for example) toxicity. DHFR encodes a dihydrofolate reductase activity which

confers resistance to methotrexate and sulfanilamde compounds.

In contrast to site-directed or specific mutagenesis, random mutagenesis does not require any
sequence information and can be accomplished by a number of widely different methods.
Random mutagenesis often is used to create mutant libraries that can be used to screen for the
desired genotype or phenotype. Non-limiting examples of random mutagenesis include;
chemical mutagenesis, UV-induced mutagenesis, insertion element or transposon-mediated

mutagenesis, DNA shuffling, error-prone PCR mutagenesis, and the like.

Chemical mutagenesis often involves chemicals like ethyl methanesulfonate (EMS), nitrous
acid, mitomycin C, N-methyl-N-nitrosourea (MNU), diepoxybutane (DEB), 1, 2, 7, 8-
diepoxyoctanc (DEQ), methyl methane sulfonate (MMS), N-methyl- N’-nitro-N-
nitrosoguanidine (MNNG), 4-nitroquinoline 1-oxide (4-NQQO), 2-methyloxy-6-chloro-9(3-
[ethyl-

2-chloroethyl]-aminopropylamino)-acridinedihydrochloride (ICR-170), 2-amino purine (2AP),
and hydroxylamine (HA), provided herein as non-limiting examples. These chemicals can
cause base-pair subsitutions, frameshift mutations, deletions, transversion mutations, transition
mutations, incorrect replication, and the like. In some embodiments, the mutagenesis can be
carried out in vivo. Sometimes the mutagenic process involves the use of the host organisms
DNA replication and repair mechanisms to incorporate and replicate the mutagenized base or

bases.

Another type of chemical mutagenesis involves the use of base-analogs. The use of base-
analogs cause incorrect base pairing which in the following round of replication is corrected to
a mismatched nucleotide when compared to the starting sequence. Base analog mutagenesis
introduces a small amount of non-randomness to random mutagenesis, because specific base
analogs can be chose which can be incorporated at certain nucleotides in the starting sequence.
Correction of the mispairing typically yields a known substitution. For example, Bromo-
deoxyuridine (BrdU) can be incorporated into DNA and replaces T in the sequence. The host
DNA repair and replication machinery can sometime correct the defect, but sometimes will
mispair the BrdU with a G. The next round of replication then causes a G-C transversion from

the original A-T in the native sequence.
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Ultra violet (UV) induced mutagenesis is caused by the formation of thymidine dimers when
UV light irradiates chemical bonds between two adjacent thymine residues. Excision repair
mechanism of the host organism correct the lesion in the DNA, but occasionally the lesion is

incorrectly repaired typically resulting in a C to T transition.

Insertion element or transposon-mediated mutagenesis makes use of naturally occurring or
modified naturally occurring mobile genetic elements. Transposons often encode accessory
activities in addition to the activities necessary for transposition (¢.g., movement using a
transposase activity, for example). In many examples, transposon accessory activities are
antibiotic resistance markers (e.g., see Tn903 kan' described above, for example). Insertion
elements typically only encode the activities necessary for movement of the nucleic acid
sequence. Insertion element and transposon mediated mutagenesis often can occur randomly,
however specific target sequences arc known for some transposons. Mobile genetic clements
like IS elements or Transposons (Tn) often have inverted repeats, direct repeats or both inverted
and direct repeats flanking the region coding for the transposition genes. Recombination events
catalyzed by the transposase cause the element to remove itself from the genome and move to a
new location, leaving behind a portion of an inverted or direct repeat. Classic examples of
transposons are the “mobile genetic elements” discovered in maize. Transposon mutagenesis
kits are commercially available which are designed to leave behind a 5 codon insert (e.g.,
Mutation Generation System kit, Finnzymes, World Wide Web URL finnzymes.us, for
example). This allows the artisan to identify the insertion site, without fully disrupting the

function of most genes.

DNA shuffling is a method which uses DNA fragments from members of a mutant library and
reshuffles the fragments randomly to generate new mutant sequence combinations. The
fragments are typically generated using DNasel, followed by random annealing and re-joining
using self priming PCR. The DNA overhanging ends, from annealing of random fragments,
provide “primer” sequences for the PCR process. Shuffling can be applied to libraries

generated by any of the above mutagenesis methods.

Error prone PCR and its derivative rolling circle error prone PCR uses increased magnesium
and manganese concentrations in conjunction with limiting amounts of one or two nucleotides
to reduce the fidelity of the Taq polymerase. The error rate can be as high as 2% under

appropriate conditions, when the resultant mutant sequence is compared to the wild type
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starting sequence. After amplification, the library of mutant coding sequences must be cloned
into a suitable plasmid. Although point mutations are the most common types of mutation in
error prone PCR, deletions and frameshift mutations are also possible. There are a number of

commercial error-prone PCR kits available, including those from Stratagene and Clontech .

Rolling circle error-prone PCR is a variant of error-prone PCR in which wild-
type sequence is first cloned into a plasmid, then the whole plasmid is amplified under error-

prone conditions.

As noted above, organisms with altered activities can also be isolated using genetic selection
and screening of organisms challenged on selective media or by identifying naturally occurring
variants from unique environments. For example, 2-Deoxy-D-glucose is a toxic glucose
analog. Growth of ycast on this substance yields mutants that are glucose-deregulated. A
number of mutants have been isolated using 2-Deoxy-D-glucose including transport mutants,
and mutants that ferment glucose and galactose simultaneously instead of glucose first then
galactose when glucose is depleted. Similar techniques have been used to isolate mutant
microorganisms that can metabolize plastics (e.g., from landfills), petrochemicals (e.g., from oil

spills), and the like, either in a laboratory setting or from unique environments.

Similar methods can be used to isolate naturally occurring mutations in a desired activity when
the activity exists at a relatively low or nearly undetectable level in the organism of choice, in
some embodiments. The method generally consists of growing the organism to a specific
density in liquid culture, concentrating the cells, and plating the cells on various concentrations
of the substance to which an increase in metabolic activity is desired. The cells are incubated at
a moderate growth temperature, for 5 to 10 days. To enhance the selection process, the plates
can be stored for another 5 to 10 days at a low temperature. The low temperature sometimes
can allow strains that have gained or increased an activity to continue growing while other
strains are inhibited for growth at the low temperature. Following the initial selection and
secondary growth at low temperature, the plates can be replica plated on higher or lower

concentrations of the selection substance to further select for the desired activity.

A native, heterologous or mutagenized polynucleotide can be introduced into a nucleic acid

reagent for introduction into a host organism, thereby generating an engineered microorganism.

Standard recombinant DNA techniques (restriction enzyme digests, ligation, and the like) can
98
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be used by the artisan to combine the mutagenized nucleic acid of interest into a suitable
nucleic acid reagent capable of (i) being stably maintained by selection in the host organism, or
(i1) being integrating into the genome of the host organism. As noted above, sometimes nucleic
acid reagents comprise two replication origins to allow the same nucleic acid reagent to be
manipulated in bacterial before final introduction of the final product into the host organism
(e.g., yeast or fungus for example). Standard molecular biology and recombinant DNA
methods are known (e.g., described in Maniatis, T., E. F. Fritsch and J. Sambrook (1982)
Molecular Cloning: a Laboratory Manual, Cold Spring Harbor Laboratory, Cold Spring
Harbor, N.Y.).

Nucleic acid reagents can be introduced into microorganisms using various techniques. Non-
limiting examples of methods used to introduce heterologous nucleic acids into various
organisms include; transformation, transfection, transduction, electroporation, ultrasound-
mediated transformation, particle bombardment and the like. In some instances the addition of
carrier molecules (e.g., bis-benzimdazolyl compounds, for example, see US Patent 5595899)
can increase the uptake of DNA in cells typically thought to be difficult to transform by
conventional methods. Conventional methods of transformation are known (e.g., described in
Maniatis, T., E. F. Fritsch and J. Sambrook (1982) Molecular Cloning: a Laboratory Manual,
Cold Spring Harbor Laboratory, Cold Spring Harbor, N.Y.).

Feedstocks, Media, Supplements & Additives

Engineered microorganisms often are cultured under conditions that optimize yield of a fatty
dicarboxylic acid (e.g., an eight to eighteen-carbon fatty dicarboxylic acid). Non-limiting
examples of fatty dicarboxylic acids include suberic acid (i.e., octanedioic acid, 1,8-octanedioic
acid, octanedioic acid, octane-1,8-dioic acid, 1,6-hexanedicarboxylic acid, capryllic diacids),
sebacic acid (i.e., 1,10-decanedioic acid, decanedioic acid, decane-1,10-dioic acid, 1,8-
octanedicarboxylic acid, capric diacid), dodecanedioic acid (i.c., DDDA, 1,12-dodecanedioic
acid, dodecanedioic acid, dodecane-1,12-dioic acid, 1,10-decancdicarboxylic acid,
decamethylenedicaboxylic acid, 1,10-dicarboxydecane, lauric diacid), tetradecanedioic acid
(i.e., TDDA, 1,14-tetradecanedioic acid, tetradecanedioic acid, tetradecane-1,14-dioic acid,
1,12-dodecanedicarboxylic acid, myristic diacid), thapsic acid (i.e., hexadecanedioic acid, 1,16-
hexadecanedioic acid, hexadecanedioic acid, hexadecane-1,16-dioic acid, 1,14-

tetradecanedicarboxylic acid, palmitic diacid), cis-9-hexadecenedioic acid (i.e., palmitoleic
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diacids), octanedioic acid (i.e., 1,18-octadecanedioic acid, octadecanedioic acid, octadecane-
1,18-dioic acid, 1,16-hexadecanedicarboxylic acid, stearic diacid), cis-9-octadecenedioic acid
(i.e., oleic diacids), cis-9,12-octadecenedioic acid (i.e., linoleic diacids), cis-9,12,15-
octadecenedioic acid (i.e., linolenic diacids), arachidic diacid (i.e., eicosanoic diacid, icosanoic
diacid), 11-eicosenoic diacid (i.e., cis-11-eicosenedioic acid), 13-eicosenoic diacids (i.e., cis-
13-eicosenedioic acid), arachidonic diacid (i.e., cis-5,8,11,14-¢icosatetracnedioic acid). Culture
conditions often optimize activity of one or more of the following activities: omega oxo fatty
acid dehydrogenase activity, omega hydroxyl fatty acid dehydrogenase activity, acetyl CoA
carboxylase activity, monooxygenase activity, monooxygenase reductase activity, fatty alcohol
oxidase, acyl-CoA ligase, acyl-CoA oxidase, enoyl-CoA hydratase, 3-hydroxyacyl-CoA
dehydrogenase, and/or acyltransferase (e.g., acetyl-CoA C-acyltransferase) activities. In
general, non-limiting examples of conditions that may be optimized include the type and
amount of carbon source, the type and amount of nitrogen source, the carbon-to-nitrogen ratio,
the oxygen level, growth temperature, pH, length of the biomass production phase, length of

target product accumulation phase, and time of cell harvest.

Culture media generally contain a suitable carbon source. Carbon sources useful for culturing
microorganisms and/or fermentation processes sometimes are referred to as feedstocks. The
term “feedstock” as used herein refers to a composition containing a carbon source that is
provided to an organism, which is used by the organism to produce energy and metabolic
products useful for growth. A feedstock may be a natural substance, a “man-made substance,”
a purified or isolated substance, a mixture of purified substances, a mixture of unpurified
substances or combinations thereof. A feedstock often is prepared by and/or provided to an
organism by a person, and a feedstock often is formulated prior to administration to the
organism. A carbon source may comprise, but is not limited to including, one or more of the
following substances: alkanes, alkenes, mono-carboxylic acids, di-carboxylic acids,
monosaccharides (e.g., also referred to as “saccharides,” which include 6-carbon sugars (¢.g.,
glucose, fructose), 5-carbon sugars (¢.g., xylose and other pentoses) and the like), disaccharides
(c.g., lactose, sucrosc), oligosaccharides (c.g., glycans, homopolymers of a monosaccharide),
polysaccharides (e.g., starch, cellulose, heteropolymers of monosaccharides or mixtures
thereof), sugar alcohols (e.g., glycerol), and renewable feedstocks (e.g., cheese whey permeate,

comsteep liquor, sugar beet molasses, barley malt).
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Carbon sources also can be selected from one or more of the following non-limiting examples:
paraffin (e.g., saturated paraffin, unsaturated paraffin, substituted paraffin, linear paraffin,
branched paraffin, or combinations thereof); alkanes (e.g., dodecane), alkenes or alkynes, each
of which may be linear, branched, saturated, unsaturated, substituted or combinations thereof
(described in greater detail below); linear or branched alcohols (e.g., dodecanol); fatty acids
(e.g., about 1 carbon to about 60 carbons, including free fatty acids such as, without limitation,
caproic acid, capryllic acid, capric acid, lauric acid, myristic acid, palmitic acid, palmitoleic
acid, stearic acid, oleic acid, linoleic acid, linolenic acid), or soap stock, for example; esters
(such as methyl esters, ethyl esters, butyl estes, and the like) of fatty acids including, without
limitation, esters such as methyl caprate, ethyl caprate, methyl laurate, ethyl laurate, methyl
myristate, ethyl myristate, methyl caprolate, ethyl caprolate, ethyl caprillic, methyl caprillic,
methyl palmitate, or ethyl palmitate; monoglycerides; diglycerides; triglycerides,
phospholipids. Non-limiting commercial sources of products for preparing feedstocks include
plants, plant oils or plant products (¢c.g., vegetable oils (¢.g., almond oil, canola oil, cocoa
butter, coconut oil, corn oil, cottonseed oil, flaxseed oil, grape seed oil, illipe, olive oil, palm
oil, palm olein, palm kernel oil, safflower oil, peanut oil, soybean oil, sesame oil, shea nut oil,
sunflower oil walnut oil, the like and combinations thereof) and animal fats (e.g., beef tallow,
butterfat, lard, cod liver oil). A carbon source may include a petroleum product and/or a
petroleum distillate (e.g., diesel, fuel oils, gasoline, kerosene, paraffin wax, paraffin oil,
petrochemicals). In some embodiments, a feedstock comprises petroleum distillate. A carbon
source can be a fatty acid distillate (e.g., a palm oil distillate or corn oil distillate). Fatty acid
distillates can be by-products from the refining of crude plant oils. In some embodiments, a
feedstock comprises a fatty acid distillate.

In some embodiments, a feedstock comprises a soapstock (i.e. soap stock). A widely practiced
method for purifying crude vegetable oils for edible use is the alkali or caustic refining method.
This process employs a dilute aqueous solution of caustic soda to react with the free fatty acids
present which results in the formation of soaps. The soaps together with hydrated phosphatides,
gums and prooxidant metals are typically separated from the refined oil as the heavy phase

discharge from the refining centrifuge and are typically known as soapstock.

A carbon source also may include a metabolic product that can be used directly as a metabolic
substrate in an engineered pathway described herein, or indirectly via conversion to a different
molecule using engineered or native biosynthetic pathways in an engineered microorganism. In

certain embodiments, metabolic pathways can be preferentially biased towards production of a
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desired product by increasing the levels of one or more activities in one or more metabolic
pathways having and/or generating at least one common metabolic and/or synthetic substrate.
In some embodiments, a metabolic byproduct (e.g., fatty acid) of an engineered activity (e.g.,
omega oxidation activity) can be used in one or more metabolic pathways selected from
gluconeogenesis, pentose phosphate pathway, glycolysis, fatty acid synthesis, beta oxidation,
and omega oxidation, to generate a carbon source that can be converted to a fatty dicarboxylic
acid (e.g., octanedioic acid, decanedioic acid, dodecanedioic acid, tetradecanedioic acid,

hexadecanedioic acid, octadecanedioic acid, eicosanedioic acid).

The term “paraffin” as used herein refers to the common name for alkane hydrocarbons,
independent of the source (¢.g., plant derived, petroleum derived, chemically synthesized,
fermented by a microorganism), or carbon chain length. A carbon source sometimes comprises
a paraffin, and in some embodiments, a paraffin is predominant in a carbon source (e.g., about
75%, 80%, 85%, 90% or 95% paraffin). A paraffin sometimes is saturated (e.g., fully
saturated), sometimes includes one or more unsaturations (e.g., about 1,2, 3, 4, 5,6, 7, 8,9, 10
unsaturations) and sometimes is substituted with one or more non-hydrogen substituents. Non-
limiting examples of non-hydrogen substituents include halo, acetyl, =0, =N-CN, =N-OR,
=NR, OR, NR,, SR, SO:R, SO;NR;, NRSO;R, NRCONR;, NRCOOR, NRCOR, CN, COOR,
CONR;, OOCR, COR, and NO,, where each R is independently H, C1-C8 alkyl, C2-C8
heteroalkyl, C1-C8 acyl, C2-C8 heteroacyl, C2-C8 alkenyl, C2-C8 heteroalkenyl, C2-C8
alkynyl, C2-C8 heteroalkynyl, C6-C10 aryl, or C5-C10 heteroaryl, and each R is optionally
substituted with halo, =0, =N-CN, =N-OR’, =NR’, OR’, NR’;, SR’, SO;R’, SO,NR’;,
NR’SO,R’, NR’CONR’;, NR’COOR’, NR’COR’, CN, COOR’, CONR’,, OOCR’, COR’, and
NO,, where each R’ is independently H, C1-C8 alkyl, C2-C8 heteroalkyl, C1-C8 acyl, C2-C8
heteroacyl, C6-C10 aryl or C5-C10 heteroaryl.

In some embodiments a feedstock is selected according to the genotype and/or phenotype of the
engineered microorganism to be cultured. For example, a feedstock rich in 12-carbon fatty
acids, 12-carbon dicarboxylic acids or 12-carbon paraffins, or a mixture of 10, 12 and 14-
carbon compounds can be useful for culturing yeast strains harboring an alteration that partially
blocks beta oxidation by disrupting POX4 activity, as described herein. Non-limiting examples
of carbon sources having 10 to 14 carbons include fats (e.g., coconut oil, palm kernel oil),
paraffins (e.g., alkanes, alkenes, or alkynes) having 10 to 14 carbons, (e.g., dodecane (also

referred to as adakanel2, bihexyl, dihexyl and duodecane); tetradecane), alkene and alkyne
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derivatives), fatty acids (dodecanoic acid, tetradecanoic acid), fatty alcohols (dodecanol,

tetradecanol), the like, non-toxic substituted derivatives or combinations thereof.

A carbon source sometimes comprises an alkyl, alkenyl or alkynyl compound or molecule (e.g.,
a compound that includes an alkyl, alkenyl or alkynyl moiety (e.g., alkane, alkene, alkyne)). In
certain embodiments, an alkyl, alkenyl or alkynyl molecule, or combination thereof, is
predominant in a carbon source (e.g., about 75%, 80%, 85%, 90% or 95% of such molecules).
As used herein, the terms “alkyl,” “alkenyl” and “alkynyl” include straight-chain (referred to
herein as "linear"), branched-chain (referred to herein as "non-linear™), cyclic monovalent
hydrocarbyl radicals, and combinations of these, which contain only C and H atoms when they
arc unsubstituted. Non-limiting examples of alkyl moieties include methyl, ethyl, isobutyl,
cyclohexyl, cyclopentylethyl, 2-propenyl, 3-butynyl, and the like. An alkyl that contains only C
and H atoms and is unsubstituted sometimes is referred to as "saturated." An alkenyl or alkynyl
gencrally is "unsaturated” as it contains onc or more double bonds or triple bonds, respectively.
An alkenyl can include any number of double bonds, such as 1, 2, 3, 4 or 5 double bonds, for
example. An alkynyl can include any number of triple bonds, such as 1, 2, 3, 4 or 5 triple
bonds, for example. Alkyl, alkenyl and alkynyl molecules sometimes contain between about 2
to about 60 carbon atoms (C). For example, an alkyl, alkenyl and alkynyl molecule can include
about 1 carbon atom, about 2 carbon atoms, about 3 carbon atoms, about 4 carbon atoms, about
5 carbon atoms, about 6 carbon atoms, about 7 carbon atoms, about 8 carbon atoms, about 9
carbon atoms, about 10 carbon atoms, about 12 carbon atoms, about 14 carbon atoms, about 16
carbon atoms, about 18 carbon atoms, about 20 carbon atoms, about 22 carbon atoms, about 24
carbon atoms, about 26 carbon atoms, about 28 carbon atoms, about 30 carbon atoms, about 32
carbon atoms, about 34 carbon atoms, about 36 carbon atoms, about 38 carbon atoms, about 40
carbon atoms, about 42 carbon atoms, about 44 carbon atoms, about 46 carbon atoms, about 48
carbon atoms, about 50 carbon atoms, about 52 carbon atoms, about 54 carbon atoms, about 56
carbon atoms, about 58 carbon atoms or about 60 carbon atoms. In some embodiments,
paraffins can have a mean number of carbon atoms of between about 8 to about 18 carbon
atoms (¢.g., about 8 carbon atoms, about 9 carbon atoms, about 10 carbon atoms, about 11
carbon atoms, about 12 carbon atoms, about 13 carbon atoms, about 14 carbon atoms, about 15
carbon atoms, about 16 carbon atoms, about 17 carbon atoms and about 18 carbon atoms). A
single group can include more than one type of multiple bond, or more than one multiple bond.
Such groups are included within the definition of the term “alkenyl” when they contain at least

one carbon-carbon double bond, and are included within the term “alkynyl” when they contain
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at least one carbon-carbon triple bond. Alkyl, alkenyl and alkynyl molecules include molecules
that comprise an alkyl, alkenyl and/or alkynyl moiety, and include molecules that consist of an
alkyl, alkenyl or alkynyl moiety (i.e., alkane, alkene and alkyne molecules). Non-limiting
examples of unsaturated fatty acid feedstocks useful for practicing certain emodiments herein
include oleic acid, linoleic acid, linolenic acid, eicosenoic acid, palmitoleic acid and

arachidonic acid.

Alkyl, alkenyl and alkynyl substituents sometimes contain 1-20C (alkyl) or 2-20C (alkenyl or
alkynyl). They can contain about 8-20C or about 10-20C in some embodiments. A single
group can include more than one type of multiple bond, or more than one multiple bond. Such
groups are included within the definition of the term “alkenyl” when they contain at least one
carbon-carbon double bond, and are included within the term “alkynyl” when they contain at

least one carbon-carbon triple bond.

Alkyl, alkenyl and alkynyl groups or compounds sometimes are substituted to the extent that
such substitution can be synthesized and can exist. Typical substituents include, but are not
limited to, halo, acetyl, =0, =N-CN, =N-OR, =NR, OR, NRj, SR, SO;R, SO;NR,, NRSO,R,
NRCONR;, NRCOOR, NRCOR, CN, COOR, CONR;, OOCR, COR, and NO,, where each R
is independently H, C1-C8 alkyl, C2-C8 heteroalkyl, C1-C8 acyl, C2-C8 heteroacyl, C2-C8
alkenyl, C2-C8 heteroalkenyl, C2-C8 alkynyl, C2-C8 heteroalkynyl, C6-C11 aryl, or C5-C11
heteroaryl, and each R is optionally substituted with halo, =0, =N-CN, =N-OR’, =NR’, OR’,
NR’;, SR’, SO,R’, SO;NR’;, NR’SO;R’, NR’CONR’2, NR’COOR’, NR’COR’, CN, COOR’,
CONR’,, OOCR’, COR’, and NO,, where each R’ is independently H, C1-C8 alkyl, C2-C8
heteroalkyl, C1-C8 acyl, C2-C8 heteroacyl, C6-C10 aryl or C5-C10 heteroaryl. Alkyl, alkenyl
and alkynyl groups can also be substituted by C1-C8 acyl, C2-C8 heteroacyl, C6-C10 aryl or
C5-C10 heteroaryl, each of which can be substituted by the substituents that are appropriate for
the particular group.

“Acetylenc” or "acetyl" substituents are 2-10C alkynyl groups that are optionally substituted,
and are of the formula -C=C-Ri, where Ri is H or C1-C8 alkyl, C2-C8 heteroalkyl, C2-C8
alkenyl, C2-C8 heteroalkenyl, C2-C8 alkynyl, C2-C8 heteroalkynyl, C1-C8 acyl, C2-C8
heteroacyl, C6-C10 aryl, C5-C10 heteroaryl, C7-C12 arylalkyl, or C6-C12 heteroarylalkyl, and

each Ri group is optionally substituted with one or more substituents selected from halo, =0,
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NR’COOR’, NR’COR’, CN, COOR’, CONR’;, OOCR’, COR’, and NO,, where each R’ is
independently H, C1-C6 alkyl, C2-C6 heteroalkyl, C1-C6 acyl, C2-C6 heteroacyl, C6-C10 aryl,
C5-C10 heteroaryl, C7-12 arylalkyl, or C6-12 heteroarylalkyl, each of which is optionally
substituted with one or more groups selected from halo, C1-C4 alkyl, C1-C4 heteroalkyl, C1-
C6 acyl, C1-C6 heteroacyl, hydroxy, amino, and =0, and where two R’ can be linked to form a
3-7 membered ring optionally containing up to three heteroatoms selected from N, O and S. In

some embodiments, Ri of -C=C-Ri is H or Me.

A carbon source sometimes comprises a heteroalkyl, heteroalkenyl and/or heteroalkynyl
molecule or compound (e.g., comprises heteroalkyl, heteroalkenyl and/or heteroalkynyl moiety
(e.g., heteroalkane, heteroalkene or heteroalkyne)). “Heteroalkyl”, “heteroalkenyl”, and
“heteroalkynyl” and the like are defined similarly to the corresponding hydrocarbyl (alkyl,
alkenyl and alkynyl) groups, but the ‘hetero’ terms refer to groups that contain one to three O, S
or N heteroatoms or combinations thercof within the backbone; thus at lcast onc carbon atom of
a corresponding alkyl, alkenyl, or alkynyl group is replaced by one of the specified heteroatoms
to form a heteroalkyl, heteroalkenyl, or heteroalkynyl group. The typical and sizes for
heteroforms of alkyl, alkenyl and alkynyl groups are generally the same as for the
corresponding hydrocarbyl groups, and the substituents that may be present on the heteroforms
are the same as those described above for the hydrocarbyl groups. For reasons of chemical
stability, it is also understood that, unless otherwise specified, such groups do not include more
than two contiguous heteroatoms except where an oxo group is present on N or S as in a nitro

or sulfonyl group.

The term “alkyl” as used herein includes cycloalkyl and cycloalkylalkyl groups and
compounds, the term “cycloalkyl” may be used herein to describe a carbocyclic non-aromatic
compound or group that is connected via a ring carbon atom, and “cycloalkylalkyl” may be
used to describe a carbocyclic non-aromatic compound or group that is connected to a molecule
through an alkyl linker. Similarly, “heterocyclyl” may be used to describe a non-aromatic
cyclic group that contains at lcast onc heteroatom as a ring member and that is conncected to the
molecule via a ring atom, which may be C or N; and “heterocyclylalkyl” may be used to
describe such a group that is connected to another molecule through a linker. The sizes and
substituents that are suitable for the cycloalkyl, cycloalkylalkyl, heterocyclyl, and

heterocyclylalkyl groups are the same as those described above for alkyl groups. As used
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herein, these terms also include rings that contain a double bond or two, as long as the ring is

not aromatic.

A carbon source sometimes comprises an acyl compound or moiety (e.g., compound
comprising an acyl moiety). As used herein, “acyl” encompasses groups comprising an alkyl,
alkenyl, alkynyl, aryl or arylalkyl radical attached at one of the two available valence positions
of a carbonyl carbon atom, and heteroacyl refers to the corresponding groups where at least one
carbon other than the carbonyl carbon has been replaced by a heteroatom chosen from N, O and
S. Thus heteroacyl includes, for example, -C(=0)OR and ~C(=0)NR; as well as —C(=0)-
heteroaryl.

Acyl and heteroacyl groups are bonded to any group or molecule to which they are attached
through the open valence of the carbonyl carbon atom. Typically, they are C1-C8 acyl groups,
which include formyl, acctyl, pivaloyl, and benzoyl, and C2-C8 heteroacyl groups, which
include methoxyacetyl, ethoxycarbonyl, and 4-pyridinoyl. The hydrocarbyl groups, aryl
groups, and heteroforms of such groups that comprise an acyl or heteroacyl group can be
substituted with the substituents described herein as generally suitable substituents for each of

the corresponding component of the acyl or heteroacyl group.

A carbon source sometimes comprises one or more aromatic moieties and/or heteroaromatic
moieties. “Aromatic” moiety or “aryl” moiety refers to a monocyclic or fused bicyclic moiety
having the well-known characteristics of aromaticity; examples include phenyl and naphthyl.
Similarly, “heteroaromatic” and “heteroaryl” refer to such monocyclic or fused bicyclic ring
systems which contain as ring members one or more heteroatoms selected from O, S and N.
The inclusion of a heteroatom permits aromaticity in 5 membered rings as well as 6 membered
rings. Typical heteroaromatic systems include monocyclic C5-C6 aromatic groups such as
pyridyl, pyrimidyl, pyrazinyl, thienyl, furanyl, pyrrolyl, pyrazolyl, thiazolyl, oxazolyl, and
imidazolyl and the fused bicyclic moicties formed by fusing one of these monocyclic groups
with a phenyl ring or with any of the heteroaromatic monocyclic groups to form a C8-C10
bicyclic group such as indolyl, benzimidazolyl, indazolyl, benzotriazolyl, isoquinolyl, quinolyl,
benzothiazolyl, benzofuranyl, pyrazolopyridyl, quinazolinyl, quinoxalinyl, cinnolinyl, and the
like. Any monocyclic or fused ring bicyclic system which has the characteristics of aromaticity
in terms of electron distribution throughout the ring system is included in this definition. It also

includes bicyclic groups where at least the ring which is directly attached to the remainder of
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the molecule has the characteristics of aromaticity. Typically, the ring systems contain 5-12
ring member atoms. The monocyclic heteroaryls sometimes contain 5-6 ring members, and the

bicyclic heteroaryls sometimes contain 8-10 ring members.

