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METHODS AND SYSTEMS FOR
METHYLOTROPHIC PRODUCTION OF
ORGANIC COMPOUNDS

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] This application 1s a divisional application of U.S.
application Ser. No. 14/649,973, filed Jun. 5, 2015, which 1s
a U.S. national phase application of International Applica-
tion No. PCT/US2013/073582 filed Dec. 6, 2013, which
claims priority to and the benefit of U.S. Provisional Appli-
cation No. 61/734,472 filed Dec. 7, 2012, the disclosure of
cach of which 1s incorporated by reference herein in 1ts
entirety.

STATEMENT REGARDING GOVERNMENT
LICENSE RIGHTS

[0002] This invention was made with government support
under contract number DE-AR0000091 awarded by U.S.
Department of Energy, Office of ARPA-E. The government
has certain rights in the mvention.

SEQUENCE LISTING

[0003] The ASCII text file submitted electronically via
EFS-Web, entitled “Sequence Listing.txt” created on Jun. 3,
20135, having a size of 24,930 bytes, 1s hereby incorporated
by reference in its entirety.

TECHNICAL FIELD

[0004] The invention relates to systems, mechamisms and
methods to confer production of carbon-based products to a
methylotroph or a methylotrophic organism to efliciently
convert C1 compounds 1nto various carbon-based products,
and 1 particular the use of such orgamism for the commer-
cial production of various carbon-based products of interest.
The invention also relates to systems, mechanisms and
methods to confer additional and/or alternative pathways for
energy conversion, methylotrophy and/or carbon fixation to
a methylotroph.

BACKGROUND

[0005] Heterotrophs are biological organisms that utilize
energy from organic compounds for growth and reproduc-
tion. Commercial production of various carbon-based prod-
ucts of interest generally relies on heterotrophic organisms
that ferment sugar from crop biomass such as corn or
sugarcane as their energy and carbon source [Bai, 2008]. An
alternative to fermentation-based bio-production 1s the pro-
duction of carbon-based products of interest from photosyn-
thetic organisms, such as plants, algae and cyanobacteria,

that derive their energy from sunlight and their carbon from
carbon dioxide to support growth [U.S. Pat. No. 7,981,647].

However, the algae-based production of carbon-based prod-
ucts of interest relies on the relatively ineflicient process of
photosynthesm to supply the energy needed for production
of organic compounds from carbon dioxide [Larkum, 2010].

Moreover, commercial production of carbon-based products
ol interest using photosynthetic organisms relies on reliable
and consistent exposure to light to achieve the high produc-
tivities needed for economic feasibility; hence, photobiore-
actor design remains a significant technical challenge [Mor-

weiser, 2010].
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[0006] Methylotrophs are biological organisms that utilize
energy and/or carbon from Cl compounds containing no
carbon-carbon bonds such as formate, formic acid, formal-
dehyde, methanol, methane, halogenated methanes, and
methylated sulfur species to produce all multi-carbon,
organic compounds necessary for growth and reproduction.
Most existing, naturally-occuring methylotrophs are poorly
sutted for industrial bio-processing and have therefore not
demonstrated commercial viability for this purpose. Such
organisms have long doubling times relative to industrial-
ized heterotrophic organisms such as Escherichia coli,
reflective of low total productivities. In addition, techniques
for genetic manipulation (homologous recombination, trans-
formation or transfection of nucleic acid molecules, and
recombinant gene expression) are inetlicient, time-consum-
ing, laborious or non-existent.

[0007] Thus, a need exists to develop engineered and/or
evolved methylotrops suitable for industrial uses. Accord-
ingly, the ability to endow a methylotroph with biosynthetic
capability to produce carbon-based products of interest, to
ogrow the engineered and/or evolved methylotroph at the
high cell densities needed for industrial bio-processing, and
to efliciently provide the engineered organism with ClI
compounds would significantly enable more energy- and
carbon-etlicient production of carbon-based products of
interest. In addition, the ability to add one or more additional
or alternative pathways for energy conversion, methylotro-
phy and/or carbon fixation capability to the methylotroph
would enhance 1its ability to produce carbon-based products
on 1interest.

SUMMARY

[0008] Systems and methods of the present invention
provide for eflicient production of renewable energy and
other carbon-based products of interest (e.g., Tuels, sugars,
chemicals) from C1 compounds. Furthermore, systems and
methods of the present invention can be used 1n the place of
traditional methods of producing chemicals such as olefins
(e.g., ethylene, propylene), which are traditionally derived
from petroleum 1n a process that generates toxic by-products
that are recognized as hazardous waste pollutants and harm-
ful to the environment. As such, the present invention can
additionally avoid the use of petroleum and the generation of
such toxic by-products, and thus materially enhances the
quality of the environment by contributing to the mainte-
nance of basic life-sustaining natural elements such as atir,
water and/or soi1l by avoiding the generation of hazardous
waste pollutants in the form of petroleum-derived by-prod-
ucts 1n the production of various chemicals.

[0009] In certain aspect, the invention described herein
provides a methylotroph engineered to confer biosynthetic
production of various carbon-based products of interest from
C1 compounds. The engineered organism comprises one or
more at least partially engineered carbon product biosyn-
thetic pathways that convert central metabolites into desired
products, such as carbon-based products of interest. Carbon-
based products of interest include but are not limited to
alcohols, fatty acids, fatty acid derivatives, fatty alcohols,
fatty acid esters, wax esters, hydrocarbons, alkanes, poly-
mers, fuels, commodity chemicals, specialty chemicals,
carotenoids, 1soprenoids, sugars, sugar phosphates, central
metabolites, pharmaceuticals and pharmaceutical interme-
diates. For example, the carbon-based products of interest
can 1nclude one or more of a sugar (for example, glucose,
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fructose, sucrose, xylose, lactose, maltose, pentose, rham-
nose, galactose or arabinose), sugar phosphate (for example,
glucose-6-phosphate or fructose-6-phosphate), sugar alco-
hol (for example, sorbitol), sugar dertvative (for example,
ascorbate), alcohol (for example, ethanol, propanol, 1sopro-
panol or butanol), fermentative product (for example, etha-
nol, butanol, lactic acid, lactose or acetate), ethylene, pro-
pylene, 1-butene, 1,3-butadiene, acrylic acid, fatty acid (for
example, w-cyclic fatty acid), fatty acid intermediate or
derivative (for example, fatty acid alcohol, fatty acid ester,
alkane, olegin or halogenated fatty acid), amino acid or
intermediate (for example, lysine, glutamate, aspartate, shi-
kimate, chorismate, phenylalanine, tyrosine, tryptophan),
phenylpropanoid, 1soprenoid (for example, hemiterpene,
monoterpene, sesquiterpene, triterpene, tetraterpene, poly-
terpene, 1soprene, bisabolene, myrcene, amorpha-4,11-di-
ene, farnesene, taxadiene, squalene, lanosterol, (3-carotene,
-carotene, lycopene, phytoene, limonene, or polyisoprene),
glycerol, 1,3-propanediol, 1,4-butanediol, 1,3-butadiene,
polyhydroxyalkanoate, polyhydroxybutyrate, lysine, y-vale-
rolactone, and acrylate. In some embodiments, the carbon-
based products of interest can be carbon-based central
metabolites.

[0010] The resulting engineered and/or evolved methylo-
troph of the invention 1s capable of efliciently synthesizing,
carbon-based products of interest from C1 compounds. The
invention also provides carbon product biosynthetic path-
ways for conferring biosynthetic production of the carbon-
based product of interest upon the host organism where the
organism lacks the ability to efliciently produce carbon-
based products of interest from C1 compounds. The inven-
tion also provides methods for introducing the carbon prod-
uct biosynthetic pathways into the methylotroph. The
invention also provides methods and media compositions
for culturing the engineered and/or evolved methylotroph to
support etlicient methylotrophic production of carbon-based
products of interest.

[0011] In various embodiments, the invention provides for
the C1 compound serving as a source of both energy and
carbon for the organism. In one embodiment, the C1 com-
pound 1s soluble or miscible in water. For example, the C1
compound can be one or more of formate, formic acid,
methanol and/or formaldehyde. C1 compounds that dissolve
at high concentration or are miscible 1n water, in some
instances, are preferable to less soluble or immiscible chemi-
cal species, such as methane, because mass transfer and
uptake by the organism 1s more eflicient. Similarly, soluble
C1 compounds are preferable to molecular hydrogen, carbon
dioxide or carbon monoxide, used 1n autotrophic production
of carbon-based compounds (see, e.g., Example 7). In some
embodiments, the C1 compound can be soluble i other
solvents than water, depending on the composition of the
media used for growing the organism. For example, the
solubility of the Cl1 compound in the media may be
enhanced by other components therein. In some embodi-
ments, the C1 compound can be derived from electrolysis.

[0012] In certain embodiments, one or more of the fol-
lowing carbon product biosynthetic pathways can be used:

[0013] when said carbon product biosynthetic pathway
1s for fatty acid biosynthesis, said carbon product
biosynthetic pathway includes one or more of: fatty
acid synthase, acetyl-CoA carboxylase, fatty-acyl-CoA
reductase, aldehyde decarbonylase, lipase, thioesterase
and acyl-CoA synthase peptides; or
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[0014] when said carbon product biosynthetic pathway
1s for branched chain fatty acid biosynthesis, said
carbon product biosynthetic pathway includes one or
more of: branched chain amino acid aminotransferase,
branched chain a-ketoacid dehydrogenase, dihydro-
lipoyl dehydrogenase, beta-ketoacyl-ACP synthase,
crotonyl-CoA reductase, 1sobutyryl-CoA mutase, [3-ke-
toacyl-ACP synthase I, trans-2,c1s-3-decenoyl-ACP
isomerase and trans-2-enoyl-ACP reductase 1I; or

[0015] when said carbon product biosynthetic pathway
1s fatty alcohol biosynthesis, said carbon product bio-
synthetic pathway includes one or more of: fatty alco-
hol forming acyl-CoA reductase, fatty alcohol forming
acyl-CoA reductase, alcohol dehydrogenase and alco-
hol reductase; or

[0016] when said carbon product biosynthetic pathway
1s for fatty ester biosynthesis, said carbon product
biosynthetic pathway includes one or more of: alcohol
O-acetyltransferase, wax synthase, fatty acid elongase,
acyl-CoA reductase, acyltransierase, fatty acyl trans-
ferase, diacylglycerol acyltransierase, acyl-CoA was
alcohol acyltransferase, bifunctional wax ester syn-
thase/acyl-CoA:diacylglycerol acyltransierase, and
B-ketoacyl-ACP synthase I; or

[0017] when said carbon product biosynthetic pathway
1s Tfor alkane biosynthesis, said carbon product biosyn-
thetic pathway includes one or more of: decarbonylase
and terminal alcohol oxidoreductase; or

[0018] when said carbon product biosynthetic pathway
1s for w-cyclic fatty acid biosynthesis, said carbon
product biosynthetic pathway includes one or more of:
1-cyclohexenylcarbonyl CoA reductase, 5-enopyruvyl-
shikimate-3-phosphate synthase, acyl-CoA dehydroge-
nase, enoyl-(ACP) reductase, 2,4-dienoyl-CoA
reductase, and acyl-CoA 1somerase; or

[0019] when said carbon product biosynthetic pathway
1s for halogenated fatty acid biosynthesis, said carbon
product biosynthetic pathway includes one or more of:
fluorinase, nucleotide phosphorylase, fluorometabolite-
specific aldolase, fluoroacetaldehyde dehydrogenase,
and fluoroacetyl-CoA synthase; or

[0020] when said carbon product biosynthetic pathway
1s the deoxylylulose 5-phosphate (DXP) 1soprenoid
pathway, said carbon product biosynthetic pathway
includes one or more of: 1-deoxy-D-xylulose-5-phos-
phate  synthase, 1-deoxy-D-xylulose-5-phosphate
reductoisomerase, 4-diphosphocytidyl-2C-methyl-D-
erythritol synthase, 4-diphosphocytidyl-2C-methyl-D-
erythritol kinase, 2C-methyl-D-erythritol 2,4-cyclodi-
phosphate synthase, (E)-4-hydroxy-3-methylbut-2-
enyl diphosphate synthase, 1sopentyl/dimethylallyl
diphosphate synthase and 4-hydroxy-3-methylbut-2-
enyl diphosphate reductase; or

[0021] when said carbon product biosynthetic pathway
1s the mevalonate-dependent (MEV) 1soprenoid path-
way, said carbon product biosynthetic pathway
includes one or more of: acetyl-CoA thiolase, HMG-
CoA synthase, HMG-CoA reductase, mevalonate
kinase, phosphomevalonate kinase, mevalonate pyro-

phosphate decarboxylase and isopentenyl pyrophos-

phate 1somerase; or

[0022] when said carbon product biosynthetic pathway
1s the glycerol/1,3-propanediol biosynthesis pathway,
said carbon product biosynthetic pathway includes one
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or more ol: sn-glycerol-3-P dehydrogenase, sn-glyc-
erol-3-phosphatase, glycerol dehydratase and 1,3-pro-
panediol oxidoreductase; or

[0023] when said carbon product biosynthetic pathway
1s the 1,4-butanediol/1,3-butadiene biosynthesis path-
way, said carbon product biosynthetic pathway
includes one or more of: succinyl-CoA dehydrogenase,
4-hydroxybutyrate dehydrogenase, aldehyde dehydro-
genase, 1,3-propanediol oxidoreductase and alcohol
dehydratase; or

[0024] when said carbon product biosynthetic pathway
1s the polyhydroxybutyrate biosynthesis pathway, said
carbon product biosynthetic pathway includes one or
more of: acetyl-CoA:acetyl-CoA C-acetyltransierase,
(R)-3-hydroxyacyl-CoA:NADP™ oxidoreductase and
polyhydroxyalkanoate synthase; or

[0025] when said carbon product biosynthetic pathway
1s the lysine biosynthesis pathway, said carbon product
biosynthetic pathway includes one or more of: aspartate
aminotransierase, aspartate kinase, aspartate semialde-
hyde dehydrogenase, dihydrodipicolinate synthase,
dihydrodipicolinate reductase, tetrahydrodipicolinate
succinylase, N-succinyldiaminopimelate-aminotrans-
ferase, N-succinyl-L-diaminopimelate desuccinylase,
diaminopimelate epimerase, diaminopimelate decar-
boxylase, L,L-diaminopimelate aminotransierase,
homocitrate synthase, homoaconitase, homoisocitrate
dehydrogenase, 2-aminoadipate transaminase, 2-ami-
noadipate reductase, aminoadipate semialdehyde-glu-
tamate reductase and lysine-2-oxoglutarate reductase;
or

[0026] when said carbon product biosynthetic pathway
1s the chorismate biosynthesis pathway, said carbon
product biosynthetic pathway includes one or more of:
2-dehydro-3-deoxyphosphoheptonate aldolase, 3-de-
hydroquinate synthase, 3-dehydroquinate dehydratase,
NADPH-dependent shikimate dehydrogenase, NAD
(PYH-dependent shikimate dehydrogenase, shikimate
kinase, 3-phosphoshikimate-1-carboxyvinyltransierase
and chorismate synthase; or

[0027] when said carbon product biosynthetic pathway
1s the phenylalanine biosynthesis pathway, said carbon
product biosynthetic pathway includes one or more of:

chorismate mutase, prephenate dehydratase and phe-
nylalanine transaminase; or

[0028] when said carbon product biosynthetic pathway
1s the tyrosine biosynthesis pathway, said carbon prod-
uct biosynthetic pathway includes one or more of:
chorismate mutase, prephenate dehydrogeanse and
tyrosine aminotransierase; or

[0029] when said carbon product biosynthetic pathway
1s the y-valerolactone biosynthesis pathway, said car-
bon product biosynthetic pathway includes one or more
of: propionyl-CoA  synthase, beta-ketothiolase,
acetoacetyl-CoA reductase, 3-hydroxybutyryl-CoA
dehydratase, vinylacetyl-CoA A-1somerase, 4-hydroxy-
butyryl-CoA transferase and 1,4-lactonase; or

[0030] when said carbon product biosynthetic pathway

1s the butanol biosynthesis pathway, said carbon prod-
uct biosynthetic pathway includes one or more of:
beta-ketothiolase, acetoacetyl-CoA reductase, 3-hy-
droxybutyryl-CoA dehydrogenase, enoyl-CoA
hydratase, butyryl-CoA dehydrogenase, trans-enoyl-
coenzyme A reductase, butyrate CoA-transierase, alde-
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hyde dehydrogenase, alcohol dehydrogenase, acetyl-
CoA acetyltransierase, B-hydroxybutyryl-CoA
dehydrogenase, crotonase, butyryl CoA dehydroge-
nase, CoA-acylating aldehyde dehydrogenase and alde-
hyde-alcohol dehydrogenase; or

[0031] when said carbon product biosynthetic pathway
1s the acrylate biosynthesis pathway, said carbon prod-
uct biosynthetic pathway includes one or more of:
enoyl-CoA hydratase, propionyl-CoA synthase and
acrylate CoA-transierase.

[0032] In some embodiments, the 1-deoxy-D-xylulose-5-
phosphate synthase can be encoded by SEQ ID NO:1, or a
homolog thereof having at least 80% sequence 1dentity; or
the 1sopentenyl pyrophosphate 1somerase can be encoded by
SEQ ID NO:2, or a homolog thereof having at least 80%
sequence 1dentity. In one embodiment, when said carbon
product biosynthetic pathway i1s the 1soprene biosynthesis
pathway, said carbon product biosynthetic pathway can
include 1soprene synthase. The 1soprene synthase can be
encoded by SEQ ID NO:3, or a homolog thereof having at
least 80% sequence 1dentity. In another embodiment, when
said carbon product biosynthetic pathway 1s the bisabolene
biosynthesis pathway, said carbon product biosynthetic
pathway can include E-alpha-bisabolene synthase. The E-al-

pha-bisabolene synthase can be encoded by SEQ ID NO:4,
or a homolog thereof having at least 80% sequence 1dentity.

[0033] In certain embodiments, the methylotrophic organ-
ism can be selected from the class Alphaproteobacterium.
The methylotrophic organism may also be selected from the
genus Paracoccus. For example, the methylotrophic organ-
ism can be Paracoccus denitrificans, Paracoccus versutus
or Paracoccus zeaxanthinifaciens.

[0034] In some embodiments, the engineered cell can be
further modified to have a less reduced growth rate on
clectrolytically generated C1 compound relative to non-
evolved methylotrophic organmism, or a substantially similar
or enhanced growth rate on electrolytically generated Cl1
compound relative to non-electrolytically generated Cl1
compound. In certain embodiments, the engineered cell can
be turther evolved to have a less reduced growth rate on
clectrolytically generated C1 compound relative to non-
evolved methylotrophic organism, or a substantially similar
or enhanced growth rate on electrolytically generated Cl1
compound relative to non-electrolytically generated Cl1
compound.

[0035] In another aspect, an evolved methylotrophic
organism 1s provided, having a less reduced growth rate on
clectrolytically generated C1 compound relative to non-
evolved methylotrophic organism, or having a substantially
similar or enhanced growth rate on electrolytically generated
C1 compound relative to non-electrolytically generated Cl1
compound.

[0036] In a further aspect, a method for selecting an
evolved methylotrophic organism having improved growth
on a Cl compound 1s provided, comprising: incubating
methylotrophic cells 1n a culture chamber with controlled
temperature, cell concentration, and medium inflow and
outflow rates, wherein the medium inflow includes a Cl1
compound; continuously monitoring a concentration of bio-
mass 1n the culture chamber; and adjusting a flow rate of the
C1 compound into the culture chamber so as to continually
maintain an environment that selects for an improved
growth rate. In some embodiments, the method can further
include adjusting the medium intflow to be more permissive
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of growth or more suppressive of growth, so as to provide
an adaptive environment to select for a fitness of the cells.
In certain examples, the C1 compound can be formate. The
C1 compound may be electrolytically generated. The Cl1
compound can be soluble 1n water.

[0037] In yet another aspect, a method of introducing a
conjugative plasmid into methylotrophic host cells 1s pro-
vided, comprising: incubating a mixture ol predetermined
ratios ol a donor culture and a recipient culture, at tempera-
tures between 4° C. and 37° C. for between 1 and 48 hours,
wherein the donor culture comprises a conjugal donor
containing a conjugative plasmid having a first selectable
trait, and the recipient culture comprises methylotrophic
host cell having a second selectable trait; and subjecting the
incubated mixture to a dually selective condition where only
plasmid-containing transconjugants that have both the first
selectable trait and the second selectable trait can grow,
wherein the method does not include centrifugation or
filtration of the mixture or incubated mixture. In some
embodiments, the conjugal donor can be an E. coli strain
such as E. coli S17-1, or an E. coli harboring plasmids such
as pPRK2013 or pRK2073, or any E. coli strain expressing a
tra operon capable of mobilizing plasmids containing an
RP4-derived sequence. The conjugal donor can be 1mn a
different species or genus of the host cell. In certain embodi-
ments, the transconjugated plasmid contains an RP4 or
similar mob element. In some embodiments, the host cell
can be from the class Alphaproteobacterium or from the
genus Paracoccus. For example, the host cell can be Para-
coccus denitrificans, Paracoccus versutus or Paracoccus
zeaxanthinifaciens.

[0038] A {further aspect of the invention relates to a
composition for bactenial culture, formulated to provide
formate as the sole source of C1 compound and to enhance
the growth of methylotrophic bacteria. The composition can
contain between 0 and 160 mM sodium bicarbonate,
between 0 and 16 mM sodium chloride, between 0 and 100
mM sodium nitrate, between 0 and 30 mM sodium thiosul-
fate, and imitially containing between 5 and 100 mM of a
formate salt, such as sodium formate or ammonium formate.
For example, the composition can contain 100 mM sodium
bicarbonate, 6 mM sodium chloride, 6 mM sodium nitrate,
11 mM sodium thiosulfate, and 26 mM sodium formate or
ammonium formate. The composition can further include a
basal minimal medium. In some embodiments, the basal
minimal medium can be MOPS minimal medium, M9
minimal medium, R medium, M63 medium, or a medium
substantially similar to any of the foregoing.

[0039] In yet another aspect, a composition of bacterial
culture 1s provided, which 1s formulated to provide formate
as the sole C1 compound and to enhance the growth of
methylotrophic bacteria 1n a fed-batch bioreactor. The com-
position can include a medium mitially charged in the
ted-batch bioreactor which comprises R medium supple-
mented with between 1 and 100 micromolar sodium molyb-
date, between 10 and 1000 nanomolar sodium selenite,
between 0.01 to 1 mg/L of thiamine, and between 0.001 to
1 mg/L. of cobalamin. For example, the medium can contain
between 5 and 20 micromolar sodium molbydate, between
50 and 200 nanomolar sodium selenite, between 0.05 to 2
mg/L. of thiamine, and between 0.01 and 0.2 mg/L. cobala-
min. The composition can further include a feed composi-
tion supplied to the fed-batch bioreactor comprising a for-
mate salt at supramolar concentration. The formate salt can
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be ammonium formate and/or sodium formate. The feed
composition can further include a supramolar concentration
of nitrate salt such as sodium nitrate. The nitrate salt and the
formate salt can be provided in a molar ratio of 3.2:8, 3.0:8
or lower.

[0040] Also provided herein 1s a method for culturing
methylotrophic bacteria, comprising incubating methylo-
trophic bacteria 1n any of the compositions described herein.
In some embodiments, the incubating can be conducted
acrobically. The incubating can take place 1n a fed-batch
bioreactor. In some embodiments, a volumetric rate of Cl1
feedstock consumption 1n the fed-batch reactor can exceed
1.5 g In certain embodiments, the incubating can be con-
ducted 1n the presense of a nitrate salt as electron acceptor
and with a C1 feedstock as electron donor. In some embodi-
ments, the C1 feedstock 1s a formate salt, such as sodium
formate or ammonium formate. During incubation, the
molar ratio of the nitrate salt to the formate salt can be kept
below 3.2:8. The nitrate salt and the formate salt can be
provided to the fed-batch bioreactor 1n a feed composition in
supramolar concentrations 1n a molar ratio of 3.0:8 or lower.
In some embodiments, the formate salt can be ammonium
formate and/or sodium formate. The nitrate salt can be
sodium nitrate.

[0041] In some aspects, growth of the methylotroph on Cl1
compounds can be augmented by the addition of additional
and/or alternative pathways for energy conversion, meth-
ylotrophy and/or carbon fixation. Exemplary energy conver-
s1on pathways and carbon fixation pathways are described 1n

U.S. Pat. No. 8,349,587, the entirety of which i1s hereby
incorporated herein by reference.

BRIEF DESCRIPTION OF THE FIGURES

[0042] FIG. 1 depicts the metabolic reactions of the ribu-
lose monophosphate cycle [Strom, 1974]. Some methylo-
trophic organisms such as Methylococcus capsulatus use
this formaldehyde assimilation pathway to make the central
metabolites needed for growth. In metabolite names, —P
denotes phosphate. Fach reaction 1s numbered. Enzymes
catalyzing each reaction are as follows: 1, hexulose-6-
phosphate synthase (E.C. 4.1.2.43); 2, 6-phospho-3-hexu-
loisomerase (E.C. 5.3.1.27); 3, phosphofructokinase (E.C.
2.7.1.11); 4, fructose bisphosphate aldolase (E.C. 4.1.2.13);
5, transketolase (E.C. 2.2.1.1); 6, transaldolase (E.C. 2.2.1.
2); 7, transketolase (E.C. 2.2.1.1); 8, ribose 5-phosphate

isomerase (E.C. 35.3.1.6); 9, ribulose-5-phosphate-3-epi-
merase (E.C. 5.1.3.1).

[0043] FIG. 2 depicts the metabolic reactions of the serine
cycle. Some methyltrophic organisms such as Hyphomicro-
bium methylovorum GM2, Hyphomicrobium zavarzinii
V380, Methyvlobacterium extorquens AMI1, Methylobacte-
rium organophilum, Methylocystis parvus, Methylosinus
sporium and Methylosinus trichosporium use this formalde-
hyde assimilation pathway to make the central metabolites
needed for growth. In metabolite names, —P denotes phos-
phate and —CoA denotes coenzyme A. Enzymes catalyzing
cach reaction are as lollows: 1, spontaneous reaction; 2,
serine hydroxymethyltransferase (E.C. 2.1.2.1); 3, serine-
glyoxylate aminotransiferase (E.C. 2.6.1.45); 4, hydroxy-
pyruvate reductase (E.C. 1.1.1.81); 5, glycerate 2-kinase
(E.C. 2.7.1.1635); 6, enolase (E.C. 4.2.1.11); "/, phospho-

enolpyruvate carboxylase (E.C. 4.1.1.31); 8, malate dehy-
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drogenase (E.C. 1.1.1.37); 9, malate thiokinase (E.C. 6.2.1.
9); 10, malyl-CoA lyase (E.C. 4.1.3.24); 11, the glyoxylate
regeneration pathway.

[0044] FIG. 3 depicts the metabolic reactions of energy
conversion pathway(s) that oxidize C1 compounds 1n some
methylotrophic organisms such as Paracoccus species. Each
reaction 1s numbered. Enzymes catalyzing each reaction are

as follows: 1, methanol dehydrogenase (E.C. 1.1.2.7); 2,
methylamine dehydrogenase (E.C. 1.4.9.1); 3, S-(hy-

droxymethyl) glutathione synthase (E.C. 4.4.1.22); 4, NAD-
and glutathione-dependent formaldehyde dehydrogenase
(E.C. 1.1.1.284); 5, S-formylglutathione hydrolase (E.C.
3.1.2.12); 6, formate dehydrogenase (E.C. 1.2.1.2).

[0045] FIG. 4 depicts the metabolic reactions of the Cal-
vin-Benson-Bassham cycle or the reductive pentose phos-
phate (RPP) cycle [Bassham, 1954]. Some methylotrophic
organisms such as Paracoccus species use this carbon
fixation pathway to reduce carbon dioxide to central metabo-
lites needed for growth. In metabolite names, —P denotes
phosphate. Each reaction 1s numbered. Enzymes catalyzing
cach reaction are as follows: 1, ribulose bisphosphate car-
boxylase (E.C. 4.1.1.39); 2, phosphoglycerate kinase (E.C.
2.71.2.3); 3, glyceraldehyde-3P dehydrogenase (phosphory-
lating) (E.C. 1.2.1.12 or E.C. 1.2.1.13); 4, triose-phosphate
isomerase (E.C. 5.3.1.1); 5, fructose-bisphosphate aldolase
(E.C. 4.1.2.13); 6, fructose-bisphosphatase (E.C. 3.1.3.11);
7, transketolase (E.C. 2.2.1.1); 8, sedoheptulose-1,7-bispho-
sphate aldolase (E.C. 4.1.2.-); 9, sedoheptulose bisphos-
phatase (E.C. 3.1.3.37); 10, transketolase (E.C. 2.2.1.1); 11,
ribose-5-phosphate 1somerase (E.C. 5.3.1.6); 12, ribulose-
S-phosphate-3-epimerase (E.C. 5.1.3.1); 13, phosphoribu-
lokinase (E.C. 2.7.1.19).

[0046] FIG. 5 depicts the metabolic reactions of the reduc-
tive tricarboxylic acid cycle [Evans, 1966; Buchanan, 1990;
Hugler, 2011]. Some methylotrophic organisms such as
Nautilia sp. strain AmN use this carbon fixation pathway to
reduce carbon dioxide to central metabolites needed for
growth. Fach reaction 1s numbered. For certain reactions,
such as reaction 1 and 7, there are two possible routes
denoted by a and b, each of which 1s catalyzed by different
enzyme(s). Enzymes catalyzing each reaction are as follows:
la, ATP citrate lyase (E.C. 2.3.3.8); 1b, citryl-CoA syn-
thetase (E.C. 6.2.1.18) and citryl-CoA lyase (E.C. 4.1.3.34);
2, malate dehydrogenase (E.C. 1.1.1.37); 3, fumarate dehy-
dratase or fumarase (E.C. 4.2.1.2); 4, fumarate reductase
(E.C. 1.3.99.1); 3, succinyl-CoA synthetase (E.C. 6.2.1.5);
6, 2-oxoglutarate synthase or 2-oxoglutarate: ferredoxin oxi-
doreductase (E.C. 1.2.7.3); 7a, 1socitrate dehydrogenase
(E.C.1.1.1.41 orE.C. 1.1.1.42); 7b, 2-oxoglutarate carboxy-
lase (E.C. 6.4.1.7) and oxalosuccinate reductase (E.C. 1.1.
1.41); 8, acomitate hydratrase (E.C. 4.2.1.3); 9, pyruvate
synthase or pyruvate:ferredoxin oxidoreductase (E.C. 1.2.7.
1); 10, phosphoenolpyruvate synthetase (E.C. 2.7.9.2); 11,
phosphoenolpyruvate carboxylase (E.C. 4.1.1.31).

[0047] FIG. 6 1s a block diagram of a computing archi-
tecture.
[0048] FIG. 7 provides a schematic to convert succinate or

3-hydroxypropionate to various chemicals.

[0049] FIG. 8 provides a schematic of glutamate or
1taconic acid conversion to various chemicals.

[0050] FIG. 9 depicts the metabolic reactions of a galac-
tose biosynthetic pathway. In metabolite names, —P denotes
phosphate. Fach reaction 1s numbered. Enzymes catalyzing,
cach reaction are as follows: 1, alpha-D-glucose-6-phos-
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phate ketol-1somerase (E.C. 5.3.1.9); 2, D-mannose-6-phos-
phate ketol-1somerase (E.C. 5.3.1.8); 3, D-mannose 6-phos-
phate 1,6-phosphomutase (E.C. 5.4.2.8); 4, mannose-1-
phosphate guanylyltransterase (E.C. 2.7.7.22); 5, GDP-
mannose 3,5-epimerase (E.C. 5.1.3.18); 6, galactose-1-
phosphate guanylyltransterase (E.C. 2.7.n.n); 7, L-galactose
1 -phosphate phosphatase (E.C. 3.1.3.n).

[0051] FIG. 10 depicts different fermentation pathways
from pyruvate to ethanol. Each reaction i1s numbered.
Enzymes catalyzing each reaction are as follows: 1, pyruvate
decarboxylase (E.C. 4.1.1.1); 2, alcohol dehydrogenase
(E.C. 1.1.1.1); 3, pyruvate-formate lyase (E.C. 2.3.1.54); 4,

acetaldehyde dehydrogenase (E.C. 1.2.1.10); 5, pyruvate
synthase (E.C. 1.2.7.1).

[0052] FIG. 11 depicts the metabolic reactions of the
mevalonate-independent pathway (also known as the non-
mevalonate pathway or deoxyxylulose 5-phosphate (DXP)
pathway) for production of 1sopentenyl pyrophosphate (IPP)
and its 1somer dimethylallyl pyrophosphate (DMAPP). In
metabolite names, —P denotes phosphate. Each reaction 1s
numbered. Enzymes catalyzing each reaction are as follows:
1, 1-deoxy-D-xylulose-5-phosphate synthase (E.C. 2.2.1.7);
2, 1-deoxy-D-xylulose-3-phosphate reductoisomerase (E.C.
1.1.1.267); 3, 4-diphosphocytidyl-2C-methyl-D-erythritol
synthase (E.C. 2.7.7.60); 4, 4-diphosphocytidyl-2C-methyl-
D-erythritol kinase (E.C. 2.7.1.148); 5, 2C-methyl-D-eryth-
ritol 2,4-cyclodiphosphate synthase (E.C. 4.6.1.12); 6, (E)-
4-hydroxy-3-methylbut-2-enyl diphosphate synthase (E.C.
1.17.77.1); 7, 1sopentyl/dimethylallyl diphosphate synthase or
4-hydroxy-3-methylbut-2-enyl diphosphate reductase (E.C.
1.17.1.2).

[0053] FIG. 12 depicts the metabolic reactions of the
mevalonate pathway (also known as the HMG-CoA
reductase pathway) for production of 1sopentenyl pyrophos-
phate (IPP) and its 1somer dimethylallyl pyrophosphate
(DMAPP). In metabolite names, —P denotes phosphate.
Each reaction 1s numbered. Enzymes catalyzing each reac-
tion are as follows: 1, acetyl-CoA thiolase; 2, HMG-CoA
synthase (E.C. 2.3.3.10); 3, HMG-CoA reductase (E.C.
1.1.1.34); 4, mevalonate kinase (E.C. 2.7.1.36); 5, phospho-
mevalonate kinase (E.C. 2.7.4.2); 6, mevalonate pyrophos-
phate decarboxylase (E.C. 4.1.1.33); 7, 1sopentenyl pyro-
phosphate 1somerase (E.C. 5.3.3.2).

[0054] FIG. 13 depicts the metabolic reactions of the
glycerol/1,3-propanediol biosynthetic pathway for produc-
tion of glycerol or 1,3-propanediol. In metabolite names,
—P denotes phosphate. Each reaction 1s numbered.
Enzymes catalyzing each reaction are as follows: 1, sn-glyc-
erol-3-P dehydrogenase (E.C. 1.1.1.8 or 1.1.1.94); 2,
sn-glycerol-3-phosphatase (E.C. 3.1.3.21); 3, sn-glycerol-
3-P glycerol dehydratase (E.C. 4.2.1.30); 4, 1,3-propanediol
oxidoreductase (E.C. 1.1.1.202).