Aryl and heteroaryl moieties may be substituted with a variety of substituents including C1-C8
alkyl, C2-C8 alkenyl, C2-C8 alkynyl, C5-C12 aryl, C1-C8 acyl, and heteroforms of these, each
of which can itself be further substituted; other substituents for aryl and heteroaryl moieties
include halo, OR, NR;, SR, SO;R, SO,NR;, NRSO;R, NRCONR;,, NRCOOR, NRCOR, CN,
COOR, CONR;,, OOCR, COR, and NO,, where each R is independently H, C1-C8 alkyl, C2-
C8 heteroalkyl, C2-C8 alkenyl, C2-C8 heteroalkenyl, C2-C8 alkynyl, C2-C8 heteroalkynyl, C6-
C10 aryl, C5-C10 heteroaryl, C7-C12 arylalkyl, or C6-C12 heteroarylalkyl, and each R is
optionally substituted as described above for alkyl groups. The substituent groups on an aryl or
heteroaryl group may be further substituted with the groups described herein as suitable for
cach type of such substituents or for cach component of the substituent. Thus, for example, an
arylalkyl substituent may be substituted on the aryl portion with substituents typical for aryl
groups, and it may be further substituted on the alkyl portion with substituents as typical or
suitable for alkyl groups.

Similarly, “arylalkyl” and “heteroarylalkyl” refer to aromatic and heteroaromatic ring systems,
which are stand-alone molecules (e.g., benzene or substituted benzene, pyridine or substituted
pyridine), or which are bonded to an attachment point through a linking group such as an
alkylene, including substituted or unsubstituted, saturated or unsaturated, cyclic or acyclic
linkers. A linker often is C1-C8 alkyl or a hetero form thereof. These linkers also may include
a carbonyl group, thus making them able to provide substituents as an acyl or heteroacyl
moiety. An aryl or heteroaryl ring in an arylalkyl or heteroarylalkyl group may be substituted
with the same substituents described above for aryl groups. An arylalkyl group sometimes
includes a phenyl ring optionally substituted with the groups defined above for aryl groups and
a C1-C4 alkylene that is unsubstituted or is substituted with one or two C1-C4 alkyl groups or
heteroalkyl groups, where the alkyl or heteroalkyl groups can optionally cyclize to form a ring
such as cyclopropane, dioxolane, or oxacyclopentane. Similarly, a heteroarylalkyl group often
includes a C5-C6 monocyclic heteroaryl group optionally substituted with one or more of the
groups described above as substituents typical on aryl groups and a C1-C4 alkylene that is
unsubstituted. A heteroarylalkyl group sometimes is substituted with one or two C1-C4 alkyl
groups or heteroalkyl groups, or includes an optionally substituted phenyl ring or C5-C6
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monocyclic heteroaryl and a C1-C4 heteroalkylene that is unsubstituted or is substituted with
one or two C1-C4 alkyl or heteroalkyl groups, where the alkyl or heteroalkyl groups can

optionally cyclize to form a ring such as cyclopropane, dioxolane, or oxacyclopentane.

Where an arylalkyl or heteroarylalkyl group is described as optionally substituted, the
substituents may be on the alkyl or heteroalkyl portion or on the aryl or heteroaryl portion of
the group. The substituents optionally present on the alkyl or heteroalkyl portion sometimes are
the same as those described above for alkyl groups, and the substituents optionally present on
the aryl or heteroaryl portion often are the same as those described above for aryl groups

generally.

“Arylalkyl” groups as used herein are hydrocarbyl groups if they are unsubstituted, and are
described by the total number of carbon atoms in the ring and alkylene or similar linker. Thus a

benzyl group is a C7-arylalkyl group, and phenylcethyl is a C8-arylalkyl.

“Heteroarylalkyl” as described above refers to a moiety comprising an aryl group that is
attached through a linking group, and differs from “arylalkyl” in that at least one ring atom of
the aryl moiety or one atom in the linking group is a heteroatom selected from N, O and S. The
heteroarylalkyl groups are described herein according to the total number of atoms in the ring
and linker combined, and they include aryl groups linked through a heteroalkyl linker;
heteroaryl groups linked through a hydrocarbyl linker such as an alkylene; and heteroaryl
groups linked through a heteroalkyl linker. Thus, for example, C7-heteroarylalkyl includes
pyridylmethyl, phenoxy, and N-pyrrolylmethoxy.

“Alkylene” as used herein refers to a divalent hydrocarbyl group. Because an alkylene is
divalent, it can link two other groups together. An alkylene often is referred to as -(CHy)n-
where n can be 1-20, 1-10, 1-8, or 1-4, though where specified, an alkylene can also be
substituted by other groups, and can be of other lengths, and the open valences need not be at
opposite ends of a chain. Thus -CH(Me¢)- and —~C(Me),- may also be referred to as alkylenes,
as can a cyclic group such as cyclopropan-1,1-diyl. Where an alkylene group is substituted, the

substituents include those typically present on alkyl groups as described herein.

In some embodiments, a feedstock includes a mixture of carbon sources, where each carbon

source in the feedstock is selected based on the genotype of the engineered microorganism. In
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certain embodiments, a mixed carbon source feedstock includes one or more carbon sources
selected from sugars, cellulose, alkanes, fatty acids, triacylglycerides, paraffins, the like and

combinations thereof.

Nitrogen may be supplied from an inorganic (e.g., (NH.sub.4).sub.250.sub.4) or organic source
(e.g., urea or glutamate). In addition to appropriate carbon and nitrogen sources, culture media
also can contain suitable minerals, salts, cofactors, buffers, vitamins, metal ions (e.g.,
Mn.sup.+2, Co.sup.+2, Zn.sup.+2, Mg.sup.+2) and other components suitable for culture of

microorganisms.

Engineered microorganisms sometimes are cultured in complex media (e.g., yeast extract-
peptone-dextrose broth (YPD)). In some embodiments, engineered microorganisms are
cultured in a defined minimal media that lacks a component necessary for growth and thereby
forces sclection of a desired expression cassctte (c.g., Yeast Nitrogen Base (DIFCO

Laboratories, Detroit, Michigan)).

Culture media in some embodiments are common commercially prepared media, such as Yeast
Nitrogen Base (DIFCO Laboratories, Detroit, Michigan). Other defined or synthetic growth
media may also be used and the appropriate medium for growth of the particular microorganism
are known. A variety of host organisms can be selected for the production of engineered
microorganisms. Non-limiting examples include yeast (e.g., Candida tropicalis (e.g.,
ATCC20336, ATCC20913, ATCC20962), Yarrowia lipolytica (e.g., ATCC20228)) and
filamentous fungi (e.g., Aspergillus nidulans (e.g., ATCC38164) and Aspergillus parasiticus
(e.g., ATCC 24690)). In specific embodiments, yeast are cultured in YPD media (10 g/L Bacto
Yeast Extract, 20 g/L Bacto Peptone, and 20 g/L Dextrose). Filamentous fungi, in particular
embodiments, are grown in CM (Complete Medium) containing 10 g/L Dextrose, 2 g/L Bacto
Peptone, 1g/L BactToM Yeast Extract, 1 g/l Casamino acids, 50 mL /L 20X Nitrate Salts (120 g/L
NaNOs, 10.4 g/L KCl, 10.4 g/ MgS047 H,0 ), 1 mL/L 1000X Trace Elements (22 g/L
ZnS047 H,0, 11 g/L H3BO;, 5 g/L MnCl,-7 H,0, 5 g/L FeS04-7 H,0, 1.7 g/L CoCl,-6 H,0,
1.6 g/l CuSO4«'5 H20, 1.5 g/L. Na;MoO42 Hy0, and 50 g/I. Na4EDTA), and 1 mL/L. Vitamin
Solution (100 mg each of Biotin, pyridoxine, thiamine, riboflavin, p-aminobenzoic acid, and

nicotinic acid in 100 mL water).
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In those embodiments in which a feedstock comprising an unsaturated fatty acid or ester therof
is employed, the resulting diacid may be unsaturated as well. If a saturated diacid is desired as
the final product, the unsaturated diacid may be hydrogenated to remove one or all carbon-
carbon double bonds. Hydrogenation may be accomplished using methods known in the art.
The addition of hydrogen across the double bond can be accomplished with metallic chemical
catalysts, non-metallic chemical catalysts, or enzymatic catalysts. The source of hydrogen may
be molecular hydrogen in the case of chemical catalysis or enzymatic cofactors (ie. NADH,

NADPH, FADH,;) in the case of enzymatic catalysis.

Catalytic hydrogenation with metallic catalysts may take advantage of many different types of
catalysts. The metal may be platinum, palladium, rhodium, ruthenium, nickel, or other metals.
The catalysts may be homogenous or heterogeneous catalysts. Elevated temperatures and
pressures may be employed to increase the reaction rate. Catalytic hydrogenation may also

occur with nonmetallic catalysts such as frustrated Lewis pair compounds.

Enzymatic hydrogenation may occur i vivo or in vitro with native or engineered enzymes that
catalyze redox reactions that use unsaturated diacids or fatty acids as a substrate or a product.
Examples of such enzymes are acyl-CoA dehydrogenase (EC# 1.3.1.8), trans-2-enoyl-CoA
reductase (EC# 1.3.1.44), or stearoyl-CoA 9-desaturase (EC# 1.14.19.1). In some instances, the
desired reaction producing a saturated diacid may actually require the enzyme to operate in the
reverse direction from its normal in vivo reaction; such reversal can be accomplished via

genetic manipulation of the enzyme.

Growth Conditions & Fermentation

A suitable pH range for the fermentation often is between about pH 4.0 to about pH 8.0, where
a pH in the range of about pH 5.5 to about pH 7.0 sometimes is utilized for initial culture
conditions. Depending on the host organism, culturing may be conducted under acrobic or
anacrobic conditions, where microacrobic conditions sometimes arc maintained. A two-stage
process may be utilized, where one stage promotes microorganism proliferation and another
state promotes production of target molecule. In a two-stage process, the first stage may be
conducted under aerobic conditions (e.g., introduction of air and/or oxygen) and the second
stage may be conducted under anaerobic conditions (e.g., air or oxygen are not introduced to

the culture conditions). In some embodiments, the first stage may be conducted under
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anaerobic conditions and the second stage may be conducted under aerobic conditions. In
certain embodiments, a two-stage process may include two more organisms, where one
organism generates an intermediate product in one stage and another organism processes the
intermediate product into a target fatty dicarboxylic acid product (e.g., sebacic or dodecanedioic

acid) in another stage, for example.

A variety of fermentation processes may be applied for commercial biological production of a
target fatty dicarboxylic acid product. In some embodiments, commercial production of a
target fatty dicarboxylic acid product from a recombinant microbial host is conducted using a

batch, fed-batch or continuous fermentation process, for example.

A batch fermentation process often is a closed system where the media composition is fixed at
the beginning of the process and not subject to further additions beyond those required for
maintenance of pH and oxygen level during the process. At the beginning of the culturing
process the media is inoculated with the desired organism and growth or metabolic activity is
permitted to occur without adding additional sources (i.e., carbon and nitrogen sources) to the
medium. In batch processes the metabolite and biomass compositions of the system change
constantly up to the time the culture is terminated. In a typical batch process, cells proceed
through a static lag phase to a high-growth log phase and finally to a stationary phase, wherein
the growth rate is diminished or halted. Left untreated, cells in the stationary phase will

eventually die.

A variation of the standard batch process is the fed-batch process, where the carbon source is
continually added to the fermentor over the course of the fermentation process. Fed-batch
processes are useful when catabolite repression is apt to inhibit the metabolism of the cells or
where it is desirable to have limited amounts of carbon source in the media at any one time.
Measurement of the carbon source concentration in fed-batch systems may be estimated on the
basis of the changes of measurable factors such as pH, dissolved oxygen and the partial

pressure of waste gases (¢.g., CO.sub.2).

Batch and fed-batch culturing methods are known in the art. Examples of such methods may be
found in Thomas D. Brock in Biotechnology: A Textbook of Industrial Microbiology, 2.sup.nd

ed., (1989) Sinauer Associates Sunderland, Mass. and Deshpande, Mukund V., Appl. Biochem.
Biotechnol., 36:227 (1992).
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In continuous fermentation process a defined media often is continuously added to a bioreactor
while an equal amount of culture volume is removed simultaneously for product recovery.
Continuous cultures generally maintain cells in the log phase of growth at a constant cell
density. Continuous or semi-continuous culture methods permit the modulation of one factor or
any number of factors that affect cell growth or end product concentration. For example, an
approach may limit the carbon source and allow all other parameters to moderate metabolism.
In some systems, a number of factors affecting growth may be altered continuously while the
cell concentration, measured by media turbidity, is kept constant. Continuous systems often
maintain steady state growth and thus the cell growth rate often is balanced against cell loss due
to media being drawn off the culture. Methods of modulating nutrients and growth factors for
continuous culture processes, as well as techniques for maximizing the rate of product

formation, are known and a variety of methods are detailed by Brock, supra.

In some embodiments involving fermentation, the fermentation can be carried out using two or
more microorganisms (e.g., host microorganism, engineered microorganism, isolated naturally
occurring microorganism, the like and combinations thereof), where a feedstock is partially or
completely utilized by one or more organisms in the fermentation (e.g., mixed fermentation),
and the products of cellular respiration or metabolism of one or more organisms can be further
metabolized by one or more other organisms to produce a desired target product (e.g., sebacic
acid, dodecanedioic acid, hexanoic acid). In certain embodiments, each organism can be
fermented independently and the products of cellular respiration or metabolism purified and
contacted with another organism to produce a desired target product. In some embodiments,
one or more organisms are partially or completely blocked in a metabolic pathway (e.g., beta
oxidation, omega oxidation, the like or combinations thereof), thereby producing a desired
product that can be used as a feedstock for one or more other organisms. Any suitable
combination of microorganisms can be utilized to carry out mixed fermentation or sequential

fermentation.

Enhanced Fermentation Processes

It has been determined that certain feedstock components are toxic to, or produce a by-product

(e.g., metabolite) that is toxic to, yeast utilized in a fermentation process for the purpose of
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producing a target product (e.g., a C4 to C24 diacid). A toxic component or metabolite from a

feedstock sometimes is utilized by the yeast to produce a target product (e.g., target molecule).

In some instances, a fatty acid component having 12 carbons (i.e., C12) or fewer carbons can be
toxic to yeast. Components that are not free fatty acids, but are processed by yeast to a fatty
acid having twelve or fewer carbons, also can have a toxic effect. Non-limiting examples of
such components are esters of fatty acids (e.g., methyl esters) that are processed by yeast into a
fatty acid having twelve or fewer carbons. Feedstocks containing molecules that are directly
toxic, or indirectly toxic by conversion of a non-toxic component to a toxic metabolite, are
collectively referred to as "toxic feedstocks" and "toxic components." Providing yeast with a
feedstock that comprises or delivers one or more toxic components can reduce the viability of

the yeast and/or reduce the amount of target product produced by the yeast.

In some embodiments, a process for overcoming the toxic cffect of certain components in a
feedstock includes first inducing yeast with a feedstock not containing a substantially toxic
component and then providing the yeast with a feedstock that comprises a toxic component.
Thus, in some embodiments, provided is a method for producing a diacid by a yeast from a
feedstock toxic to the yeast, comprising: (a) contacting a genetically modified yeast in culture
with a first feedstock comprising a component not substantially toxic to the yeast, thereby
performing an induction; and (b) contacting the yeast after the induction in (a) with a second
feedstock that comprises or delivers a component toxic to the yeast ("toxic component™),
whereby a diacid is produced by the yeast in an amount greater than the amount of the diacid

produced when the induction is not performed.

A toxic component provided by the second feedstock sometimes is processed by the yeast into a
target product (e.g., diacid). Sometimes a component not substantially toxic to the yeast in the
first feedstock (e.g., an inducer) is processed by the yeast into a target product or byproduct
(c.g., diacid containing a different number of carbons than the target product). The first
feedstock sometimes comprises a component not substantially toxic to the yeast having the
same number of carbons as the component in the second feedstock, or a metabolite processed
by the yeast from a component in the second feedstock, that is substantially toxic to the yeast.
In some embodiments, the first feedstock comprises a component not substantially toxic to the
yeast having a different number of carbons as the component in the second feedstock, or a

metabolite processed by yeast from a component in the second feedstock, that is substantially
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toxic to the yeast. In certain embodiments, the first feedstock comprises a component that is
not substantially toxic to the yeast (e.g., an inducer) that has the same number of carbons as the
target product. Sometimes the first feedstock comprises a component not substantially toxic to
the yeast (e.g., an inducer) that has a different number of carbons as the target product (e.g.,
diacid).

In some embodiments, the first feedstock comprises an ester of a fatty acid that is not
substantially toxic to the yeast (e.g., methyl ester), and sometimes the fatty acid has more than
12 carbons. The first feedstock sometimes comprises a fatty acid that is not substantially toxic
to the yeast, and in some cases the fatty acid has more than 12 carbons. The first feedstock
sometimes comprises a triglyceride, which triglyceride often contains various chain-length fatty
acids, that is not substantially toxic to the yeast. In certain cases the first feedstock comprises
an aliphatic chain, which aliphatic chain often contains more than 6 carbons, that is not
substantially toxic to the yeast. In some embodiments, the first feedstock comprises one or
more alkanes (e.g., lincar alkanes, branched alkanes, substituted alkanes) with chain lengths
greater than 6 carbons. In some embodiments a target product is a C12 diacid, the first
feedstock comprises an alkane (e.g., alkane inducer) and the second feedstock comprises a C12
fatty acid or an ester of a C12 fatty acid, where the alkane sometimes is a C12 alkane. In some
embodiments a target product is a C10 diacid, the first feedstock comprises an alkane (e.g.,
alkane inducer) and the second feedstock comprises a C10 fatty acid or an ester of a C10 fatty
acid, where the alkane sometimes is a C10 alkane. In some embodiments a target product is a
C18 diacid, the first feedstock comprises an alkane (¢.g., alkane inducer) and the second
feedstock comprises a C18 fatty acid or an ester of a C18 fatty acid, where the alkane
sometimes is a C18 alkane. In certain embodiments, one or more of the (i) components in the
first feedstock and/or the second feedstock and (ii) products (e.g., target product) are saturated.
In some embodiments, one or more of the (i) components in the first feedstock and/or the
second feedstock and (ii) products (e.g., target product) include one or more unsaturations (¢.g.,

ong or more double bonds).

In some embodiments, the second feedstock is provided to the yeast a certain amount of time
after the first feedstock is provided to the yeast. The amount of time sometimes is about 1 hour
to about 48 hours, sometimes is about 1 hour to about 12 hours (e.g., about 2 hours, 3, hours, 4,

hours, 5, hours, 6 hours, 7 hours, 8, hours, 9 hours, 10 hours or 11 hours), and sometimes is
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about 3 hours to about 9 hours. In some embodiments, the yeast is a Candida spp. yeast, or

another yeast described herein.

Target Product Production, Isolation and Yield

In various embodiments a fatty dicarboxylic acid (e.g., octanedioic acid, decanedioic acid,
dodecanedioic acid, tetradecanedioic acid, hexadecanedioic acid, octadecanedioic acid,
eicosanedioic acid) is isolated or purified from the culture media or extracted from the
engineered microorganisms. In some embodiments, fermentation of feedstocks by methods
described herein can produce a target fatty dicarboxylic acid product (e.g., sebacic or
dodecanedioic acid) at a level of about 10% to about 100% of theoretical yield (e.g., about 15%,
about 20%, about 25% or more of theoretical yield (e.g., 25% or more, 26% or more, 27% or
more, 28% or more, 29% or more, 30% or more, 31% or more, 32% or more, 33% or more,
34% or more, 35% or more, 36% or more, 37% or more, 38% or more, 39% or more, 40% or
more, 41% or more, 42% or more, 43% or more, 44% or more, 45% or more, 46% or more,
47% or more, 48% or more, 49% or more, 50% or more, 51% or more, 52% or more, 53% or
more, 54% or more, 55% or more, 56% or more, 57% or more, 58% or more, 59% or more,
60% or more, 61% or more, 62% or more, 63% or more, 64% or more, 65% or more, 66% or
more, 67% or more, 68% or more, 69% or more, 70% or more, 71% or more, 72% or more,
73% or more, 74% or more, 75% or more, 76% or more, 77% or more, 78% or more, 79% or
more, 80% or more, 81% or more, 82% or more, 83% or more, 84% or more, 85% or more,
86% or more, §7% or more, 88% or more, 89% or more, 90% or more, 91% or more, 92% or
more, 93% or more, 94% or more, 95% or more, 96% or more, 97% or more, 98% or more, or
99% or more of theoretical yield). The term “theoretical yield” as used herein refers to the
amount of product that could be made from a starting material if the reaction is 100% complete.
Theoretical yield is based on the stoichiometry of a reaction and ideal conditions in which
starting material is completely consumed, undesired side reactions do not occur, the reverse
reaction does not occur, and there are no losses in the work-up procedure. Culture media may
be tested for target product (e.g., sebacic or dodecanedioic acid) concentration and drawn off
when the concentration reaches a predetermined level. Detection methods are known in the art,
including but not limited to chromatographic methods (e.g., gas chromatography) or combined
chromatographic/mass spectrometry (e.g., GC-MS) methods. Target product (e.g., sebacic or

dodecanedioic acid) may be present at a range of levels as described herein.

115



CA 02895124 2015-06-12

WO 2014/100461 PCT/US2013/076664

A target fatty dicarboxylic acid product sometimes is retained within an engineered
microorganism after a culture process is completed, and in certain embodiments, the target
product is secreted out of the microorganism into the culture medium. For the latter
embodiments, (i) culture media may be drawn from the culture system and fresh medium may
be supplemented, and/or (ii) target product may be extracted from the culture media during or
after the culture process is completed. Engineered microorganisms may be cultured on or in
solid, semi-solid or liquid media. In some embodiments media is drained from cells adhering to
aplate. In certain embodiments, a liquid-cell mixture is centrifuged at a speed sufficient to
pellet the cells but not disrupt the cells and allow extraction of the media, as known in the art.
The cells may then be resuspended in fresh media. Target product may be purified from culture

media according to known methods know in the art.

In some embodiments, a target diacid is present in a product containing other diacids and/or
byproducts. The target diacid can be purified from the other diacids and/or byproducts using a
suitable purification procedure. A partially purified or substantially purified target diacid may

be produced using a purification process.

Provided herein are non-limiting examples of methods useful for recovering target product from
fermentation broth and/or isolating/partially purifying a target fatty dicarboxylic acid product
from non-target products when utilizing mixed chain length feedstocks. Recovery of a fatty
dicarboxylic acid (e.g., octanedioic acid, decanedioic acid, dodecanedioic acid, tetradecanedioic
acid, hexadecanedioic acid, octadecanedioic acid, eicosanedioic acid) from fermentation broth
can be accomplished using a variety of methods. Optionally, one can first employ a
centrifugation step to separate cell mass and a fatty dicarboxylic acid (e.g., octanedioic acid,
decanedioic acid, dodecanedioic acid, tetradecanedioic acid, hexadecanedioic acid,
octadecanedioic acid, eicosanedioic acid) from the aqueous phase. A fatty dicarboxylic acid
(c.g., octanedioic acid, decanedioic acid, dodecanedioic acid, tetradecanedioic acid,
hexadecanedioic acid, octadecancdioic acid, cicosancdioic acid) has limited solubility in water
under fermentation conditions, and has a density similar to that of water. Upon centrifugation,
the majority of fatty dicarboxylic acid (e.g., octanedioic acid, decanedioic acid, dodecanedioic
acid, tetradecanedioic acid, hexadecanedioic acid, octadecanedioic acid, eicosanedioic acid)
will be pulled away from the water stream, and be concentrated in the cell mass stream. The
concentrated fatty dicarboxylic acid stream will then be further concentrated via filtration steps

(e.g., solid dodecanedioic acid will be retained on a filter, allowing water to pass through,
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concentrating the product). Once the fatty dicarboxylic acid (e.g., octanedioic acid, decanedioic
acid, dodecanedioic acid, tetradecanedioic acid, hexadecanedioic acid, octadecanedioic acid,
eicosanedioic acid) is concentrated to the desired level, the temperature will be increased to
above its melting point of 130°C. After the fatty dicarboxylic acid is melted, the remaining
impurities are removed via filtration; the final product is recovered by decreasing the

temperature, allowing the fatty dicarboxylic acid to solidify, and collecting the solid product.

Alternatively, a fatty dicarboxylic acid (e.g., octanedioic acid, decanedioic acid, dodecanedioic
acid, tetradecanedioic acid, hexadecanedioic acid, octadecanedioic acid, eicosanedioic acid) can
be recovered from fermentation broth by first extracting the broth with an organic solvent in
which a fatty dicarboxylic acid (e.g., octanedioic acid, decanedioic acid, dodecanedioic acid,
tetradecanedioic acid, hexadecanedioic acid, octadecanedioic acid, eicosanedioic acid) is
soluble (e.g., cthanol). The organic solvent phase can then be filtered through various
membrancs to further purify the fatty dicarboxylic acid. Subscquent extractions with the same
or a different organic solvent can then be performed and each round of extraction can be
followed by membrane filtration to further concentrate the fatty dicarboxylic acid. The organic
solvent can be evaporated, leaving the fatty dicarboxylic acid behind as a residue and the
residue can be dried to provide the fatty dicarboxylic acid (e.g., octanedioic acid, decanedioic
acid, dodecanedioic acid, tetradecanedioic acid, hexadecanedioic acid, octadecanedioic acid,
eicosanedioic acid) in solid form.

In certain embodiments, target product is extracted from the cultured engineered
microorganisms. The microorganism cells may be concentrated through centrifugation at a
speed sufficient to shear the cell membranes. In some embodiments, the cells may be
physically disrupted (e.g., shear force, sonication) or chemically disrupted (e.g., contacted with
detergent or other lysing agent). The phases may be separated by centrifugation or other

method known in the art and target product may be isolated according to known methods.

Commercial grade target product sometimes is provided in substantially pure form (e.g., 90%
pure or greater, 95% pure or greater, 99% pure or greater or 99.5% pure or greater). In some
embodiments, target product may be modified into any one of a number of downstream
products. For example, a fatty dicarboxylic acid (e.g., octanedioic acid, decanedioic acid,
dodecanedioic acid, tetradecanedioic acid, hexadecanedioic acid, octadecanedioic acid,
eicosanedioic acid) may be polycondensed with hexamethylenediamine to produce nylon.

Nylon may be further processed into fibers for applications in carpeting, automobile tire cord
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and clothing. A fatty dicarboxylic acid (e.g., octanedioic acid, decanedioic acid, dodecanedioic
acid, tetradecanedioic acid, hexadecanedioic acid, octadecanedioic acid, eicosanedioic acid) is
also used for manufacturing plasticizers, lubricant components and polyester polyols for
polyurethane systems. Various esters of food grade fatty dicarboxylic acids (e.g., octanedioic
acid, decanedioic acid, dodecanedioic acid, tetradecanedioic acid, hexadecanedioic acid,
octadecanedioic acid, eicosanedioic acid) are used as components in fragrance manufacture,
gelling aids, flavorings, acidulant, leavening and buffering agent. A fatty dicarboxylic acid
(c.g., octanedioic acid, decanedioic acid, dodecanedioic acid, tetradecanedioic acid,
hexadecanedioic acid, octadecanedioic acid, eicosanedioic acid) has two carboxylic acid (-
COOH) groups, which can yield two kinds of salts. Its derivatives, acyl halides, anhydrides,
esters, amides and nitriles, are used in making a variety of downstream products through further
reactions of substitution, catalytic reduction, metal hydride reduction, diborane reduction, keto

formation with organomctallic reagents, clectrophile bonding at oxygen, and condensation.

Target product may be provided within cultured microbes containing target product, and
cultured microbes may be supplied fresh or frozen in a liquid media or dried. Fresh or frozen
microbes may be contained in appropriate moisture-proof containers that may also be
temperature controlled as necessary. Target product sometimes is provided in culture medium
that is substantially cell-free. In some embodiments target product or modified target product
purified from microbes is provided, and target product sometimes is provided in substantially
pure form. In certain embodiments crystallized or powdered target product is provided.
Dodecanedioic acid (1,12 dodecanedioic acid; DDDA) is a white powder or crystal with a
melting point of between 260°F and 266°F. Sebacic acid (1,8 ocatanedicarboxylic acid) is also
a white powder or crystal with a melting point of between 268°F and 274°F. A crystallized or
powdered fatty dicarboxylic acid (e.g., octanedioic acid, decanedioic acid, dodecanedioic acid,
tetradecanedioic acid, hexadecanedioic acid, octadecanedioic acid, eicosanedioic acid) may be
transported in a variety of containers including one ton cartons, drums, 50 pound bags and the
like.