[0055] FIG. 14 depicts the metabolic reactions of the
polyhydroxybutyrate biosynthetic pathway. Each reaction 1s
numbered. Enzymes catalyzing each reaction are as follows:
1, acetyl-CoA:acetyl-CoA C-acetyltransierase (E.C. 2.3.1.
9); 2, (R)-3-hydroxyacyl-CoA:NADP+ oxidoreductase
(E.C. 1.1.1.36); 3, polyhydroxyalkanoate synthase (E.C.
2.3.1.-).

[0056] FIG. 15 depicts the metabolic reactions of one
lysine biosynthesis pathway. In metabolite names, —P
denotes phosphate. Fach reaction 1s numbered. Enzymes
catalyzing each reaction are as follows: 1, aspartate amino-

transierase (E.C. 2.6.1.1); 2, aspartate kinase (E.C. 2.7.2.4);
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3, aspartate semialdehyde dehydrogenase (E.C. 1.2.1.11); 4,
dihydrodipicolinate synthase (E.C. 4.2.1.52); 5, dihydrodi-
picolinate reductase (E.C. 1.3.1.26); 6, tetrahydrodipicoli-
nate succinylase (E.C. 2.3.1.117); 7, N-succinyl-
diaminopimelate-aminotransterase (E.C. 2.6.1.17); 8,
N-succinyl-L-diaminopimelate desuccinylase (E.C. 3.5.1.
18); 9, diaminopimelate epimerase (E.C. 5.1.1.7); 10,
diaminopimelate decarboxylase (E.C. 4.1.1.20).

[0057] FIG. 16 depicts the metabolic reactions of the
y-valerolactone biosynthetic pathway. Each reaction 1s num-
bered. Enzymes catalyzing each reaction are as follows: 1,
propionyl-CoA synthase (E.C. 6.2.1.-, E.C. 4.2.1.- and E.C.
1.3.1.-); 2, beta-ketothiolase (E.C. 2.3.1.16); 3, acetoacetyl-
CoA reductase (E.C. 1.1.1.36); 4, 3-hydroxybutyryl-CoA
dehydratase (E.C. 4.2.1.53); 35, wvinylacetyl-CoA
A-1somerase (E.C. 5.3.3.3); 6, 4-hydroxybutyryl-CoA trans-
terase (E.C. 2.8.3.-); 7, 1,4-lactonase (E.C. 3.1.1.25).
[0058] FIG. 17 depicts an example time course of formate
usage, formate accumulation, biomass formation and CO?2
emission for a 1-L aerobic, CSTR-type bioreactor mitially
charged with 0.5 L of minimal medium containing Para-
coccus versutus and fed ammonium formate as a sole source
of carbo and energy at a rate of 10 mM hr™'. Over the course
of the run the working volume changed from 0.5 L to 0.785
L.. The data for this run corresponds to formate consumption
rates of 1.6 ¢ L ™" hr™', maximum biomass concentrations of

2.5 ¢gDCW L™, and carbon fixation fluxes of 8 mmol-C
gDCW~ L.

[0059] FIG. 18 depicts the required mass transier coetl-
cient (K,a) and required reactor volume for 0.5 t/d of fuel
production, as a function of maximum fuel productivity for
1sooctanol, assuming fuel production from synthesis gas for
an 1deal engineered organism. On the y axis, the typical
range of K,a 1n large-scale stirred-tank bioreactors 1s
denoted (A). On the x axis, reported natural formate uptake
rates at industrially relevant culture densities are denoted

(B).

DETAILED DESCRIPTION

[0060] The present invention relates to developing and
using engineered and/or evolved methylotrophs capable of
utilizing C1 compounds to produce a desired product. The
invention provides for the engineering ol a methylotroph,
tor example, Paracoccus denitrificans, Paracoccus versutus
or Paracoccus zeaxanthinifaciens, or other organism suit-
able for commercial large-scale production of fuels and
chemicals, that can efliciently utilize C1 compounds as a
substrate for growth and for chemical production provides
cost-advantaged processes for manufacturing of carbon
based products of interest. The organisms can be optimized
and tested rapidly and at reasonable costs. The mvention
turther provides for the engineering of a methylotroph to
include one or more additional or alternative pathways for
utilization of C1 compounds to produce central metabolites
for growth and/or other desired products.

[0061] C1 compounds represent an alternative feedstock
to sugar or light plus carbon dioxide for the production of
carbon-based products of interest. There exist non-biologi-
cal routes to convert C1 compounds to chemicals and fuels
of 1nterest. For example, the Fischer-Tropsch process con-
sumes carbon monoxide and hydrogen gas generated from
gasification of coal or biomass to produce methanol or
mixed hydrocarbons as fuels [U.S. Pat. No. 1,746,464]. The

drawbacks of Fischer-Tropsch processes are: 1) a lack of
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product selectivity, which results in difliculties separating
desired products; 2) catalyst sensitivity to poisoning; 3) high
energy costs due to high temperatures and pressures
required; and 4) the limited range of products available at
commercially competitive costs. Without the advent of car-
bon sequestration technologies that can operate at scale, the
Fischer-Tropsch process 1s widely considered to be an
environmentally costly method for generating liquid fuels.
Alternatively, processes that rely on naturally occurring
microbes that convert synthesis gas or syngas, a mixture of
primarily molecular hydrogen and carbon monoxide that can
be obtained via gasification of any organic feedstock, such
as coal, coal oil, natural gas, biomass, or waste organic
matter, to products such as ethanol, acetate, methane, or
molecular hydrogen are available [Henstra, 2007]. However,
these naturally occurring microbes can produce only a very
restricted set of products, are limited 1n their efliciencies,
lack established tools for genetic manipulation, and are
sensitive to their end products at high concentrations.
Finally, there 1s some work to introduce syngas utilization
into industrial microbial hosts [U.S. Pat. No. 7,803,589];
however, these processes have yet to be demonstrated at

commercial scale and are limited to using syngas as the
feedstock.

[0062] The present invention provides, 1n some aspects,
engineered or evolved methylotrophic organisms that are
advantageous and/or suitable for industrial uses. The 1inven-
tion also provides a source of renewable energy. In some
embodiments, the invention provides for the use of a Cl1
compound, such as formate, formic acid, formaldehyde,
methanol or any combination thereof. In one embodiment,
the C1 compound can be derived from electrolysis. There 1s
tremendous commercial activity towards the goal of renew-
able and/or carbon-neutral energy from solar voltaic, geo-
thermal, wind, nuclear, hydroelectric and more. However,
most of these technologies produce electricity and are thus
limited in use to the electrical grid [Whipple, 2010]. Fur-
thermore, at least some of these renewable energy sources
such as solar and wind suffer from being intermittent and
unreliable. The lack of practical, large scale electricity
storage technologies limits how much of the electricity
demand can be shifted to renewable sources. The ability to
store electrical energy in chemical form, such as 1n carbon-
based products of interest, would both offer a means for
large-scale electricity storage and allow renewable electric-
ity to meet energy demand from the transportation sector.
Renewable electricity combined with electrolysis, such as
the electrochemical production of formate/formic acid from
carbon dioxide [for example, WO/2007/041872] or formal-
dehyde or methanol from carbon dioxide [for example,
W0O/2010/088524, WO/2012/015909, W(O/2012/015903],
opens the possibility of a sustainable, renewable supply of
the C1 compound as one aspect of the present invention.

[0063] In some embodiments, the imvention provides for
the use of a C1 compound, such as formaldehyde and/or
methanol, derived from waste streams. For example, form-
aldehyde 1s an oxidation product of methanol or methane.
Methanol can be prepared from synthesis gas (the major
product of gasification of coal, coal o1l, natural gas, and of
carbonaceous materials such as biomass materials, including
agricultural crops and residues, and waste organic matter) or
reductive conversion of carbon dioxide and hydrogen by
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chemical synthetic processes. Methane 1s a major compo-
nent of natural gas and can also be obtained from renewable
biomass.

[0064] The invention provides for the expression of one or
more exogenous protemns or enzymes in the host cell,
thereby conferring biosynthetic pathway(s) to utilize central
metabolites to produce reduced organic compounds. The
engineered cell can also be endowed with one or more
carbon product biosynthetic pathways that convert central
metabolites to desired products, such as carbon-based
products of interest.

[0065] The invention 1s described herein with general
reference to the metabolic reaction, reactant or product
thereot, or with specific reference to one or more nucleic
acids or genes encoding an enzyme associated with or
catalyzing, or a protein associated with, the referenced
metabolic reaction, reactant or product. Unless otherwise
expressly stated herein, those skilled 1n the art would under-
stand that reference to a reaction also constitutes reference
to the reactants and products of the reaction. Similarly,
unless otherwise expressly stated herein, reference to a
reactant or product also references the reaction, and refer-
ence to any of these metabolic constituents also references
the gene or genes encoding the enzymes that catalyze or
proteins involved in the referenced reaction, reactant or
product. Likewise, given the well-known fields of metabolic
biochemistry, enzymology and genomics, reference herein
to a gene or encoding nucleic acid also constitutes a refer-
ence to the corresponding encoded enzyme and the reaction
it catalyzes or a protein associated with the reaction as well
as the reactants and products of the reaction.

Definitions

[0066] As used herein, the terms “nucleic acids,” “nucleic
acid molecule” and “polynucleotide” may be used inter-
changeably and include both single-stranded (ss) and
double-stranded (ds) RNA, DNA and RNA:DNA hybrnds.

As used herein the terms “nucleic acid”, “nucleic acid
molecule”, “polynucleotide”, “oligonucleotide™, “oligomer”™
and “oligo” are used interchangeably and are intended to
include, but are not limited to, a polymeric form of nucleo-
tides that may have various lengths, including either deoxy-
ribonucleotides or ribonucleotides, or analogs thereof. For
example, oligos may be from 5 to about 200 nucleotides,
from 10 to about 100 nucleotides, or from 30 to about 50
nucleotides long. However, shorter or longer oligonucle-
otides may be used. Oligos for use in the present imnvention
can be fully designed. A nucleic acid molecule may encode
a full-length polypeptide or a fragment of any length thereof,
or may be non-coding.

[0067] Nucleic acids can refer to naturally-occurring or
synthetic polymeric forms of nucleotides. The oligos and
nucleic acid molecules of the present invention may be
formed from naturally-occurring nucleotides, for example
forming deoxyribonucleic acid (DNA) or ribonucleic acid
(RNA) molecules. Alternatively, the naturally-occurring oli-
gonucleotides may include structural modifications to alter
their properties, such as in peptide nucleic acids (PNA) or in
locked nucleic acids (LNA). The terms should be understood
to include equivalents, analogs of either RNA or DNA made
from nucleotide analogs and as applicable to the embodi-
ment being described, single-stranded or double-stranded
polynucleotides. Nucleotides useful 1n the mvention include,

for example, naturally-occurring nucleotides (for example,
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ribonucleotides or deoxyribonucleotides), or natural or syn-
thetic modifications of nucleotides, or artificial bases. Modi-
fications can also include phosphorothioated bases for
increased stability.

[0068] Nucleic acid sequences that are “complementary”™
are those that are capable of base-pairing according to the
standard Watson-Crick complementarity rules. As used
herein, the term “complementary sequences” means nucleic
acid sequences that are substantially complementary, as may
be assessed by the nucleotide comparison methods and
algorithms set forth below, or as defined as being capable of
hybridizing to the polynucleotides that encode the protein
sequences.

[0069] As used herein, the term “gene” refers to a nucleic
acid that contains information necessary for expression of a
polypeptide, protein, or untranslated RNA (e.g., rRNA,
tRNA, anti-sense RNA). When the gene encodes a protein,
it includes the promoter and the structural gene open reading
frame sequence (ORF), as well as other sequences involved
in expression of the protein. When the gene encodes an

untranslated RNA, 1t includes the promoter and the nucleic
acid that encodes the untranslated RNA.

[0070] As used herein, the term “genome” refers to the
whole hereditary information of an organism that 1s encoded
in the DNA (or RNA for certain viral species) including both
coding and non-coding sequences. In various embodiments,
the term may include the chromosomal DNA of an organism
and/or DNA that i1s contained in an organelle such as, for
example, the mitochondrna or chloroplasts and/or extrach-
romosomal plasmid and/or artificial chromosome. A “native
gene” or “‘endogenous gene” refers to a gene that 1s native
to the host cell with its own regulatory sequences whereas an
“exogenous gene’” or “heterologous gene™ refers to any gene
that 1s not a native gene, comprising regulatory and/or
coding sequences that are not native to the host cell. In some
embodiments, a heterologous gene may comprise mutated
sequences or part of regulatory and/or coding sequences. In
some embodiments, the regulatory sequences may be het-
erologous or homologous to a gene of interest. A heterolo-
gous regulatory sequence does not function in nature to
regulate the same gene(s) 1t 1s regulating 1n the transformed
host cell. “Coding sequence” refers to a DNA sequence
coding for a specific amino acid sequence. As used herein,
“regulatory sequences” refer to nucleotide sequences
located upstream (5' non-coding sequences), within, or
downstream (3' non-coding sequences) of a coding
sequence, and which influence the transcription, RNA pro-
cessing or stability, or translation of the associated coding
sequence. Regulatory sequences may include promoters,
ribosome binding sites, translation leader sequences, RNA
processing site, eflector (e.g., activator, repressor) binding
sites, stem-loop structures, and so on.

[0071] As described herein, a genetic element may be any
coding or non-coding nucleic acid sequence. In some
embodiments, a genetic element 1s a nucleic acid that codes
for an amino acid, a peptide or a protein. Genetic elements
may be operons, genes, gene fragments, promoters, exons,
introns, regulatory sequences, or any combination thereof.
Genetic elements can be as short as one or a few codons or
may be longer including functional components (e.g. encod-
ing proteins) and/or regulatory components. In some
embodiments, a genetic element includes an entire open
reading frame of a protein, or the entire open reading frame
and one or more (or all) regulatory sequences associated
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therewith. One skilled 1n the art would appreciate that the
genetic elements can be viewed as modular genetic elements
or genetic modules. For example, a genetic module can
comprise a regulatory sequence or a promoter or a coding
sequence or any combination thereof. In some embodiments,
the genetic element includes at least two diflerent genetic
modules and at least two recombination sites. In eukaryotes,
the genetic element can comprise at least three modules. For
example, a genetic module can be a regulator sequence or a
promoter, a coding sequence, and a polyadenlylation tail or
any combination thereof. In addition to the promoter and the
coding sequences, the nucleic acid sequence may comprises
control modules including, but not limited to a leader, a
signal sequence and a transcription terminator. The leader
sequence 1s a non-translated region operably linked to the 3
terminus of the coding nucleic acid sequence. The signal
peptide sequence codes for an amino acid sequence linked to
the amino terminus of the polypeptide which directs the
polypeptide into the cell’s secretion pathway.

[0072] As generally understood, a codon 1s a series of
three nucleotides (triplets) that encodes a specific amino acid
residue 1 a polypeptide chain or for the termination of
translation (stop codons). There are 64 diflerent codons (61
codons encoding for amino acids plus 3 stop codons) but
only 20 diflerent translated amino acids. The overabundance
in the number of codons allows many amino acids to be
encoded by more than one codon. Different orgamisms (and
organelles) often show particular preferences or biases for
one of the several codons that encode the same amino acid.
The relative frequency of codon usage thus varies depending
on the organism and organelle. In some instances, when
expressing a heterologous gene in a host organism, 1t 1s
desirable to modity the gene sequence so as to adapt to the
codons used and codon usage frequency in the host. In
particular, for reliable expression of heterologous genes it
may be preferred to use codons that correlate with the host’s
tRNA level, especially the tRNA’s that remain charged
during starvation. In addition, codons having rare cognate
tRNA’s may affect protein folding and translation rate, and
thus, may also be used. Genes designed 1n accordance with
codon usage bias and relative tRNA abundance of the host
are often referred to as being “optimized” for codon usage,
which has been shown to increase expression level. Optimal
codons also help to achieve faster translation rates and high
accuracy. In general, codon optimization nvolves silent
mutations that do not result 1n a change to the amino acid
sequence ol a protein.

[0073] Genetic elements or genetic modules may derive
from the genome of natural organisms or from synthetic
polynucleotides or from a combination thereof. In some
embodiments, the genetic elements modules derive from
different organisms. Genetic elements or modules usetul for
the methods described herein may be obtamned from a
variety of sources such as, for example, DNA libraries, BAC
(bactenial artificial chromosome) libraries, de novo chemical
synthesis, or excision and modification of a genomic seg-
ment. The sequences obtained from such sources may then
be modified using standard molecular biology and/or recom-
binant DNA technology to produce polynucleotide con-
structs having desired modifications for reintroduction 1nto,
or construction of, a large product nucleic acid, including a
modified, partially synthetic or fully synthetic genome.
Exemplary methods for modification of polynucleotide
sequences obtained from a genome or library include, for
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cxample, site directed mutagenesis; PCR mutagenesis;
inserting, deleting or swapping portions of a sequence using
restriction enzymes optionally in combination with ligation;
in vitro or in vivo homologous recombination; and site-
specific recombination; or various combinations thereof. In
other embodiments, the genetic sequences usetul 1n accor-
dance with the methods described herein may be synthetic
oligonucleotides or polynucleotides. Synthetic oligonucle-
otides or polynucleotides may be produced using a variety of
methods known 1n the art.