In certain embodiments, a fatty dicarboxylic acid target product (¢.g., dodecanedioic acid or
sebacic acid) is produced with a yield of about 0.50 grams of target product per gram of
feedstock added, or greater; 0.51 grams of target product per gram of feedstock added, or
greater; 0.52 grams of target product per gram of feedstock added, or greater; 0.53 grams of

target product per gram of feedstock added, or greater; 0.54 grams of target product per gram of
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feedstock added, or greater; 0.55 grams of target product per gram of feedstock added, or
greater; 0.56 grams of target product per gram of feedstock added, or greater; 0.57 grams of
target product per gram of feedstock added, or greater; 0.58 grams of target product per gram of
feedstock added, or greater; 0.59 grams of target product per gram of feedstock added, or
greater; 0.60 grams of target product per gram of feedstock added, or greater; 0.61 grams of
target product per gram of feedstock added, or greater; 0.62 grams of target product per gram of
feedstock added, or greater; 0.63 grams of target product per gram of feedstock added, or
greater; 0.64 grams of target product per gram of feedstock added, or greater; 0.65 grams of
target product per gram of feedstock added, or greater; 0.66 grams of target product per gram of
feedstock added, or greater; 0.67 grams of target product per gram of feedstock added, or
greater; 0.68 grams of target product per gram of feedstock added, or greater; 0.69 grams of
target product per gram of feedstock added, or greater; 0.70 grams of target product per gram of
feedstock added or greater; 0.71 grams of target product per gram of feedstock added, or
greater; 0.72 grams of target product per gram of feedstock added, or greater; 0.73 grams of
target product per gram of feedstock added, or greater; 0.74 grams of target product per gram of
feedstock added, or greater; 0.75 grams of target product per gram of feedstock added, or
greater; 0.76 grams of target product per gram of feedstock added, or greater; 0.77 grams of
target product per gram of feedstock added, or greater; 0.78 grams of target product per gram of
feedstock added, or greater; 0.79 grams of target product per gram of feedstock added, or
greater; 0.80 grams of target product per gram of feedstock added, or greater; 0.81 grams of
target product per gram of feedstock added, or greater; 0.82 grams of target product per gram of
feedstock added, or greater; 0.83 grams of target product per gram of feedstock added, or
greater; 0.84 grams of target product per gram of feedstock added, or greater; 0.85 grams of
target product per gram of feedstock added, or greater; 0.86 grams of target product per gram of
feedstock added, or greater; 0.87 grams of target product per gram of feedstock added, or
greater; 0.88 grams of target product per gram of feedstock added, or greater; 0.89 grams of
target product per gram of feedstock added, or greater; 0.90 grams of target product per gram of
feedstock added, or greater; 0.91 grams of target product per gram of feedstock added, or
greater; 0.92 grams of target product per gram of feedstock added, or greater; 0.93 grams of
target product per gram of feedstock added, or greater; 0.94 grams of target product per gram of
feedstock added, or greater; 0.95 grams of target product per gram of feedstock added, or
greater; 0.96 grams of target product per gram of feedstock added, or greater; 0.97 grams of
target product per gram of feedstock added, or greater; 0.98 grams of target product per gram of
feedstock added, or greater; 0.99 grams of target product per gram of feedstock added, or
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greater; 1.0 grams of target product per gram of feedstock added, or greater; 1.1 grams of target
product per gram of feedstock added, or greater; 1.2 grams of target product per gram of

feedstock added, or greater; 1.3 grams of target product per gram of feedstock added, or greater;
1.4 grams of target product per gram of feedstock added, or greater; or about 1.5 grams of target

product per gram of feedstock added, or greater.

In certain embodiments, a fatty dicarboxylic acid (e.g., octanedioic acid, decanedioic acid,
dodecanedioic acid, tetradecanedioic acid, hexadecanedioic acid, octadecanedioic acid,
eicosanedioic acid) is produced with a yield of greater than about 0.15 grams per gram of the
feedstock (e.g., dodecane, mixed chain length alkanes, lauric acid, mixed chain length fatty
acids, oil, the like or combinations of the foregoing). In some embodiments, a fatty
dicarboxylic acid (e.g., octanedioic acid, decanedioic acid, dodecanedioic acid, tetradecanedioic
acid, hexadecanedioic acid, octadecanedioic acid, cicosancdioic acid) is produced at between
about 10% and about 100% of maximum theorctical yicld of any introduced feedstock ((c.g.,
about 15%, about 20%, about 25% or more of theoretical yield (e.g., 25% or more, 26% or
more, 27% or more, 28% or more, 29% or more, 30% or more, 31% or more, 32% or more,
33% or more, 34% or more, 35% or more, 36% or more, 37% or more, 38% or more, 39% or
more, 40% or more, 41% or more, 42% or more, 43% or more, 44% or more, 45% or more,
46% or more, 47% or more, 48% or more, 49% or more, 50% or more, 51% or more, 52% or
more, 53% or more, 54% or more, 55% or more, 56% or more, 57% or more, 58% or more,
59% or more, 60% or more, 61% or more, 62% or more, 63% or more, 64% or more, 65% or
more, 66% or more, 67% or more, 68% or more, 69% or more, 70% or more, 71% or more,
72% or more, 73% or more, 74% or more, 75% or more, 76% or more, 77% or more, 78% or
more, 79% or more, 80% or more, 81% or more, 82% or more, 83% or more, 84% or more,
85% or more, 6% or more, 87% or more, 88% or more, 89% or more, 90% or more, 91% or
more, 92% or more, 93% or more, 94% or more, 95% or more, 96% or more, 97% or more,
98% or more, or 99% or more of theoretical maximum yield). In certain embodiments, a fatty
dicarboxylic acid (e.g., octanedioic acid, decanedioic acid, dodecanedioic acid, tetradecanedioic
acid, hexadecanedioic acid, octadecanedioic acid, cicosancdioic acid) is produced in a
concentration range of between about 50 g/L to about 1000g/L of culture media (e.g., about 50
g/L, about 55 g/L, about 60 g/L, about 65 g/L, about 70 g/L, about 75 g/L, about 80 g/L, about
85 g/L, about 90 g/L, about 95 g/L, about 100 g/L, about 110 g/L, about 120 g/L, about 130
g/L, about 140 g/L, about 150 g/L, about 160 g/L, about 170 g/L, about 180 g/L, about 190 g/L,
about 200 g/L, about 225 g/L, about 250 g/L, about 275 g/L, about 300 g/L, about 325 g/L,

120



CA 02895124 2015-06-12

WO 2014/100461 PCT/US2013/076664

about 350 g/L, about 375 g/L, about 400 g/L., about 425 g/L, about 450 g/L, about 475 g/L,
about 500 g/L, about 550 g/L, about 600 g/L, about 650 g/L, about 700 g/L, about 750 g/L,
about 800 g/L, about 850 g/L, about 900 g/L, about 950 g/L., or about 1000 g/L).

In some embodiments, a fatty dicarboxylic acid (e.g., octanedioic acid, decanedioic acid,
dodecanedioic acid, tetradecanedioic acid, hexadecanedioic acid, octadecanedioic acid,
eicosanedioic acid) is produced at a rate of between about 0.5 g/L/hour to about 5 g/L/hour
(c.g., about 0.5 g/L/hour, about 0.6 g/L/hour, about 0.7 g/I/hour, about 0.8 g/L/hour, about 0.9
g/L/hour, about 1.0 g/L/hour, about 1.1 g/L/hour, about 1.2 g/L/hour, about 1.3 g/L/hour, about
1.4 g/L/hour, about 1.5 g/L/hour, about 1.6 g/L/hour, about 1.7 g/L/hour, about 1.8 g/L/hour,
about 1.9 g/L/hour, about 2.0 g/L/hour, about 2.25 g/L/hour, about 2.5 g/L/hour, about 2.75
g/L/hour, about 3.0 g/L/hour, about 3.25 g/L/hour, about 3.5 g/L/hour, about 3.75 g/L/hour,
about 4.0 g/L/hour, about 4.25 g/L/hour, about 4.5 g/L/hour, about 4.75 g/L/hour, or about 5.0
g/L/hour.) In certain, embodiments, the engineered organism comprises between about a 5-fold
to about a 500-fold increase in a fatty dicarboxylic acid (e.g., octanedioic acid, decanedioic
acid, dodecanedioic acid, tetradecanedioic acid, hexadecanedioic acid, octadecanedioic acid,
eicosanedioic acid) production when compared to wild-type or partially engineered organisms
of the same strain, under identical fermentation conditions (e.g., about a 5-fold increase, about a
10-fold increase, about a 15-fold increase, about a 20-fold increase, about a 25-fold increase,
about a 30-fold increase, about a 35-fold increase, about a 40-fold increase, about a 45-fold
increase, about a 50-fold increase, about a 55-fold increase, about a 60-fold increase, about a
65-fold increase, about a 70-fold increase, about a 75-fold increase, about a 80-fold increase,
about a 835-fold increase, about a 90-fold increase, about a 95-fold increase, about a 100-fold
increase, about a 125-fold increase, about a 150-fold increase, about a 175-fold increase, about
a 200-fold increase, about a 250-fold increase, about a 300-fold increase, about a 350-fold

increase, about a 400-fold increase, about a 450-fold increase, or about a 500-fold increase).

In certain embodiments, the maximum theoretical yield (Y max) of dodecanedioic acid in a fully
beta-oxidation blocked engincered microorganism is about 1.15 grams of dodecanedioic acid
produced per gram of lauric acid added. In some embodiments, the maximum theoretical yield
(Ymax) of dodecanedioic acid in a fully beta-oxidation blocked engineered microorganism is
about 1.07 grams of dodecanedioic acid produced per gram of methyl laurate added. In certain
embodiments, the maximum theoretical yield (Y max) of dodecanedioic acid in a partially beta-

oxidation blocked engineered microorganism is about 0.82 grams of dodecanedioic acid
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produced per gram of oleic acid added. In some embodiments, the maximum theoretical yield
(Ymax) of dodecanedioic acid in a partially beta-oxidation blocked engineered microorganism is
about 0.95 grams of dodecanedioic acid produced per gram of coconut oil added. The
percentage of Y.y for the engineered microorganism under conditions in which dodecanedioic
acid is produced is calculated as (% Ymax) = Ypris / Ymax ¥100, where (Yy/s) = [dodecanedioic
acid (g/L)] * final volume of culture in flask (L)] / [feedstock added to flask (g)]. In some
embodiments, the engineered microorganism produces dodecanedioic acid at about 10% to

about 100% of maximum theoretical yield.

In certain embodiments, the maximum theoretical yield (Y max) of sebacic acid in a fully beta-
oxidation blocked engineered microorganism is about 1.42 grams of sebacic acid produced per
gram of decane added. In some embodiments, the maximum theoretical yield (Ymax) of sebacic
acid in a fully beta-oxidation blocked engineered microorganism is about 1.17 grams of sebacic
acid produced per gram of capric acid added. In certain embodiments, the maximum theorctical
yield (Ymax) of sebacic acid in a partially beta-oxidation blocked engineered microorganism is
about 0.83 grams of sebacic acid produced per gram of coconut oil added. In some
embodiments, the maximum theoretical yield (Ymax) of sebacic acid in a partially beta-oxidation
blocked engineered microorganism is about 0.72 grams of sebacic acid produced per gram of
oleic acid added. The percentage of Y. for the engineered microorganism under conditions in
which sebacic acid is produced is calculated as (%Y max) = Yopis / Ymax ¥100, where (Y ys) =
[sebacic acid (g/L)] * final volume of culture in flask (L)] / [feedstock added to flask (g)]. In
some embodiments, the engineered microorganism produces sebacic acid at about 10% to about

100% of maximum theoretical yield.

Examples

The examples set forth below illustrate certain embodiments and do not limit the technology.
Certain examples set forth below utilize standard recombinant DNA and other biotechnology
protocols known in the art. Many such techniques are described in detail in Maniatis, T., E. F.
Fritsch and J. Sambrook (1982) Molecular Cloning: a Laboratory Manual;, Cold Spring Harbor
Laboratory, Cold Spring Harbor, New York. DNA mutagenesis can be accomplished using the
Stratagene (San Diego, California) “QuickChange” kit according to the manufacturer’s

instructions.
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Non-limiting examples of recombinant DNA techniques and genetic manipulation of
microorganisms are described herein. In some embodiments, strains of engineered organisms
described herein are mated to combine genetic backgrounds to further enhance carbon flux
management through native and/or engineered pathways described herein, for the production of

a desired target product (e.g., sebacic or dodecanedioic acid).

Example 1: Conversion of decane to sebacic acid in shake flask fermentation

50mL of SP92 medium (6.7g/L yeast nitrogen base, 3.0 g/L yeast extract, 3.0 g/L (NH4),SO4,
1.0 g/L KoHPO4, 1.0 g/L KH,PO4, 75 g/L dextrose) was inoculated with a single colony of a
completely beta-oxidation blocked strain of Candida tropicalis (ATCC20962) and the culture
was grown overnight at 30°C, with shaking at about 300rpm. Cells were pelleted by
centrifugation for 10 minutes at 4°C and 1,050 x g and the supernatant discarded. Cells were
resuspended in 20mL TB- low nitrogen (low-N) media (1.7g/L yeast nitrogen basc without
ammonium sulfate, 3.0 g/L yeast extract, 1.0 g/L KoHPO4, 1.0 g/l KH,POy) and transferred to
anew sterile 250mL glass baffled flask and incubated at 30°C, with shaking at about 250rpm,
utilizing the following feeding schedule: dextrose fed to 0.1% at 0, 1,2, 3, 4, and 5 hours,
dextrose fed to 5% at 30 hours, decane fed to 0.7% at 0, 5, 30, and 48 hours. Samples were
removed for gas chromatographic (GC) analysis at 0, 4, 30, and 72 hours. The GC profile
showed that the culture accumulated the C10 dicarboxylic acid (sebacic acid) with very little
accumulation of the C10 monocarboxylic acid (capric acid), as shown in FIG. 9. After 72 hours
of incubation the concentration of sebacic acid was 0.94 g/L. and the capric acid concentration

was 0.01 g/L. There was no significant accumulation of any other monoacid or diacid.

Example 2: Conversion of capric acid to sebacic acid in shake flask fermentation

5 mL of SP92-glycerol medium (6.7 g/L yeast nitrogen base, 3.0 g/L yeast extract, 3.0 g/L
(NH4)2S04, 1.0 g/LL K2HPO4, 1.0 g/L KH2PO4, 75 g/L glycerol) was inoculated with a single
colony of Candida tropicalis (ATCC20962) and the starter culturc was grown overnight at
30°C, with shaking at about 250rpm. Variations of SP92 media recipes are known, non-
limiting examples of which include the addition of dextrose and/or glycerol, the like or
combinations thereof. SP92 media, as referred to herein, can include dextrose and/or glycerol.
The starter culture was then used to inoculate 25 mL cultures in the same medium to an initial

ODg)onm Of 0.4 and grown overnight at 30°C, with shaking at about 300 rpm. Cells were
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pelleted by centrifugation for 10 minutes at 4°C and 1,050 x g and the supernatant discarded.
Cells were resuspended in 12.5 mL TB-lowN media + glycerol (1.7 g/L yeast nitrogen base
without ammonium sulfate, 3.0 g/L yeast extract, 1.0 g/L K2ZHPO4, 1.0 g/L KH2PO4, 75 g/L
glycerol) and transferred to a new sterile 250 mL glass baffled flask. Cultures were fed 0.05%
or 0.1% capric acid and incubated at 30°C, with shaking at about 300 rpm. After 24 hours
incubation cultures were fed glycerol to 75 g/L and incubation continued before sampling for
GC at 48 hours. GC analysis showed that nearly all capric acid was converted to sebacic acid

under both starting concentrations of capric acid, as shown in FIG. 10.

Example 3: Fermentation procedure for conversion of decane to sebacic acid

Filter sterilized modified SP92-glycerol fermentation medium (6.7 g/L yeast nitrogen base, 3.0
g/L yeast extract, 3.0 g/L (NH4)2S04, 1.0 g/L K2HPOA4, 1.0 g/L KH2PO4, 20 g/L glycerol) is
transferred to a sterile fermentation vessel. Growth of Candida tropicalis (ATCC20962) is
inoculated to an initial ODgyonm of about 1.0 with a 5% inoculum and growth carried out under
the following conditions: 30°C with shaking at about 1000 rpm, 1 volume per volume per
minute acration (vvm), pH 5.8 and initial volume of 0.3 L. Growth proceeds for approximately
8 hours and the conversion phase is initiated by the addition of decane to 2 g/L. Continuous
feeds for decane (1 g/L-h) and glucose (1.5 g/L-h) are initiated at the same time as the addition
of the decane bolus. Fermentation conditions are maintained at 30°C, 1000 rpm, 1 vvm, and pH

5.8 for 44 hours.

Samples were collected for GC analysis at 44 hours after initiating the conversion phase. The
data, presented in FIG. 16, shows that the decane was converted exclusively to the C10
dicarboxylic acid, sebacic acid. Significant evaporative losses from the decane feed bottles

prevented an accurate determination of product yield.

Example 4: Conversion of mixed fatty acid feedstock to mixed diacid products containing

sebacic acid in shake flask fermentation

5 mL of SP92-glycerol medium (6.7 g/L. yeast nitrogen base, 3.0 g/L yeast extract, 3.0 g/L
(NH4)2504, 1.0 g/ K2HPO4, 1.0 g/L. KH2PO4, 75 g/L glycerol) is inoculated with a single
colony of Candida tropicalis (ATCC20962) and grown as described in Example 2. 25 mL of

the same media is inoculated using overnight cultures to an initial ODggonm 0f 0.4 and grown
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overnight at 30°C, with shaking at about 300 rpm. Cells are pelleted by centrifugation for 10
minutes at 4°C and 1,050 x g and the supernatant discarded. Cells are resuspended in 12.5 mL
TB-lowN media without carbon source (1.7 g/L yeast nitrogen base without ammonium sulfate,
3.0 g/L yeast extract, 1.0 g/I. K2ZHPO4, 1.0 g/l KH2P04) and transferred to a new sterile 250
mL glass baffled flask. Cultures are fed 0.05% capric acid, 0.05% methyl laurate, and 30 g/L
glycerol and incubated at 30°C, 300 rpm. After 24 hours of incubation cultures are sampled for

GC analysis.

The results, presented in FIG. 17, show that the C12 and C10 fatty acids were converted to
dicarboxylic acids of the same chain length (e.g., C12 and C10 dicarboxylic acids), with no
evidence of chain shortening of the diacids (e.g., no significant levels of monocarboxylic acids

were detected).

Example 5: Conversion of long chain fatty acids to mixed diacids

SP92 fermentation medium was filter sterilized and transferred to a sterile fermentation vessel.
Growth of a partially beta-oxidation blocked strain of Candida tropicalis (sAA106) was
nitiated with a 10% inoculum (initial ODggonm=3.0) and grown under the following conditions:
of 30°C with shaking at about 1200 rpm, 1 vvm, pH 6.1 and initial volume of 0.3 L. Growth
continued until the glucose concentration dropped to less than 2 g/L at which time the
conversion phase was initiated by increasing the pH to 8.0 by the addition of 6N KOH and by
the addition of methyl myristate to 30 g/L.. Immediately following the methyl myristate bolus a
continuous feed of glucose was initiated at a rate of 1.5 g/L-h. Fermentation conditions were
maintained at 30°C, 1200 rpm, 1 vvm, and pH 8.0 for 90 hours with boluses of 30 g/L. methyl
myristate at 24, 48, and 72 hours after initiation of conversion. Samples for GC were collected
at 24, 48, 72, and 90 hours. The diacid profile graphically illustrated in FIG. 11 shows an
accumulation of dicarboxylic acids ranging in chain-length from 6 to 14 carbons long, including
sebacic acid. The methyl myristate substrate (methyl ester of myristic acid) is first converted to
the C14 dicarboxylic acid via the [J-oxidation pathway before being shortened by two carbon
increments via the cyclic B-oxidation pathway. The glucose co-feed employed during the
fermentation represses the B-oxidation pathway such that all chain-lengths of diacid
accumulate. Manipulation of diacid chain-length distribution is being investigated by altering
the glucose co-feed rate in the fermentation medium, thereby allowing growth under varying

glucose concentrations.
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Example 6: Fermentation procedure for conversion of mixed long-chain fatty acids to mixed

diacids of shorter chain length

SP92 fermentation medium without glycerol was filter sterilized and transferred to a sterile
fermentation vessel. Autoclaved virgin coconut oil was added to the vessel to a final
concentration of 80 g/L. A partially beta-oxidation blocked Candida tropicalis strain (sAA496)
was inoculated to an initial ODggonm 0f 1.0 with a 5% inoculum and grown under the following
conditions: 30°C with shaking at about 1200 rpm, 1 vvm, initial pH 6.5 and initial volume of
1.0 L. The effect of pH on the distribution of fatty acid chain lengths was determined by
manipulating the pH of the fermentation media. The pH of the fermentation was either 1)
increased to pH 7.5 and controlled at that pH for the entire run, 2) allowed to drop naturally duc
to the growth of the culture before controlling at pH 6.0 for the rest of the run, or 3) allowed to
drop naturally due to the growth of the culture before controlling at pH 4.5 for the rest of the
run. Samples were collected for GC analysis after 140 hours of fermentation time. The product
diacid composition was shown to shift to longer chain diacids with increasing pH, as shown in

the TABLE 1 below.
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Diacid composition (fraction of total diacids)
C12 Diacid Sebacic Acid | Suberic Acid Adipic Acid
pH4.5 0.00 0.00 0.68 0.32
pH 6.0 0.03 0.10 0.75 0.12
pH7.5 0.16 0.17 0.62 0.05

Example 7: Conversion of capric acid to sebacic acid in shake flask fermentations
using fully beta-oxidation blocked strains having additional genetic modifications in the omega

oxidation pathway.

Various genetically modified strains of Candida tropicalis were inoculated into 5 mL of SP92
medium (6.7 g/L yeast nitrogen base, 3.0 g/L yeast extract, 3.0 g/L (NH4),SO04, 1.0 g/L
K>HPO4, 1.0 g/L KH,PO4, 75 g/L glycerol). The strains included a completely beta-oxidation
blocked strain of Candida tropicalis (sAA003), as well as derivatives of SAA003 with
amplified components of the omega-oxidation pathway (¢.g., various cytochrome P450s,
cytochrome P450 reductase or combinations thercof) and the cultures grown overnight at 30°C,
with shaking at about 250 rpm. These starter cultures were then used to inoculate 25 mL
cultures in the same medium and grown overnight at 30°C, with shaking at about 250 rpm.
Cells were pelleted by centrifugation for 10 minutes at 4°C and 1,050 x g and the supernatant
discarded. Cells were resuspended in 12.5 mL TB-lowN media + glycerol (1.7 g/L yeast
nitrogen base without ammonium sulfate, 3.0 g/L yeast extract, 1.0 g/l K;HPOy, 1.0 g/L
KH;PO4, 75 g/L glycerol) and transferred to a new sterile 250 mL glass baffled flask. Cultures
were fed 0.05% from a 5% capric acid solution in ethanol and incubated at 30°C, with shaking
at about 300 rpm. After 24 hours incubation cultures were fed glycerol to 30 g/ and an
additional bolus of 0.05% capric acid. Incubation continued before sampling for GC at 24, 48,
and 72 hours. The results are shown in FIG. 12. GC analysis showed that a greater proportion
of capric acid was converted to sebacic acid when particular elements of the omega-oxidation
pathway are amplified. The data are presented as % of theoretical maximum yield. Strains
which include genetic modifications to CYPA18 and CYPA19 achieve approximately 80% of

theoretical maximum yicld in conversion of capric acid to scbacic acid. The strain designated
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+CPR+A18 has about 30 copies of CYPA18, whereas the strain designated +CPR+A19 has
about 7 copies of CYPA19.

Example 8: Conversion of methyl-laurate to dodecanedioic acid in shake flask fermentation

5 mL of SP92 glycerol medium (6.7 g/L yeast nitrogen base, 3.0 g/L yeast extract, 3.0 g/L
(NH4)2804, 1.0 g/ K2HPO4, 1.0 g/L KH2PO4, 75 g/L glycerol) was inoculated with a single
colony of a completely beta-oxidation blocked strain of Candida tropicalis (ATCC20962), as
well as, modified derivatives of this strain with amplified components of the omega-oxidation
pathway, and the cultures grown overnight at 30°C, with shaking at about 250rpm. The starter
cultures were then used to inoculate 25 mL cultures of the same medium and grown overnight
at 30°C, with shaking at about 250 rpm. Cells were pelleted by centrifugation for 10 minutes at
4°C and 1,050 x g and the supernatant discarded. Cells were resuspended in 12.5 mL SP92
glycerol medium and transferred to a sterile 250 mL glass baffled flask. Cultures were fed 2%
(v/v) methyl laurate and incubated at 30°C, with shaking at about 300 rpm. After 24 hours
incubation, cultures were fed glycerol to 60 g/L. and incubation continued before sampling for
GC at 48 hours. GC analysis showed that amplification of certain components of the omega

oxidation pathway allow for increased conversion to dodecanedioic acid (Fig. 13).

Example 9: Alteration of Acyl CoA Oxidase Substrate Specificity

The substrate specificity of the peroxisomal acyl-CoA oxidase enzymes POX4 and POXS5 have
been shown to be involved in the control of the diacid product chain-length in fermentations of
Candida tropicalis fed a mixed chain-length fatty acid feedstock. Reduction or elimination of
POX4 activity, POXS activity or POX4 activity and POXS activity, effects the carbon chain-
length distribution of dicarboxylic acids produced in C. tropicalis. Acyl-CoA oxidase is the
first enzyme in the cyclic beta-oxidation pathway that shortens a substrate by two carbons cach
cycle. Thus the acyl-CoA oxidase activity serves as the pathway entry point for substrates
entering into the beta-oxidation pathway. Altering the substrate specificity an acyl-CoA
oxidase activity such that it is not active on substrate carbon chains shorter than a desired
carbon chain length (e.g., C8, C10, C12, C14 and the like), can inhibit shortening of carbon
chains below a chosen threshold, allowing accumulation of a desired target chain length and

product (e.g., C12, dodecanedioic acid).
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The native acyl-CoA oxidase isozymes in C. tropicalis, Pox4p and Pox5p have different
substrate specificities. The Pox4p isozyme has a broad substrate specificity while the Pox5p
isozyme has a narrow substrate specificity. In strains that are Pox4", Pox5" the chain length of
the diacid product is determined by the substrate specificity of the Pox5p isozyme and the main

product is adipic acid.

To maximize production of desired diacid products of longer chain lengths (e.g., C12) in
fermentations, genetically modified organisms containing an acyl-CoA oxidase activity with a
substrate chain-length specificity appropriate for the chain-length of the desired diacid product
can be engineered, in some embodiments. The source of the acyl-CoA oxidase activity or the
method of engineering the acyl-CoA oxidase activity may vary. Non-limiting examples of
organisms which can be used to provide polynucleotide sequences suitable for use in
engineering altered substrate specificity acyl-CoA oxidasc activities include; plants (¢.g.,
Arabidopsis, Cucurbita (e.g., pumpkin, squash), Oryza (e.g., rice)); animals (e.g., Bos (e.g.,
bovine), Cavia (e.g., guinea pig), Mus (e.g., mouse), Rattus (e.g., rat), Phascolarctos (e.g.,
Koala), primates (e.g., orangutans)); molds (e.g., Dictyostelium (e.g., slime molds)); insects
(e.g., Drosophila); Yeast (e.g., Yarrowia lipolytica, Candida maltosa, Candida glabrata, Ashbya
gossypii, Debaryomyces hansenii, Kluyveromyces lactis, Pichia pastoris, Saccharomyces
cerevisiae); bacteria (e.g., Eschericia coli); cyanobacteria; nematodes (e.g., Cacnorhabditis);

and humans.

Acyl-CoA oxidase activities with different substrate chain-length specificities can be identified
by:

1) Selecting acyl-CoA oxidase genes from heterologous organisms that contain different
substrate chain-length specificitics. The identified genes can be transferred into a
Candida strain deleted for all acyl-CoA oxidase activity. The only acyl-CoA oxidase
activity detectable in such a genctically modified organism may be that imparted by the

heterologous gene.

2) Engineering an acyl-CoA oxidase gene library by domain swapping from multiple acyl-
CoA oxidase genes to produce a library of non-native chimeric acyl-CoA oxidase genes.

The library of chimeric genes can be transferred into a strain of C. tropicalis deleted for

129



CA 02895124 2015-06-12

WO 2014/100461 PCT/US2013/076664

all acyl-CoA oxidase activity. The only detectable acyl-CoA oxidase activity may be
that imparted by an engineered gene from the library of non-native chimeric acyl-CoA

oxidase genes.

3) Engineering an acyl-CoA oxidase gene library by random mutagenesis. A naturally
occurring or engineered acyl-CoA oxidase activity with a substrate chain-length
specificity close to that desired can be used as the basis for random mutagenesis,
followed by screening and/or selection in an effort to generate and identify an altered
activity with the desired substrate chain-length specificity. The library of genes can be
transferred into a Candida strain deleted for all acyl-CoA oxidase activity. The only
detectable acyl-CoA oxidase activity may be that imparted by the gene from the

randomly mutagenized library.

4) Engincering an acyl-CoA oxidasc gene by intelligent design and directed mutation using
protein structural information to guide the position and identity of the amino acid(s) to
be replaced. The engineered gene(s) can be transferred into a Candida strain deleted for
all acyl-CoA oxidase activity. The only detectable acyl-CoA oxidase activity may be
that imparted by the engineered gene(s).

A non-limiting example of a post-engineering method for selecting genes that impart the
desired substrate chain-length specificity is provided herein. Selection is performed by growth
on substrates of different chain lengths that are provided as the only carbon source. Growth of
the cells on certain substrates but not others often reflects the substrate chain-length specificity
of the acyl-CoA oxidase enzyme present in the strain. Candida tropicalis can utilize alkanes
provided in the gas phase as its sole carbon source for growth. Alkanes of different chain
lengths are provided by soaking a filter paper in the appropriate alkane, and inverting a solid
growth media without a carbon source over the filter paper, with each specific carbon source
(c.g., specific chain length alkane) provided in a different petri dish. Serially diluted C.
tropicalis carrying the altered specificity acyl-CoA oxidase genes are spotted on the solid
growth media as a growth selection for the chain-length specificity of the acyl-CoA oxidase
enzyme in each strain. Shown in Figures 14 and 15 are a schematic representation of the
selection process, which provides an alkane as a gas phase carbon source, as described herein.
The solid growth media is an agar medium containing yeast nitrogen base without amino acids

or any other carbon source. The plated cells are inverted over a lid containing a filter paper
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soaked with an alkane of appropriate chain length that evaporates and provides the carbon

source through the gas phase, as shown in FIG. 14.

Candida strains containing altered acyl-CoA oxidase activities generated as described herein are
selected and/or screened using the method described herein. Strains carrying different altered
acyl-CoA oxidase activities (e.g., strain 1 (S1), strain 2 (S2), strain 3 (S3), strain 4 (S4)) are
grown overnight in a rich medium (e.g., YPD). Overnight cultures are centrifuged and washed
to remove any traces of residual rich medium and serial dilutions of the cells are prepared in a
phosphate buffered solution. The serial dilutions of each strain are spotted onto multiple YNB
agar plates (growth medium having no amino acids or other carbon sources), the individual
plates inverted over filter papers soaked in the appropriate chain length alkane, and the plate
incubated at 30°C. The growth of the strains is dependent upon the chain-length specificity of
the acyl-CoA oxidase. In order to utilize the particular alkane for growth the provided chain-
length must be able to enter the beta-oxidation pathway. The shortest chain-length at which a
certain strain is able to grow indicates the shortest chain-length of the acyl-CoA oxidase
isozymes substrate specificity. An example is provided in FIG. 15. FIG. 15 illustrates that
strain S4 can grow on decane, but is unable to grow on octane. Therefore the modified acyl-
CoA oxidase activity of strain S4 has a substrate chain-length specificity that inhibits the
utilization of § carbon molecules and the diacid product from fermentations with this strain
typically result in an 8 carbon diacid. Acyl-CoA oxidase activities with any desired specificity

can be selected and/or screened using the method described herein.

It will be understood that the example presented herein is a generalized method used to describe
the selection/screening process. The feedstocks used for the selection and screening process are
altered to suit the acyl-CoA oxidase activity being sought. For example, for acyl-CoA oxidases
having specificity for longer chain substrates, feedstocks having longer carbon chain lengths
could be substituted to allow selection and or screening for acyl-CoA oxidase activities with

specificities for longer carbon chain lengths.

Example 10: Transformation of C. tropicalis procedure

SmL YPD start cultures were inoculated with a single colony of C. tropicalis and incubated
overnight at 30°C, with shaking at about 200rpm. The following day, fresh 25mL YPD

cultures, containing 0.05% Antifoam B, were inoculated to an initial ODggonm 0of 0.4 and the
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culture incubated at 30°C, with shaking at about 200rpm until an ODggonm of 1.0-2.0 was
reached. Cells were pelleted by centrifugation at 1,000 x g, 4°C for 10 minutes. Cells were
washed by resuspending in 10mL sterile water, pelleted, resuspended in 1mL sterile water and
transferred to a 1.5mL microcentrifuge tube. The cells were then washed in 1mL sterile
TE/LiOAC solution, pH 7.5, pelleted, resuspended in 0.25mL TE/LiOAC solution and
incubated with shaking at 30°C for 30 minutes.

The cell solution was divided into 50uL aliquots in 1.5mL tubes to which was added 5-8ug of
linearized DNA and 5uL of carrier DNA (boiled and cooled salmon sperm DNA, 10mg/mL).
300uL of sterile PEG solution (40% PEG 3500, 1X TE, 1X LiOAC) was added, mixed
thoroughly and incubated at 30°C for 60 minutes with gentle mixing every 15 minutes. 40uL of
DMSO was added, mixed thoroughly and the cell solution was incubated at 42°C for 15
minutes. Cells were then pelleted by centrifugation at 1,000 x g 30 seconds, resuspended in
500uL of YPD media and incubated at 30°C with shaking at about 200rpm for 2 hours. Cells
were then pelleted by centrifugation and resuspended in 1mL 1X TE, cells were pelleted again,
resuspended in 0.2mL 1X TE and plated on selective media. Plates were incubated at 30°C for

growth of transformants.

Example 11: Procedure for recycling of the URA3 marker

The URA3 gene was obtained from genomic DNA of Candida yeast culture ATCC20336. C.
tropicalis has a limited number of selectable marker, as compared to S. cerevisiae, therefore, the
URA3 marker is “recycled” to allow multiple rounds of selection using URA3. To reutilize the
URA3 marker for subsequent engineering of C. tropicalis, a single colony having the Ura”
phenotype was inoculated into 3 mL YPD and grown overnight at 30°C with shaking. The
overnight culture was then harvested by centrifugation and resuspended in 1 mL YNB+YE (6.7
g/L Yeast Nitrogen Broth, 3g/L Yeast Extract). The resuspended cells were then serially
diluted in YNB+YE and 100 uL aliquots plated on YPD plates (incubation overnight at 30°C)
to determine titer of the original suspension. Additionally, triplicate 100 ulL. aliquots of the
undiluted suspension were plated on SC Dextrose (Bacto Agar 20g/L, Uracil 0.3 g/L., Dextrose
20 g/L, Yeast Nitrogen Broth 6.7 g/L, Amino Acid Dropout Mix 2.14 g/L)) and 5-FOA.at 3
different concentrations (0.5, 0.75, 1 mg/mL).
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Plates were incubated for at least 5 days at 30°C. Colonies arising on the SC Dextrose + 5-
FOA plates were resuspended in 50 uL sterile, distilled water and 5 ul. utilized to streak on to
YPD and SC-URA (SC Dextrose medium without Uracil) plates. Colonies growing only on
YPD and not on SC-URA plates were then inoculated into 3 mL YPD and grown overnight at
30°C with shaking. Overnight cultures were harvested by centrifugation and resuspended in 1.5
mL YNB (6.7 g/L Yeast Nitrogen Broth). The resuspended cells were serially diluted in YNB
and 100 uL aliquots plated on YPD plates and incubation overnight at 30°C to determine initial
titer. 1 mL of each undiluted cell suspension also was plated on SC-URA and incubated for up
to 7 days at 30°C. Colonies on the SC-URA plates are revertants and the isolate with the lowest

reversion frequency (< 107) was used for subsequent strain engineering,

Example 12: Cloning and Analysis of C. tropicalis Fatty alcohol oxidase (FAQ) alleles

Isolation of fatty alcohol oxidase genes from C. tropicalis

C. tropicalis (ATCC20336) fatty alcohol oxidase genes were isolated by PCR amplification
using primers generated to amplify the sequence region covering promoter, fatty alcohol
oxidase gene (FAO) and terminator of the FAO1 sequence (GenBank accession number of
FAO1 AY538780). The primers used to amplify the fatty alcohol oxidase nucleotide sequences
from Candida strain ATCC20336, are showing in the TABLE 2 below.

TABLE 2
Oligonucleotides for cloning FAO alleles
Oligo Sequence
0AA01
a4 AACGACAAGATTAGATTGGTTGAGA
0AA01
45 GTCGAGTTTGAAGTGTGTGTCTAAG

0AA02 | AGATCTCATATGGCTCCATTTTTGCCCGACCAGGTCGACTACAAACACGT
68 C

0AA02 | ATCTGGATCCTCATTACTACAACTTGGCTTTGGTCTTCAAGGAGTCTGCC
69 AAACCTAAC

0AA02
82

ACATCTGGATCCTCATTACTACAACTTGGCCTTGGTCT
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0AA04

21 CACACAGCTCTTCTAGAATGGCTCCATTTTTGCCCGACCAGGTCGAC
0AA04

22 CACACAGCTCTTCCTTTCTACAACTTGGCTTTGGTCTTCAAGGAGTCTGC
0AA04

2 GTCTACTGATTCCCCTTTGTC

0AA02

81 TTCTCGTTGTACCCGTCGCA

PCR reactions contained 25ul. 2X master mix, 1.5 uL of 0AA0144 and 0AAQ145 (10uM),
3.0ul. genomic DNA, and 19uL sterile H,0. Thermocycling parameters used were 98°C for 2
minutes, 35 cycles of 98°C 20 seconds, 52°C 20 seconds, 72°C 1 minute, followed by 72°C 5
minutes and a 4°C hold. PCR products of the correct size were gel purified, ligated into pCR-
Blunt II-TOPO (Invitrogen) and transformed into competent TOP10 E. coli cells (Invitrogen).
Clones containing PCR inserts were sequenced to confirm correct DNA sequence. Four FAO
alleles were identified from sequence analysis and designated as FAO-13, FAO-17, FAO-18
and FAO-20. The sequence of the clone designated FAO-18 had a sequence that was
substantially identical to the sequence of FAO!1 from GenBank. The resulting plasmids of the
four allcles were designated pAAO83, pAA084, pAA059 and pAAOSS, respectively. Sequence

identity comparisons of FAO genes isolated as described herein are shown in the TABLE 3-5

below.
TABLE 3
DNA sequence identity
FAO1 | FAO- | FAO- | FAO- | FAO- | FAO2a | FAO2b
18 17 13 20
FAOI1 100 100 98 96 95 &3 82
FAO- 100 98 96 95 83 82
18
FAO- 100 98 98 83 82
17
FAO- 100 99 83 83
13
FAO- 100 83 83
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20

FAO2a 100 96

FAO2b 100
TABLE 4

Protein sequence identity
FAO1 | FAO- | FAO- | FAO- | FAO- | FAO2a | FAO2b
18 17 13 20

FAOI 100 100 99 98 98 81 80

FAO- 100 99 98 98 &1 80

18

FAO- 100 99 99 82 81

17

FAO- 100 99 82 81

13

FAO- 100 82 81

20

FAO2a 100 97

FAO2b 100
TABLE 5

Amino acid differences in FAO alleles

32 | 75| 89 | 179 | 185|213 | 226 | 352 | 544 | 590

FAO1 E | M| G LY T R | H S P

FAO-

3 Q|T|A|L|Y|A | K|Q|A]|A
FAO-

20 Q|T|A|M|D|A|K|Q|A|A

Expression of FAO alleles in E. coli

To determine the levels of FAO enzyme activity with respect to various carbon sources, the
four isolated FAOQ alleles were further cloned and over-expressed in E. coli. The FAOs were
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amplified using the plasmids mentioned above as DNA template by PCR with primers
0AA0268 and 0AA0269 for FAO-13 and FAO-20 and 0AA0268 and 0AA0282 for FAO-17
and FAO-18, using conditions as described herein. PCR products of the correct size were gel
purified and ligated into pET11a vector between Ndel and BamHI sites and transformed into
BL21 (DE3) E. coli cells. The colonies containing corresponding FAOs were confirmed by
DNA sequencing. Unmodified pET11a vector also was transformed into BL21 (DE3) cells, as
a control. The resulting strains and plasmids were designated SAA153 (pET11a), sAA154
(pAA079 containing FAO-13), sSAA155 (pAAO80 containing FAO-17), sAA156 (pAAO81
containing FAO-18) and sAA157 (pAA082 containing FAQ-20), respectively. The strains and
plasmids were used for FAO over-expression in E. coli. One colony of each strain was
transferred into 5 mL of LB medium containing 100 [Jg/mL ampicillin and grown overnight at
37°C, 200 rpm. The overnight culture was used to inoculate a new culture to ODggonm 0.2 in 25
ml LB containing 100 [1g/ml ampicillin. Cells were induced at ODgooam 0.8 with 0.3 mM IPTG
for 3 hours and harvested by centrifugation at 4°C 1,050xg for 10 minutes. The cell pellet was
stored at -20°C.

Expression of FAOs in C. tropicalis

Two alleles, FAO-13 and FAO-20, were chosen for amplification in C. tropicalis based on their
substrate specificity profile, as determined from enzyme assays of soluble cell extracts of E.
coli with over expressed FAOs. DNA fragments containing FAO-13 and FAO-20 were
amplified using plasmids pAA079 and pAAO0S2 as DNA templates, respectively, by PCR with
primers 0AA0421 and 0AA0422. PCR products of the correct sizes were gel purified and
ligated into pCR-Blunt II-TOPO (Invitrogen), transformed into competent TOP10 E. coli cells
(Invitrogen) and clones containing FAO inserts were sequenced to confirm correct DNA
sequence. Plasmids containing FAO-13 and FAO-20 were digested with SaplI and ligated into
vector pAA105, which includes the C. tropicalis PGK promoter and terminator. The resulting
plasmids were confirmed by restriction digestion and DNA sequencing and designated as
pAA11S5 (FAO-13) and pAA116 (FAO-20), respectively. Plasmids pAA115 and pAA116 were
lincarized with Spel, transformed into competent C. tropicalis Ura” strains sAA002 (SU-2,
ATCC20913) and sAA103. The integration of FAO-13 and FAO-20 was confirmed by colony
PCR using primers 0AA0429 and 0AA0281. The resulting strains were designated as SAA278
(pPAA115 integrated in strain SAA002), sAA280 (pAA116 integrated in SAA002), SAA282
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(pAA115 integrated in SAA103), and sAA284 (pAA116 integrated in SAA103), and were used

for fatty alcohol oxidase over-expression in C. tropicalis.

One colony of each strain was inoculated into 5 ml YPD and grown overnight as described
herein. The overnight culture was used to inoculate a new 25 mL YPD culture to about ODsoonm
0.5. FAO over-expression was regulated by the PGK promoter/terminator, induced with
glucose in the medium and expressed constitutively. Strains SAA002 and sAA103 (e.g.,
untransformed starting strains) were included as negative controls for FAO over-expression.
Cells were harvested at early log phase (ODgoonm = in the range of between about 3 to about 5)

by centrifugation at 4°C for 10 minutes at 1,050 x g. Cell pellets were stored at -20°C.

Cell extract preparation from E. coli

Cell pellets from 25 mL of FAO expressing E. coli cultures were resuspended in 10 mL
phosphate-glycerol buffer containing 50 mM potassium phosphate buffer (pH7.6), 20%
glycerol, 1 mM Phenylmethylsulfonyl fluoride (PMSF), 2ul. Benzonase 25U/uL, 20ul.
10mg/mL lysozyme. The cells were then lysed by incubation at room temperature for 50
minutes on a rotating shaker, and the cell suspension centrifuged for 30 minutes at 4°C using
15,000 x g for. The supernatant was aliquoted in 1.5 ml microcentrifuge tubes and stored at -

20°C for FAO enzyme activity assays.

Cell extract preparation from C. tropicalis

Frozen C. tropicalis cell pellets were resuspended in 1.2 ml of phosphate-glycerol buffer
containing 50 mM potassium phosphate buffer (pH7.6), 20% glycerol, 1 mM
Phenylmethylsulfonyl fluoride (PMSF). Resuspended cells were transferred to 1.5mL screw-
cap tubes containing about 500uL of zirconia beads on ice. The cells were lysed with a Bead
Beater (Biospec) using 2 minute pulses and 1 minute rest intervals on ice. The process was
repeated 3 times. The whole cell extract was then transferred to a new 1.5 ml tube and
centrifuged at 16,000 x g for 15 minutes at 4°C. The supernatant was transferred into a new

tube and used for FAO enzyme activity assays.
Protein concentration determination

Protein concentration of the cell extracts was determined using the Bradford Reagent following
manufacturers’ recommendations (Cat# 23238, Thermo Scientific).
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FAO enzyme activity assay

FAO enzyme activity assays were performed using a modification of Eirich et al., 2004). The
assay utilizes a two-enzyme coupled reaction (e.g., FAO and horse radish peroxidase (HRP))
and can be monitored by spectrophotometry. 1-Dodecanol was used as a standard substrate for
fatty alcohol oxidase enzymatic activity assays. FAO oxidizes the dodecanol to dodecanal
while reducing molecular oxygen to hydrogen peroxide simultaneously. HRP reduces (2,2'-
azino-bis 3-ethylbenzthiazoline-6-sulfonic acid; ABTS) in the two-enzyme coupled reaction,
where the electron obtained from oxidizing hydrogen peroxide to ABTS, which can be
measured by spectrometry at 405 nm. The assay was modified using aminotriazole (AT) to
prevent the destruction of H,O, by endogenous catalase, thus eliminating the need for
microsomal fractionation. The final reaction mixture (1.0 mL) for FAO enzyme assay
consisted of 500 uL of 200 mM HEPES buffer, pH 7.6; 50 uL of a 10 mg/mL ABTS solution in
deionized water; 10 pL of 5 mM solution of dodecanol in acctone; 40 uL of IM AT and 5 uL.
of a 2 mg/mL horseradish peroxidase solution in 50 mM potassium phosphate buffer, pH 7.6.
Reaction activity was measured by measuring light absorbance at 405 nm for 10 minutes at
room temperature after adding the extract. The amount of extract added to the reaction mixture
was varied so that the activity fell within the range of 0.2 to 1.0 AA4sam/min. The actual
amounts of extract used were about 1.69 U/mg for E. coli expressed FAO-13, 0.018U/mg for E.
coli expressed FAO-17, 0.35U/mg for E. coli expressed FAO-18 (e.g., FAO1), 0.47U/mg E.
coli expressed FAO-20, 0.036U/mg C. tropicalis (strain sAA278) expressed FAO-13,
0.016U/mg C. tropicalis (strain SAA282) expressed FAO-13, 0.032U/mg C. tropicalis (strain
sAA280) expressed FAO-20 and 0.029U/mg C. tropicalis (strain sAA284) expressed FAO-20.
FAOQ activity was reported as activity units/mg of total protein (1 unit = 1 [Imole substrate
oxidized/min). An extinction coefficient at 405 nm of 18.4 was used for ABTS and was
equivalent to 0.5 mM oxidized substrate. The results of the activity assays are shown in
TABLES 6-7 below.

TABLE 6
FAO activity (units/mg total protein) on primary alcohols
1- 1- 1- 1- 1- 1- 1-
Butano | Pentano | Hexano | Octano | Decano | Dodecan | Tetradecan | Hexadecan
1 1 | 1 1 ol ol ol
FAO | 0.01 0.09 1.17 82.67 | 70.94 100 79.35 58.88
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-13
FAO
-17 0.72 0.26 1.06 66.23 | 22.00 100 47.86 60.98
FAO
-18 0.07 0.11 0.26 60.56 | 54.56 100 114.47 50.65
FAO
-20 0.07 0.11 0.91 5596 | 74.57 100 89.52 42.59
TABLE 7
FAO activity (units/mg total protein) on omega hydroxy fatty acids
1- 10-OH- 12-OH- 16-OH-
Dodecanol | 6-OH-HA DA DDA HDA
FAO-13 100 4.18 4.14 6.87 8.57
FAO-17 100 1.18 0.00 0.59 0.94
FAO-18 100 0.00 0.00 4.87 2.94
FAO-20 100 0.03 0.04 2.25 7.46

Example 13: Construction of C. tropicalis shuttle vector pAA061

Vector pAA061 was constructed from a pUC19 backbone to harbor the sclectable marker
URAZ3 from Candida strain ATCC20336 as well as modifications to allow insertion of C.

tropicalis promoters and terminators. A 1,507bp DNA fragment containing the promoter, ORF,

and terminator of URA3 from C. tropicalis ATCC20336 was amplified using primers cAA0124

and 0AA0125, shown in the TABLE 8 below. The URA3 PCR product was digested with Ndel

/ Mlul and ligated into the 2,505bp fragment of pUC19 digested with Ndel / BsmBI (an Mlul

compatible overhang was produced by BsmBI). In order to replace the lac promoter with a

short 21bp linker sequence, the resulting plasmid was digested with Sphl/ Sapl and filled in

with a linker produced by annealing oligos 0AA0173 and 0AA0174. The resulting plasmid was

designated pAA061.
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TABLE 8
Oligonucleotides for construction of pAA061
Oligos Sequence PCR product (bp)
0AA012
4 cacacacatatgCGACGGGTACAACGAGAATT
0AAQ12 1507
5 cacacaacgcgtAGACGAAGCCGTTCTTCAAG
0AA017
3 ATGATCTGCCATGCCGAACTC
21 (linker)
0AA017
4 AGCGAGTTCGGCATGGCAGATCATCATG

Example 14: Cloning of C. tropicalis PGK promoter and terminator

Vector pAA105 was constructed from base vector pAA061 to include the phosphoglycerate
kinase (PGK) promoter and terminator regions from C. tropicalis ATCC20336 with an
intervening multiple cloning site (MCS) for insertion of open reading frames (ORF’s). The
PGK promoter region was amplified by PCR using primers 0AA0347 and 0AA0348, shown in
the TABLE 9 below. The 1,029bp DNA fragment containing the PGK promoter was digested
with restriction enzymes Pstl / Xmal. The PGK terminator region was amplified by PCR using
primers 0AA0351 and 0AA0352, also shown in the TABLE 9 below. The 396bp DNA
fragment containing the PGK terminator was digested with restriction enzymes Xmal / EcoR1
The 3,728bp Pstl / EcoRI DNA fragment from pAA061 was used in a three piece ligation
reaction with the PGK promoter and terminator regions to produce pAA105. The sequence
between the PGK promoter and terminator contains restriction sites for incorporating ORF’s to

be controlled by the functionally linked constitutive PGK promoter.

TABLE 9
Oligonucleotides for cloning C. tropicalis PGK promoter and terminator
Oligos Sequence PCR product (bp)
0AA0347 | CACACACTGCAGTTGTCCAATGTAATAATTIT 1028

0AA0348 | CACACATCTAGACCCGGGCTCTTCTTCTGAAT
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AGGCAATTGATAAACTTACTTATC

GAGCCCGGGTCTAGATGTGTGCTCTTCCAAAG

0AA0351 TACGGTGTTGTTGACA
CACACACATATGAATTCTGTACTGGTAGAGCT
0AAQ0352 | AAATT

396
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Example 15: Cloning of the POX4 locus

Primers 0AA(0138 and 0AA0141 (TABLE 10) were generated to amplify the entire sequence
of NCBI accession number M12160 for the YSAPOX4 locus from genomic DNA prepared
from Candida strain ATCC20336. The 2,845bp PCR product was cloned into the vector, pCR-
BluntII-TOPO (Invitrogen), sequenced and designated pAA052.

TABLE 10
Oligonucleotides for cloning of POX4
Oligos Sequence PCR product (bp)
0AA013
8 GAGCTCCAATTGTAATATTTCGGG
0AA014 2845
1 GTCGACCTAAATTCGCAACTATCAA

Example 16: Cloning of the POXS locus

Primers 0AA0179 and 0AA0182 (TABLE 11) were generated to amplify the entire sequence of
NCBI accession number M12161 for the YSAPOXS locus from genomic DNA prepared from
Candida strain ATCC20336. The 2,624bp PCR product was cloned into the vector, pCR-
Bluntll-TOPO (Invitrogen), sequenced and designated pAA049.

TABLE 11

Oligonucleotides for cloning of POX5

Oligos Sequence PCR product (bp)

0AA017 | GAATTCACATGGCTAATTTGGCCTCGGTTCCACAA

9 CGCACTCAGCATTAAAAA
2624

0AA018 | GAGCTCCCCTGCAAACAGGGAAACACTTGTCATCT
2 GATTT

Example 17: Construction of strains with amplified CPR and CYP52 genes
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Strains having an increased number of copies of cytochrome P450 reductase (CPR) and/or for
cytochrome P450 monooxygenase (CYP52) genes were constructed to determine how over

expression of CPR and CYP52 affected diacid production.

Cloning and integration of the CPR gene.

A 3,019bp DNA fragment encoding the CPR promoter, ORF, and terminator from C. tropicalis
ATCC750 was amplified by PCR using primers 0AA0171 and 0AA0172 (TABLE 12)
incorporating unique Sapl and Sphl sites. The amplified DNA fragment was cut with the
indicated restriction enzymes and ligated into plasmid pAA061, (described in Example 13) to
produce plasmid pAA067. Plasmid pAA067 was linearized with Clal and transformed into C.
tropicalis Ura’ strain SAA103 (ura3/ura3, pox4::ura3/pox4::ura3, pox5::ura3/pox5::ura3).
Transformations were performed with plasmid pAA067 alone and in combination with

plasmids harboring the CYP52A15 or CYP52A16 genes, described below.

Cloning and integration of CYP52A415 gene.

A 2.,842bp DNA fragment encoding the CYP52A15 promoter, ORF, and terminator from C.
tropicalis ATCC20336 was amplified by PCR using primers 0AA0175 and 0AA0178 (TABLE
12) and cloned into pCR-BluntII-TOPO for DNA sequence verification. The cloned
CYP52A15 DNA fragment was isolated by restriction digest with Xbal / BamHI (2,742bp) and
ligated into plasmid pAA061, (described in Example 13), to produce plasmid pAAQ77.
Plasmid pAAQ77 was linearized with Pmll and transformed into C. tropicalis Ura’ strain
SAA103 (ura3/ura3, pox4::ura3/pox4::ura3, pox5::ura3/pox5::ura3). pAAQ77 was
cotransformed with plasmid pAA067 harboring the CPR gene.

Cloning and integration of CYP52A416 gene.

A 2,728bp DNA fragment encoding the CYP52A16 promoter, ORF, and terminator from C.
tropicalis ATCC20336 was amplified by PCR using primers 0AA0177 and 0AA0178 (TABLE
12) and cloned into pCR-BluntlI-TOPO for DNA sequence verification. The cloned
CYP52A16 DNA fragment was amplified with primers 0AA0260 and 0AA0261 (TABLE 12)

which incorporated unique Sacl / Xbal restriction sites. The amplified DNA fragment was
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digested with Sacl and Xbal restriction enzymes and ligated into plasmid pAA061 to produce
plasmid pAA078. Plasmid pAAQ78 was linearized with Clal and transformed into C. tropicalis
Ura’ strain SAA103 (ura3/ura3, pox4::ura3/pox4::ura3, pox5::ura3/pox5::ura3). pAAQ78 was
cotransformed with plasmid pAAO067 harboring the CPR gene.

TABLE 12
Oligonucleotides for cloning of CPR, CYP52A15 and CYP52A16
Oligos Sequence PCR product (bp)
0AA017 | cacctegetcttccAGCTGTCATGTCTATTCAATGCT
1 TCGA
3019
0AAQ017 | cacacagcatgcTAATGTTTATATCGTTGACGGTGA
2 AA
0AA017 | cacaaagcggaagagcAAATTTTGTATTCTCAGTAGG
5 ATTTCATC
2842
0AA017 | cacacagcatgCAAACTTAAGGGTGTTGTAGATAT
8 CCC
0AA017 | cacacacccgggATCGACAGTCGATTACGTAATCC
7 ATATTATTT
2772
0AAQ17 | cacacagcalgCAAACTTAAGGGTGTTGTAGATAT
8 CcCC
0AA026
0 cacacagagctcACAGTCGATTACGTAATCCAT -
0AA026
1 cacatctagaGCATGCAAACTTAAGGGTGTTGTA

Preparation of genomic DNA.

Genomic DNA was prepared from transformants for PCR verification and for Southern blot
analysis. Isolated colonies were inoculated into 3 mL YPD and grown overnight at 30°C with
shaking. Cells were pelleted by centrifugation. To each pellet, 200 uL Breaking Buffer (2%
TritorT1MX—100, 1% SDS, 100 mM NaCl, 10 mM Tris pH 8 and, 1 mM EDTA) was added, and
the pellet resuspended and transferred to a fresh tube containing 200 ul. 0.5 mm Zirconia/Silica
Beads. 200 uL Phenol:Chloroform:Isoamyl Alcohol (25:24:1) was added to each tube,
followed by vortexing for 1 minute. Sterile distilled water was added (200 uL) to each tube and
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the tubes were centrifuged at 13000 rpm for 10 minutes. The aqueous layer was ethanol
precipitated and washed with 70% ethanol. The pellet was resuspended in 100-200 11 10 mM
Tris, after drying. Genomic DNA preparation for southern blot analysis was performed using

the same procedure on 25 mL cultures for each colony tested.
Characterization of strains with amplified CPR and CYP52 genes.
Verification of gene integration was performed by PCR using primers 0AA0252 and cAA0256

(CPR), 0AA0231 and 0AA0281 (CYP52A15), and 0AA242 and 0AA0257 (CYP52A16). The

primers used for verification are shown in the TABLE 13.

TABLE 13
Oligonucleotides for PCR verification of CPR, CYP52A415 and CYP52A16
Oligos Sequence PCR product (bp)
0AA025
2 TTAATGCCTTCTCAAGACAA
0AA025 s
6 GGTTTTCCCAGTCACGACGT
0AA023
1 CCTTGCTAATTTTCTTCTGTATAGC
0AA028 584
1 TTCTCGTTGTACCCGTCGCA
0AA024
2 CACACAACTTCAGAGTTGCC
0AA025 o7
7 TCGCCACCTCTGACTTGAGC

Southern blot analysis was used to determine the copy number of the CPR, CYP52A15 and
CYP52A16 genes. Biotinylated DNA probes were prepared with gene specific
oligonucleotides using the NEBlot Phototope Kit from New England BioLabs (Catalog
#N7550S) on PCR products generated from each gene target as specified in TABLE 14.
Southern Hybridizations were performed using standard methods (e.g., Sambrook, J. and
Russell, D. W. (2001) Molecular Cloning: A Laboratory Manual, (3" ed.), pp. 6.33-6.64. Cold
Spring Harbor Laboratory Press). Detection of hybridized probe was performed using the
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Phototope-Star Detection Kit from New England BioLabs (Catalog #N7020S). Copy number

was determined by densitometry of the resulting bands.

TABLE 14

Oligonucleotides for Probe Template PCR of CPR, CYP52A415 and CYP52A16

PCR product

Oligos Sequence Gene Template ‘
(bp)

0AA0250 [ AATTGAACATCAGAAGAGGA

CCTGAAATTTCCAAATGGTG CPR PAAOGT 1313
0AA0254 | TCTAA

0AA0227 [ TTTTTTGTGCGCAAGTACAC CYP52A

PAA077 905
0AA0235 | CAACTTGACGTGAGAAACCT 15
0AA0239 | AGATGCTCGTTTTACACCCT | CYP52A

PAAO078 672
0AA0247 | ACACAGCTTTGATGTTCTCT 16

Example 18: Addition and/or Amplification of Monooxygenase and Monooxygenase reductase

activities.