[0074] In some embodiments, genetic elements share less
than 99%, less than 95%, less than 90%, less than 80%, less
than 70% sequence 1dentity with a native or natural nucleic
acid sequences. Identity can each be determined by com-
paring a position in each sequence which may be aligned for
purposes of comparison. When an equivalent position in the
compared sequences 15 occupied by the same base or amino
acid, then the molecules are identical at that position; when
the equivalent site occupied by the same or a similar amino
acid residue (e.g., similar in steric and/or electronic nature),
then the molecules can be referred to as homologous (simi-
lar) at that position. Expression as a percentage of homology,
similarity, or 1dentity refers to a function of the number of
identical or similar amino acids at positions shared by the
compared sequences. Expression as a percentage of homol-
ogy, similarity, or 1dentity refers to a function of the number
of identical or similar amino acids at positions shared by the
compared sequences. Various alignment algorithms and/or
programs may be used, including FASTA, BLAST, or
ENTREZ FASTA and BLAST are available as a part of the
GCG sequence analysis package (University of Wisconsin,
Madison, Wis.), and can be used with, e.g., default settings.
ENTREZ 1s available through the National Center for Bio-
technology Information, National Library of Medicine,
National Institutes of Health, Bethesda, Md. In one embodi-
ment, the percent 1dentity of two sequences can be deter-
mined by the GCG program with a gap weight of 1, e.g.,
cach amino acid gap 1s weighted as 11 1t were a single amino
acid or nucleotide mismatch between the two sequences.
Other techmiques for alignment are described [Doolittle,
1996]. Preferably, an alignment program that permits gaps in
the sequence 1s utilized to align the sequences. The Smith-
Waterman 1s one type ol algorithm that permits gaps 1n
sequence alignments [Shpaer, 1997]. Also, the GAP pro-
gram using the Needleman and Wunsch alignment method
can be utilized to align sequences. An alternative search
strategy uses MPSRCH software, which runs on a MASPAR
computer. MPSRCH uses a Smith-Waterman algorithm to
score sequences on a massively parallel computer.

[0075] As used herein, an “ortholog” 1s a gene or genes
that are related by vertical descent and are responsible for
substantially the same or identical functions 1n different
organisms. For example, mouse epoxide hydrolase and
human epoxide hydrolase can be considered orthologs for
the biological function of hydrolysis of epoxides. Genes are
related by vertical descent when, for example, they share
sequence similarity of suflicient amount to indicate they are
homologous, or related by evolution from a common ances-
tor. Genes can also be considered orthologs if they share
three-dimensional structure but not necessarily sequence
similarity, of a suflicient amount to indicate that they have
evolved from a common ancestor to the extent that the
primary sequence similarity 1s not identifiable. Genes that
are orthologous can encode proteins with sequence similar-
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ity of about 23% to 100% amino acid sequence identity.
Genes encoding proteins sharing an amino acid similarity
less that 25% can also be considered to have arisen by
vertical descent if their three-dimensional structure also
shows similarities. Members of the serine protease family of
enzymes, 1ncluding tissue plasminogen activator and
clastase, are considered to have arisen by vertical descent
from a common ancestor. Orthologs include genes or their
encoded gene products that through, for example, evolution,
have diverged 1n structure or overall activity. For example,
where one species encodes a gene product exhibiting two
functions and where such functions have been separated into
distinct genes 1n a second species, the three genes and their
corresponding products are considered to be orthologs. For
the production of a biochemical product, those skilled 1n the
art would understand that the orthologous gene harboring
the metabolic activity to be introduced or disrupted 1s to be
chosen for construction of the non-naturally occurring
microorganism. An example of orthologs exhibiting sepa-
rable activities 1s where distinct activities have been sepa-
rated ito distinct gene products between two or more
species or within a single species. A specific example 1s the
separation ol elastase proteolysis and plasminogen prote-
olysis, two types of serine protease activity, into distinct
molecules as plasminogen activator and elastase. A second
example 1s the separation of mycoplasma 5'-3' exonuclease
and Drosophila DNA polymerase III activity. The DNA
polymerase from the first species can be considered an

ortholog to either or both of the exonuclease or the poly-
merase from the second species and vice versa.

[0076] In contrast, as used herein, “paralogs” are
homologs related by, for example, duplication followed by
evolutionary divergence and have similar or common, but
not 1dentical functions. Paralogs can originate or derive
from, for example, the same species or from a different
species. For example, microsomal epoxide hydrolase (epox-
ide hydrolase I) and soluble epoxide hydrolase (epoxide
hydrolase II) can be considered paralogs because they
represent two distinct enzymes, co-evolved from a common
ancestor, that catalyze distinct reactions and have distinct
functions 1n the same species. Paralogs are proteins from the
same species with significant sequence similarity to each
other suggesting that they are homologous, or related
through co-evolution from a common ancestor. Groups of
paralogous protein families include HipA homologs, luciter-
ase genes, peptidases, and others.

[0077] As used herein, a “nonorthologous gene displace-
ment” 1s a nonorthologous gene from one species that can
substitute for a referenced gene function i a different
species. Substitution includes, for example, being able to
perform substantially the same or a similar function in the
species ol origin compared to the referenced function 1n the
different species. Although generally, a nonorthologous gene
displacement may be 1dentifiable as structurally related to a
known gene encoding the referenced function, less structur-
ally related but functionally similar genes and their corre-
sponding gene products nevertheless still fall within the
meaning of the term as 1t 1s used herein. Functional simi-
larity requires, for example, at least some structural simi-
larity 1n the active site or binding region of a nonorthologous
gene product compared to a gene encoding the function
sought to be substituted. Therefore, a nonorthologous gene
includes, for example, a paralog or an unrelated gene.
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[0078] Orthologs, paralogs and nonorthologous gene dis-
placements can be determined by methods well known to
those skilled 1n the art. For example, mspection of nucleic
acid or amino acid sequences for two polypeptides can
reveal sequence identity and similarities between the com-
pared sequences. Based on such similarities, one skilled in
the art can determine if the similarity i1s sutliciently high to
indicate the proteins are related through evolution from a
common ancestor. Algorithms well known to those skilled 1n
the art, such as Align, BLAST, Clustal W and others
compare and determine a raw sequence similarity or identity,
and also determine the presence or significance of gaps 1n
the sequence which can be assigned a weight or score. Such
algorithms also are known in the art and are similarly
applicable for determining nucleotide sequence similarity or
identity. Parameters for suflicient similarity to determine
relatedness are computed based on well known methods for
calculating statistical similarity, or the chance of finding a
similar match 1 a random polypeptide, and the significance
of the match determined. A computer comparison of two or
more sequences can, 1 desired, also be optimized visually
by those skilled in the art. Related gene products or proteins
can be expected to have a high similarity, for example, 25%
to 100% sequence i1dentity. Proteins that are unrelated can
have an i1dentity which 1s essentially the same as would be
expected to occur by chance, if a database of suflicient size
1s scanned (about 3%). Sequences between 5% and 24%
may or may not represent sutlicient homology to conclude
that the compared sequences are related. Additional statis-
tical analysis to determine the significance of such matches
given the size of the data set can be carried out to determine
the relevance of these sequences. Exemplary parameters for
determining relatedness of two or more sequences using the
BLAST algorithm, for example, can be as set forth below.
Briefly, amino acid sequence alignments can be performed
using BLASTP version 2.0.8 (Jan. 5, 1999) and the follow-
ing parameters: Matrix: 0 BLOSUM®62; gap open: 11; gap
extension: 1; x_dropoil: 50; expect: 10.0; wordsize: 3; filter:
on. Nucleic acid sequence alignments can be performed
using BLASTN version 2.0.6 (Sep. 16, 1998) and the
following parameters: Match: 1; mismatch: -2; gap open: 3;
gap extension: 2; X_dropoil: 30; expect: 10.0; wordsize: 11;
filter: off. Those skilled 1n the art would know what modi-
fications can be made to the above parameters to either
increase or decrease the stringency of the comparison, for
example, and determine the relatedness of two or more

SCQUCIICCS.

[0079] As used herein, the term “homolog” refers to any
ortholog, paralog, nonorthologous gene, or similar gene
encoding an enzyme catalyzing a similar or substantially
similar metabolic reaction, whether from the same or dif-
ferent species.

[0080] As used herein, the phrase “homologous recombi-
nation” refers to the process 1n which nucleic acid molecules
with similar nucleotide sequences associate and exchange
nucleotide strands. A nucleotide sequence of a first nucleic
acid molecule that 1s eflective for engaging in homologous
recombination at a predefined position of a second nucleic
acid molecule can therefore have a nucleotide sequence that
facilitates the exchange of nucleotide strands between the
first nucleic acid molecule and a defined position of the
second nucleic acid molecule. Thus, the first nucleic acid can
generally have a nucleotide sequence that 1s sufliciently
complementary to a portion of the second nucleic acid
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molecule to promote nucleotide base pairing. Homologous
recombination requires homologous sequences 1n the two
recombining partner nucleic acids but does not require any
specific sequences. Homologous recombination can be used
to introduce a heterologous nucleic acid and/or mutations
into the host genome. Such systems typically rely on
sequence flanking the heterologous nucleic acid to be
expressed that has enough homology with a target sequence
within the host cell genome that recombination between the
vector nucleic acid and the target nucleic acid takes place,
causing the delivered nucleic acid to be integrated into the
host genome. These systems and the methods necessary to
promote homologous recombination are known to those of
skill 1 the art.

[0081] It should be appreciated that the nucleic acid
sequence of interest or the gene of iterest may be derived
from the genome of natural organisms. In some embodi-
ments, genes of interest may be excised from the genome of
a natural organism or from the host genome, for example E.
coli. It has been shown that it 1s possible to excise large
genomic fragments by in vitro enzymatic excision and 1n
vivo excision and amplification. For example, the FLP/FRT
site specific recombination system and the Cre/loxP site
specific recombination systems have been ethiciently used
for excision large genomic fragments for the purpose of
sequencing [Yoon, 1998]. In some embodiments, excision
and amplification techniques can be used to facilitate arti-
ficial genome or chromosome assembly. Genomic fragments
may be excised from the chromosome of a methylotroph and
altered before being inserted into the host cell artificial
genome or chromosome. In some embodiments, the excised
genomic fragments can be assembled with engineered pro-
moters and/or other gene expression elements and mserted
into the genome of the host cell.

[0082] As used herein, the term “polypeptide” refers to a
sequence of contiguous amino acids of any length. The
terms “peptide,” “oligopeptide,” “protein” or “enzyme’ may
be used interchangeably herein with the term “polypeptide™.
In certain instances, “enzyme” refers to a protein having
catalytic activities.

[0083] A “proteome” 1s the entire set of proteins expressed
by a genome, cell, tissue or organism. More specifically, 1t
1s the set of expressed proteins 1 a given type of cells or an
organism at a given time under defined conditions. Tran-
scriptome 1s the set of all RNA molecules, including mRNA,
rRNA, tRNA, and other non-coding RNA produced in one
or a population of cells. Metabolome refers to the complete
set of small-molecule metabolites (such as metabolic inter-
mediates, hormones and other signaling molecules, and
secondary metabolites) to be found within a biological
sample, such as a single organism.

[0084] The term ““fuse,” “fused” or “link” refers to the
covalent linkage between two polypeptides 1n a fusion
protein. The polypeptides are typically joined via a peptide
bond, either directly to each other or via an amino acid
linker. Optionally, the peptides can be joined via non-peptide
covalent linkages known to those of skill 1n the art.

[0085] As used herein, unless otherwise stated, the term
“transcription” refers to the synthesis of RNA from a DNA
template; the term “translation” refers to the synthesis of a
polypeptide from an mRNA template. Translation 1n general
1s regulated by the sequence and structure of the 3' untrans-
lated region (3'-UTR) of the mRNA transcript. One regula-
tory sequence 1s the ribosome binding site (RBS), which
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promotes ethicient and accurate translation of mRNA. The
prokaryotic RBS 1s the Shine-Dalgarno sequence, a purine-
rich sequence of 5'-UTR that 1s complementary to the
UCCU core sequence of the 3'-end of 16S rRNA (located
within the 30S small ribosomal subunit). Various Shine-
Dalgarno sequences have been found 1n prokaryotic mRNAs
and generally lie about 10 nucleotides upstream from the
AUG start codon. Activity of a RBS can be influenced by the
length and nucleotide composition of the spacer separating
the RBS and the mitiator AUG. In eukaryotes, the Kozak
sequence A/GCCACCAUGG, which lies within a short 3
untranslated region, directs translation of mRNA. An mRNA
lacking the Kozak consensus sequence may also be trans-
lated efliciently 1 an 1n vitro systems 1f 1t possesses a
moderately long 3'-UTR that lacks stable secondary struc-
ture. While E. coli nbosome preferentially recognizes the
Shine-Dalgarno sequence, eukaryotic ribosomes (such as
those found 1n retic lysate) can efliciently use either the
Shine-Dalgarno or the Kozak ribosomal binding sites.

[0086] As used herein, the terms “promoter,” “promoter
clement,” or “promoter sequence” refer to a DNA sequence
which when ligated to a nucleotide sequence of interest 1s
capable of controlling the transcription of the nucleotide
sequence of interest mmto mRNA. A promoter 1s typically,
though not necessarily, located 5' (i.e., upstream) of a
nucleotide sequence ol interest whose transcription into
mRNA 1t controls, and provides a site for specific binding by
RNA polymerase and other transcription factors for initia-
tion of transcription.

[0087] One should appreciate that promoters have modu-
lar architecture and that the modular architecture may be
altered. Bacterial promoters typically include a core pro-
moter element and additional promoter elements. The core
promoter refers to the minmimal portion of the promoter
required to 1itiate transcription. A core promoter includes a
Transcription Start Site, a binding site for RN A polymerases
and general transcription factor binding sites. The “tran-
scription start site” refers to the first nucleotide to be
transcribed and 1s designated +1. Nucleotides downstream
the start site are numbered +1, +2, etc., and nucleotides
upstream the start site are numbered -1, -2, etc. Additional
promoter elements are located 5' (1.e., typically 30-250 bp
upstream of the start site) of the core promoter and regulate
the frequency of the transcription. The proximal promoter
clements and the distal promoter elements constitute specific
transcription factor site. In prokaryotes, a core promoter
usually includes two consensus sequences, a —10 sequence
or a —335 sequence, which are recognized by sigma factors
(see, for example, [Hawley, 1983]). The -10 sequence (10
bp upstream from the first transcribed nucleotide) 1s typi-
cally about 6 nucleotides in length and is typically made up
of the nucleotides adenosine and thymidine (also known as
the Pribnow box). In some embodiments, the nucleotide
sequence of the —10 sequence 1s S'-TATAAT or may com-
prise 3 to 6 bases pairs of the consensus sequence. The
presence ol this box 1s essential to the start of the transcrip-
tion. The —35 sequence of a core promoter 1s typically about
6 nucleotides 1n length. The nucleotide sequence of the —35
sequence 1s typically made up of the each of the four
nucleosides. The presence of this sequence allows a very
high transcription rate. In some embodiments, the nucleotide
sequence of the -35 sequence 15 5'-TTGACA or may com-
prise 3 to 6 bases pairs of the consensus sequence. In some
embodiments, the —10 and the -335 sequences are spaced by
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about 17 nucleotides. Fukaryotic promoters are more
diverse than prokaryotic promoters and may be located
several kilobases upstream of the transcription starting site.
Some eukaryotic promoters contain a TATA box (e.g. con-
taining the consensus sequence TATAAA or part thereol),
which 1s located typically within 40 to 120 bases of the
transcriptional start site. One or more upstream activation
sequences (UAS), which are recognized by specific binding
proteins can act as activators of the transcription. Theses
UAS sequences are typically found upstream of the tran-
scription initiation site. The distance between the UAS
sequences and the TATA box 1s highly varniable and may be
up to 1 kb.

[0088] As used herein, the term *“‘vector” refers to any
genetic element, such as a plasmid, phage, transposon,
cosmid, chromosome, artificial chromosome, episome,
virus, virion, etc., capable of replication when associated
with the proper control elements and which can transier
gene sequences into or between cells. The vector may
contain a marker suitable for use in the identification of
transformed or transfected cells. For example, markers may
provide antibiotic resistant, fluorescent, enzymatic, as well
as other traits. As a second example, markers may comple-
ment auxotrophic deficiencies or supply critical nutrients not
in the culture media. Types of vectors include cloning and
expression vectors. As used herein, the term “cloming vec-
tor” refers to a plasmid or phage DNA or other DNA
sequence which 1s able to replicate autonomously 1 a host
cell and which 1s characterized by one or a small number of
restriction endonuclease recognition sites and/or sites for
site-specific recombination. A foreign DNA fragment may
be spliced 1nto the vector at these sites 1n order to bring about
the replication and cloning of the fragment. The term
“expression vector” refers to a vector which 1s capable of
expressing ol a gene that has been cloned into 1t. Such
expression can occur after transformation into a host cell, or
in IVPS systems. The cloned DNA 1s usually operably
linked to one or more regulatory sequences, such as pro-
moters, activator/repressor binding sites, terminators,
enhancers and the like. The promoter sequences can be
constitutive, inducible and/or repressible.

[0089] As used herein, the term “host™ or “host cell” refers
to any prokaryotic or eukaryotic (e.g., mammalian, nsect,
yeast, plant, bacterial, archaeal, avian, animal, etc.) cell or
organism. The host cell can be a recipient of a replicable
expression vector, cloning vector or any heterologous
nucleic acid molecule. In an embodiment, the host cell is a
methylotroph (e.g., naturally exsisting or genetically engi-
neered or metabolically evolved). Host cells may be pro-
karyotic cells such as species of the genus Paracoccus and
Escherichia, or eukaryotic cells such as vyeast, insect,
amphibian, or mammalian cells or cell lines. Cell lines refer
to specific cells that can grow indefinitely given the appro-
priate medium and conditions. Cell lines can be mammalian
cell lines, isect cell lines or plant cell lines. Exemplary cell
lines can include tumor cell lines and stem cell lines. The
heterologous nucleic acid molecule may contain, but 1s not
limited to, a sequence of interest, a transcriptional regulatory
sequence (such as a promoter, enhancer, repressor, and the
like) and/or an origin of replication. As used herein, the
terms “host,” “host cell,” “recombinant host” and “recom-
binant host cell” may be used interchangeably. For examples

ol such hosts, see [Sambrook, 2001].
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[0090] One or more nucleic acid sequences can be targeted
for delivery to target prokaryotic or eukaryotic cells via
conventional transformation or transfection techniques. As
used herein, the terms ‘“transformation” and “transfection™
are intended to refer to a variety of art-recognized tech-
niques for mntroducing an exogenous nucleic acid sequence
(e.g., DNA) mto a target cell, including calcium phosphate
or calcium chloride co-precipitation, DEAE-dextran-medi-
ated transfection, lipofection, conjugation, electroporation,
optoporation, injection and the like. Suitable transformation
or transfection media include, but are not limited to, water,
CaCl,, cationic polymers, lipids, and the like. Suitable
materials and methods for transforming or transfecting tar-
get cells can be found in [Sambrook, 2001], and other
laboratory manuals. In certain instances, oligo concentra-
tions ol about 0.1 to about 0.5 micromolar (per oligo) can be
used for transformation or transfection.

[0091] As used herein, the term “marker” or “reporter”
refers to a gene or protein that can be attached to a regulatory
sequence of another gene or protein of interest, so that upon
expression 1n a host cell or organism, the reporter can confer
certain characteristics that can be relatively easily selected,
identified and/or measured. Reporter genes are often used as
an indication of whether a certain gene has been 1ntroduced
into or expressed 1n the host cell or organism. Examples of
commonly used reporters include: antibiotic resistance
genes, auxotropic markers, 3-galactosidase (encoded by the
bacterial gene lacZ), luciferase (from lightning bugs),
chloramphenicol acetyltransiferase (CAT;, from bacteria),
GUS (p-glucuronidase; commonly used 1n plants) and green
fluorescent protemn (GFP; from jelly fish). Reporters or
markers can be selectable or screenable. A selectable marker
(e.g., antibiotic resistance gene, auxotropic marker) 1s a gene
coniers a trait suitable for artificial selection; typically host
cells expressing the selectable marker 1s protected from a
selective agent that 1s toxic or inhibitory to cell growth. A
screenable marker (e.g., gip, lacZ) generally allows
researchers to distinguish between wanted cells (expressing
the marker) and unwanted cells (not expressing the marker
or expressing at msuihicient level).

[0092] As used herein, the term “methylotroph™ or “meth-
ylotrophic organism™ refers to organisms that produce com-
plex organic compounds from compounds that lack any
carbon-carbon bonds, such as formate, formic acid, formal-
dehyde, methane, methanol, methylamine, halogenated
methanes, and methylated sulfur species. Methylotrophs
often use C1 compounds as both a source of energy and
carbon. Example methylotrophic metabolic pathways for
produetion of central metabolites from Cl1 compounds
include the ribulose monophosphate cycle (FIG. 1) and the
serine cycle (FIG. 2). “Autotrophs™ or “autotrophic organ-
1sms’ refers to organisms that use simple, 1norganic carbon
molecules, such as carbon dioxide, as 1ts primary carbon
source for growth. Some but not all methylotrophs assimi-
late C1 compounds via carbon dioxide and thus are also
autotrophs. These organisms oxidize C1 compounds such as
methanol, methylamine, formaldehyde or formate to carbon
dioxide (see metabolic pathway depicted in FIG. 3) and then
reduce carbon dioxide to central metabolites using carbon
fixation cycles using, for example, the Calvin-Benson-
Bassham cycle (FIG. 4) or the reductive tricarboxlic acid
cycle (FIG. §). In contrast, “heterotrophs” or “heterotrophic
organisms” refers to organisms that must use reduced,
organic carbon compounds with carbon-carbon bonds for
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growth because they cannot use mnorganic carbon as their
primary carbon source. Instead, heterotrophs obtain energy
by breaking down the organic molecules they consume.
Organisms that can use a mix of diflerent sources of energy
and carbon are mixotrophs or mixotrophic organisms which
can alternate, e.g., between autotrophy and heterotrophy,
between autotrophy and methylotrophy, between heterotro-
phy and methylotrophy, between phototrophy and chemo-
trophy, between lithotrophy and organotrophy, or a combi-
nation thereol, depending on environmental conditions.

[0093] As used herein, the term “reducing cofactor” refers
to intracellular redox and energy carriers, such as NADH,
NADPH, ubiquinol, menaquinol, cytochromes, tlavins and/
or ferredoxin, that can donate high energy electrons 1n
reduction-oxidation reactions. The terms “reducing coia-

cor”’, “reduced cofactor” and “redox cofactor” can be used
interchangeably.

[0094] As used herein, the term “Cl compound”, “1C
compound” or “C, compound” refers to chemical species
that are reduced species but contain no carbon-carbon bonds.
C1 compounds may contain either one carbon atom (e.g.,
formate, formic acid, formamide, formaldehyde, methane,
methanol, methylamine, halogenated methanes, monom-
cthyl sulfate) or multiple carbon atoms (e.g., dimethyl ether,
dimethylamine, dimethyl sulfide). Furthermore, C1 com-
pounds may be either 1norganic (e.g., formate, formic acid)
or organic e.g., formaldehyde, methane, methanol). Cl1
compounds often serve as both a source of energy and a
source of carbon for methylotrophs.

[0095] As used herein, the term “central metabolite™ refers
to organic carbon compounds, such as acetyl-coA, pyruvate,
pyruvic acid, 3-hydropropionate, 3-hydroxypropionic acid,
glycolate, glycolic acid, glyoxylate, glyoxylic acid, dihy-
droxyacetone  phosphate, glyceraldehyde-3-phosphate,
malate, malic acid, lactate, lactic acid, acetate, acetic acid,
citrate and/or citric acid, that can be converted into carbon-
based products of interest by a host cell or orgamism. Central
metabolites are generally restricted to those reduced organic
compounds from which all or most cell mass components
can be derived 1n a given host cell or organism. In some
embodiments, the central metabolite 1s also the carbon
product of interest in which case no additional chemical
conversion 1s necessary.

[0096] Reference to a particular chemical species includes
not only that species but also water-solvated forms of the
species, unless otherwise stated. For example, carbon diox-
ide 1ncludes not only the gaseous form (CO,) but also
water-solvated forms, such as bicarbonate 1on.

[0097] As used herein, the term “biosynthetic pathway”™ or
“metabolic pathway” refers to a set of anabolic or catabolic
biochemical reactions for converting (transmuting) one
chemical species into another. Anabolic pathways mvolve
constructing a larger molecule from smaller molecules, a
process requiring energy. Catabolic pathways involve break-
ing down of larger molecules, often releasing energy. As
used herein, the term “energy conversion pathway™ refers to
a metabolic pathway that transfers energy from a C1 com-
pound to a reducing cofactor. The term “carbon fixation
pathway” refers to a biosynthetic pathway that converts
inorganic carbon, such as carbon dioxide, bicarbonate or
formate, to reduced organic carbon, such as one or more
carbon product precursors. The term “methylotrophic path-
way”~ refers to a biosynthetic pathway that converts Cl
compounds to compounds with carbon-carbon bonds, such
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as one or more carbon product precursors. The term “carbon
product biosynthetic pathway™ refers to a biosynthetic path-
way that converts one or more carbon product precursors to
one or more carbon based products of interest.

[0098] As used herein, the term “engineered methylo-
troph” or “engineered methylotrophic orgamism” refers to
organisms that have been genetically engineered to convert
C1 compounds, such as formate, formic acid, formaldehyde,
or methanol, to organic carbon compounds. As used herein,
an engineered methylotroph need not derive its organic
carbon compounds solely from C1 compounds. The term
engineered methylotroph may also be used to refer to
originally methylotrophic or mixotrophic orgamisms that
have been genetically engineered to include one or more
energy conversion, carbon fixation, methylotrophic and/or
carbon product biosynthetic pathways 1n addition or instead
of 1ts endogenous methylotrophic capability. The term
“engineer,” “engineering’ or “engineered,” as used herein,
refers to genetic manipulation or modification of biomol-
ecules such as DNA, RNA and/or protein, or like technique
commonly known 1n the biotechnology art.

[0099] As used herein, the term “carbon based products of
interest” refers to a desired product containing carbon atoms
and include, but not limited to alcohols such as ethanol,
propanol, 1sopropanol, butanol, octanol, fatty alcohols, fatty
acid esters, wax esters; hydrocarbons and alkanes such as
propane, octane, diesel, Jet Propellant 8, polymers such as
terephthalate, 1,3-propanediol, 1.,4-butanediol, polyols,
polyhydroxyalkanoates (PHAs), polyhydroxybutyrates
(PHB s), acrylate, adipic acid, epsilon-caprolactone, 1so-
prene, caprolactam, rubber; commodity chemicals such as
lactate, docosahexaenoic acid (DHA), 3-hydroxypropionate,
v-valerolactone, lysine, serine, aspartate, aspartic acid, sor-
bitol, ascorbate, ascorbic acid, 1sopentenol, lanosterol,
omega-3 DHA, lycopene, 1itaconate, 1,3-butadiene, ethylene,
propylene, succinate, citrate, citric acid, glutamate, malate,
3-hydroxyprionic acid (HPA), lactic acid, THF, gamma
butyrolactone, pyrrolidones, hydroxybutyrate, glutamic
acid, levulinic acid, acrylic acid, malonic acid; specialty
chemicals such as carotenoids, 1soprenoids, 1taconic acid;
biological sugars such as glucose, fructose, lactose, sucrose,
starch, cellulose, hemicellulose, glycogen, xylose, dextrose,
galactose, uronic acid, maltose, polyketides, or glycerol;
central metabolites, such as acetyl-coA, pyruvate, pyruvic
acid, 3-hydropropionate, 3-hydroxypropionic acid, glyco-
late, glycolic acid, glyoxylate, glyoxylic acid, dihydroxyac-
ctone phosphate, glyceraldehyde-3-phosphate, malate, malic
acid, lactate, lactic acid, acetate, acetic acid, citrate and/or
citric acid, from which other carbon products can be made;
pharmaceuticals and pharmaceutical intermediates such as
7-aminodesacetoxycephalosporonic  acid, cephalosporin,
erythromycin, polyketides, statins, paclitaxel, docetaxel, ter-
penes, peplides, steroids, omega fatty acids and other such
suitable products of interest. Such products are usetul in the
context of biofuels, industrial and specialty chemicals, as
intermediates used to make additional products, such as
nutritional supplements, neutraceuticals, polymers, paratiin
replacements, personal care products and pharmaceuticals.

[0100] As used herein, the term “hydrocarbon” referes a
chemical compound that consists of the elements carbon,
hydrogen and optionally, oxygen. “Surfactants” are sub-
stances capable of reducing the surface tension of a liquid 1n
which they are dissolved. They are typically composed of a
water-soluble head and a hydrocarbon chain or tail. The
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water soluble group 1s hydrophilic and can either be 1onic or
nonionic, and the hydrocarbon chain i1s hydrophobic. The
term “biofuel” 1s any fuel that dertves from a biological
source.

[0101] The accession numbers provided throughout this
description are derived from the NCBI database (National
Ceter for Biotechnology Information) maintained by the
National Institute of Health, USA. The accession numbers
are provided in the database on Aug. 1, 2011. The Enzyme
Classification Numbers (E.C.) provided throughout this
description are derived from the KEGG Ligand database,
maintamned by the Kyoto Encyclopedia of Genes and
Genomics, sponsored 1n part by the University of Tokyo.
The E.C. numbers are provided in the database on Aug. 1,

2011.

[0102] Other terms used in the fields of recombinant
nucleic acid technology, microbiology, metabolic engineer-
ing, and molecular and cell biology as used herein will be
generally understood by one of ordinary skill 1n the appli-
cable arts.

Source of C1 Compounds

[0103] In some embodiments, suitable C1 compounds
include, but not limited to formate, formic acid, methanol
and/or formaldehyde. Formate, formic acid, formaldehyde
and methanol can be produced via the electrochemical

reduction of CO, [see, e.g., Hor1, 2008].

[0104] In some instances, soluble, liquid feedstocks such
as formate, formic acid, formaldehyde or methanol can be
preferable to gaseous feedstocks, such as methane or syn-
thesis gas. Methane 1s generally known as a gas with low
water solubility in water which creates mass transfer limi-
tations when using methane as the feedstock for engineered
and/or evolved methylotrophs (biological systems are aque-
ous). Similarly, synthesis gas (composed of molecular
hydrogen and carbon monoxide) also has low water solu-
bility 1n water. At large reactor or fermentor scales, high
rates of mass transier from the gas to liquid phases 1s
challenging. In contrast, formate, formaldehyde and metha-
nol due to their higher solubility/miscibility in H,O, do not
have this problem. Hence, when water 1s the solvent 1n the
growth media, the use of formate, formic acid, formaldehyde
or methanol as the feedstock can be more advantageous.

[0105] The energy elliciency of electrochemical conver-
s1on of carbon dioxide impacts the overall energy efliciency
of a bio-manufacturing process using an engineered and/or
evolved methylotroph of the present invention. Electrolyzers
achieve overall energy elliciencies of 56-73% at current
densities of 110-300 mA/cm” (alkaline electrolyzers) or
800-1600 mA/cm® (PEM electrolyzers) [Whipple, 2010]. In
contrast, electrochemical systems to date have achieved
moderate energy efliciencies or high current densities but not
at the same time. Hence, additional technology improve-
ments are needed for electrochemical production of formate,
formic acid, formaldehyde and methanol.

Organisms or Host Cells for Engineering or Evolution

[0106] The host cell or organism, as disclosed herein, may
be chosen from methylotrophic eukaryotic or prokaryotic
systems, such as bacternial cells (Gram-negative (e.g., Alp-
haproteobacterium) or Gram-positive), archaea and yeast
cells. Suitable cells and cell lines can also include those
commonly used in laboratories and/or industrial applica-
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tions. In some embodiments, host cells/organisms can be
selected from Bacillus species including Bacillus methano-
licus, Bilophila wadsworthia, Burkholderia species includ-
ing Burkholderia phyvmatum, Candida species including
Candida boidinii, Candida sonovensis, Cupravidus necator
(formerly Alcaligenes eutrophus and Ralstonia eutropha),
Hyphomicrobium species including Hyphomicrobium meth-
viovorum, Hyphomicrobium zavarzinii, Methanococcus
maripaludis, Methanomonas methanooxidans, Metha-
nosarcina species, Methylibium petroleiphilum, Methyloba-
cillus flagellatus, Methylobacillus flagellatum, Methyvioba-
cillus  fructoseoxidans,  Methylobacillus  glvcogenes,
Methylobacillus viscogenes, Methyvlobacter bovis, Methylo-
bacter capsulatus, Methylobacter vinelandii, Methylobacte-
rium species including Methyviobacterium dichloromethani-
cum, Methvlobacterium extorquens, Methyvlobacterium
mesophilicum, Methylobacterium organophilum, Methylo-
bacterium rhodesianum, Methylococcus capsulatus, Meth-
viococcus minimus, Methylocystis species including Meth-
viocystis  parvus,  Methylomicrobium  alcaliphilum,
Methylomonas species 1ncluding Methylomonas agile,
Methylomonas albus, Methylomonas clava, Methylomonas
methanica (ormerly Bacillus methanicus and Pseudomonas
methanica), Methyvlomonas methanolica, Methylomonas
rosaceous, Methylomonas rubrum, Methylomonas strepto-
bacterium, Methylophilus methyviotrophus, Methylosinus
species 1ncluding Methylosinus sporium, Methylosinus
trichosporium, Methylosporovibrio methanica, Methylover-
satilis universalis, Methylovorus mays, Mycobacterium vac-
cae, Nautilia sp. strain AmN, Nautilia lithotrophica, Nau-
tilia  profundicola,  Paracoccus  species  including
Paracoccus denitrificans, Paracoccus versutus or Paracoc-

cus zeaxanthinifaciens, Picchia species including Picchia
angusta (formerly Hansenula polymorpha), Picchia guilli-

ermondii, Picchia pastoris, Protaminobacter ruber,
Pseudomonas species including Pseudomonas AMI,
Pseudomonas methanitrificans, Schlegelia plantiphila,

Thermocrinus ruber, Verrucomicrobia species, Xantho-
bacter species, or any modifications and/or derivatives
thereof. Those skilled 1n the art would understand that the
genetic modifications, including metabolic alterations exem-
plified herein, are described with reference to a suitable host
organism such as Paracoccus denitrificans and their corre-
sponding metabolic reactions or a suitable source organism
for desired nucleic acids such as genes for a desired meta-
bolic pathway. However, given the complete genome
sequencing ol a wide variety of organisms and the high level
of skill in the area of genomics, those skilled 1n the art would
readily be able to apply the teachings and guidance provided
herein to essentially all other methylotrophic host cells and
organisms. For example, the Paracoccus denitrificans meta-
bolic modifications exemplified herein can readily be
applied to other species by incorporating the same or analo-
gous encoding nucleic acid from species other than the
referenced species. Such genetic modifications include, for
example, genetic alterations of species homologs, 1n general,
and 1n particular, orthologs, paralogs or nonorthologous
gene displacements.