Cytochrome P450’s often catalyze a monooxygenase reaction, ¢.g., insertion of one atom of

oxygen into an organic substrate (RH) while the other oxygen atom is reduced to water:

RH + 02 + 2H+ + 2¢- — ROH + H20

The substrates sometimes are of a homogeneous carbon chain length. Enzymes with
monooxygenase activity sometimes recognize substrates of specific carbon chain lengths, or a
subgroup of carbon chain lengths with respect to organic substrates of homogenous carbon
chain length. Addition of novel cytochrome activities (e.g., B. megaterium BM3) and/or
amplification of certain or all endogenous or heterologous monooxygenase activities (e.g.,
CYP52A12 polynucleotide, CYP52A13 polynucleotide, CYP52A14 polynucleotide,
CYP52A15 polynucleotide, CYP52A16 polynucleotide, CYP52A 17 polynucleotide,
CYP52A18 polynucleotide, CYP52A19 polynucleotide, CYP52A20 polynucleotide, CYP52D2

polynucleotide, BM3 polynucleotide) can contribute to an overall increase in carbon flux
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through native and/or engineered metabolic pathways, in some embodiments. In certain
embodiments, adding a novel monooxygenase or increasing certain or all endogenous or
heterologous monooxygenase activities can increase the flux of substrates of specific carbon
chain length or subgroups of substrates with mixtures of specific carbon chain lengths. In some
embodiments, the selection of a monooxygenase activity for amplification in an engineered
strain is related to the feedstock utilized for growth of the engineered strain, pathways for

metabolism of the chosen feedstock and the desire end product (e.g., dodecanedioic acid).

Strains engineered to utilize plant-based oils for conversion to dodecanedioic acid can benefit
by having one or more monooxygenase activities with substrate specificity that matches the
fatty acid chain-length distribution of the oil. For example, the most prevalent fatty acid in
coconut oil is lauric acid (12 carbons long), therefore, the monooxygenase activity chosen for a
coconut oil-utilizing strain can have a substrate preference for C12 fatty acids. For strains
enginecered to utilize other plant based oils with different fatty acid chain-length distributions it
may be desirable to amplify a monooxygenase activity that has a matching substrate preference.
In some embodiments, a genetic modification that alters monooxygenase activity increases the
activity of one or more monooxygenase activities with a substrate preference for feedstocks
having carbon chain lengths of between about 12 and about 24 carbons (e.g., mixed chain
length alkanes, mixed chain length fatty acids, soapstocks, the like and combinations thereof).
In certain embodiments, the genetic modification increases the activity of a monooxygenase
activity with a preference for fatty acids having a carbon chain-length distribution of between

about 10 carbons and about 16 carbons.

As mentioned previously, the enzymes that carry out the monooxygenase activity are reduced
by the activity of monooxygenase reductase, thereby regenerating the enzyme. Selection of a
CPR for amplification in an engineered strain depends upon which P450 is amplified, in some
embodiments. A particular CPR may interact preferentially with one or more monooxygenase
activities, in some embodiments, but not well with other monooxygenases. A monooxygenase
reductase from Candida strain ATCC750, two monooxygenase reductase activities from
Candida strain ATCC20336 and a monooxygenase reductase activity from Bacillus megaterium
are being evaluated for activity with the added and/or amplified monooxygenases described
herein. Provided in the tables below are nucleotide sequences used to add or amplify

monooxygenase and monooxygenase reductase activities.
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Example 19: Amplification of Selected Beta Oxidation Activities

Described herein are methods of amplifying a POXS beta oxidation activity. Substantially
similar methods can be utilized to amplify different beta oxidation activities including non-POX
(e.g., acyl-CoA oxidase) activities and/or acyl-CoA oxidase activities with altered substrate

specificities, as described herein.

Construction of POX35 amplified strains

PlasmidpAA166 (PPOX4P0X5Tpox4)

A PCR product containing the nucleotide sequence of POXS was amplified from C. tropicalis
20336 genomic DNA using primers 0AAS540 and 0AAS541. The PCR product was gel purified
and ligated into pCR-Blunt LI-TOPO (Invitrogen), transformed into competent TOP10 E. coli
cells (Invitrogen) and clones containing PCR inserts were sequenced to confirm correct DNA
sequence. One such plasmid was designated, pAA165. Plasmid pAA165 was digested with
BspQI and a 2-kb fragment was isolated. Plasmid pAA073 which contained a POX4 promoter
and POX4 terminator was also digested with BspQI and gel purified. The isolated fragments
were ligated together to generate plasmid pAA166. Plasmid pAA166 contains a
Ppox4POXS5Tpox4 fragment.

Plasmid pAA204 (thiolase deletion construct)

A PCR product containing the nucleotide sequence of a short-chain thiolase (e.g., acetyl-coA
acetyltransferase) was amplified from C. tropicalis 20336 genomic DNA using primers
0AA640 and 0AA641. The PCR product was gel purified and ligated into pCR-Blunt II-TOPO
(Invitrogen), transformed into competent TOP 10 E. coli cells (Invitrogen) and clones
containing PCR inserts were sequenced to confirm correct DNA sequence. One such plasmid
was designated, pAA184. A URA3 PCR product was amplified from pAA061 using primers
0AA660 and 0AA661. The PCR product was gel purified and ligated into pCR-Blunt II-TOPO
(Invitrogen), transformed as described and clones containing PCR inserts were sequenced to
confirm the correct DNA sequence. One such plasmid was designated pAA192. Plasmid
PAA184 was digested with Bglll/Sall and gel purified. Plasmid pAA192 was digested with
Bglll/Sall and a 1.5 kb fragment was gel purified. The isolate fragments were ligated together
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to create pAA199. An alternative Pyras PCR product was amplified from plasmid pAA061
using primers 0AA684 and 0AA685. The PCR product was gel purified and ligated into pCR-
Blunt II-TOPO (Invitrogen), transformed as described and clones containing PCR inserts were
sequenced. One such plasmid was designated, pAA201. Plasmid pAA199 was digested with
Sall and gel purified. Plasmid pAA201 was digested with Sall and a 0.43 kb Pyras was gel
purified. The isolated fragments were ligated to create plasmid pAA204 that contains a direct

repeat of Pygas.

Plasmid pAA221 (Ppox4POX5Tpox4 in thiolase deletion construct)

A PCR product containing the nucleotide sequence of PpoxsPOX5Tpoxs was amplified from
plasmid pAA166 DNA using primers 0AA728 and 0AA729. The PCR product was gel
purified and ligated into pCR-Blunt II-TOPO, transformed as described and clones containing
PCR inscrts were sequenced to confirm the sequence of the insert. One such plasmid was
designated, pAA220. Plasmid pAA204 was digested with Bglll, treated with shrimp alkaline
phosphatase (SAP), and a 6.5 kb fragment was gel purified. Plasmid pAA220 was digested
with Bglll and a 2.7 kb fragment containing Ppox4POX5Tpoxs was gel purified. The isolated
fragments were ligated to create plasmid pAA221.

Strain sAA617 (Ppo)(4POX5Tp0Xz¢ in AAA45])

Strain SAA451 is a ura-, partially B-oxidation blocked Candida strain (ura3/ura3
pox4a::ura3/pox4b::ura3 POX5/POXS5). Plasmid pAA221 was digested with EcoRI to release a
DNA fragment containing Ppox4POX5Tpox4 in a thiolase deletion construct. The DNA was
column purified and transformed to strain SAA451 to plate on SCD-ura plate. After two days,
colonies were streaked out on YPD plates, single colonies selected and again streaked out on
YPD plates. Single colonies were selected from the second YPD plates and characterized by
colony PCR. The insertion of Ppox4POXS5Tpox4 in strain sAA451, disrupting the short-chain

thiolase gene, was confirmed by PCR and one such strain was designated sAA617.

Strain sAA620

Strain SAA617 was grown overnight on YPD medium and plated on SCD+URA+5-FOA, to

select for loop-out of URA3. Colonies were streaked out onto YPD plates twice as described for
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strain sAA617, and single colonies characterized by colony PCR. The loop-out of URA3 by
direct repeats of PURA3 was confirmed by PCR. One such strain was designated sAA620.
Strain sAA620 has one additional copy of POXS5 under control of the POX4 promoter.

Plasmid pAA156

A PCR product containing the nucleotide sequence of CYP52A19 was amplified from Candida
strain 20336 genomic DNA, using primers 0AA525 and 0AA526. The PCR product was gel
purified and ligated into pCR-Blunt II-TOPO, transformed as described, and clones containing
PCR inserts were sequenced to confirm correct DNA sequence. One such plasmid was
designated, pAA144. Plasmid pAA144 was digested with BspQI and a 1.7-kb fragment was
isolated. Plasmid pAA073, which includes a POX4 promoter and POX4 terminator, also was
digested with BspQI and gel purified. The isolated fragments were ligated together to generate
plasmid, pAA156. Plasmid pAA156 included PpoxsCYP52A19Tpox4 fragment and URA3.

Strain sAA496

Plasmid pAA156 was digested with Clal and column purified. Strain sSAA451 was transformed
with this linearized DNA and plated on SCD-ura plate. Colonies were checked for CYP52A19
integration. Colonies positive for plasmid integration were further analyzed by qPCR to
determine the number of copies of CYPS52A19 integrated. One such strain, designated
contained about 13 copies of the monooxygenase activity encoded by CYP52A19.

Strains SAA632 and SAA635

Strain sAA620 was transformed with linearized pAA 156 DNA and plated on SCD-ura plates.
Several colonies were checked for CYPS52A19 integration. Colonies positive for plasmid
integration were further analyzed by qPCR to determine the number of copies of CYP52A19
integrated. One such strain, designated SAA632 contained about 27 copies of the
monooxygenase activity encoded by CYP52A19. Another strain, designated sAA635,
contained about 12 copies of the monooxygenase activity encoded by CYP52A19.

Example 20: Cloning of C. tropicalis ACH genes
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ACH PCR product was amplified from C. tropicalis 20336 genomic DNA using primers
0AA1095 and 0AA1096, shown in TABLE 15. The PCR product was gel purified and ligated
into pCR-Blunt II-TOPO (Invitrogen), transformed into competent TOP10 E. coli cells
(Invitrogen) and clones containing PCR inserts were sequenced to confirm correct DNA

sequence.

Sequence analysis of multiple transformants revealed the presence of allelic sequences for the
ACH gene, which were designated ACHA and ACHB. A vector containing the DNA sequence
for the ACHA allele was generated and designated pAA310 (see FIG. 51). A vector containing
the DNA sequence for the ACHB allele was generated and designated pAA311.

151



CA 02895124 2015-06-12

WO 2014/100461 PCT/US2013/076664

TABLE 15

Primer sequence

0AA1095 | CACACACCCGGGATGATCAGAACCGTCCGTTATCAAT

0AA1096 | CACACATCTAGACTCTCTTCTATTCTTAATTGCCGCTTCCACTAAA
CGGCAAAGTCTCCACG

Example 21: Cloning of C. tropicalis FATI gene

FAT! PCR product was amplified from C. tropicalis 20336 genomic DNA using primers
0AA1023 and 0AA1024, shown in TABLE 16. The PCR product was gel purified and ligated
into pCR-Blunt II-TOPO (Invitrogen), transformed into competent TOP10 E. coli cells
(Invitrogen) and clones containing PCR inserts were sequenced to confirm correct DNA

sequence. A vector containing the DNA sequence for the FAT1 gene was designated pAA296.

TABLE 16

Primer sequence

0AA1023 | GATATTATTCCACCTTCCCTTCATT

0AA1024 | CCGTTAAACAAAAATCAGTCTGTAAA

Example 22: Cloning of C. tropicalis ARE1 and ARE?2 genes

ARE1 and ARE2 PCR products were amplified from C. tropicalis 20336 genomic DNA using
primers 0AA2006/0AA2007 and 0AA1012/0AA1018, respectively, shown in TABLE 17. The
PCR products were gel purified and ligated into pCR-Blunt 1I-TOPO (Invitrogen), transformed
into competent TOP10 E. coli cells (Invitrogen) and clones containing PCR inserts were
sequenced to confirm correct DNA sequence. A vector containing the DNA sequence for the
AREI gene was designated pAA318. A vector containing the DNA sequence for the ARE2
gene was designated pAA301.

TABLE 17

Primer sequence

0AA1012 | ATGTCCGACGACGAGATAGCAGGAATAGTCAT

0AA1018 | TCAGAAGAGTAAATACAACGCACTAACCAAGCT

0AA2006 | ATGCTGAAGAGAAAGAGACAACTCGACAAG

0AA2007 | GTGGTTATCGGACTCTACATAATGTCAACG
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Example 23: Construction of an optimized TESA gene for expression in C. tropicalis

The gene sequence for the E. coli TESA gene was optimized for expression in C. tropicalis by
codon replacement. A new TESA gene sequence was constructed using codons from C.
tropicalis with similar usage frequency for each of the codons in the native E. coli TESA gene
(avoiding the use of the CTG codon due to the alternative yeast nuclear genetic code utilized by
C. tropicalis). The optimized TESA gene was synthesized with flanking BspQI restriction sites
and provided in vector pIDTSMART-Kan (Integrated DNA Technologies). The vector was
designated as pAA287. Plasmid pAA287 was cut with BspQI and the 555bp DNA fragment
was gel purified. Plasmid pAAOQ73 also was cut with BspQI and the linear DNA fragment was
gel purified. The two DNA fragments were ligated together to place the optimized TES4 gene
under the control of the C. tropicalis POX4 promoter. The resulting plasmid was designated
pAA294.

Example 24: Cloning of C. tropicalis DGAI gene

DGAI PCR product was amplified from C. tropicalis 20336 genomic DNA using primers
0AA996 and 0AA997, shown in TABLE 18. The PCR product was gel purified and ligated
into pCR-Blunt II-TOPO (Invitrogen), transformed into competent TOP10 E. coli cells
(Invitrogen) and clones containing PCR inserts were sequenced to confirm correct DNA

sequence. A vector containing the DNA sequence of the DGA1 gene was designated pAA299.

TABLE 18

Primer Sequence

0AA996 | ATGACTCAGGACTATAAAGACGATAGTCCTACGTCCACTGAGTTG

0AA997 | CTATTCTACAATGTTTAATTCAACATCACCGTAGCCAAACCT

Example 25: Cloning of C. tropicalis LROI gene

LRO1 PCR product was amplified from C. tropicalis 20336 genomic DNA using primers
0AA998 and 0AA999, shown in TABLE 19. The PCR product was gel purified and ligated
into pCR-Blunt II-TOPO (Invitrogen), transformed into competent TOP10 E. coli cells
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(Invitrogen) and clones containing PCR inserts were sequenced to confirm correct DNA

sequence. A vector containing the DNA sequence of the LRO1 gene was designated pAA300.

TABLE 19

Primer sequence

0AA998 | ATGTCGTCTTTAAAGAACAGAAAATC

0AA999 | TTATAAATTTATGGCCTCTACTATTTCT

Example 26: Cloning of C. tropicalis ACSI gene and construction of deletion cassette

ACS! PCR product was amplified from C. tropicalis 20336 genomic DNA using primers
0AA951 and 0AA952, shown in TABLE 20. The PCR product was gel purified and ligated into
pCR-Blunt II-TOPO (Invitrogen), transformed into competent TOP10 E. coli cells (Invitrogen)
and clones containing PCR inserts were sequenced to confirm the DNA sequence. One such
plasmid was designated pAA275. Plasmid pAA280 was digested with BamHI to release a 2.0
kb PurasURA3TurasPuras cassette. Plasmid pAA275 was digested with Bglll and gel purified.
The two pieces were ligated together to generate plasmid pAA276 and pAA282. Plasmid
PAA276 and pAA282 have the PyrasURA 3 TurasPuras cassette inserted into the ACS gene in

opposite orientations.

TABLE 20

Primer sequence

0AA951 | CCTACTTCCACAGCTTTAATCTACTATCAT

0AA952 | TTTAAGAAAACAACTAAGAGAAGCCAC

Example 27: Construction of Strain sAA722 (pox4a::ura3/pox4b::ura3 POX5/POXS
ACSIl/acs!:: PURA3 URA3TURA3PDRA5)

Plasmid pAA276 was digested with BamHI/Xhol and column purified. Strain SAA329
(ura3fural poxda::ura3/pox4b: ura3 POX5/POXS5) was transformed with the linearized DNA
and plated on SCD-ura plate. Several colonies were checked for ACS! disruption. One such

strain was designated SAA722.
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Example 28: Construction of Strain sAA741 (pox4a::ura3/pox4b::ura3 POX5/POXS5
ACS]/LZCS].‘.’PURA_g)

Strain sSAA722 was grown in YPD media overnight and plated on 5-FOA plate. Colonies that
grew in the presence of 5-FOA were PCR screened for the looping out of the URA3 gene
leaving behind only the URA3 promoter (Pyrasz) in the ACS! site. Out of 30 colonies analyzed,

only one strain showed the correct genetic modification. The strain was designated sAA741.

Example 29: Construction of Strain sAA776 (pox4a.:ura3/pox4b::ura3 POX5/POX5
acsl -'-'P(/RAS URA3 TURA3P(/RA3/(ZCS] S PURA3)

Plasmid pAA282 was digested with BamHI/Xhol and column purified. Strain SAA741 (see
Example 28) was transformed with the lincarized DNA and plated on SCD-ura plate. Several
colonics were checked for double ACS! knockout by insertional inactivation. One such strain
was designated sAA776.

Example 30: Construction of Strain sAA779 (pox4a::ura3/pox4b::ura3 POX5/POXS acsl::

Pyras/acsi:: Pyraz)

Strain SAA776 (see Example 29) was grown in YPD media overnight and plated on 5-FOA
plates. Colonies that grew in the presence of 5-FOA were PCR screened for the looping out of
the URA3 gene leaving behind only the URA3 promoter (Pyras) in both ACS! copies. One such
strain was designated sAA779.

Example 31: Construction of Strain sA4811 (pox4a.:ura3/pox4b::ura3 POX5/POXS5 acsl::
Pripas/acsi:: Pygas ura3::3xPpoxP450A419)

Plasmid pAA156 containing a P450419 integration cassette was digested with Clal and column
purified. Strain sAA779 (see Example 30) was transformed with the lincarized DNA and
plated on SCD-ura plate. Several colonies were checked for P450419 integration. From those
colonies, qPCR was performed to check the copy number of P450419 integration. One strain,
designated sAA811, contained 3 copies of P450419.
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Example 32: Construction of Strain sAA810 (pox4a::ura3/pox4b::ura3 POX5/POXS5 acsl::
P URA 3/ acsl:: P TIRA3 ura3::5xP po)(4P 450419 ura3::8xP POX4 TESA )

Plasmid pAA156 containing a P450-A19 integration cassette was digested with Clal and
column purified. Plasmid pAA294 containing a TESA integration cassette also was digested
with Clal and column purified. Strain SAA779 was cotransformed with both linearized DNAs
and plated on SCD-ura plate. Several colonies were checked for both P4504 19 integration and
TESA4 integration. Colonies that were positive for both TESA and P450A19 were further
analyzed by qPCR. qPCR was performed to check the copy number of the P450419 and TESA
integration events. One strain, designated sAA810, contained 5 copies of P450419 and 8
copics of TESA.

Example 33. General Techniques & Methods (used for Examples 34-55).

Growth Media, Reagents and Conditions

YPD, ScD-ura media and plates, and 5-FOA containing plates were made as described in
Methods in Yeast Genetics: a Cold Spring Harbor Laboratory Manual /David C. Amberg,
Daniel J. Burke, Jeffrey Strathern, - 2005 ed.).

SP92 + glycerol was made by adding 6.7 g of Bacto yeast nitrogen base without amino acids
(BD, Franklin Lakes, NJ, USA), 3.0 g of Bacto yeast extract (BD, Franklin Lakes, NJ, USA),
3.0 g of ammonium sulfate, 1.0 g of potassium phosphate monobasic, 1.0 g of potassium
phosphate dibasic, and 75 g of glycerol to water to a final volume of one liter. The media was

then filtered sterilized.

TB-low N Media was made by adding 1.7 g Bacto yeast nitrogen base without ammonium
sulfate, 3 g of Bacto yeast extract, 1 g of potassium phosphate monobasic and 1g potassium

phosphate dibasic per liter of water. The media was filtered sterilized.

Overnight cultures were typically grown in 2 to 5 ml of either ScD-ura media or YPD media in

standard culture tubes at 30 C on a shaker at about 250 rpm.

Molecular Methods
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Gel purifications of DNA fragments were done as recommended by the manufacturer using
either the GeneJET Gel Extraction Kit (Fermentas Inc, Glen Burnie, Maryland, USA) or the
Zymoclean Gel DNA Recovery Kit (ZymoResearch, Irvine, California, USA).

PCR was performed using either PFU Ultra Il DNA Polymerase (Agilent Technologies,Santa
Clara, California, USA), Taqg DNA polymerase (New England Biolabs, Ipswich, Massachusetts,
USA), DreamTaq PCR Master Mix (Fermentas Inc, Glen Burnie, Maryland, USA) or Quick
Load Midas Mix (Monserate, San Diego, California, USA). Each enzyme was used according

to the manufacturer’s instructions.

Restriction enzyme digestions were conducted as recommended by each manufacturer (New
England Biolabs, Ipswich, Massachusctts, USA or Fermentas Inc., Glen Burnie, Maryland,
USA). DNA ligations were conducted using either the Rapid Ligation Kit (Fermentas Inc.,
Glen Burnie, Maryland, USA) or using T4 DNA Ligase (New England Biolabs, Ipswich,

Massachusetts, USA) according to the manufacturer’s instructions.

Yeast transformations were performed as described in Example 10.

Genomic DNA Preparation

The URA3 gene was obtained from genomic DNA of Candida yeast culture ATCC20336.
Genomic DNA from Candida strain ATCC20336 was prepared as follows: About 1.5 ml of an
overnight culture of cells was and the pellet was resuspended in about 200 pul of a solution
containing 2% Triton X-100, 1% SDS, 100 mM NaCl, 10 MM Tris pH 8.0, and 1 mM EDTA.
About 200 ul of acid washed glass beads were added with about 200 ul of
phenol:chloroform:isoamyl alcohol (25:24:1) at a pH of about 8.0. The sample was vortexed
for about 2 minutes after which about 200 ul of water was added. The sample was then
centrifuged at 13000 rpm for about 10 minutes. The aqueous layer was transferred to a new
microcentrifuge tube and an equal volume of chloroform:isoamyl alcohol (24:1) solution was
added. This sample was vortexed for 10 seconds and then centrifuged at 13000 rpm for about 2
minutes. The aqueous layer was transferred to a new microfuge tube and 1 ml of ethanol was

added. The tube was then placed at -80°C for about 15 minutes and then spun at 13000 rpm for
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15 minutes to pellet the DNA The DNA was washed with 70% ethanol and air-dried. The
DNA was then resuspended in about 500 pul of water.

Genomic DNA for Klyveromyces lactis (ATCC8585) was purchased from the American Type
Culture Collection (Manassas, Virginia, USA).

To calculate gene copy number, a qQPCR method was used as described by Jin et al (Appl.
Environ. Microbiol. January 2003 vol. 69, no. 1, 495-503). qPCR was performed according to
the manufacturer’s instructions using either the Brilliant 111 Ultra-Fast SYBR® Green QPCR
Master Mix (Agilent Technologies, Englewood, Colorado, USA) or the QuantiTect Multiplex
PCR NoROX Kit (Qiagen). Genomic DNA from Candida strain ATCC20336 or plasmid DNA

containing the actin gene from ATCC20336 and the gene of interest were used as standards.

Primers and probes used throughout these Examples were made via standard DNA synthesis

techniques by Integrated DNA Technologies (Coralville, lowa, USA).

Example 34: Construction of Cloning Plasmid AA073

The plasmid pAA073 was designed to contain the POX4 promoter and terminator from
Candida strain ATCC20336 (this strain is also referred to herein as strain sAA001). This
plasmid was derived from the publicly available plasmid pUC19 which contains an ampicillin
resistance marker. pAA073 was designed to have two Sapl restriction enzyme sites located
between the POX4 promoter and terminator which allows unidirectional cloning of any gene of
interest in tandem with the POX4 promoter. The Candida strain ATCC20336 URA3 gene
including the open reading frame and the endogenous regulatory regions was also placed into
PAAOQ73 as a selection marker for transformants. Plasmid pAA073 allows the direct integration
of multiple copies of any gene of interest by digesting the plasmid with a unique restriction
enzyme such as Spel, Clal or BstZ171. These multiple cloning sites for are contained in the
URAJ3 auxotrophic marker region and can be sclectively be used to avoid cutting the gene of
interest (i.c., the DNA sequence for the gene of interest can be searched for particular restriction
enzyme cut sites and those enzymes can be avoided). In addition, this plasmid can serve as a
template to create an antibiotic free-DNA cassette containing the gene of interest and the POX

4 regulatory regions inserted between the 3’ and 5’ regions of the URA3 gene; this cassette can
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be PCR amplified using the plasmid as a template, and the isolated PCR product can be inserted

into any microorganism strain.

A diagram of pAAQ73 is set forth in FIG. 18 and the sequence of pAAO073 is set forth as SEQ
ID NO: 160.

Example 35: Generic Procedure for Creating Yeast Transformation Plasmids and Integration

Cassettes and Creation of a ZWF1 Gene Transformation Plasmid

One of two procedures was used to generate DNA constructs useful to make transformed
Candida yeast strains that contained cither amplified levels of endogenous genes or exogenous
genes inserted into the genomic DNA of the Candida yeast host. The following endogenous
genes were amplified from genomic Candida ATCC20336 genomic DNA: fatty alcohol
dehydrogenase (“ADH”)- ADH1, 2, 3, 4, 5, 7 and 8; ZWF1 (glucosc-6-phosphate
dehydrogenase), FAT1 (fatty acyl transporter 1); PEX11 (peroxisomal biogenesis factor 11);
HFD1 and HFD2 (human fatty aldehyde dehydrogenase 1 and 2), CPRB (cytochrome p450
reductase B), P450A12-A20 and P450D2 (cytochrome p450 oxidases 12-20 and D2); FAT1
(fatty acyl transporter 1); and IDP2 (cytoplasmic isocitrate dehydrogenase NADP+). The gene
GDP1 (glyceraldehyde 3 phosphate dehydrogenase) was obtained from Klyveromyces lactis
genomic DNA and is sometimes referred to as “KIGDP1”. In the case of the ADH1 gene, the
alleles were separately cloned; these alleles are referred to as “ADH1-1 and ADH1-2. In
addition, the ADHI1 allele 1 was cloned as the “short” version and thus is referred to as “ADH1-
1short”; the ADHI1 allele 2 was cloned as both short and regular versions and these genes are
referred to as “ADH1-2-short” and “ADH1-2”. For ADH2, two separate genes have been
identified; each of them was cloned and amplified herein and they are referred to as “ADH2a”
and “ADH2b”. The first procedure (“Procedure 17) resulted in generating a plasmid that was

directly transformed into yeast; this plasmid contained the antibiotic resistance gene kanamycin.

The second procedure (“Procedure 2”) included all of the steps of the first procedure, but added
an additional final step to remove the antibiotic resistance gene such that the transformed

Candida strain did not contain any exogenous antibiotic resistance genes.

The first step in Procedure 1 was to amplify the gene of interest from Candida strain

ATCC20336 genomic DNA using appropriately designed primers and standard PCR techniques
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as set forth above. The sequence of each primer is set forth in TABLE 25, 26 and 27. The
amplified gene of interest was then inserted into plasmid pCR-Blunt II-Topo (Life
Technologies, Carlsbad, California, USA) using standard techniques recommended by the
manufacturer. The sequence of the gene or interest was then verified using standard sequencing
techniques. The name of the resulting plasmid for each gene of interest is set forth in TABLE
21 under the column labeled “Plasmid 1”. Next, Plasmid 1 was digested with appropriate
restriction enzymes to isolate the gene of interest insert. This gene of interest was then inserted
into pAAO073 (described in Example 35) to create “Plasmid 3” for each gene of interest. The
name of each Plasmid 3 for each gene of interest is set forth in TABLE 21 in the column
labeled “Plasmid 3. It is possible to clone the PCR fragment directly into Plasmid 3 thereby
avoiding construction of Plasmid 1. Each resulting Plasmid 3 contained the gene of interest
under the control of the POX 4 promoter and terminator, the URA3 gene and regulatory
regions, and the ampicillin resistance marker gene. For some constructs, this Plasmid 3 was cut
in the URA3 gene and the entire lincarized plasmid was transformed into Candida strain

ATCC20336. Such transformed Candida strains contained the ampicillin resistance gene.

In the second procedure, the entire first procedure was followed. After creation of Plasmid 3
however, two PCR reactions were conducted. The first reaction was designed to amplify only
the 3’ region of the URA3 gene; the amplified fragment was then gel purified. A second PCR
reaction amplified, as a single fragment, the POX4 promoter, the gene of interest, the POX4
terminator and the 5° region of the URA3 gene. This fragment was also gel purified. The two
fragments were fused together by PCR and this PCR product was inserted into plasmid pCR-
Blunt II-Topo, this plasmid was transformed into E coli cells and colonies were then selected
for sequence verification of the plasmid insert. The plasmid containing the correct sequence
was named and is referred to as “Plasmid 4” in TABLE 21. Plasmid 4 was then used for PCR
amplification of the entire URA3’-POX4 promoter-gene of interest-POX4 terminator-
URAS’construct and this construct was then used to transform Candida cells. The resulting
transformed cells contained the gene of interest but no antibiotic resistance genes were

introduced into the strain.

Preparation of a ZWF 1 Transformation Plasmid

Procedure 1 described immediately above was used to create this plasmid. The ZWF1 gene

was PCR amplified from Candida strain ATCC20336 genomic DNA using primers 0AA831
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and 0AA832. The PCR fragment was gel purified, cloned into the plasmid pCR-Blunt II-Topo
(Life Technologies, Carlsbad, California, USA) using standard techniques recommended by the
manufacturer and the sequences were verified. The plasmid pCR-Blunt II-TOPO contains a
kanamycin resistance gene. The resulting plasmid containing the gene encoding the ZWF1
polypeptide was named pAA246 (“Plasmid 1”). The open reading frame of ZWF1 was then
cloned as a Sap1 fragment into pAA073. The resulting plasmid was named pAA253 (“Plasmid
3”).

Example 36: Creation of an antibiotic-free yeast integration cassette for the ADH2a Gene

Procedure 2 described in the previous Example was used to create an integration cassette to
introduce the gene encoding ADH2a into Candida yeast cells. The ADH2a gene was PCR
amplified using standard procedures from Candida strain genomic DNA using primers
0AA3018 and 0AA3019.The PCR fragment was gel purificd, cloned into pCR-Blunt 1I-Topo
(Invitrogen, Carlsbad, California, USA) using standard cloning techniques and the sequence
was verified. Plasmid 1 containing the correct sequence was named pAA671. The ADH2A
fragment from pAA671 was then subcloned into pAA073 using Sapl restriction enzyme sites to
form Plasmid 3, referred to as pAAG683, which places theADH2a open reading frame under the
control of the POX4 promoter and POX4 terminator. An antibiotic-free cassette was then
created by assembly PCR. The 3’ region of URA3 and a separate fragment containing the
POX4 promoter, ADH2a open reading frame, POX4 terminator, and 5’ region URA3 were each
amplified using PCR with either primers 0AA2206 and 0AA2207, or with primers 0AA2208
and 0AA2209, respectively. The PCR products were gel-purified, combined and re-amplified
using primers 0AA2206 and 0AA2209. The resulting PCR fragment was cloned into pCR-
Blunt IT Topo (Life Technologies, Carlsbad, California, USA) and sequence verified. A

plasmid with the correct sequence (“Plasmid 4’) was named pAA711.

Example 37: Creation of an Antibiotic-free Yeast Integration Cassette for the K. lactis GDPI

Gene

KIGDP1 was cloned from genomic DNA at the same time that it was mutagenized to replace an
internal CUG codon to another leucine encoding codon by replacing guanosine at position 774
with an adenosine. The 5’ region or 3’ region of KIGDP1 was PCR amplified from K. lactis
genomic DNA using either 0AA2457 and 0AA2459 or 0AA2458 and oJHRA4, respectively.
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The PCR fragments were gel purified and combined to be used as template for a PCR
amplification with 0AA2457 and oJHR4. The PCR fragment was gel purified and cloned into
pCR-Blunt II-TOPO as recommended by the manufacturer. Plasmids were sequenced and a
plasmid with the right sequence named pAA541. This plasmid was the template for the PCR
with primers 0AA2854 and 0AA2855 to create plasmid pAAS578. All other procedures for
preparing this cassette were as described for the ADH2a using appropriate primers for cloning

and gene amplification.

>GDP1, Kl - SEQ ID NO: 71

Example 38: Other Gene Amplification Cassette Constructs

In addition to ZWF1 and ADH2a, several other genes were placed into cither transformation
plasmids or amplification casscttes using cither Procedure 1 (transformation plasmids) or
Procedure 2 (amplification cassettes) above. The genes included in these plasmids or cassettes
are set forth in TABLE 21. The genes that were inserted into antibiotic-free amplification
cassettes have a Plasmid 4 on the TABLE 21; those genes that were put into transformation
plasmids do not have Plasmid 4. Tables 25-28 list some oligonucleotides and oligonucleotide
sequences that were used to subclone and clone some of the genes described in the Examples

herein.

Example 39: Creation of a Candida Strain Overexpressing ZWF1

Plasmid pAA253 was digested with the restriction enzyme Clal. The linearized plasmid was
transformed into Candida strain sSAA103 using standard transformation procedures.
Transformants were selected by growth in ScD-ura plates using standard procedures. Plates
were streaked to generate single colonies and transformants were verified by PCR and sequence
analysis. ZWF1 copy number was determined using qPCR. A strain with approximately six
copics of ZWF1 was designated as sSAA1233.

Example 40: Creation of a Candida strain overexpressing ADH2a

A 3’URA3-Ppoxs-ADH2A-Tppxs-5 'URA3 fragment was constructed by using plasmid pAA711
as a template and PCR amplifying the desired region of the plasmid with of primers 0AA2206
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and 0AA2209. The PCR fragment was gel-purified and transformed into Candida strain
sAA103. Transformants were selected by growth in ScD-ura plates. Colonies were streaked
for single isolates and transformant isolates were verified by PCR. Gene copy number was then
determined by qPCR. A strain was identified with approximately seven copies of Ppoyy-

ADH?2A-Tpoxs4 and was named sAA1803.
Example 41: Creation of Additional Candida Strains
Several other transformation plasmids or amplification cassettes were generated and were

transformed in to Candida strain SAA103 using Procedure 1 or Procedure 2 described above to

create novel plasmids and Candida strains. The genes, plasmid names and strain names are set
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forth in TABLE 21.
TABLE 21
Plasmid Plasmid | Plasmid | Plasmid
Gene ’ ) 3 4 Strain
Plasmid 2
ADH1-1- PAAGIS
short
ADH]-2 pAA670 pAA682 | pAAT16 | SAAL817
ADHI1-2- PAA6YT PAA700 | pAAT28 SAA1848
short
ADH2A PAA671 PAAGS3 | pAATIL SAA1803
ADH2B PAA672 PAAG91 | pAAT17 | sSAA1805
ADH7 PAA673 PAA692 | pAATI4 | sAA1841
ADHS5 PAA674 PAAG693 | pAAT718 | sSAA1844
ADH3 PAA675 | pAATIS | pAAT30 | pAAT739 | sSAAT901
ADH4 PAA676 PAA694 | pAATI9 | SAA1839
SFA1 PAA680 PAAGI9 | pAAT727 | SAA1808
ADH& PAAT29 PAAT738 | pAAT4] SAA1904
ZWF1 pAA246 PAA253 SAA1233
FATI PAAG3S
PEX11 N/A pAA336
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Gene Plasmid | Plasmid | Plasmid | Plasmid Strain
1 2 3 4
HFDI1 PAAG677
HFD2 PAA678 PAAG9S | pAAT12 | SAA1819
CPRB N/A PAA218 | pAA391
P450 A12 PAA139 pAA1S1
P450 A13 PAA140 pAA152
P450 A14 pAAI141 PAA153 | pAA367
P450 A15 pAA160
P450 Al6 pAA1l6l
P450 A17 pAAI142 PAA154
P450 A18 pAA143 PAAI155
P450 A19 pPAA144 PAA156 | pAA392
P450 A20 PAA145 pAA157
P450 D2 pAA146 pAA158
FATI1 S244A PAAG37
FATI1 PAAG39
D495A
IDP2 PAA462 sAA1306
KIGDP1 PAAST8 pAAS81 | pAAS92 | SAA1485

Note: “Plasmid 17, “Plasmid 37, and “Plasmid 4” are as described in Example 35; “Plasmid 2”
was generated only for the gene alcohol dehydrogenase 3 in which the guanosine at position
600 was mutated to an adenosine by site directed mutagenesis. To prepare this plasmid, 30 to
50 ng of pAA675 was used as template in a 50 pl PCR reaction using primers 0AA3073 and
0AA3074 and PFU Ultra Il DNA Polymerase (Agilent Technologies, Santa Clara, California,
USA) as recommended by manufacture. After the PCR was completed, 20 units of Dpnl (New
England Biolabs, Ipswich, Massachusetts, USA) was added to the PCR reaction and incubated
for 2 hours at 37°C. 5 ul of the reaction was used to transform DH5a cells (Monserate
Biotechnology, San Diego CA USA) as recommended by manufacture. The resulting plasmids

were sequence verified, and a plasmid with the right sequence was named pAA715.

Example 42: Creation of Two FATI Mutant Genes
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Two mutants of the FAT1 gene were created in an attempt to reduce the acyl CoA synthetase
activity of the enzyme while maintaining its fatty acid transport activity. The first mutant
substituted an alanine at position 244 for the native serine; the second mutant substituted an

alanine at position 495 for the native aspartic acid.

To prepare a gene containing the S244A mutation of FAT1, oligonucleotides 0AA2839 and
0AA2805 were used to amplify the 5° end of the native FAT1 gene from Candida ATCC20336
genomic DNA, while oligonucleotides 0AA2804 and 0AA2875 were used to amplify the 3° end
of the gene. Both products were gel purified and used as templates for a second round of PCR
using oligonucleotides 0AA2839 and 0AA2875. The resultant PCR product was digested along
with pAA073 using the restriction enzyme BspQI (New England Biolabs) and the gel purified
products were ligated with T4 DNA ligase (Fermentas). The ligations were transformed into E.
coli DH50, (Montserrat) and plated on LB ampicillin. Minipreps (Qiagen) were completed on

several colonics and sequence confirmed.

The above process was repeated for the FAT1 D495A mutant gene using 0AA2839 and
0AA2842 for the 5° end of the gene and 0AA2841 and 0AA2875 for the 3’ end. The two ends
of the gene were used as described with 0AA2839 and 0AA2875 to make the full product,

digested, cloned and verified as above.

Each mutant gene was inserted into plasmid pAA073.

Example 43: Preparation of Candida Strains Containing Multiple Amplified Genes

In addition to creating novel Candida strains in which a single gene was amplified, several
strains were created with more than one gene amplified. These strains were generated by co-
transforming strain SAA103 with the individual transformation plasmids or amplification

cassettes for cach of the genes of interest. TABLE 22 below sets forth the name of cach such

Candida strain created and the genes transformed into the strain.

TABLE 22

Source Source of
Strain Gene 1 Gene 2 Gene 3 Final Plasmid
of Gene Gene

SAA1082 CPRB pAA391 | P450 pAA392
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Al19
SAA1569 CPRB PAA391 | p450 Al4 | pAA367
SAA1633 CPRB PAA391 | p450 A19 | pAA392 | ZWF1 PAA246
sAA1644 CPRB pAA391 | p450 A19 | pAA391 IDP2 pAA462
sAA1304 CPRB PAA391 [ p450 A19 | pAA392

Example 44: Creation of a FATI Knockout Strain

To create a Candida strain with decreased FAT1 gene expression, knock out cassettes for each
FAT 1 allele were generated. For the first allele, the 5’ homology region (nucleotides 27 to 488
of the open reading frame of FAT1) was amplified using primers oAA2055 and 0AA2056 with
Candida strain ATCC20336 genomic DNA as a template. The 3” homology region (consisting
of nucleotides 1483 to 18910f the FAT1 open reading frame) was amplified using primers
0AA2069 and 0AA2060 from the same genomic DNA. A cassette containing the URA3
marker with the promoter repeated at the 3’ end was amplified from pAA298 to contain
overlaps with both homology regions with 0AA2057 and 0AA2068. These three DNA
fragments picces were then used in a subsequent PCR reaction to generate the deletion cassette
using oligos 0AA2055 and 0AA2060. The PCR purified cassctte was then transformed into
strain SAA103 and transformants verified by PCR to obtain SAA919. This strain was plated on
5FOA to cure the URA3 marker ad was verified by PCR. This strain without URA3 was
designated as SAA986.

The second FAT1 allele disruption cassette was generated as follows: A 5” homology region
(nucleotides 487 to 951 of the open reading frame) was amplified using primers 0AA2070 and
0AA2071. A 3’ homology region (nucleotides 987 to 1439 of the open reading frame) was
amplified using primers 0AA2074 and 0AA2075 and Candida ATCC20336 genomic DNA as a
template. A cassette containing the URA3 marker with the promoter repeated at the 3” end was
constructed to have overlaps with homology to primers 0AA2072 and 0AA2073. The three
fragments were then used in a subsequent PCR reaction to generate the deletion cassette using
oligos 0AA2070 and 0AA2075. This purified product was then used to transform sAA986, and
transformants were verified by PCR as having the second allele disrupted. A strain with the
correct genotype was named SAA1000. This strain was plated on SFOA and was verified for

removal of the URA3 marker using PCR. This strain was designated as SAA1182.
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Example 45: Creation of a FATI/ACSI Double Deletion Strain

Functional POXS5 alleles were restored in Candida strain SAA0Q03 by transformation of sSAA003
with POXS5 linear DNA to replace the URA3-disrupted loci with a functional allele. A 2,584bp
DNA fragment was amplified by PCR using primers 0AA0179 and 0AA0182 that contained the
POX5 ORF as well as 456bp upstream and 179bp downstream of the ORF using plasmid
PAAO049 as template. The purified PCR product was used to transform competent SAA003
cells which were plated on YNB-agar plates supplemented with dodecane vapor as the carbon
source (e.g., by placing a filter paper soaked with dodecane in the lid of the inverted petri dish)
and incubated at 30°C for 4-5 days. Colonies growing on dodecane as the sole carbon source
were re-streaked onto YPD-agar and incubated at 30°C. Single colonies were grown in YPD
cultures and used for the preparation of genomic DNA. PCR analysis of the genomic DNA
prepared from the transformants was performed with oligos 0AA0179 and 0AA0182. An ura3-
disrupted POXS5 would produce a PCR product of 4,784bp while a functional POX5 would
produce a PCR product of 2,584bp. In the resulting strain, SAA235, a PCR product of 2,584bp
was amplified indicating that both POXS5 alleles had been functionally restored. An unintended
consequence of the selection strategy (YNB-agar with dodecane) was that the cells reverted
back to an Ura’ phenotype. Without being limited by any theory, it is believed the absence of
uracil in the solid media and the replacement of the only functional URA3 forced the cells to
mutate one of the other ura3 loci back to a functional allele. Plasmid pAA276 was digested
with BamHI/Xhol and column purified. Strain sAA329 (ura3/ura3 pox4a::ura3/pox4b::ura3
POX5/POXS) was transformed with the linearized DNA and plated on SCD-ura plate. Several

colonies were checked for ACS! disruption. One such strain was designated sAA722.

Strain SAA722 was grown in YPD media overnight and plated on 5-FOA plate. Colonies that
grew in the presence of 5-FOA were PCR screened for the looping out of the URA3 gene
leaving behind only the URA3 promoter (Puraz) in the ACS! site. Out of 30 colonies analyzed,

only one strain showed the correct genetic modification. The strain was designated sAA741.

Plasmid pAA282 was digested with BamHI/Xhol and column purified. Strain sAA741 was
transformed with the linearized DNA and plated on SCD-ura plate. Several colonies were

checked for double ACSI knockout by insertional inactivation. One such strain was designated
sAAT7T6.
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Strain SAA776 was grown in YPD media overnight and plated on 5-FOA plate. Colonies that
grew in the presence of 5-FOA were PCR screened for the looping out of the URA3 gene
leaving behind only the URA3 promoter (PURA3) in both ACS1 gene alleles. One such strain
was named SAA779. The full-length coding sequence of the Fatl gene was amplified from
Candid strain ATCC20336 genomic DNA using primers 0AA1023 and 0AA1024. The 2,086 bp
PCR product was gel purified and ligated into pCR-Blunt II-TOPO (Invitrogen), transformed
into competent TOP10 E. coli cells (Invitrogen) and clones containing PCR inserts were

sequenced to confirm correct DNA sequence. One such plasmid was named pAA296.

Deletion of each FAT1 allele was achieved by transforming cells with linear DNA cassettes
constructed by overlap extension PCR (OE-PCR). The deletion cassette for the first FAT1
allele in sAA779 was created from three DNA fragments. The first DNA fragment (FAT1 5’
homology) was amplified from plasmid pAA296 using primers 0AA2055 and 0AA2056. The
sccond DNA fragment (PURA3URA3TURA3PURA3) was amplificd from plasmid pAA298
using primers 0AA2057 and 0AA2068. A diagram of plasmid pAA298 is set forth in FIG. 19
and the sequence of this plasmid is set forth as SEQ 1D NO: 161.

>PAA298 - SEQ ID NO: 161

The third DNA fragment (FAT1 3’ homology) was amplified from plasmid pAA296 using
primers 0AA2069 and 0AA2060. The location of primer annealing sites in pAA296 that
amplify FAT1 DNA fragments are shown in FIG. 59. All three DNA fragments were combined
in the same reaction to generate the full-length deletion cassette by OE-PCR using primers
0AA2055 and 0AA2060. Strain SAA779 was transformed with the full-length deletion cassette
and plated on SCD-Ura plate. Several colonies were screened by PCR for integration of the

deletion cassette at the first FATI allele. One such strain was named sAAR635.

Strain SAA865 was grown in YPD media overnight and plated on 5-FOA plate. Colonies that
grew in the presence of 5-FOA were PCR screened for the looping out of the URA3 gene
leaving behind only the URA3 promoter (PURA3) in the first FATI allele. One such strain was
named sAA869.

The deletion of the second FAT]1 allele in sAA869 was performed by transformation with a
deletion cassette created by OE-PCR. The deletion cassette for the second FAT1 allele was
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constructed from three DNA fragments. The first DNA fragment (FAT1 5” homology) was
amplified from plasmid pAA296 using primers 0AA2070 and 0AA2075. The second DNA
fragment (PURA3URA3TURA3PURA3) was amplified from plasmid pAA298 using primers
0AA2072 and 0AA2073. The third DNA fragment (FAT1 3’ homology) was amplified from
plasmid pAA296 using primers 0AA2074 and 0AA2075. All three DNA fragments were
combined in the same reaction to create a full-length deletion cassette by OE-PCR using
primers 0AA2070 and 0AA2071. Strain SAA869 was transformed with the full-length deletion
cassette and plated on SCD-Ura plate. Several colonies were screened by PCR for integration of
the deletion cassette at the second FAT1 allele. One such strain was named sAA875.

Candida strain SAA875 was grown overnight in YPD media and then streaked on to in5-
fluorotic acid containing plates. Single colonies were tested for URA3 reversion frequency,

and the isolate with least reversion frequency was named sAA886.

A disruption cassctte for the first allele of the POXS gene was constructed by overlapping PCR.
A 5’ POXS (+34 to +488 of the ORF) or 3° POX5 (+1487 to +1960 of the OrF) fragment was
PCR amplified using genomic DNA from ATCC20336 as the template and primers 0AA2173
and 0AA2174 (for the 5° fragment) or 0AA2177 and 0AA2178 (for the 3’ fragment). A
Candida URA3 gene fragment with direct repeat was PCR amplified using 0AA2175 and
0AA2176 as primers. The three gene fragments were then gel purified, combined, ligated and
used as template for to make the full length construct via PCR using 0AA2173 and 0AA2178 as
primers. This approximately 2.9 Kb fragment was gel purified and used to transform sAA886.
Transformants were selected by growth in ScD-ura plates. Colonies were re-streaked to isolate
individual transformants. Disruption of the first allele of POXS5 was verified by PCR. A strain
with the right genotype was named sAA940.

Strain SAA940 was grown overnight in YPD and then streaked in 5-fluorotic acid containing
plates. Strains were screened by PCR for the present of the POXS deletion. A strain with the
right genotype was renamed SAA969.

A disruption cassette for the second allele of the POX5 gene was constructed by overlapping
PCR. A 5’ POXS5 (+489 to +960 of the ORF) or 3° POXS5 (+1014 to +1479 of the ORF)
fragment was PCR amplified using genomic DNA from ATCC20336 and primers 0AA2188
and 0AA2189 or )AA2192 and 0AA2193, respectively. A Candida URA3 gene fragment with

the terminator as a direct repeat was PCR amplified using 0AA2190 and 0AA2191 as primers
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and pAA298 as template. These three DNA fragments were gel purified, combined, ligated and
used as template for PCR using 0AA2188 and 0AA2193 as primers. This approximately 2.9 Kb
fragment was gel purified and used to transform strain SAA969. Transformants were selected
by growth in ScD-ura plates. Colonies were re-streaked to isolate individual transformants.
Strains were screened for disruption of both POX35 alleles by PCR. A strain with the right
genotype was named sAA98S.

Example 46: Construction of a POX4, POX35, ACSI Deletion Strain

A disruption cassette for the first ACS1 gene allele was constructed by overlapping PCR. A 5’
ACS1 (+101 to +601 of the ORF) or 3° ACS1 fragment (+1546 to +1960 of the ORF) was PCR
amplified using genomic DNA from ATCC20962 and primers 0AA2406 and 0AA2407 or
0AA2408 and 0AA2409, respectively. A Candida URA3 gene fragment was PCR amplified
using 0AA2410 and 0AA2411 as primers and pAA244 (described in Example 58) as template.
The three gene fragments were gel purified, combined, ligated and used as template for PCR
using 0AA2406 and 0AA2409 as primers. This PCR fragment was gel purified and used to
transform sAA103. Transformants were selected by growth in ScD-ura plates. Colonies were
re-streaked to isolate individual transformants. Disruption of the first allele of ACS1 was

verified by PCR. A strain with the right genotype was named sAA1185.

SsAA1185 was grown overnight in YPD and streaked in streaked in 5-fluoorotic acid containing
plates. Strains were screened by PCR for the present of the ACS1 deletion. A strain with the
right genotype was renamed sAA1313.

A nested disruption cassette was constructed by overlapping PCR. A 5° ACS1 (+626 to +1021
of the ORF) or a 3> ACS1 (+1151 to +1518 of the ORF) fragment was PCR amplified using
genomic DNA from ATCC20336 and primers 0AA2412 and 0AA2413 or 0AA2414 and
0AA2415, respectively. A Candida URA3 fragment was PCR amplified using 0AA2416 and
0AA2417 as primers for amplification of the URA3 gene. The three fragments were gel
purified, combined and used as template for PCR with 0AA2412 and 0AA2415 as primers for
this PCR reaction. The correct PCR fragment was gel purified and used to transform sAA1184.
Transformants were selected by growth in ScD-ura plates. Colonies were re-streaked to isolate
individual transformants. These transformants were screened for disruption of both ACS1

alleles by PCR. A strain with the correct genotype was named sAA1371.
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Example 47: Construction and Evaluation of Certain CPR750-CYP450 Strains

Plasmids comprising a combination the CPR750 gene and one or more CYP450 genes were
created ligating either the CPR750 gene containing the endogenous CPR750 promoter (see
plasmid pAA067 in Example 16) into each of pAA151-158, pAA160 or pAA161 as follows
(TABLE 23).

Plasmid pAA151 was digested with Sbfl/Spel restriction enzymes and the 2584 bp fragment
encoding CPR750 was isolated and ligated into the 6198 bp fragment of pAA067 when
digested with Sbfl and Spel. The ligation mixture was transformed into E. coli cells
(DH5alpha). Plasmids were verified by restriction enzyme analysis and sequencing. A plasmid

with the correct sequence was named pAA223.
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TABLE 23
P450 CPR750
Fragmen

Final P45 t Fragment

Plasmid 0 Plasmid  Enzymes  size Plasmid Enzymes size
PAAD6

pAA223 | A12 pAAl151 Sbfl/Spel 2584 7 Sbfl/Spel 6198
PAAOG

pAA224 | A13 pAA152 Sbfl/Spel 2609 7 Sbfl/Spel 6198
PAAD6

pAA225 | Al4 pAAl153  Sbfl/Spel 2581 7 Sbfl/Spel 6198
PAAO6  Sbfl/Pcil/Ap

pAA226 | A15 pAA160 Sbfl/Pcil 5712 7 alll 3121
PAAO06

pAA227 | Al6 pAAl161 Sbfl/Pcil 5712 7 Sbfl/Pcil 3121
PAAD6

pAA228 | A17 pAAl154 Sbfl/Spel 2594 7 Sbfl/Spel 6198
pAADG6

PAA229 | A18 pAAl155 Sbfl/Spel 2566 7 Sbfl/Spel 6198
PAAD6

pAA230 | A19 pAAl156 Sbfl/Spel 2551 7 Sbfl/Spel 6198
PAAD6

pAA231 | A20 pAA157 Sbfl/Spel 2551 7 Sbfl/Spel 6198
PAAD6

pAA232 | D2 pAAl148 Sbfl/Spel 3512 7 Sbfl/Spel 6198

Plasmids pAA223 and pAA233 were linearized with Spel (New England Biolabs) while the
remaining plasmids were linearized with Clal (New England Biolabs). sAA103 was

transformed with the linearized plasmids. Transformants were selected by growth in ScD-ura
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plates. Colonies were streaked for single isolates and transformants in each isolate were
selected and verified by PCR.

The strains prepared above were then tested for production of di-acids using coconut oil as a

substrate (“feedstock’).

Strains were grown overnight in SP92+glycerol (SmL), then transferred to 50 mL
SP92+glycerol (50 mL) at a starting OD = 0.4. Each strain was centrifuged and the pellet
resuspended in TB lowN medium (12.5mL). To each flask 2% coconut oil was added. Flasks
were incubated at 300 RPMs 30°C. Samples (1 mL) were taken at 30 and 96 hrs. for GC

analysis.

As can be scen in TABLE 24, P450 A19 showed the biggest improvement in diacid formation
on C10, C12 and C14 fatty acids.

TABLE 24
Strain Gene Diacid formed from total acid at 30 hrs.
P450 Cé6 |C8 C10 C12 Cl4
SAA003 | N/A 0.24 | 0.03 0.61 0.40 0.16

sAAQ797 | P45S0 A12 | 0.21 | 0.04 0.31 0.11 0.04
sAA0798 | P450 A13 | 0.15 [ 0.03 0.71 0.71 0.35
sAA0799 | P450 A14 | 0.18 | 0.03 0.29 0.08 0.03
SAA0800 | P450 A15 [ 0.13 | 0.04 0.60 0.35 0.14
SAA0801 | P450 A15 | 0.16 | 0.06 0.75 0.65 0.33
SAA0802 | P450 A15 | 0.20 | 0.08 0.75 0.67 0.38
SAA0803 | P450 A16 | 0.20 | 0.03 0.67 0.46 0.19
sAA0804 | P450 A17 | 0.26 | 0.07 0.74 0.64 0.41
SAAQ805 | P450 A18 | 0.19 | 0.08 0.81 0.81 0.55
SAA0806 | P450 A19 [ 0.24 | 0.56 0.95 0.92 0.73
sAAQ0807 | P450 A20 | 0.22 | 0.38 0.83 0.64 0.32

Example 48. Conversion of methyl laurate and methyl myristate to the corresponding

diacid — comparison of strain sAA1304 to sAA003.
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A pre-culture of 80 mL SP92 (6.7 g/L yeast nitrogen base, 3.0 g/L yeast extract, 3.0 g/L
(NH4)2S04, 1.0 /L K,HPOy4, 1.0 g/L KH,POy, 75 g/L dextrose) in a 500 mL baffled flask with
foam plugs was inoculated with 1.0 mL from a frozen glycerol stock of strain sAA003 (beta-
oxidation blocked strain) or strain sAA1304 (beta-oxidation blocked strain plus amplified
CPRB and CYP52A419) and incubated for 24 h at 30°C and 250 RPM. Fermentation medium
(MM1) of composition 27 g/L dextrose, 7.0 g/L ammonium sulfate, 5.1 g/L potassium
phosphate monobasic, 1.024 g/L. magnesium sulfate heptahydrate, 0.155 g/L calcium sulfate
dihydrate, 0.06 g/L citric acid anhydrous, 0.04 g/L ferrous sulfate heptahydrate, 0.0002 mg/L
biotin, 1.0 mL trace minerals solution (0.9 g/L boric acid, 0.11 g/L cupric sulfate pentahydrate,
0.18 g/L potassium iodide, 0.806 g/L. manganese sulfate monohydrate, 0.360 g/L sodium
molybdate, 0.720 g/L zinc sulfate), pH 5.8 was filter sterilized and transferred to a sterile
fermentation vessel. Growth was initiated with an inoculum of pre-culture to an initial
ODsoonm=1.0 and growth conditions of 35°C, 1000 rpm, 1 vvm, pH 5.8. Growth continued for
approximately 10-12 h at which point the conversion phase was initiated by the addition of a
bolus of 5 g/L of feedstock (methyl myristate only), followed immediately by a continuous feed
of feedstock. Because of the toxicity of lauric acid, which is formed during the conversion
process by demethylation of methyl laurate at high concentrations, no initial bolus was given.
Feedstock feed rates varied as follows: methyl myristate (Sigma-Aldrich #W272205), 1.0 g/L-h
for the first 24 h; 1.5 g/L-h from 24 h to termination; methyl laurate (Sigma-Aldrich
#W271500), 0.5 g/L-h for the first 24 h; 1.2 g/L-h from 24 h to termination. In addition, a co-
feed of glucose was fed at a rate of 1.25 g/L-h when using methyl myristate as substrate or at a
rate of 1.0 g/L-h when using methyl laurate as substrate. At induction, the temperature was
changed to 30°C and the pH was maintained at 6.0 by addition of 6N KOH. The data in FIG.
20 shows the production of either dodecanedioic acid from methyl laurate or tetradecanedioic
acid from methyl myristate and demonstrates the improved productivity of strain SAA1306 over
sAA003 on both feedstocks. When methyl myristate was used as feedstock, SAA1306 showed

an approximately 25% improvement in productivity over SAA003.

Example 49. Conversion of methyl laurate and methyl myristate to the corresponding diacid —

comparison of strain SAA1082 to sAA003.