[0107] In various aspects of the invention, the cells are
genetically engineered and/or metabolically evolved, for
example, for the purposes of optimized energy conversion,
methylotrophy and/or carbon fixation. The terms “metaboli-
cally evolved” or “metabolic evolution™ relates to growth-
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based selection (metabolic evolution) of host cells that
demonstrate improved growth (cell yield).

[0108] Exemplary genomes and nucleic acids include tull
and partial genomes of a number of organisms for which
genome sequences are publicly available and can be used
with the disclosed methods, such as, but not limited to,
Aeropyvrum pernix; Agrobacterium tumefaciens; Anabaena;
Anopheles gambiae; Apis mellifera; Aquifex aeolicus; Ara-
bidopsis thaliana; Arvchaeoglobus fulgidus; Ashbya gossy-
pii; Bacillus anthracis; Bacillus cerveus; Bacillus halo-
durans;  Bacillus  licheniformis;  Bacillus  subtilis;
Bacteroides fragilis; Bacteroides thetaiotaomicron; Barto-
nella henselae; Bartonella quintana; Bdellovibrio bacterio-
virus; Bifidobacterium longum; Blochmannia flovidanus;
Bordetella bronchiseptica; Bovdetella parapertussis;, Bor-
detella pertussis; Borrelia burgdorferi; Bradyrhizobium
Japonicum; Brucella melitensis; Brucella suis; Buchnera
aphidicola; Burkholderia mallei; Burkholderia pseudomal-
lei; Caenorhabditis briggsae; Caenorhabditis elegans;
Campylobacter jejuni; Candida glabrata; Canis familiaris;
Caulobacter crescentus; Chlamydia murvidarum,; Chlamydia
trachomatis; Chlamyvdophila caviae; Chlamydophila pneu-
moniae; Chlorobium tepidum; Chromobacterium viola-
ceum; Ciona intestinalis; Clostridium acetobutylicum;
Clostridium perfringens; Clostridium tetania Corynebacte-
rium diphtheriae; Corynebacterium efficiens; Coxiella bur-
netii; Cryptosporidium hominis; Cryptosporidium parvum;
Cyanidioschyzon merolae; Debaryvomyces hansenii; Deino-
coccus rvadiodurans; Desulfotalea psychrophila; Desulfovi-
brio vulgaris; Drvosophila melanogaster; Encephalitozoon
cuniculi; FEnterococcus [faecalis; FErwinia carotovora;
Escherichia coli; Fusobacterium nucleatum; Gallus gallus;
(GGeobacter sulfurreducens; Gloeobacter violaceus; Guillar-
dia theta; Haemophilus ducreyi; Haemophilus influenzae;
Halobacterium; Helicobacter hepaticus; Helicobacter
pylori; Homo sapiens; Kluyveromyces waltii; Lactobacillus
Johnsonii; Lactobacillus plantarum; Legionella pneumo-
phila; Leifsonia xyli; Lactococcus lactis; Leptospira inter-
rogans, Listeria innocua,; Listeria monocytogenes;, Magna-
porthe grisea; Mannheimia succiniciproducens;
Mesoplasma forum; Mesorhizobium loti; Methanobacte-
rium thermoautotrophicum; Methanococcoides burtonii;
Methanococcus jannaschii; Methanococcus maripaludis,
Methanogenium frigidum; Methanopyrus kandleri; Metha-
nosarcina acetivorans,; Methanosarcina mazei; Methylococ-
cus capsulatus; Mus musculus; Mvycobacterium bovis;
Mycobacterium leprae; Mycobacterium paratuberculosis;
Mycobacterium tuberculosis; Mycoplasma gallisepticum;
Mycoplasma genitalium; Mycoplasma mycoides; Myco-
plasma penetrans; Mycoplasma pneumoniae; Mycoplasma
pulmonis; Mycoplasma mobile; Nanoarvchaeum equitans;
Neisseria meningitidis; Neurospora crassa; Nitrosomonas
europaea; Nocardia farcinica; Oceanobacillus iheyensis;
Onions vellows phyvtoplasma; Oryza sativa; Pan troglo-
dvtes; Paracoccus denitrificans; Paracoccus versutus;
Paracoccus zeaxanthinifaciens; Pasteurella wmultocida;
Phanerochaete chrysosporium,; Photorhabdus luminescens;
Picrophilus torridus; Plasmodium falciparum; Plasmodium
voelii voelii; Populus trichocarpa; Porvphyromonas gingi-
valis Prochlorococcus marinus; Propionibacterium acnes;
Protochlamydia amoebophila; Pseudomonas aeruginosa;
Pseudomonas putida,; Pseudomonas syringae; Pyrobaculum
aervophilum; Pyrococcus abyssi; Pyrococcus furiosus; Pyro-
coccus horikoshii; Pyrolobus fumarii; Ralstonia solan-
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acearum, Rattus norvegicus; Rhodopirellula baltica; Rho-
dopseudomonas palustris; Rickettsia conorii; Rickettsia
tvphi; Rickettsia prowazekii; Rickettsia sibivica; Saccharo-
myces cervevisiae; Saccharomyces bayanus; Sacchavomyces
boulardii; Saccharvopolyspora erythraea; Schizosaccharo-
myces pombe; Salmonella enterica; Salmonella typhimu-
rium,; Schizosaccharomyces pombe; Shewanella oneidensis;
Shigella flexneria; Sinorhizobium meliloti; Staphyviococcus
aureus; Staphyvlococcus epidermidis; Streptococcus agalac-
tiae; Streptococcus mutans; Streptococcus preumoniae;
Streptococcus pyvogenes; Streptococcus thermophilus;
Streptomyces avermitilis; Streptomyces coelicolor; Sulfolo-
bus solfataricus; Sulfolobus tokodaii; Synechococcus; Syn-
echoccous elongates; Synechocystis; lakifugu rubripes; 1et-
raodon nigroviridis; Thalassiosira pseudonana; The
rmoanaervobacter tengcongensis; Thermoplasma acidophi-
lum; Thermoplasma volcanium; Thermosynechococcus
elongatus; Thermotagoa maritima; Thermus thermophilus;
Treponema denticola; Treponema pallidum; Tropheryma
whipplei; Ureaplasma urealvticum; Vibrio cholerae; Vibrio
parahaemolyticus; Vibrio vulnificus; Wigglesworthia
glossinidia; Wolbachia pipientis; Wolinella succinogenes;
Xanthomonas axonopodis; Xanthomonas campestris;
Xvlella fastidiosa,; Yarrowia lipolvtica,; Yersinia pseudotu-
berculosis; and Yersinia pestis nucleic acids.

[0109] In certain embodiments, sources of encoding
nucleic acids for enzymes for a biosynthetic pathway can
include, for example, any species where the encoded gene
product 1s capable of catalyzing the referenced reaction.
Exemplary species for such sources include, for example,
Aeropyrum pernix; Aquifex aeolicus; Aquifex pyrophilus;
Candidatus Arcobacter sulfidicus; Candidatus Endoriftia
persephone; Candidatus Nitrospira defluvii; Chlorobium
limicola; Chlovobium tepidum; Clostridium pasteurianum;
Desulfobacter hyvdrogenophilus; Desulfurobacterium ther-
molithotrophum; Geobacter metalliveducens; Halobacte-
rium sp. NRC-1; Hydrogenimonas thermophila; Hydrogeni-
virga strain 128-5-R1; Hydrogenobacter thermophilus;
Hydrogenobaculum sp. YO4AAS]; Lebetimonas acidiphila
Pd55%; Leptospirillum ferriphilum; Leptospirillum ferrodi-

azotrophum; Leptospirillum rubarum; Magnetococcus
marinus; Magnetospivillum magneticum; Mycobacterium
bovis; Mvycobacterium tuberculosis; Methyvlobacterium

nodulans; Nautilia lithotrophica;, Nautilia profundicola;
Nautilia sp. strain AmN; Nitratifractor salsuginis; Nitrat-
iruptor sp. strain SB153-2; Paracoccus denitrificans; Para-
coccus versutus; Paracoccus zeaxanthinifaciens; Persepho-
nella  marina;  Rimcaris  exoculata  episymbiont;
Streptomyces avermitilis; Streptomyces coelicolor; Sulfolo-
bus avermitilis; Sulfolobus solfataricus; Sulfolobus toko-
daii; Sulfurihydrogenibium azorense; Sulfurihvdrogenibium
sp. YO3AOPIL; Sulfurihyvdrogenibium vellowstonense; Sul-
furihvdrogenibium  subterraneum; Sulfurimonas auto-
trophica; Sulfurimonas denitrificans; Sulfurimonas paral-
vinella; Sulfurovum lithotrophicum; Sulfurovum sp. strain
NBC37-1; Thermocrinis ruber; Thermovibrio ammonifi-
cans; Thermovibrio ruber; Thioreductor micatisoli; Nostoc
sp. PCC 7120; Acidithiobacillus ferrooxidans; Allochroma-
tium vinosum,; Aphanothece halophyvtica; Oscillatoria lim-
netica; Rhodobacter capsulatus; Thiobacillus denitrificans;
Cupriavidus necator (1ormerly Ralstonia eutropha), Metha-
nosarcina barkeri: Methanosarcia mazei: Methanococcus
maripaludis; Mycobacterium smegmatis; Burkholderia sta-
bilis; Candida boidinii; Candida methylica; Pseudomonas
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sp. 101; Methyicoccus capsulatus; Mycobacterium gastri;
Cenarchaeum symbiosum,; Chlovoflexus aurantiacus; Evyth-
robacter sp. NAP1; Metallosphaera sedula; gamma proteo-
bacterium NORS51-B; marine gamma proteobacterium
HTCC2080; Nitrosopumilus maritimus; Roseiflexus casten-
holzii; Synechococcus elongatus; and the like, as well as
other exemplary species disclosed herein or available as
source organisms for corresponding genes. However, with
the complete genome sequence publicly available for now
more than 4400 species (including viruses), including 1701
microbial genomes and a variety of yeast, fungi, plant, and
mammalian genomes, the 1dentification of genes encoding
the requisite energy conversion, methylotrophic, carbon
fixation or carbon product biosynthetic activity for one or
more genes 1n related or distant species, including for
example, homologs, orthologs, paralogs and nonorthologous
gene displacements of known genes, and the replacement of
gene homolog either within a particular engineered and/or
evolved methylotroph or between different host cells for the
engineered and/or evolved methylotroph 1s routine and well
known 1n the art. Accordingly, the metabolic modifications
enabling methylotrophic growth and production of carbon-
based products described herein with reference to a particu-
lar organism such as Paracoccus denitrificans can be readily
applied to other methylotrophic microorganisms, imncluding
prokaryotic and eukaryotic organisms alike. Given the
teachings and guidance provided herein, those skilled 1n the
art would know that a metabolic modification exemplified 1n
one organism can be applied equally to other organisms.
[0110] In some instances, such as when an alternative
energy conversion, carbon fixation, methylotrophic or car-
bon product biosynthetic pathway exists 1 an unrelated
species, enhanced methylotrophic growth and production of
carbon-based products can be conferred onto the host spe-
cies by, for example, exogenous expression of a paralog or
paralogs from the unrelated species that catalyzes a similar,
yet non-identical metabolic reaction to replace the refer-
enced reaction. Because certain differences among meta-
bolic networks exist between diflerent organisms, those
skilled 1n the art would understand that the actual gene usage
between diflerent organisms may differ. However, given the
teachings and guidance provided herein, those skilled in the
art also would understand that the teachings and methods of
the mvention can be applied to all microbial organisms using
the cognate metabolic modifications to those exemplified
herein to construct a microbial organism in a species of
interest that would produce carbon-based products of inter-
est from C compounds.

[0111] It should be noted that various engineered strains
and/or mutations of the organisms or cell lines discussed
herein can also be used.

Methods for Identification and Selection of Candidate
Enzymes for a Metabolic Activity of Interest

[0112] In one aspect, the present invention provides a
method for identifying candidate proteins or enzymes of
interest capable of performing a desired metabolic activity.
Leveraging the exponential growth of gene and genome
sequence databases and the availability of commercial gene
synthesis at reasonable cost, Bayer and colleagues adopted
a synthetic metagenomics approach to bioinformatically
search sequence databases for homologous or similar
enzymes, computationally optimize their encoding gene
sequences lor heterologous expression, synthesize the
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designed gene sequence, clone the synthetic gene into an
expression vector and screen the resulting enzyme for a
desired function 1n E. coli or yeast [Bayer, 2009]. However,
depending on the metabolic activity or protein of interest,
there can be thousands of putative homologs 1n the publicly
available sequence databases. Thus, 1t can be experimentally
challenging or 1n some cases infeasible to synthesize and
screen all possible homologs at reasonable cost and within
a reasonable timeframe. To address this challenge, 1n one
aspect, this ivention provides an alternate method {for
identifying and selecting candidate protein sequences for a
metabolic activity of interest. The method comprises the
following steps. First, for a desired metabolic activity, such
as an enzyme-catalyzed step 1n an energy conversion, meth-
ylotrophic, carbon fixation or carbon product biosynthetic
pathway, one or more enzymes ol interest are identified.
Typically, the enzyme(s) of interest have been previously
experimentally validated to perform the desired activity, for
example 1n the published scienftific literature. In some
embodiments, one or more of the enzymes of interest has
been heterologously expressed and experimentally demon-
strated to be functional. Second, a bioinformatic search 1s
performed on protein classification or grouping databases,
such as Clusters of Orthologous Groups (COGs) [Tatusov,
1997; Tatusov, 2003], Entrez Protein Clusters (ProtClustDB)
|[Klimke, 2009] and/or InterPro [Zdobnov, 2001], to 1identify
protein groupings that contain one or more of the enzyme(s)
of iterest (or closely related enzymes). If the enzyme(s) of
interest contain multiple subunits, then the protein corre-
sponding to a single subunit, for example the catalytic
subunit or the largest subunit, 1s selected as being represen-
tative of the enzyme(s) ol interest for the purposes of
bioinformatic analysis. Third, a systematic, expert-guided
search 1s then performed to identify which database group-
ings are likely to contain a majority of members whose
metabolic activity 1s the same or similar as the protein(s) of
interest. Fourth, the list of NCBI Protein accession numbers
corresponding to every members of each selected database
grouping 1s then compiled and the corresponding protein
sequences are downloaded from the sequence databases.
Protein sequences available from sources other than the
public sequence databases may be added to this set. Fiith,
optionally, one or more outgroup protein sequences are
identified and added to the set. Outgroup proteins are
proteins which may share some functional, structural, or
sequence similarities to the model enzyme(s) but lack an
essential feature of the enzyme(s) of interest or desired
metabolic activity. For example, the enzyme {flavocy-
tochrome ¢ (E.C. 1.8.2.3) 1s similar to sulfide-quinone
oxidoreductase (E.C. 1.8.5.4) 1n that 1t oxidizes hydrogen
sulfide but it reduces cytochrome ¢ instead of ubiquinone
and thus offers a useful outgroup during bioinformatic
analysis of sulfide-quinone oxidoreductases. Sixth, the com-
plete set of protein sequences are aligned with an sequence
alignment program capable of aligning large numbers of
sequences, such as MUSCLE [Edgar, 2004a; Edgar, 2004b].

Seventh, a tree 1s drawn based on the resultmg MUSCLE
alignment via methods known to those skilled 1n the art,

such as neighbor joimning [Saitou, 1987] or UPGMA [Sokal,
1958; Murtagh, 1984]. Fighth, different clades are selected
from the tree so that the number of clades equals the desired
number of proteins for screening. Finally, one protein from
cach clade 1s selected for gene synthesis and functional
screening based on the following heuristics
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[0113] Preference 1s given to proteins that have been
heterologously expressed and experimentally demon-
strated to have the desired metabolic activity.

[0114] Preference 1s given to proteins that have been
biochemically characterized to have the desired meta-
bolic activity previously.

[0115] Preference i1s given to proteins from source
organisms for which there i1s strong experimental or
genomic evidence that the orgamism has the desired
metabolic activity.

[0116] Preference 1s given to proteins in which the key
catalytic, binding and/or other signature residues are
conserved with respect to the protein(s) of interest.

[0117] Preference 1s given to protein from source organ-
1Isms whose optimal growth temperature 1s similar to
that of the host cell or organism. For example, 11 the
host cell 1s a mesophile, then the source organism 1s
also a mesophile.

[0118] Therefore, 1n constructing the engineered and/or
evolved methylotroph of the invention, those skilled in the
art would understand that by applying the teaching and
guidance provided herein, 1t 1s possible to replace or aug-
ment particular genes within a metabolic pathway, such as
an energy conversion pathway, a carbon fixation pathway, a
methylotrophic pathway and/or a carbon product biosyn-
thetic pathway, with homologs 1dentified using the methods
described here, whose gene products catalyze a similar or
substantially similar metabolic reaction. Such modifications
can be done, for example, to increase flux through a meta-
bolic pathway (for example, flux of energy or carbon), to
reduce accumulation of toxic intermediates, to improve the
kinetic properties of the pathway, and/or to otherwise opti-
mize the engineered and/or evolved methylotroph.