A pre-culture of 80 mL SP92 in a 500 mL baffled flask with foam plugs was inoculated with

1.0 mL from a frozen glycerol stock of strain SAAQ03 (beta-oxidation blocked strain) or strain
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sAA1082 (beta-oxidation blocked strain plus amplified CPRB and CYP52A19) and incubated
for 24 h at 30°C and 250 RPM. Fermentation medium (MM1) at pH 5.8 was filter sterilized and
transferred to a sterile fermentation vessel. Growth was initiated with an inoculum of pre-
culture to an initial ODggonm=1.0 and growth conditions of 35°C, 1000 rpm, 1 vvm, pH 5.8.
Growth continued for approximately 10-12 h at which point the conversion phase was initiated
by the addition of a bolus of 5 g/L of feedstock (methyl myristate only), followed immediately
by a continuous feed of feedstock. Because of the toxicity of lauric acid, which is formed
during the conversion process by demethylation of methyl laurate at high concentrations, no
initial bolus was given. Feedstock feed rates varied as follows: methyl myristate, 1.0 g/L-h for
the first 24 h; 1.5 g/L-h from 24 h to termination; methyl laurate, 0.75 g/L-h for the first 24 h;
1.4 ¢/L-h from 24 h to termination. In addition, a co-feed of glucose was fed at a rate of 1.25
g/L-h for all fermentations. At induction, the temperature was changed to 30°C and the pH was
maintained at 6.0 by addition of 6N KOH. The data in FIG. 21 show the production of either
dodecancdioic acid from methyl laurate or tetradecancdioic acid from methyl myristate and
demonstrate improved productivity of strain SAA1082 over sAA003 on both feedstocks. When
methyl laurate was used as feedstock, sSAA1082 demonstrated about 23% productivity
improvement over SAA003. With methyl myristate as feedstock, sSAA1082 showed an

approximately 37% improvement over sAA003.

Example 50. Conversion of oleic to cis-9-octadecenedioic acid — comparison of strains

SAAI1233, sAAI1306 and sAA1485 to sAA003.

A pre-culture of 80 mL SP92 in a 500 mL baffled flask with foam plugs was inoculated with
1.0 mL from a frozen glycerol stock of strain sAA003 (beta-oxidation blocked strain), strain
sAA1233 (beta-oxidation blocked strain plus amplified ZWF ), strain sAA1306 (beta-oxidation
blocked strain plus amplified IDP2), or strain SAA 1485 (beta-oxidation blocked strain plus
amplified KIGDPI) and incubated for 24 h at 30 °C and 250 RPM. Fermentation medium
(MM1) at pH 5.8 was filter sterilized and transferred to a sterile fermentation vessel. Growth
was initiated with an inoculum of pre-culture to an initial ODegonm=1.0 and growth conditions of
35°C, 1000 rpm, 1 vvm, pH 5.8. Growth continued for approximately 10-12 h at which point
the conversion phase was initiated by the addition of a bolus of 5 g/L of oleic acid (Sigma-
Aldrich #W281506), followed immediately by a continuous feed of feedstock at a rate of 2.0
g/L-h throughout the conversion phase. In addition, a co-feed of glucose was fed at a rate of

1.25 g/L-h for all fermentations. At induction, the temperature was changed to 30°C and the pH
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was maintained at 6.0 by addition of 6N KOH. The data in FIG. 22 are averages of three
identical fermentations and show the production cis-9-octadecenedioic acid (C18:1 diacid) from

oleic acid.

All three amplified genes (ZWF1, IDP2, and KIGDPI) code for enzymes that produce NADPH
during the biochemical reaction and, because of that, increased expression of those enzymes
should result in increased intracellular levels of NADPH. Omega-hydroxy fatty acids (HFAs)
are observed to be produced as a result of incomplete oxidation of the fatty acid feedstock to the
corresponding diacid. One reason for this incomplete oxidation may be reduced levels of
NADPH, which is required for the over-oxidation reaction of HFAs by cytochrome P450 Thus,
increasing the intracellular pool of NADPH should result in decreased levels of HFA in the
fermentation broth. The concentrations of HFAs produced during the omega oxidation of oleic
acid by strains sSAA003, sAA1233, sSAA1306 and SAA1485 are shown in FIG. 23. The results
(averages of three fermentations) demonstrate that all three test strains (SAA1233, sSAA1306
and sAA1485) produced lower levels of HFAs than the base strain, SAA003. Production of
HFAs in a commercial diacid fermentation process is undesirable, since it results in lower
molar yields and has to be removed during purification of the diacid. These results indicate that
amplification of either ZWF1, IDP2 or KIGDPI should result in an improved diacid

fermentation having lower levels of HF As.

Example 51. Conversion of methyl decanoate to sebacic acid — comparison of strain sAA1082
10 sAA4003.

Omega-oxidation of decanoic acid to produce sebacic acid by a Candida strain can be
impractical due to the high degree of toxicity of this potential feedstock (ref). An alternative is
to use methyl decanoate, which has very low toxicity. Methyl esters of fatty acids can be
converted to the corresponding diacid by beta-oxidation-blocked strains of Candida since
Candida produces an csterase that demethylates the fatty acid ester during the omega-oxidation
process, allowing conversion of methyl decanoate into the non-toxic diacid, sebacic acid.
Unfortunately, having an excess of methyl decanoate in the fermentation broth prior to
induction of the enzymes involved in omega-oxidation process results in sufficient
demethylation of methyl decanoate to produce toxic levels of decanoic acid, resulting in rapid
cell death and a failed fermentation. The standard fermentation procedure would utilize the

feedstock (methyl decanoate) as inducer. However, an alternative would be to induce with a

176



CA 02895124 2015-06-12

WO 2014/100461 PCT/US2013/076664

non-toxic inducer, such as decane, which has the same carbon chain-length as decanoic acid,
but which does not produce decanoic acid during bioconversion to sebacic acid. A set of four
fermentations was performed to compare decane to methyl decanoate as inducer as well as to
compare the beta-oxidation blocked base strain, SAA003 to strain sSAA1082, which has
amplified CPRB and CYP52A19 genes. In a previous example, sSAA1082 demonstrated
increased productivity over SAA003 with both methyl laurate and methyl myristate.

A pre-culture of 80 mL SP92 in a 500 mL baffled flask with foam plugs was inoculated with
1.0 mL from a frozen glycerol stock of strain SAA003 (beta-oxidation blocked strain) or strain
SAA1082 (beta-oxidation blocked strain plus amplified CPRB and CYP352A419) and incubated
for 24 h at 30°C and 250 RPM. Fermentation medium (MM1) at pH 5.8 was filter sterilized and
transferred to a sterile fermentation vessel. Growth was initiated with an inoculum of pre-
culture to an initial ODgoonm=1.0 and growth conditions of 35°C, 1000 rpm, 1 vvm, pH 5.8.
Growth continued for approximately 10-12 h at which point the conversion phasc was induced
by the addition of either: 1) a bolus of 10 g/L of decane (Sigma-Aldrich #457116) for 6 h after
which a continuous feed of methyl decanoate (TCI America #D0023) at 0.25 g/L.-h was
initiated or 2) no addition of decane. Induction was performed by initiating a continuous feed of
methyl decanoate at 0.25 g/L-h. Because of the volatility of decane, the aeration rate was
reduced to 0.3 vvm during the 6-h induction phase with decane as inducer. In addition, a co-
feed of glucose was fed at a rate of 1.25 g/L-h for all fermentations. At induction, the
temperature was changed to 30°C and the pH was maintained at 6.0 by addition of 6N KOH.
The data in FIG. 24 show the production of decanedioic acid (sebacic acid) and compare the
productivity of the two strains under the two different induction conditions. When induced only
with methyl decanoate, neither strain sAA003 nor sAA1082 produced significant quantities of
sebacic acid over the course of the fermentation. However, both strains produced sebacic acid
when induced with decane prior to beginning a slow feed of methyl decanoate. Strain SAA1082,
however, yiclded an over four times higher titer of sebacic acid at 84 h fermentation time than
strain SAA003, indicating that SAA 1082 is a superior strain for diacid production on methyl
decanoate as well as methyl laurate and methyl myristate as feedstock. One of the reasons why
productivity was better with strain sSAA1082 induced with decane is illustrated in FIG. 25,
which shows the amount of decanoic acid produced under the different fermentation conditions.
The only fermentation that did not produce a detectable quantity of the toxic by-product,
decanoic acid, was the fermentation with strain SAA 1082 induced with decane. The other three

fermentations produced between 1 and 4 g/L decanoic acid. Viable cell count data demonstrates
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the toxicity of decanoic acid. The only fermentation where viable cell counts remained high
throughout the fermentation was the fermentation with strain SAA1082 induced with decane.
The other three fermentations lost between 10°-10° viable cells/mL of culture broth. That
significant reduction of biologically-active cells resulted in a large accumulation of both methyl
decanoate and dextrose in all fermentations except the fermentation with sAA1082 induced
with decane. That fermentation showed little to no accumulation of either methyl decanoate or
dextrose. These data indicate that it would probably have been possible to use a higher methyl
decanoate feed rate than 0.25 g/L-h. These results demonstrate that under the right induction
conditions and with an improved production strain, it is possible to produce significant

quantities of sebacic acid from the methyl ester of a toxic fatty acid.

Other non-toxic inducers, such as alkanes with chain lengths greater than C6, fatty acids with
chain-lengths greater than C12, various esters of fatty acids greater than C12, triglycerides
containing various chain-length fatty acids, or other non-toxic chemicals containing a long
aliphatic chain greater than C6 could be used as a non-toxic inducer. However, as in this
example, using an inducer that would not produce sebacic acid during the omega-oxidation
process, would likely result in an oxidation product that would need to be purified from the

desired product, sebacic acid.

The method described in this example - for employing a non-toxic feedstock to induce diacid
production from the methyl ester of a toxic fatty acid — could be used with fermentations
utilizing methyl laurate as feedstock. Lauric acid is not as toxic to Candida as is decanoic acid,
but care must be exercised in the induction process to feed methyl laurate at a rate sufficient to
allow good induction without overfeeding, which would result in the production and

accumulation of toxic levels of lauric acid due to demethylation by esterases.

Example 52. Conversion of methyl laurate to DDDA — comparison of strain sAA1569 to
sAA003.

A pre-culture of 80 mL SP92 in a 500 mL baffled flask with foam plugs was inoculated with
1.0 mL from a frozen glycerol stock of strain sAA003 (beta-oxidation blocked strain), or strain
sAA1569 (beta-oxidation blocked strain plus amplified CPRB and CYP52A14), and incubated
for 24 h at 30°C and 250 RPM. Fermentation medium (MM1) at pH 5.8 was filter sterilized

and transferred to a sterile fermentation vessel. Growth was initiated with an inoculum of pre-
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culture to an initial ODgoosm=1.0 and growth conditions of 35°C, 1000 rpm, 1 vvm, pH 5.8.
Growth continued for approximately 10-12 h at which point the conversion phase was initiated
by a continuous feed of methyl laurate at a rate of 0.75 g/L-h for the first 24 h; 1.5 g/L-h from
24 h to termination. In addition, a co-feed of glucose was fed at a rate of 1.25 g/L-h for all
fermentations. At induction, the temperature was changed to 30°C and the pH was maintained
at 6.0 by addition of 6N KOH. The data in FIG. 26 are averages of two identical fermentations
and show the production of DDDA and 12-hydroxy-dodecanoic acid (HFA) from methyl
laurate. Although strain sSAA1569 did not exhibit increased productivity over sSAA003, it did
produce less than half the amount of HFA as sSAA003. This result is likely due to CYP52A14
exhibiting a greater rate of over-oxidation of omega-hydroxy dodecanoic acid than the native
P450s.

Example 53. Conversion of methyl laurate to DDDA — comparison of strains sAA1082 and
sAA1633 to sAA003.

A pre-culture of 80 mL SP92 in a 500 mL baffled flask with foam plugs was inoculated with
1.0 mL from a frozen glycerol stock of strain SAA003 (beta-oxidation blocked strain), strain
sAA1082 (beta-oxidation blocked strain plus amplified CPRB and CYP52A19) or sAA1633
(beta-oxidation blocked strain plus amplified CPRB, CYP52A19 and ZWF1), and incubated for
24 h at 30°C and 250 RPM. Fermentation medium (MM1) at pH 5.8 was filter sterilized and
transferred to a sterile fermentation vessel. Growth was initiated with an inoculum of pre-
culture to an initial ODgggam=1.0 and growth conditions of 35°C, 1000 rpm, 1 vvm, pH 5.8.
Growth continued for approximately 10-12 h at which point the conversion phase was initiated
by a continuous feed of methyl laurate at a rate of 0.75 g/L-h for the first 24 h; 1.5 g/L-h from
24 h to termination. In addition, a co-feed of glucose was fed at a rate of 1.25 g/L-h for all
fermentations. At induction, the temperature was changed to 30°C and the pH was maintained
at 6.0 by addition of 6N KOH. The data in FIG. 27 are averages of two identical fermentations
and show the production of DDDA from methyl laurate. Strain SAA 1082 again demonstrated
about 23% increase in productivity over SAAQ03. Strain sSAA1633 exhibited an even greater
productivity increase of about 30% over sSAA003. This additional productivity increase was
probably due to the amplification of ZWF1, leading to increased production of NADPH, which

provides electrons for the omega-oxidation pathway.
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Example 54. Conversion of methyl laurate to DDDA — comparison of strains sAA41901,
sAA1904, sAA1803 and sAA1805 to sAA003.

A pre-culture of 80 mL SP92 in a 500 mL baffled flask with foam plugs was inoculated with
1.0 mL from a frozen glycerol stock of strain sSAA003 (beta-oxidation blocked strain),
SAA1901 (beta-oxidation blocked strain plus amplified ADH3), sAA1904 (beta-oxidation
blocked strain plus amplified ADHS), strain SAA1803 (beta-oxidation blocked strain plus
amplified ADH2a) or sSAA1805 (beta-oxidation blocked strain plus amplified ADH2b), and
incubated for 24 h at 30°C and 250 RPM. Fermentation medium (MM1) at pH 5.8 was filter

sterilized and transferred to a
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TABLE 25 — Supplemental List I of Oligonucleotides used in Examples 1-56

[Oligo

Designation Nucleotide sequence (optional)

0AA0179 GAATTCACATGGCTARTTTGGCCTCGGTTCCACAACGCACTCAGCATTARAAR
o0AAD182 GAGCTCCCCTGCAARCAGGGAAACACTTGTCATCTGATTT

0AA0509 CACACAGCTCTTCCATAATGTCGTCTTCTCCATCGT

0AA0510 CACACAGCTCTTCCCTCTCTTCTATTCTTAGTACATTCTAACATC
0AA0511 CACACAGCTCTTCCATAATGTCGTCTTCTCCATCET

o0AAD512 CACACAGCTCTTCCCTCTCTTCTATTCTTAGAACATTCTAACGTC
0AA0515 CACACAGCTCTTCCATAatggccacacaagaaatcatcg

0AA0516 CACACAGCICITCCctctettetattettacatettgacaaagacaccatey
0AA0517 CACACACCCGGGatgactgtacacgatattatogecac

0AAD518 CACACACCCGGGctaatacatetcaatattggoaceg

0AA0519 CACACAGCTCTTCCATRatgactgcacaggatattatcgec

o0AA0520 CACACAGCTCTTCCctotettetattectaatacatcteaatgttggecaceyg
0AA0521 CACACACCCGGGatgattgaacaactectagaatattgg

0AAD522 CACACACCCGGGctagtcaaacttgacaatageace

0AA0523 CACACAGCTCTTCCATAatgattgaacaaatcctagaatattgg

0AA0524 CACACAGCTCTTCCctctettetattectagteaaacttgacaatageace
0AA0525 CACACAGCTCTTCCATAatgetegateagatettacattactg

0AA0526 CACACAGCTCTTCCctctettetattectatgacatettgacgtgtgeaccyg
0AA0527 CACACAGCTCTTCCATRatgctcgaccagatcottoccattactyg

oAA0528 CACACAGCTCTTCCctctettctattectattgeatettgacgtatgeceeg
0AA0529 CACACAGCTCTTCCATAatggetatatetagtttgetategty

oAA0530 CACACAGCTCTTCCetetettotatteteaagttetagtteggatgtacacee
0AA0G4 CACACAGCTCTTCCATAATGGCTTTAGACAAGTTAGA

oAADGIS CACACAGCTCTTCCctctettctatteCTACCAAACATCTTCTITG

0AA0831 CACACAGCTCTTCCATAatgtettatgatteatteggtgactacgte
0AA0832 CACACAGCTCTTCCctctettetattettagatettacetttgacateggtgttty
0AA1023 GATATTATTCCACCTTCCCTTCATT

0AA1024 CCGTTAAACAAAAATCAGTCTGTAAA

0AA2053 CACACAGCTCTTCCATAATGG GCGAAATTCAGAAAA

0AA2054 CACACAGCTCTTCCCTCTCTTCTATTCCTAGTAGCCCAAGTTTTT
0AA2055 TGCCATCCTTGGTAGTCAGTTATT

0AA2056 CCGAAACAACCGTAGATACCTTTAATGGCTTGTCCTTGGTGTTGA
0AA2057 TCAACACCAAGGACAAGCCATTAAAGGTATCTACGGTTGTTTCGG
0AA2060 TGTCGCCATTCAACCAGTAGAT
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TABLE 26 — Supplemental List II of Oligonucleotides used in Examples 1-56

[Gligo

Designation Nucleotide sequence (optional)

0AA2068 TCCTCGTCCATCTTCAACAAGTCGGTACCGAGCTCTGCGAATT
0AA2069 AATTCGCAGAGCTCGGTACCGACTTGTTGAAGATGGACGAGGA
0AA2070 TTGATCCACTGTCTTAAGATTGTCAA

0AA2071 CCGAAACAACCGTAGATACCTTTAACCAGAACGAAGTAGCGGAGAAT
0AA2072 ATTCTCCGCTACTTCGTTCTGGTTAAAGGTATCTACGGTTGTTTCGG
0AA2073 CGACAGACCTCACCGACGTATGGTACCGAGCTCTGCGAATT
0AA2074 AATTCGCAGAGCTCGGTACCATACGTCGGTGAGGTCTGTCG
0AA2075 AGGATTTTGCTGTTGGTGGC

0AA2127 CACACAGCTCTTCCATAATGGTCGCCGATTCTTTAGT

0AA2128 CACACAGCTCTTCCCTCTCTTCTATTCTTAAGTGGCCTTCCACAAGT
0AA2173 ACCAAGTTCAACCCAAAGGAGT

0AA2174 CCGAAACAACCGTAGATACCTTTAATCTTCGTCAAAAGTGGCGGT
0AA2175 ACCGCCACTTTTGACGAAGATTAAAGGTATCTACGGTTGTTTCGG
0AA2176 AATGTCGAAACCCTTGTCTTCAGGGTACCGAGCTCTGCGAATT
0AA2177 AATTCGCAGAGCTCGGTACCCTGAAGACAAGGGTTTCGACATT
0AA2178 CGGACTTTTCACCTCTITCTCTG

0AA2188 CACTGACGAGTTTGTCATCAACAC

0AA2189 CCGAAACAACCGTAGATACCTTTAAGGTATCGGTGTCCTTCTTCTTGA
0AA2190 TCAAGAAGAAGGACACCGATACCTTAAAGGTATCTACGGTTGTTTCGG
0AA2191 ACAAGTAAGCGGCAGCCAAGGGTACCGAGCTCTGCGAATT
0AA2192 AATTCGCAGAGCTCGGTACCCTTGGCTGCCGCTTACTTGT
0AA2193 ACCAATGTCTCTGGCCAAGC

0AA2206 TTCCGCTTAATGGAGTCCAAA

0AA2209 TAAACGTTGGGCAACCTTGG

0AA2406 CAGACTCAAAGGCAACCACTT

0AA2407 titattggagctccaattgtaatatttcggGATGACATACTTGACGGAGGTG
0AA2408 aaacaaccataaagetgettgacaaAGAACGAAGAAGAAACCAAGGC
0AA2409 GCAACAATTCAATACCTTTCAAACC

0AA2410 CACCTCCGTCAAGTATGTCATCccgaaatattacaattggagetccaataaa
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TABLE 27 — Supplemental List IIT of Oligonucleotides used in Examples 1-56

[Oligo

Designation Nucleotide sequence (optional)

oAA2411 GCCTTGGTTTCTTCTTCGTTCTitgtcaageagctitatggttatit

oAA2412 ACAAGAGACAGGGCGGCAAA

0AA2413 tttattggagetecaattgtaatatitcggCGGTCAAAGTCTTGACATTGG
oAA2414 aaac taaagctgettg ACAAAAGATCTTCTGGGCTGC

oAA2415 TTITCAACCAGATTTCACCCTG

o0AA2416 CCAATGTCAAGACTTTGACCGeegaaatatt: tiggagctccaat

0AA2417 GCAGCCCAGAAGATCTTTTG THtgtcaagcagctttatggttgtit

0AA2804 gatttacaccgegggtaccaceggtitgee

oAA2805 GGCAAACCGGTGGTACCCGCGGTGTAAATC

oAA2839 CACACAGCTCTTCCATAATGTCAGGATTAGAAATAGCCGCTG
oAA2854 CACACAGCTCTTCCATAATGCCCGATATGACAAACGAAT

oAA2855 CACACAGCTCTTCCCTCTCTTCTATTCAACACCAGCTTCGAAGTCCTTT
oAA2875 CACACAGCTCTTCCCTCTCTTCTATTCCTACAATTTGGCTTTACCGGTACAAA
oAA3016 CACACAGCTCTTCCATAATGCATGCATTATTCTCAAAATC

oAA3017 CACACAGCTCTTCCCTCTCTTCTATTCTCATTTGGAGGTATCCAAGA
oAA3018 CACACAGCTCTTCCATAATGTCAATTCCAACTACTCA

o0AA3019 CACACAGCTCTTCCCTCTCTTCTATTCTTACTTAGAGTTGTCCAAGA
0AA3020 CACACAGCTCTTCCATAATGTCAATTCCAACTACCCA

0AA3021 CACACAGCTCTTCCCTCTCTTCTATTCCTACTTGGCAGTGTCAACAA
0AA3022 CACACAGCTCTTCCATAATGACTGTTGACGCTTCTTC

oAA3023 CACACAGCTCTTCCCTCTCTTCTATTCCTAATTGCCAAAAGCTTTGT
O0AA3024 CACACAGCTCTTCCATAATGTCACTTGTCCTCAAGCG

oAA3025 CACACAGCTCTTCCCTCTCTTCTATTCTTATGGGTGGAAGACAACTC
O0AA3026 CACACAGCTCTTCCATAATGTCAACTCAATCAGGTTA

oAA3027 CACACAGCTCTTCCCTCTCTTCTATTCCTACAACTTACTTGGTCTAA
oAA3028 CACACAGCTCTTCCATAATGTCATTATCAGGAAAGAC

o0AA3029 CACACAGCTCTTCCCTCTCTTCTATTCTTAACGAGCAGTGAAACCAC
OAA3I030 CACACAGCTCTTCCATAATGAGTAAGTCATACAAGTT

0AA3031 CACACAGCTCTTCCCTCTCTTCTATTCCTACAAAGAGGCACCAATAAA
0AA3032 CACACAGCTCTTCCATAATGTCCCCACCATCTAAATT

oAA3033 CACACAGCTCTTCCCTCTCTTCTATTCTCTATTGCTTATTAGTGATG
O0AA3035 CACACAGCTCTTCCCTCTCTTCTATTCTCACCACATGTTGACAACAG
o0AA3036 CACACAGCTCTTCCATAatgtetgaat cgttgg t tgtaaageeg
oAA3054 CACACAGCTCTTCCATAATGTCTGCTAATATCCCAAAAACTCAAAAAG
oAA3073 gttaggettcaacgotattcasatattgaaaagetacaattgttacattg
O0AA3074 caatgtaacaattgtagctiticaatatttgaatagcgtigaagcctaac

oAA3120 CACACAGCTCTTCCATAATGTCCGTTCCAACTACTCA

0AA3121 CACACAGCTCTTCCCTCTCTTCTATTCCTACTTTGACGTATCAACGA
0AA1023 GATATTATTCCACCTTCCCTTCATT

0AA1024 CCGTTAAACAAAAATCAGTCTGTAAA

oBS1 GGTTTCATAAGCCTTTTCACGGTCTTC

oBS2 GAGTTGACAAAGTTCAAGTTTGCTGTC

oJRH4 AGTCAGTACTCGAGTTAAACACCAGCTTCGAAGTCC

TABLE 28 — Supplemental list of genes and the names of the oligonucleotides used to clone or

subclone them.

Gene Primer 1 Primer 2
ADHI-1-short | 0AA3054 | 0AA3017
ADHI1-2 0AA3016 | 0AA3017
ADHI1-2-short | 0AA3054 | 0AA3017
ADH2A 0AA3018 | 0AA3019
ADH2B 0AA3020 | 0AA3021
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Gene Primer 1 Primer 2
ADH7 0AA3022 | 0AA3023
ADHS 0AA3024 | 0AA3025
ADH3 0AA3026 | 0AA3027
ADH4 0AA3028 | 0AA3029
SFA1 0AA3036 | 0AA3035
ADHS 0AA3120 | 0AA3121
ZWF1 0AAS831 | 0AAS832
FATI 0AA2839 | 0AA2875
FAOIAPTSI1 0AA3068 | 0AA3069
PEX11 0AA2127 | 0AA2128
HFD1 0AA3030 | 0AA3031
HFD2 0AA3032 | 0AA3033
CPRB 0AA694 | 0AA695
P450 A12 0AAS515 | 0AAS16
P450 A13 0AAS517 | 0AAS518
P450 A14 0AAS519 | 0AAS520
P450 A15 0AA509 | 0AAS510
P450 A16 0AA511 | 0AAS12
P450 A17 0AAS521 | 0AAS22
P450 A18 0AA523 | 0AAS24
P450 A19 0AA525 | 0AAS26
P450 A20 0AAS527 | 0AAS528
P450 D2 0AA529 | 0AAS30
IDP2 0AA2053 | 0AA2054
KIGDP1* 0AA2854 | 0AA2855

Example 55. Replacement of the FAOI promoter with a stronger or constitutive promoter
The following Promoter Replacement DNA 1 molecule is constructed by either overlapping
PCR, DNA synthesis or a combination of both from five different DNA fragments (Picces A to

E) as illustrated in FIG. 30.
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Piece A (e.g., SEQ ID NO: 162) => about 250 bp piece of the 5’ untranslated region of Candida
strain ATCC20336 FAOT1 gene (from about position -500 to about -250).

Piece B (e.g., SEQ ID NO: 163) => URA3 marker.

Piece C (e.g., SEQ ID NO: 164) => about 50 bp of unstranslated region of Candida strain
ATCC20336 FAO1 (from position -300 to -250).

Piece D (e.g., SEQ ID NOS: 165, 166, 167) => 500 bp to 1 kb piece of the promoter of POX4,
PEX11 or TEF1 gene, each obtained from Candida strain ATCC20336.

Piece E (SEQ ID NO: 168) => First 250 bp of the coding sequence of FAO1 from Candida
strain ATCC20336.

This Promoter Replacement DNA I integrates into at least one of the chromosomes but it may
also integrate in both chromosomes depending on the nucleotide sequence divergence between
the two chromosomes. The region of -1500 to +500 of the FAO1 gene is sequenced for both
chromosomes. The -1500 to +500 area is PCR amplified with primers oBS1 and oBS2 using
genomic DNA from ATCC20336. The PCR fragment is cloned into pCR-Blunt II Topo
Multiple clones are sequenced and the sequence of the second allele is determined. Pieces A, C
and E and are changed to match the sequence of the second allele. A second promoter
replacement cassette is constructed, sequence verified and named Promoter Replacement DNA
1I.

A Candida strain such as SAA103 is transformed with Promoter Replacement DNA cassette 1.
Transformants are selected by growth in ScD-ura plates. Colonies are streaked for single
isolates. Correct insertion of the integrated piece is verified by PCR. A correct strain is grown
in YPD overnight and plated in 5-FOA containing plates to select for the loop-out of the URA3
marker. Ura- strains are streaked for single isolates and loop out of URA3J is verified by PCR.

This strain now has one FAOT1 allele under the control of the POX4, PEX11 or TEF]1 promoter.

The ura- strain is then transformed with the Promoter Replace DNA II molecule.
Transformants are selected by growth in ScD-ura plates. Colonies are streaked for single

isolates. Correct insertion of the integrated piece in the second sister chromosome is verified by

185



CA 02895124 2015-06-12

WO 2014/100461 PCT/US2013/076664

PCR. A correct strain is grown in YPD overnight and plated in 5-FOA containing plates to
select for the loop-out of the URA3 marker. Ura- strains are streaked for single isolates and the
loop out of URA3 is verified by PCR. This strain now has both alleles under the control of the
POX4, PEX11 or TEF1 promoter.

This strain is then tested in fermentation for improved performance as compared with a strain
not containing this genetic modification. DNA sequences for each fragment used in the

constructs are set forth below:

SEQ ID NO: 162 - Piece A (5’ untranslated region of FAO1 (from position -500 to -250).
SEQ ID NO: 163 - Picce B -URA3 marker.

SEQ ID NO: 164 - Piece C.

SEQ ID NO: 165 - Piece D — Promoter POX4.

SEQ ID NO: 166 - Picce D — Promoter PEX11.

SEQ ID NO: 167 - Piece D — Promoter TEF1.

SEQ ID NO: 168 - Piece E- First 250 bp of the coding sequence of FAOT.