Methods for Design of Nucleic Acids Encoding Enzymes for
Heterologous Expression

[0119] In one aspect, the present invention provides a
computer program product for designing a nucleic acid that
encodes a protein or enzyme of interest that 1s codon
optimized for the host cell or organism (the target species).
The program can reside on a hardware computer readable
storage medium and having a plurality of instructions which,
when executed by a processor, cause the processor to
perform operations. The program comprises the following
operations. At each amino acid position of the protein of
interest, the codon 1s selected 1n which the rank order codon
usage frequency of that codon in the target species 1s the
same as the rank order codon usage frequency of the codon
that occurs at that position in the source species gene. To
select the desired codon at each amino acid position, both
the genetic code (the mapping of codons to amino acids
[Jukes, 1993]) and codon frequency table (the frequency
with which each synonymous codon occurs in a genome or
genome [Grantham, 1980]) for both the source and target
species are needed. For source species for which a complete
genome sequence 1s available, the usage frequency for each
codon may be calculate simply by summing the number of
instances of that codon 1n all annotated coding sequences,
dividing by the total number of codons in that genome, and
then multiplying by 1000. For source species for which no
complete genome 1s available, the usage frequency can be
computed based on any available coding sequences or by
using the codon frequency table of a closely related organ-
ism. The program then preferably standardizes the start

16
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codon to ATG, the stop codon to TAA, and the second and
second last codons to one of twenty possible codons (one per
amino acid). The program then subjects the codon optimized
nucleic acid sequence to a series of checks to improve the
likelihood that the sequence can be synthesized via com-
mercial gene synthesis and subsequently manipulated via
molecular biology [Sambrook, 2001] and DNA assembly
methods [W0O/2010/0702935]. These checks comprise 1den-
tifying 1t key restriction enzyme recognition sites used 1n a
DNA assembly standard or DNA assembly method are
present; 1I hairpins whose GC content exceeds a threshold
percentage, such as 60%, and whose length exceeds a
threshold number of base pairs, such as 10, are present; i
sequence repeats are present; 1f any subsequence between
100 and 150 nucleotides 1n length exceeds a threshold GC
content, such as 65%; 1f G or C homopolymers greater than
5 nucleotides 1n length are present; and, optionally, if any
sequence motifs are present that might give rise to spurious
transposon 1nsertion sites, transcriptional or translational
initiation or termination, mRNA secondary structure, RNase
cleavage, and/or transcription factor binding. If the codon
optimized nucleic acid sequence fails any of these checks,
the program then iterates through all possible synonymous
mutations and designs a new nucleic acid sequence that both
passes all checks and minimizes the difference 1 codon
frequencies between the original and new nucleic acid
sequence.

[0120] Various implementations of the systems and tech-
niques described here can be realized 1n digital electronic
circuitry, mtegrated circuitry, specially designed ASICs (ap-
plication-specific integrated circuits), computer hardware,
firmware, software, and/or combinations thereof. These
various implementations can include one or more computer
programs that are executable and/or interpretable on a
programmable system including at least one programmable
processor, which may be special or general purpose, coupled
to recelve data and instructions from, and to transmit data
and 1nstructions to, a storage system, at least one input
device, and at least one output device. Such computer
programs (also known as programs, software, software
applications or code) may include machine nstructions for
a programmable processor, and may be implemented 1n any
form of programming language, including high-level pro-
cedural and/or object-oniented programming languages, and/
or 1 assembly/machine languages. A computer program
may be deployed 1 any form, including as a stand-alone
program, or as a module, component, subroutine, or other
unit suitable for use 1 a computing environment. A com-
puter program may be deployed to be executed or inter-
preted on one computer or on multiple computers at one site,
or distributed across multiple sites and interconnected by a
communication network.

[0121] A computer program may, 1 an embodiment, be
stored on a computer readable storage medium. A computer
readable storage medium stores computer data, which data
can include computer program code that 1s executed and/or
interpreted by a computer system or processor. By way of
example, and not limitation, a computer readable medium
may comprise computer readable storage media, for tangible
or fixed storage of data, or communication media for tran-
sient 1nterpretation of code-containing signals. Computer
readable storage media, may refer to physical or tangible
storage (as opposed to signals) and may include without
limitation volatile and non-volatile, removable and non-
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removable media implemented 1n any method or technology
for the tangible storage of information such as computer-
readable instructions, data structures, program modules or
other data. Computer readable storage media includes, but 1s
not limited to, RAM, ROM, EPROM, FEPROM, flash
memory or other solid state memory technology, CD-ROM,
DVD, or other optical storage, magnetic cassettes, magnetic
tape, magnetic disk storage or other magnetic storage
devices, or any other physical or material medium which can
be used to tangibly store the desired information or data or
instructions and which can be accessed by a computer or
Processor.

[0122] FIG. 6 shows a block diagram of a generic pro-
cessing architecture, which may execute soltware applica-
tions and processes. Computer processing device 200 may
be coupled to display 202 for graphical output. Processor
204 may be a computer processor capable ol executing
software. Typical examples of processor 204 are general-
purpose computer processors (such as Intel® or AMD®
processors), ASICs, microprocessors, any other type of
processor, or the like. Processor 204 may be coupled to
memory 206, which may be a volatile memory (e.g. RAM)
storage medium for storing instructions and/or data while
processor 204 executes. Processor 204 may also be coupled
to storage device 208, which may be a non-volatile storage
medium such as a hard drive, FLASH drive, tape dnive,
DVDROM, or similar device. Program 210 may be a
computer program containing instructions and/or data, and
may be stored on storage device 208 and/or 1n memory 206,
for example. In a typical scenario, processor 204 may load
some or all of the mnstructions and/or data of program 210
into memory 206 for execution.

[0123] Program 210 may be a computer program capable
of performing the processes and functions described above.
Program 210 may include various instructions and subrou-
tines, which, when loaded 1nto memory 206 and executed by
processor 204 cause processor 204 to perform various
operations, some or all of which may effectuate the methods,
processes, and/or functions associated with the presently
disclosed embodiments.

[0124] Although not shown, computer processing device
200 may include various forms of mput and output. The I/O
may include network adapters, USB adapters, Bluetooth
radios, mice, keyboards, touchpads, displays, touch screens,
LEDs, vibration devices, speakers, microphones, sensors, or
any other mput or output device for use with computer
processing device 200.

Methods for Expression of Heterologous Enzymes

[0125] Composite nucleic acids can be constructed to
include one or more energy conversion, methylotrophic,
carbon fixation and/or carbon product biosynthetic pathway
encoding nucleic acids as exemplified herein. The composite
nucleic acids can subsequently be transformed or transiected
into a suitable host organism for expression of one or more
proteins of interest. Composite nucleic acids can be con-
structed by operably linking nucleic acids encoding one or
more standardized genetic parts with protein(s) of interest
encoding nucleic acids that have also been standardized.
Standardized genetic parts are nucleic acid sequences that
have been refined to conform to one or more defined
technical standards, such as an assembly standard [Knight,
2003; Shetty, 2008; Shetty, 2011]. Standardized genetic

parts can encode transcriptional initiation elements, tran-
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scriptional termination elements, translational 1mitiation ele-
ments, translational termination elements, protein aflinity
tags, protein degradation tags, protein localization tags,
selectable markers, replication elements, recombination
sites for integration onto the genome, and more. Standard-
1zed genetic parts have the advantage that their function can
be imndependently validated and characterized [Kelly, 2009]
and then readily combined with other standardized parts to
produce functional nucleic acids [Canton, 2008]. By mixing
and matching standardized genetic parts encoding difierent
expression control elements with nucleic acids encoding
proteins of interest, transforming the resulting nucleic acid
into a suitable host cell and functionally screening the
resulting engineered cell, the process of both achieving
soluble expression of proteins of interest and validing the
function of those proteins 1s made dramatically faster. For
example, the set of standardized parts might comprise con-
stitutive promoters of varying strengths [Davis, 2011], ribo-
some binding sites of varying strengths [Anderson, 2007]
and protein degradation of tags of varying strengths [ Ander-
sen, 1998].

[0126] For exogenous expression in Paracoccus or other
prokaryotic cells, some nucleic acids encoding proteins of
interest can be modified to introduce solubility tags onto the
protein of interest to ensure soluble expression of the protein
of interest. For example, addition of the maltose binding
protein to a protein of interest has been shown to enhance
soluble expression 1 £. coli [Sachdev, 1998; Kapust, 1999;
Sachdev, 2000]. Either alternatively or in addition, chaper-
one proteins, such as DnaK, Dnal, GroES and GroEL may
be either co-expressed or overexpressed with the proteins of
interest, such as RuBisCO [Greene, 2007], to promote
correct folding and assembly [Martinez-Alonso, 2009; Mar-
tinez-Alonso, 2010].

[0127] For exogenous expression in Parococcus or other
prokaryotic cells, some nucleic acid sequences in the genes
or cDNAs of eukaryotic nucleic acids can encode targeting
signals such as an N-terminal mitochondrial or other target-
ing signal, which can be removed before transformation into
prokaryotic host cells, if desired. For example, removal of a
mitochondrial leader sequence led to increased expression in
E. coli [Hoflmeister, 2005]. For exogenous expression in
yeast or other eukaryotic cells, genes can be expressed 1n the
cytosol without the addition of leader sequence, or can be
targeted to mitochondrion or other organelles, or targeted for
secretion, by the addition of a suitable targeting sequence
such as a mitochondrial targeting or secretion signal suitable
for the host cells. Thus, 1t 1s understood that appropriate
modifications to a nucleic acid sequence to remove or
include a targeting sequence can be incorporated nto an
exogenous nucleic acid sequence to impart desirable prop-
erties.

[0128] Exemplary, optimized methods for introduction of
exogenous nucleic acids into the methylotrophic bacteria
Paracoccus versutus and Paracoccus denitrificans via con-
jugative plasmid transfer are described in detail herein in
Example 2.

Production of Central Metabolites as the Carbon-Based
Products of Interest

[0129] In certain embodiments, the engineered and/or
evolved methylotroph of the present invention produces the
central metabolites, including but not limited to citrate,

malate, succinate, fumarate, dihydroxyacetone, dihydroxy-
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acetone phosphate, 3-hydroxypropionate, pyruvate, as the
carbon-based products of interest. The engineered and/or
evolved methylotroph produces central metabolites as an
intermediate or product of the carbon fixation or methylo-
trophic pathway or as a intermediate or product of host
metabolism. In such cases, one or more transporters may be
expressed 1n the engineered and/or evolved methylotroph to
export the central metabolite from the cell. For example, one
or more members of a family of enzymes known as C4-di-
carboxylate carriers serve to export succinate from cells 1into
the media [Janausch, 2002; Kim, 2007]. These central
metabolites can be converted to other products (FIG. 7).
[0130] In some embodiments, the engineered and/or
evolved methylotroph may interconvert between different
central metabolites to produce alternate carbon-based prod-
ucts of interest. In one embodiment, the engineered and/or
evolved methylotroph produces aspartate by expressing one
or more aspartate aminotransierase (E.C. 2.6.1.1), such as
Escherichia coli AspC, to convert oxaloacetate and L-glu-
tamate to L-aspartate and 2-oxoglutarate.

[0131] In another embodiment, the engineered and/or
evolved methylotroph produces dihydroxyacetone phos-
phate by expressing one or more dihydroxyacetone kinases
(E.C. 2.7.1.29), such as C. freundii DhaK, to convert dihy-
droxyacetone and ATP to dihydroxyacetone phosphate.
[0132] In another embodiment, the engineered and/or
evolved methylotroph produces serine as the carbon-based
product of interest. The metabolic reactions necessary for
serine biosynthesis include: phosphoglycerate dehydroge-
nase (E.C. 1.1.1.95), phosphoserine transaminase (E.C. 2.6.
1.52), phosphoserine phosphatase (E.C. 3.1.3.3). Phospho-
glycerate dehydrogenase, such as L. coli SerA, converts
3-phospho-D-glycerate and NAD™ to 3-phosphonooxypyru-
vate and NADH. Phosphoserine transaminase, such as £.
coli SerC, interconverts between 3-phosphonooxypyruvate+
L-glutamate and O-phospho-L-serine+2-oxoglutarate. Phos-
phoserine phosphatase, such as E. coli SerB, converts
O-phospho-L-serine to L-serine.

[0133] In another embodiment, the engineered and/or
evolved methylotroph produces glutamate as the carbon-
based product of interest. The metabolic reactions necessary
for glutamate biosynthesis include glutamate dehydrogenase
(E.C. 1.4.1.4; e.g., E. coli GdhA) which converts a-keto-
glutarate, NH, and NADPH to glutamate. Glutamate can
subsequently be converted to various other carbon-based
products of interest, e.g., according to the scheme presented
in FIG. 8.

[0134] In another embodiment, the engineered and/or
evolved methylotroph produces itaconate as the carbon-
based product of mterest. The metabolic reactions necessary
for 1taconate biosynthesis include aconitate decarboxylase
(E.C. 4.1.1.6; such as that from A. terreus) which converts
cis-aconitate to 1taconate and CO,. Itaconate can subse-
quently be converted to various other carbon-based products

of interest, e.g., according to the scheme presented 1n FIG.
8.

Production of Sugars as the Carbon-Based Products of
Interest

[0135] Industrial production of chemical products from
biological organisms 1s often accomplished using a sugar
source, such as glucose or fructose, as the feedstock. Hence,
in certain embodiments, the engineered and/or evolved
methylotroph of the present ivention produces sugars
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including glucose and fructose or sugar phosphates includ-
ing triose phosphates (such as 3-phosphoglyceraldehyde and
dihydroxyacetone-phosphate) as the carbon-based products
ol interest. Sugars and sugar phosphates may also be inter-
converted. For example, glucose-6-phosphate 1somerase
(E.C. 53.1.9; e.g., E. coli Pgi1) may interconvert between
D-fructose 6-phosphate and D-glucose-6-phosphate. Phos-
phoglucomutase (E.C. 54.2.2; e.g., E. coli Pgm) converts
D-a-glucose-6-P to D-a-glucose-1-P.  Glucose-1-phos-
phatase (E.C. 3.1.3.10; e.g., E. coli Agp) converts D-a.-
glucose-1-P to D-a-glucose. Aldose 1-epimerase (E.C. 3.1.
3.3; e.g., E. coli GalM) D-f3-glucose to D-a-glucose. The
sugars or sugar phosphates may optionally be exported from
the engineered and/or evolved methylotroph 1nto the culture
medium.

[0136] Sugar phosphates may be converted to their corre-
sponding sugars via dephosphorylation that occurs either
intra- or extracellularly. For example, phosphatases such as
a glucose-6-phosphatase (E.C. 3.1.3.9) or glucose-1-phos-
phatase (E.C. 3.1.3.10) can be introduced into the engi-
neered and/or evolved methylotroph of the present mven-
tion. Exemplary phosphatases include Homo sapiens
glucose-6-phosphatase G6PC (P35575), Escherichia coli
glucose-1-phosphatase Agp (P19926), E. cloacae glucose-
1-phosphatase AgpE (Q6EV19) and Escherichia coli acid
phosphatase YihX (POASY3).

[0137] Sugar phosphates can be exported from the engi-
neered and/or evolved methylotroph into the culture media
via transporters. Transporters for sugar phosphates generally
act as anti-porters with inorganic phosphate. An exemplary
triose phosphate transporter includes A. thaliana triose-
phosphate  transporter APE2  (Genbank  accession
AT35G46110.4). Exemplary glucose-6-phosphate transport-
ers include E. coli sugar phosphate transporter UhpT (NP_
418122.1), A. thaliana glucose-6-phosphate transporter
GPT1 (AT5G54800.1), A. thaliana glucose-6-phosphate
transporter GPT2, or homologs thereof. Dephosphorylation
of glucose-6-phosphate can also be coupled to glucose
transport, such as Genbank accession numbers AAA16222,
AADI19898, 043826.

[0138] Sugars can be diflusively eflluxed from the engi-
neered and/or evolved methylotroph into the culture media
via permeases. Exemplary permeases include H. sapiens

glucose transporter GLUT-1, -3, or -7 (P11166, P11169,
QO6PXP3), S. cerevisiae hexose transporter HX'I-1, -4, or -6
(P324635, P32467, P39003), Z. mobilis glucose uniporter Gl
(P21906), Synechocystis sp. 1148 glucose/fructose:H™ sym-
porter GIcP (T.C. 2.A.1.1.32; P15729) [Zhang, 1989], Strep-
tomyces lividans major glucose (or 2-deoxyglucose) uptake
transporter GlcP (T.C. 2.A.1.1.35; Q7BEC4) [van Wezel,
2003], Plasmodium falciparum hexose (glucose and fruc-
tose) transporter PIHT1 (T.C. 2.A.1.1.24; 097467), or
homologs thereof. Alternatively, to enable active efilux of
sugars from the engineered and/or evolved methylotroph,
one or more active transporters may be introduced to the

cell. Exemplary transporters include mouse glucose trans-
porter GLUT 1 (AAB20846) or homologs thereof.

[0139] In some embodiments, to prevent buildup of other
storage polymers from sugars or sugar phosphates, the
engineered and/or evolved methylotrophs of the present
invention are attenuated 1n their ability to build other storage
polymers such as glycogen, starch, sucrose, and cellulose
using one or more of the following enzymes: cellulose
synthase (UDP forming) (E.C. 2.4.1.12), glycogen synthase
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c.g. glgAl, glgA2 (E.C. 2.4.1.21), sucrose phosphate syn-
thase (E.C. 2.4.1.14), sucrose phosphorylase (E.C. 3.1.3.24),
alpha-1,4-glucan lyase (E.C. 4.2.2.13), glycogen synthase
(E.C. 2.4.1.11), 1.,4-alpha-glucan branching enzyme (E.C.
2.4.1.18).