Example 56 — Increasing NADPH production by overexpression of cytosolic MAEI and PYC2

The open reading frame of SCMAE]1 (non-mitochondrial) and ScPYC2 are mutagenized to
replace any CTG codon with other leucine-encoding codons. Two plasmids are constructed
that replaces the Candida HFD2 of pAA712 open reading frame with either the SCMAE]1 or the
ScPYC2 open reading frame. A 3 'URA3-Ppoxe-ScMAET*-Tpoxs~5 'URA3 or 3" URA3-Ppoxs-
ScPYC2-Tpoxs-5 'URA3 fragment are amplified with PCR using primers oAA2206 and
0AA2209 and the corresponding plasmid, as template. The two PCR fragments are gel-
purified, combined, and transformed into SAA103. Transformants are selected by growth in
ScD-ura plates. Colonies are streaked for single colonies and transformants verified by PCR
and copy number determined by qPCR. A strain is identified with approximately 5-10 copies
of PpoxsScMAE 1 *-Tpoxsand 5 - 10 copies of Ppoxs-ScPYC2-Tpox strain.

A parallel approach is taken by replacing ScMAE I (non-mitochondrial)with the Candida MAE]

(non-mitochondrial). A strain is identified with approximately 5-10 copies of Ppoyxs-MAE*-

Tpox+and 5 - 10 copies of Ppoxy-ScPYC2-Tpoxs.
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The oligonucleotides listed in TABLE 29 below were selectively used in some of the following

Examples..

TABLE 29
Oligo
Designation | Nucleotide sequence

0AA0108 CGACGGGTACAACGAGAATT

0AA0109 AGACGAAGCCGTTCTTCAAG

0AA0634 CACACACTGCAGTTTTCTTTCGTTCTCGTTCCGTCCTTC
CACACATCTAGACCCGGGCTCTTCTCCTAGGGGTTATTTTATGT

OAADESS GATGATTATTATGATATAGTAGTC

OAADT2Y CCCGAAATATTACAATTGGAGCTCCAATAAATATTGTAATAAA
TAGGTCTATATACATACACTAAGCTTC

OAA0T23 CAATACAATTCTCGTTGTACCCGTCGAGACGAAGCCGTTCTTC

AAGGTG

0AA0724 CGACGGGTACAACGAGAATTGTATTG
TTGTCAAGCAGCTTTATGGTTGTTTAGACGAAGCCGTTCTTCAA
GGTG

0AA0730 TTGTCAAGCAGCTTTATGGTTGTTT

0AA0731 CCCGAAATATTACAATTGGAGCTCC

0AA2107 CACACACTGCAGCTAGCAAAGGCTTGATCAGAGAAAGCAACA
CACACATCTAGACCCGGGCTCTTCTGATTGTAGGGCGTTGGTG

0AA0727

oAAZI08 AGTAAGAACATT

OAA2109 GAGCCCGGGTCTAGATGTGTGCTCTTCCTGGAAATCGAACTCG
ACGGTCACAA
CACACACATATGAATTCGCCAACATGTTGGTTACTCTATGCAT

oAAZLIO CGTACTTGGTATATTGATGTTGTTAATAGACTATA

OAA213S GAGCCCGGGTCTAGATGTGTGCTCTTCCGCTCCAGGCTTGTTAT

GACTCTAGAGAGAAGTGTG
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CACACACATATGAATTCGGTCGGGTTTTGACCTTGGATATGAA

0AA2136
ACTCAAAAATCATCAAATT

DAADI3R CACACATCTAGACCCGGGCTCTTCTGGCTGCGTTGTGTATGGG
TT

0AA2164 CACACACTGCAGGAGGATGAAGAAGACGAAGA

0AA2206 TTCCGCTTAATGGAGTCCAAA

0AA2207 ATGATCTGCCATGCCGAACTAGACGAAGCCGTTCTTCAAG

0AA2208 CTTGAAGAACGGCTTCGTCTAGTTCGGCATGGCAGATCAT

0AA2209 TAAACGTTGGGCAACCTTGG

0AA2388 AAGCTTTTAATTAACGTTGGGGTAAAACAACAGAGAG

OAA238O GGATCCGCATGCGGCCGGCCGTCGTGAAGATTTGAACAATGTT
AGTG
GGATCCGAGCTCGCGGCCGCGAATAGAAGAGAGTGACTCTTTT

oAAZI0 GATAAGAGTC

0AA2391 GAATTCTTAATTAACATTGTTTGGAGAAAGAAGAAGAAGAAG

0AA2392 GGATCCGAGCTCGCGGCCGCCCGAAACAACCATAAAGCTGC

0AA2394 aacaGCGGCCGCtaaatattgtaataaataggtctatatacatacactaagettctag

0AA2395 aacaGCGGCCGCagacgaagcecgttcttcaaggt

0AA2396 aggaatacagatttatacaataaattgccatACaAGTcacgtgagatatctcatccatte

0AA2397 gaatggatgagatatctcacgtg ACTtGTatggcaatttattgtataaatctgtattect

0AA2398 acaGGATCCtagaggttgtictagcaaataaagtgtttca

0AA2399 acaGCGGCCGCcegacgacgtgagtcagaacttg

0AA2400 acaGGCCGGCCegacgacgtgagtcagaacttg

0AA2401 acaGGATCCcatcaagatcatctatggggataattacg

0AA2403 acaGGCCGGCCegacgacgtgagecagaact

0AA2656 AAGCTTTTAATTAAAGATAATCACAGGGGTAGAGACCTTG

DAA265T GGATCCGCATGCGGCCGGCCGATAGCGTGGTATGAATGAATA
AGTGTG

DAAZESE GGATCCGAGCTCGCGGCCGCGAGCACTAGGTTTTGATAATTTG
GTTCTTAC

0AA2659 GAATTCTTAATTAACGGCGAAGAACATAGTGTGATG

0AA2888 CACACAGCATGCGAGCTCCAATTGTAATATTTCG

0AA2888

CACACAGCATGCGAGCTCCAATTGTAATATTTCG
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0AA2889 CACACACCCGGGGTCGACCTAAATTCGCAACTATCAACTAAGG

0AA2889 CACACACCCGGGGTCGACCTAAATTCGCAACTATCAACTAAGG

0AA2890 CACACACCCGGGGAGCTCCAATTGTAATATTTCGGG

0AA2890 CACACACCCGGGGAGCTCCAATTGTAATATTTCGGG

0AA2891 CACACAGCGGCCGCGTCGACCTAAATTCGCAACTATCAAC

0AA2891 CACACAGCGGCCGCGTCGACCTAAATTCGCAACTATCAAC

0AA2902 GTGGCAGCGTACAACTTACCG

0AA2903 CTCCAACGTCAGAATCCCAAG

0AA2904 cttgggattetgacgttggagegacgggtacaacgagaattg

0AA2905 CGAAGCCGTTCTTCAAGGTG

0AA2906 caccttgaagaacggcttcgecgttatcgataccatctctacec

0AA2907 CGTTAGTGTATCACAAGGTCCTGACC

0AA3329 ACAAGTGCACGTACTGTGACAAGGC

0AA3330 ggagctccaattgtaatatttcggegttacggtegatagcaaaggggat

0AA3331 aaacaaccataaagctgcttgacaaaataccgtctcagecatcatctacatee

0AA3332 TCAACACCGATCTAATTGGCGGCAACTGTGTTCCTG

0AA3333 atcccctttgetatcgaccgtaacgecgaaatattacaattggagetec

0AA3334 gpatgtagatgatgoctgagacggtattttgtcaageagetttatggttgttt

0AA3335 TGTACCCTCAACCATACCCTGTGTTT

0AA3336 ggagctccaattgtaatatttcggtgatttggacggtttgggacatttt

0AA3337 aaacaaccataaagctgcttgacaacaaacagggtgtttagccaaccaaa

0AA3338 CGGGTGTCGAGTTTGTAGATGTCTG

0AA3339 aaaatgtcccaaaccgtecaaatcaccgaaatattacaattggagetee

0AA3340 ttiggttgectaaacaccctgtttgttgtcaagcagetttatggttgttt

DAA33SS CACACAGCTCTTCAGCCATGCTCGATCAGATCTTACATTACTG
GTAC

0AA3359 CACACAGCTCTTCGAGCCTATGACATCTTGACGTGTGCACC

0AA3378 ATGCCTACCGAACTTCAAAAAGAA

0AA3379 AACTCGTCAGTGTCTTCGTCAAAA

OAA33R0 TTTTGACGAAGACACTGACGAGTTCGACGGGTACAACGAGAA
CTG

0AA3381 caccttgaagaacggcttcgGACAAGGGTTTCGACATTACCG

0AA3382 TATTAACTGGACAAGATTTCAGCAGC
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0AA3573

GGCCTGACTGGCCTAATCAGGCGGCTCCTTCC

0AA3574 GGCCTGGAAGGCCACGGCGGGTTGTTTGAGTTG

0AA3640 GGCCTTCCTGGCCGAGGATGAAGAAGACGAAGACGAATTG

0AA3641 GGCCTGAGAGGCCGGTCGGGTTTTGACCTTGG

0AA3643 GGCCTCTCTGGCCTGAATTTTCTCAGGGCCGTG

0AA3644 GGCCTTGCAGGCCTCTGTCTTGTTTGAGTTGATCGACTC

0AA3645 GAGCTCGGCCGGCCATGGCTATGCTCAGTCAACCAAAC

0AA3648 AAGCTTGGCCGGCCGCAGATGGTAAGGGTTCTACTTGG

0AA3692 GAATTCGGCCGGCCACAAGTGCACGTACTGTGACAAGG

OAA3GO3 GGCCCGAATGCGGATCCCCGGTCTGGCCCGTTACGGTCGATAG
CAAAGGG

BAA369 GGATCCGCATTCGGGCCAGCACGGCCGCGGCCGCAATACCGTC
TCAGCCATCATCTACATC

0AA3695 TAGCGCATGCGGCCGGCCTCAACACCGATCTAATTGGCG

OAA3696 GGCCCGAATGCGGATCCCCGGTCTGGCCCCTCCTTCTTGTTGG
ACCAAAAG

OAA3697 GGATCCGCATTCGGGCCAGCACGGCCGCGGCCGCCCATTGGTG
CTCAAAGAGTCATC

0AA3711 Gggccagaccggecggatccgeattc

0AA3712 Gaatgcggatceggeeggtetggecee
CACACAGCTCTTCCATAATGTATGCGACCAACGAAAAAAAAAT

OAAITED TGAAATCTCCGACCTA

OAA3790 CACACAGCTCTTCCCTCTCTTCTATTCTCAGCTTTTGCCGCCAC
TCAAG

BAA3R04 CACACACCTAGGATGTCAAGCTCAGATGAAGGAGATCACACT
CCTGAGTTACAAC
CACACATCTAGACTATTGGTTCATCATGTTAAACAAAGAATGA

OAAIE0S ATGTCCTCGTCC
CACACAGCTCTTCAATCATGTCAAGCTCAGATGAAGGAGATCA

OAAIR06 CACTCCTGAGTTACAAC

BAA3R07 CACACAGCTCTTCTCCACTATTGGTTCATCATGTTAAACAAAG

AATGAATGTCCTCGTC

0AA3930

TTCCGCTTAATGGAGTCCAAAAAGA
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TCCCGAAATATTACAATTGGAGCTCTAGACGAAGCCGTTCTTC

0AA3931
AAGGTGT
ACACCTTGAAGAACGGCTTCGTCTAGAGCTCCAATTGTAATAT
0AAIDIZ TTCGGGA
DAA3933 ATTCTCGTTGTACCCGTCGCATATGGTCGACCTAAATTCGCAA
CTATCAA
TTGATAGTTGCGAATTTAGGTCGACCATATGCGACGGGTACAA
0AA3934 CGAGAAT

0AA3935 TAAACGTTGGGCAACCTTGGAGGGGTGTGCTGATGCC
0AA4083 GGCCTCTCTGGCCCggtegggtttigaccttg

0AA4084 GGCCTACGAGGCCGAGGATGAAGAAGACGAAGACGAATTG
0AA4085 GGCCTCGTTGGCCCAATTGTAATATTTCGGGAGAAATATCG
0AA4086 GGCCTTGCAGGCCGTCGACCTAAATTCGCAACTATCAAC

TABLE 30 sets forth the genetic modifications of selected Candida yeast strains described in
the following Examples. The symbol “A” refers to a deletion of the gene preceding the symbol;

“P450A” refers to CYP450A; “migl A/MIG1” refers to deletion of one allele of the MIG1 gene.

TABLE 30

Strain Genetic Modifications

sAA2014 pox4A pox5A migl A/MIG1 ura3

SAA2047 | pox4A pox5A miglA

SAA2174 pox4A pox5A CPRB P450A19 ADH2 ADHS HFD2

SAA2178 pox4A pox5A CPRB P450A19 ADH2 ADH8 HFD2

SAA1400 pox4A pox5A CPRB ura3

SAA1544 pox4A pox5A CPRB ura3

sAA2115 pox4A pox5A CPRB P450A19 ura3

SAA1598 pox4A pox5A CPRA CPRB ura3

SAA1656 | pox4A pox5A CPRA ura3

SAA2187 pox4A pox5A CPRA CPRB P450A19 ura3

SAA2313 pox4A pox5A CPRA CPRB P450A19

sAA2314 pox4A pox5A CPRA CPRB P450A19
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We Claim:
1. A genetically modified yeast, comprising:

at least one genetic modification that blocks beta oxidation activity;

at least one genetic modification that increases at least one activity of: monooxygenase
activity, monooxygenase reductase activity, thioesterase activity, acyltransferase activity,
isocitrate dehydrogenase activity, glyceraldehyde-3-phosphate dehydrogenase activity, glucose-
6-phosphate dehydrogenase activity, acyl-coA oxidase activity, fatty alcohol oxidase activity,
alcohol dehydrogenase activity, peroxisomal biogenesis factor activity, fatty aldehyde
dehydrogenase activity, zinc-finger transcriptional factor CTF, NADH kinase UTR, or acyl-
CoA synthetase FATI;

at least one genetic modification that decreases transcription factor MIG1 activity, as
compared to corresponding yeast not comprising said genetic modifications; and

wherein the genetically modified yeast produces a higher yield of a diacid compared to
corresponding yeast not comprising said genetic modifications when cultured with a feedstock

comprising at least one fatty acid or an ester thereof.

2. The genetically modified yeast of claim 1, comprising at least one genetic modification
that increases one or more monooxygase activities of a CYP52A12 monooxygenase activity,
CYP52A13 monooxygenase activity, CYP52A 14 monooxy genase activity, CYP52A 15
monooxygenase activity, CYP52A 16 monooxygenase activity, CYP52A 17 monooxygenase
activity, CYP52A18 monooxygenase activity, CYP52A19 monooxygenase activity, CYP52A20

monooxygenase activity, CYP52D2 monooxygenase activity or BM3 monooxygenase activity.

3. The genetically modified yeast according to any one of claims 1-2, comprising at least
one genetic modification that increases one or more monooxygenase reductase activities of:
CPRA monooxygenase reductase activity, CPRB monooxygenase reductase activity or CPR750

monooxygenase reductase activity.

4. The genetically modified yeast according to any one of claims 1-3 comprising at least

one genetic modification that increases IDP2 isocitrate dehydrogenase activity.

5. The genetically modified yeast according to any one of claims 1-4 comprising at least
one genetic modification that increases a GDP1 glyceraldehyde-3-phosphate dehydrogenase
activity.
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6. The genetically modified yeast according to any one of claims 1-5, comprising at least
one genetic modification that increases at least one glucose-6-phosphate dehydrogenase activity
of: a ZWF1 glucose-6-phosphate dehydrogenase activity or ZWF2 glucose-6-phosphate
dehydrogenase activity.

7. The genetically modified yeast according to any one of claims 1-6, comprising at least
onc genetic modification that increases one or more fatty alcohol oxidase activities of: FAO1
fatty alcohol oxidase activity, FAO2A fatty alcohol oxidase activity, FAO2B fatty alcohol
oxidase activity, FAO13 fatty alcohol oxidase activity, FAO17 fatty alcohol oxidase activity,
FAO1R fatty alcohol oxidase activity or FAQ20 fatty alcohol oxidase activity.

8. The genetically modified yeast according to any one of claims 1-7, comprising at least
one genetic modification that increases one or more alcohol dehydrogenase activities of: ADH1
alcohol dehydrogenase activity, ADH2 alcohol dehydrogenase activity, ADH3 alcohol
dehydrogenase activity, ADH4 alcohol dehydrogenase activity, ADHS5 alcohol dehydrogenase
activity, ADH?7 alcohol dehydrogenase activity, ADHS alcohol dehydrogenase activity or SFA
alcohol dehydrogenase activity.

9. The genetically modified yeast according to any one of claims 1-8, wherein the

thioesterase activity is acyl-CoA hydrolase activtiy.

10.  The genetically modified yeast according to claim 9, wherein the acyl-CoA hydrolase
activity is ACH-A acyl-CoA hydrolase activity or ACH-B acyl-CoA hydrolase activity.

11.  The genetically modified yeast according to any one of claims 1 to 8, wherein the

thioesterase activity is a TESA acyl-coA thioesterase activity.

12.  The genetically modified yeast according to any one of claims 1-11, comprising at least
one genetic modification that increases one or more acyltransferase activities of: acyl-CoA
sterol acyltransferase activity, diacylglycerol acyltransferase activity or

phospholipid:diacylglycerol acyltransferase activity.
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13.  The genetically modified yeast according to claim 12, wherein the one or more
acyltransferase activities are ARE1 acyl-CoA sterol acyltransferase activity, ARE2 acyl-CoA
sterol acyltransferase activity, DGA1 diacylglycerol acyltransferase activity, or LRO1
phospholipid:diacylglycerol acyltransferase activity.

14. The genetically modified yeast according to any one of claims 1 to 13, comprising at least

one genetic modification that increases a PEX11 peroxisomal biogenesis factor activity.

15.  The genetically modified yeast according to any one of claims 1 to 14, comprising at
least one genetic modification that increases one or more fatty aldehyde dehydrogenase
activities of: HFD1 fatty aldehyde dehydrogenase activity or HFD?2 fatty aldehyde
dehydrogenase activity.

16.  The genetically modified yeast according to any one of claims 1 to 15, comprising at

least one genetic modification that increases a POX5 acyl-coA oxidase activity.

17.  The genetically modified yeast according to claim 1, comprising at least one genetic

modification that increases a monooxygenase activity and a monooxygenase reductase activity.

18.  The genetically modified yeast according to claim 17, wherein the at least one genetic
modification increases the CYP52A19 monooxygenase activity and the CPRB monooxygenase

reductase activity.

19.  The genetically modified yeast according to claim 17, wherein the at least one genetic
modification increases the CYP52A14 monooxygenase activity and the CPRB monooxygenase

reductase activity.

20.  The genetically modified yeast according to claim 1, comprising one or more genetic
modifications resulting in an increase in the monooxygenase activity, the monooxygenase

reductase activity, and the isocitrate dehydrogenase activity.

21.  The genetically modified yeast according to claim 20, wherein one or more genetic
modifications increase the CYP52A19 monooxygenase activity, the CPRB monooxygenase
reductase activity, and an IDP2 isocitrate dehydrogenase activity.
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22.  The genetically modified yeast according to claim 1, comprising at least one genetic
modification that increases the monooxy genase activity, the monooxygenase reductase activity,

and the glucose-6-phosphate dehydrogenase activity.

23.  The genetically modified yeast according to claim 22, comprising at least one genetic
modification that increases the CYP52A19 monooxygenase activity, the CPRB monooxygenase

reductase activity, and the ZWF1 glucose-6-phosphate dehydrogenase activity.

24, The genetically modified yeast according to any one of claims 1 to 23, wherein said
monooxygenase activity is by a polypeptide comprising an amino acid sequence of: SEQ ID
NOs: 52,53, 54, 55, 56,57, 58, 59, 60 or 61.

25.  The genetically modified yeast according to claim 24, wherein the polypeptide is
encoded by a polynucleotide of: SEQ ID NOs: 14, 15, 16, 17, 18, 19, 20, 21, 22 or 23.

26.  The genetically modified yeast according to any one of claims 1-25, wherein said
monooxygenase reductase activity is by a polypeptide comprising an amino acid sequence of:
SEQ ID NOs: 28, 63, 64 or 65.

27.  The genetically modified yeast according to claim 26, wherein the polypeptide is
encoded by a polynucleotide of: SEQ ID NOs: 24, 25, 26 or 27.

28.  The genetically modified yeast according to claim 11, wherein the thioesterase activity

is by a polypeptide comprising an amino acid sequence of SEQ ID NO: 38.

29.  The genetically modified yeast according to claim 11, wherein the thioesterase activity

is by a polypeptide encoded by a polynucleotide of SEQ ID NO: 37.

30.  The genetically modified yeast according to any onc of claims 1-29, wherein the
acyltransferase activity is by a polypeptide comprising an amino acid sequence of: SEQ ID
NOs: 44, 46, 48 or 50.
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31.  The genetically modified yeast according to claim 30, wherein the polypeptide is
encoded by a polynucleotide of: SEQ ID NOs: 43, 45, 47 or 49.

32.  The genetically modified yeast according to any one of claims 1 to 31, wherein the
isocitrate dehydrogenase activity is by a polypeptide comprising an amino acid sequence of

SEQ ID NO: 67, 69 or 100.

33.  The genetically modified yeast according to claim 32, wherein the polypeptide is
encoded by a polynucleotide of SEQ ID NO: 68, 70 or 99.

34.  The genetically modified yeast according to any onc of claims 1-33, wherein the
glyceraldehyde-3-phosphate dehydrogenase activity is by a polypeptide comprising an amino
acid sequence of SEQ ID NO: 72.

35.  The genetically modified yeast according to claim 34, wherein the polypeptide is
encoded by a polynucleotide of SEQ ID NO: 71.

36.  The genetically modified yeast according to any one of claims 1-35, wherein the
glucose-6-phosphate dehydrogenase activity is by a polypeptide comprising an amino acid
sequence of SEQ ID NO: 74, 76 or 157.

37.  The genetically modified yeast according to claim 36, wherein the polypeptide is
encoded by a polynucleotide of SEQ ID NO: 73 or 75.

38.  The genetically modified yeast according to any one of claims 1-37, wherein the acyl-
coA oxidase activity is by a polypeptide comprising an amino acid sequence of SEQ ID NO:
32.

39.  The genetically modified yeast according to claim 38, wherein the polypeptide is
encoded by a polynucleotide of SEQ ID NO: 31.

40.  The genetically modified yeast according to any one of claims 1-39, wherein the fatty
alcohol oxidase activity is by a polypeptide comprising an amino acid sequence of: SEQ ID
NOs: 3,5,7,9, 11, 13, 132 or 134.
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41.  The genetically modified yeast according to any one of claims 1 to 39, wherein the fatty
alcohol oxidase activity is by a polypeptide encoded by a polynucleotide of: SEQ ID NOs: 2, 4,
6,8, 10, 12, 131 or 133.

42 The genetically modified yeast according to any one of claims 1-41, wherein the acyl-
CoA hydrolase activity is by a polypeptide comprising an amino acid sequence of: SEQ ID
NOs: 34 or 36.

43.  The genetically modified yeast according to claim 42, wherein the polypeptide is
encoded by a polynucleotide of: SEQ ID NOs: 33 or 35.

44.  The genetically modified yeast according to any one of claims 1-43, wherein the alcohol
dehydrogenase activity is by a polypeptide comprising an amino acid sequence of: SEQ ID
NOs: 129, 113, 115,117,119, 121, 123, 125, 127, 152 or 154.

45.  The genetically modified yeast according to claim 44, wherein the polypeptide is
encoded by a polynucleotide of: SEQ ID NOs: 130, 114, 116, 118, 120, 122, 124, 126, 128,
153 or 155.

46.  The genetically modified yeast according to any one of claims 1-45, wherein the
peroxisomal biogenesis factor activity is by a polypeptide comprising an amino acid sequence
of SEQ ID NO: 96.

47.  The genetically modified yeast according to claim 46, wherein the polypeptide is
encoded by a polynucleotide of SEQ ID NO: 95.

48.  The genetically modified yeast according to any one of claims 1-47, wherein the fatty
aldehyde dehydrogenase activity is by a polypeptide comprising an amino acid sequence of:
SEQ ID NOs: 139 or 141.

49.  The genetically modified yeast according to claim 48, wherein the polypeptide is
encoded by a polynucleotide of: SEQ ID NOs: 140 or 142.

386

Date Recue/Date Received 2023-08-11



50.  The genetically modified yeast according to any one of claims 1-49, which is a Candida
Spp. yeast.

51.  The genetically modified yeast according to claim 50, wherein the Candida spp. yeast is

C. tropicalis or C. viswanathii.

52.  The genetically modified yeast according to claim 51, wherein the Candida spp. yeast is
a genetically modified ATCC 20336 yeast.

53.  The genetically modified yeast according to any one of claims 1-49, which is a

Yarrowia spp. yeast, Pichia spp. yeast, Saccharomyces spp. yeast or Kluyveromyces spp. yeast.

54.  The genetically modified yeast according to claim 53, which is Y. lipolytica, P. pastoris,
P. membranifaciens, P. kluyveri, P. guilliermondii, P. heedii, P. subpelliculosa, S. cerevisiae, S.

bayanus, S. pastorianus, S. carlsbergensis, K. lactis or K. marxianus.

55.  The genetically modified yeast according to any one of claims 1-54, wherein said yeast
produces a diacid from a feedstock comprising at least one component obtained from a

vegetable oil.

56.  The genetically modified yeast according to claim 55, wherein the diacid is a C4 to C24
diacid.

57.  The genetically modified yeast according to claim 56, wherein the diacidis a C10, C12,
Cl14, C16, C18 or C20 diacid.

58.  The genetically modified yeast according to claim 57, wherein the diacid is a C10
diacid.

59.  The genetically modified yeast according to claim 57, wherein the diacid is a C12
diacid.

60.  The genetically modified yeast according to claim 57, wherein the diacidis a C18
diacid.
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61.  The genetically modified yeast according to any one of claims 55-60, wherein the diacid

contains no unsaturation.

62.  The genetically modified yeast according to any one of claims 55-60, wherein the diacid

contains one or more unsaturations.

63.  The genetically modified yeast according to any one of claims 55-62, wherein the diacid

is 51% or more by weight in a mixture of diacids.

64.  The genetically modified yeast according to any one of claims 55-63, wherein the

feedstock comprises an oil the purity of which is 90 % or greater.

65.  The genetically modified yeast according to any one of claims 55-64, wherein the

feedstock comprises a plurality of fatty acids.

66.  The genetically modified yeast according to claim 65, wherein the feedstock comprises

a soapstock.

67.  The genetically modified yeast according to claim 65, wherein the feedstock comprises

a fatty acid distillate.

68.  The genetically modified yeast according to any one of claims 55-67, wherein the
vegetable oil is from a plant of: palm, palm kemel, coconut, soy, safflower, canola or a

combination thereof.

69.  The genetically modified yeast according to any one of claims 1-68, wherein a genetic
modification that increases an activity comprises incorporating in the yeast multiple copies of a

polynucleotide that encodes a polypeptide having the activity.

70.  The genetically modified yeast according to any one of claims 1-69, wherein a genetic
modification that increases an activity comprises incorporating in the yeast a promoter in

operable linkage with a polynucleotide that encodes a polypeptide having the activity.
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71. The genetically modified yeast according to claim 70, wherein the promoter is native to the

yeast.
72.  The genetically modified yeast according to any one of claims 70-71, wherein the
promoter is a POX4 promoter, PEX11 promoter, TEF1 promoter, PGK promoter or FAO1

promoter.

73.  The genetically modified yeast according to claim 72, wherein the promoter comprises a

polynucleotide of: SEQ ID NOs: 162, 165, 166, 167 or 169.
74. A method for producing a diacid, comprising:

contacting the genetically modified yeast of any one of claims 1-73 with a
feedstock comprising at least one fatty acid or an ester thereof converted by the yeast to a
diacid; and

culturing the yeast under conditions in which the diacid is produced from the

feedstock.

75.  The method of claim 74, wherein the feedstock comprises one or more components

from a vegetable oil.

76.  The method of any one of claims 74-75, wherein the diacid is a C4 to C24 diacid.

77.  The method of claim 76, wherein the diacid is a C10, C12, C14, C16, C18 or C20
diacid.

78. The method of claim 77, wherein the diacid is a C10 diacid.

79. The method of claim 77, wherein the diacid is a C12 diacid.

80. The method of claim 77, wherein the diacid is a C18 diacid.

81.  The method of any one of claims 74-80, wherein the diacid contains no unsaturation.
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82.  The method of any one of claims 74-81, wherein the diacid contains one or more

unsaturations.

83.  The method of any one of claims 74-82, wherein the diacid is 51% or more by weight in

a mixture of diacids.

84.  The method of any one of claims 74-83, wherein the feedstock comprises an oil the

purity of which is 90 % or greater.

85.  The method of any one of claims 74-83, wherein the feedstock comprises a plurality of

fatty acids.

86.  The method of claim 85, wherein the feedstock comprises a soapstock.

87.  The method of claim 85, wherein the feedstock comprises a fatty acid distillate.

88.  The method of any one of claims 74-87, wherein the vegetable oil is from a plant of:

palm, palm kemel, coconut, soy, safflower, canola or a combination thereof.

89.  The method of any one of claims 74-81, wherein the feedstock comprises a fatty acid

methyl ester.

90.  The method of any one of claims 75-77, wherein the feedstock comprises a methyl

laurate and the diacid comprises dodecanedioic acid.

91.  The method of any one of claims 74-77, wherein the feedstock comprises a fatty acid

ethyl ester and the diacid comprises dodecanedioic acid.

92.  The method of any one of claims 74-77, wherein the feedstock comprises lauric acid

and the diacid comprises dodecanedioic acid.

93.  The method of any one of claims 74-77, wherein the feedstock comprises ethyl caprate

and the diacid comprises sebacic acid.
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