[0140] The mvention also provides engineered and/or
evolved methylotrophs that produce other sugars such as
sucrose, xylose, lactose, maltose, pentose, rhamnose, galac-
tose and arabinose according to the same principles. A
pathway for galactose biosynthesis 1s shown (FIG. 9). The
metabolic reactions 1n the galactose biosynthetic pathway
are catalyzed by the following enzymes: alpha-D-glucose-
6-phosphate ketol-1somerase (E.C. 5.3.1.9; e.g., Arabidopsis
thaliana PGI1), D-mannose-6-phosphate ketol-isomerase
(E.C. 5.3.1.8; e.g., Arabidopsis thaliana DIN9), D-mannose
6-phosphate 1,6-phosphomutase (E.C. 5.4.2.8; e.g., Arabi-
dopsis thaliana ATPMM), mannose-1-phosphate guanylyl-
transierase (E.C. 2.7.7.22; e.g., Arvabidopsis thaliana CY'T),
GDP-mannose 3,5-epimerase (E.C. 5.1.3.18; e.g., Arabidop-
sis thaliana GME), galactose-1-phosphate guanylyltransier-
ase (E.C. 2.7.n.n; e.g., Arabidopsis thaliana VT(C2), L-ga-
lactose 1-phosphate phosphatase (E.C. 3.1.3.n; e.g.,
Arabidopsis thaliana V1 (C4). In one embodiment, the inven-
tion provides an engineered and/or evolved methylotroph
comprising one or more exogenous proteins from the galac-
tose biosynthetic pathway.

[0141] The invention also provides engineered and/or
evolved methylotrophs that produce sugar alcohols, such as
sorbitol, as the carbon-based product of interest. In certain
embodiments, the engineered and/or evolved methylotroph
produces D-sorbitol from D-a-glucose and NADPH via the
enzyme polyol dehydrogenase (E.C. 1.1.1.21; e.g., Saccha-
romyces cerevisiae GRE3).

[0142] The invention also provides engineered and/or
evolved methylotrophs that produce sugar derivatives, such
as ascorbate, as the carbon-based product of interest. In
certain embodiments, the engineered and/or evolved meth-
ylotroph produces ascorbate from galactose via the enzymes
L-galactose dehydrogenase (E.C. 1.1.1.122; e.g., Arabidop-
sis thaliana At4G33670) and L-galactonolactone oxidase
(E.C. 1.3.3.12; e.g., Saccharomyes cerevisiae ATGLDH).
Optionally, a catalase (E.C. 1.11.1.6; e.g., E. coli KatE) may
be included to convert the waste produce hydrogen peroxide
to molecular oxygen.
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[0143] The fermentation products according to the above
aspect of the invention are sugars, which are exported into
the media as a result of C1 metabolism during methylotro-
phy. The sugars can also be reabsorbed later and fermented,
directly separated, or utilized by a co-cultured organism.
This approach has several advantages. First, the total amount
of sugars the cell can handle 1s not limited by maximum
intracellular concentrations because the end-product 1is
exported to the media. Second, by removing the sugars from
the cell, the equilibria of methylotrophic reactions are
pushed towards creating more sugar. Third, during meth-
ylotrophy, there 1s no need to push carbon flow towards
glycolysis. Fourth, the sugars are potentially less toxic than
the fermentation products that would be directly produced.
[0144] Methylotrophy may be followed by flux of carbon
compounds to the creation and maintenance of biomass and
to the storage of retrievable carbon 1n the form of glycogen,
cellulose and/or sucrose. Glycogen 1s a polymer of glucose
composed of linear alpha 1.,4-linkages and branched alpha
1,6-linkages. The polymer 1s msoluble at degree of polym-
erization (DP) greater than about 60,000 and forms intrac-
cllular granules. Glycogen 1n synthesized in vivo via a
pathway originating from glucose 1-phosphate. Its hydroly-
s1s can proceed through phosphorylation to glucose phos-
phates; via the internal cleavage of polymer to maltodex-
trins; via the successive exo-cleavage to maltose; or via the
concerted hydrolysis of polymer and maltodextrins to malt-
ose and glucose. Hence, an alternative biosynthetic route to
glucose and/or maltose 1s via the hydrolysis of glycogen
which can optionally be exported from the cell as described
above. There are a number of potential enzyme candidates
for glycogen hydrolysis (Table 1).

[0145] In addition to the above, another mechanism 1s
described to produce glucose biosynthetically. In certain
embodiments, the present mvention provides for cloned
genes for glycogen hydrolyzing enzymes to hydrolyze gly-
cogen to glucose and/or maltose and transport maltose and
glucose from the cell. Exemplary enzymes are set forth
below 1n Table 1. Glucose 1s transported from the engineered
and/or evolved methylotroph by a glucose/hexose trans-
porter. This alternative allows the cell to accumulate glyco-
gen naturally but adds enzyme activities to continuously
return 1t to maltose or glucose units that can be collected as
a carbon-based product.

TABLE 1

Enzvmes for hvdrolvsis of glvcogen

E.C.
Enzyme number
c-amylase 3.2.1.1
p-amylase 3.2.1.2
y-amylase 3.2.1.3
glucoamylase  3.2.1.3
isoamylase 3.2.1.68
pullulanase 3.2.141
amylomaltase  2.4.1.25

Function

endohydrolysis of 1.4-a-D-glucosidic linkages 1n polysaccharides
hydrolysis of 1,4-a-D-glucosidic linkages in polysaccharides so as to
remove successive maltose units from the non-reducing ends of the
chains

hydrolysis of terminal 1.4-linked a-D-glucose residues successively
from non-reducing ends of the chains with release of p-D-glucose
hydrolysis of terminal 1.4-linked a-D-glucose residues successively
from non-reducing ends of the chains with release of p-D-glucose
hydrolysis of (1->6)-a-D-glucosidic branch linkages in glycogen,
amylopectin and their beta-limit dextrins

hydrolysis of (1->6)-a-D-glucosidic linkages i pullulan [a linear
polymer of a-(l->6)-linked maltotriose units] and 1n amylopectin and
glycogen, and the - and p-limit dextrins of amylopectin and glycogen
transfers a segment of a 1,4-a-D-glucan to a new position 1 an
acceptor, which may be glucose or a 1.4-a-D-glucan (part of yeast
debranching system)
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TABLE 1-continued

Enzymes for hydrolysis of glycogen
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E.C.
Enzyme number Function
amylo-a-1,6-  3.2.1.33 debranching enzyme; hydrolysis of (I->6)-a-D-glucosidic branch
glucosidase linkages in glycogen phosphorylase limit dextrin
phosphorylase 2.7.11.19 2 ATP + phosphorylase b = 2 ADP + phosphorylase a
kinase
phosphorylase 2.4.1.1 (L,4-a-D-glucosyl),, + phosphate = (1,4-a-D-glucosyl),,_| +

a-D-glucose-1-phosphate

Production of Fermentative Products as the Carbon-Based
Products of Interest

[0146] In certain embodiments, the engineered and/or
evolved methylotroph of the present mvention produces
alcohols such as ethanol, propanol, 1sopropanol, butanol and
tatty alcohols as the carbon-based products of interest.

[0147] In some embodiments, the engineered and/or
evolved methylotroph of the present invention 1s engineered
to produce ethanol via pyruvate fermentation. Pyruvate
termentation to ethanol 1s well know to those 1n the art and
there are several pathways including the pyruvate decar-
boxylase pathway, the pyruvate synthase pathway and the
pyruvate formate-lyase pathway (FIG. 10). The reactions in
the pyruvate decarboxylase pathway are catalyzed by the
following enzymes: pyruvate decarboxylase (E.C. 4.1.1.1)
and alcohol dehydrogenase (E.C. 1.1.1.1 or E.C. 1.1.1.2).
The reactions in the pyruvate synthase pathway are cata-
lyzed by the following enzymes: pyruvate synthase (E.C.

1.2.7.1), acetaldehyde dehydrogenase (E.C. 1.2.1.10 or E.C.
1.2.1.5), and alcohol dehydrogenase (E.C. 1.1.1.1 or E.C.
1.1.1.2). The reactions in the pyruvate formate-lyase path-
way are catalyzed by the following enzymes: pyruvate
formate-lyase (E.C. 2.3.1.54), acetaldehyde dehydrogenase
(E.C. 1.2.1.10 or E.C. 1.2.1.5), and alcohol dehydrogenase
(E.C. 1.1.1.1 or E.C. 1.1.1.2).

[0148] In some embodiments, the engineered and/or
evolved methylotroph of the present invention 1s engineered
to produce lactate via pyruvate fermentation. Lactate dehy-
drogenase (E.C. 1.1.1.28) converts NADH and pyruvate to
D-lactate. Exemplary enzymes include E. coli 1dhA.

[0149] Currently, fermentative products such as ethanol,
butanol, lactic acid, formate, acetate produced 1n biological
organisms employ a NADH-dependent processes. However,
depending on the metabolism of the engineered and/or
evolved methylotroph, the cell may produce NADPH or
reduced ferredoxin as the reducing cofactor. NADPH is used
mostly for biosynthetic operations in biological organisms,
¢.g., cell for growth, division, and for building up chemical
stores, such as glycogen, sucrose, and other macromol-
ecules. Using natural or engineered enzymes that utilize
NADPH or reduced ferredoxin as a source of reducing
power istead of NADH would allow direct use of meth-
ylotrophic reducing power towards formation of normally
termentative byproducts. Accordingly, the present invention
provides methods for producing fermentative products such
as ethanol by expressing NADP*-dependent or ferredoxin-

dependent enzymes. NADP™-dependent enzymes include
alcohol dehydrogenase [NADP™] (E.C. 1.1.1.2) and acetal-
dehyde dehydrogenase [NAD(P)"] (E.C. 1.2.1.5). Exem-

plary NADP"-dependent alcohol dehydrogenases include

Moovrella sp. HUC22-1 AdhA (YP_430734) [Inokuma,
2007], and homologs thereof.

[0150] In addition to providing exogenous genes or endog-
enous genes with novel regulation, the optimization of
cthanol production in engineered and/or evolved methylo-
trophs sometimes requires the elimination or attenuation of
certain host enzyme activities. These include, but are not
limited to, pyruvate oxidase (E.C. 1.2.2.2), D-lactate dehy-
drogenase (E.C. 1.1.1.28), acetate kinase (E.C. 2.7.2.1),
phosphate acetyltransferase (E.C. 2.3.1.8), citrate synthase
(E.C. 2.3.3.1), phosphoenolpyruvate carboxylase (E.C. 4.1.
1.31). The extent to which these manipulations are necessary
1s determined by the observed byproducts found in the
bioreactor or shake-flask. For instance, observation of
acetate would suggest deletion of pyruvate oxidase, acetate
kinase, and/or phosphotransacetylase enzyme activities. In
another example, observation of D-lactate would suggest
deletion of D-lactate dehydrogenase enzyme activities,
whereas observation of succinate, malate, fumarate, oxalo-
acetate, or citrate would suggest deletion of citrate synthase
and/or PEP carboxylase enzyme activities.

Production of Ethylene, Propylene, 1-butene, 1,3-butadiene,
Acrylic Acid, etc. as the Carbon-Based Products of Interest

[0151] In certain embodiments, the engineered and/or
evolved methylotroph of the present invention produces
cthylene, propylene, 1-butene, 1,3-butadiene and acrylic
acid as the carbon-based products of interest. Ethylene
and/or propylene may be produced by either (1) the dehy-
dration of ethanol or propanol (E.C. 4.2.1.-), respectively or
(2) the decarboxylation of acrylate or crotonate (E.C. 4.1.1.-)
, respectively. While many dehydratases exist in nature,
none has been shown to convert ethanol to ethylene (or
propanol to propylene, propionic acid to acrylic acid, etc.)
by dehydration. Genes encoding enzymes in the 4.2.1.x or
4.1.1.x group can be identified by searching databases such
as GenBank using the methods described above, expressed
in any desired host (such as Escherichia coli, Tor simplicity),
and that host can be assayed for the the appropriate enzy-
matic activity. A high-throughput screen 1s especially usetul
for screening many genes and variants of genes generated by
mutagenesis (1.e., error-prone PCR, synthetic libraries,
chemical mutagenesis, etc.).

[0152] The ethanol dehydratase gene, after development
to a suitable level of activity, can then be expressed 1n an
cthanologenic organism to enable that organism to produce
cthylene. For mstance, coexpress native or evolved ethanol
dehydratase gene into an organism that already produces
cthanol, then test a culture by GC analysis of ofigas for
cthylene production that 1s significantly higher than without
the added gene or via a high-throughput assay adapted from
a colorimetric test [Larue, 1973]. It may be desirable to
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climinate ethanol-export proteins from the production
organism to prevent ethanol from being secreted into the
medium and preventing its conversion to ethylene.

[0153] Alternatively, acryloyl-CoA can be produced as
described above, and acryloyl-CoA hydrolases (E.C. 3.1.
2.-), such as the acuN gene from Halomonas sp. HINKI,
can convert acryloyl-CoA 1nto acrylate, which can be ther-
mally decarboxylated to yield ethylene.

[0154] Alternatively, genes encoding ethylene-forming
enzyme activities (EiE, E.C. 1.14.17.4) from various sources
are expressed. Exemplary enzymes include Pseudomonas
syringae pv. Phaseolicola (BAAQ02477), P. syringae pv. Pisi
(AADI16443), Ralstonia solanacearum (CAD18680). Opti-
mizing production may require further metabolic engineer-
ing (1improving production of alpha-ketogluterate, recycling
succinate as two examples).

[0155] In some embodiments, the engineered and/or
evolved methylotroph of the present invention 1s engineered
to produce ethylene from methionine. The reactions 1n the
cthylene biosynthesis pathway are catalyzed by the follow-
ing enzymes: methionine adenosyltransierase (E.C. 2.5.1.6),
1 -aminocyclopropane-1-carboxylate synthase (E.C. 4.4.1.
14) and 1-aminocyclopropane-1-carboxylate oxidase (E.C.
1.14.17.4).

[0156] In some embodiments, the engineered and/or
evolved methylotroph of the present invention 1s engineered
to produce propylene as the carbon-based product of inter-
est. In one embodiment, the engineered and/or evolved
methylotroph 1s engineered to express one or more of the
following enzymes: propionyl-CoA synthase (E.C. 6.2.1.-,
E.C. 42.1.- and E.C. 1.3.1.-), propionyl-CoA transferase
(E.C. 2.8.3.1), aldehyde dehydrogenase (E.C. 1.2.1.3 or E.C.
1.2.1.4), alcohol dehydrogenase (E.C. 1.1.1.1 or E.C. 1.1.1.
2), and alcohol dehydratase (E.C. 4.2.1.-). Propionyl-CoA
synthase 1s a multi-functional enzyme that converts 3-hy-
droxypropionate, ATP and NADPH to propionyl-CoA.
Exemplary propionyl-CoA synthases include AAI47820,
and homologs thereol. The present invention provides
nucleic acids each comprising or consisting of a sequence
which 1s a codon optimized version of the wild-type pro-
pionyl-CoA synthase gene. In another embodiment, the
invention provides a nucleic acid encoding a polypeptide
having the amino acid sequence of SEQ ID NO:3, or a
sequence having 70%, 71%, 72%, 73%, 74%, 75%, 76%,
77%, 78%, 79%, 80%, 81-85%, 90-95%, 96-98%, 99%,
99.9% or even higher 1dentity thereto. Propionyl-CoA trans-
ferase converts propionyl-CoA and acetate to acetyl-CoA
and propionate. Exemplary enzymes include Ralstonia
cutropha pct and homologs thereof. Aldehyde dehydroge-
nase converts propionate and NADPH to propanal. Alcohol
dehydrogenase converts propanal and NADPH to 1-propa-
nol. Alcohol dehydratase converts 1-propanol to propylene.

[0157] In another embodiment, £. coli thiolase atoB (E.C.
2.3.1.9) converts 2 acetyl-CoA into acetoacetyl-CoA, and C.
acetobutylicum hbd (E.C. 1.1.1.157) converts acetoacetyl-
CoA and NADH into 3-hydroxybutyryl-CoA. E. coli tesB
(EC 3.1.2.20) or C. acetobutylicum ptb and buk (E.C.
2.3.1.19 and 2.7.2.7 respectively) convert 3-hydroxybutyryl-
CoA 1mto 3-hydroxybutyrate, which can be simultaneously
decarboxylated and dehydrated to yield propylene. Option-
ally, the 3-hydroxybutyryl-CoA i1s polymerized to form
poly(3-hydroxybutyrate), a solid compound which can be
extracted from the fermentation medium and simultaneously
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depolymerizied, hydrolyzed, dehydrated, and decarboxyated
to yield propylene (U.S. patent application Ser. No. 12/527,
714, 2008).

Production of Fatty Acids, Their Intermediates and
Derivatives as the Carbon-Based Products of Interest

[0158] In certain embodiments, the engineered and/or
evolved methylotroph of the present mvention produces
fatty acids, their intermediates and their derivatives as the
carbon-based products of interest. The engineered and/or
evolved methylotrophs of the present invention can be
modified to increase the production of acyl-ACP or acyl-
CoA, to reduce the catabolism of fatty acid dernivatives and
intermediates, or to reduce feedback inhibition at specific
pomnts in the biosynthetic pathway used for fatty acid
products. In addition to moditying the genes described
herein, additional cellular resources can be diverted to
over-produce fatty acids. For example the lactate, succinate
and/or acetate pathways can be attenuated and the fatty acid
biosynthetic pathway precursors acetyl-CoA and/or malo-
nyl-CoA can be overproduced.

[0159] In one embodiment, the engineered and/or evolved
methylotrophs of the present invention can be engineered to
express certain fatty acid synthase activities (FAS), which 1s
a group ol peptides that catalyze the initiation and elonga-
tion of acyl chains [Marrakchi, 2002a]. The acyl carrier
protein (ACP) and the enzymes 1n the FAS pathway control
the length, degree of saturation and branching of the fatty
acids produced, which can be attenuated or over-expressed.

Such enzymes include accABCD, FabD, FabH, FabG,
FabA, FabZ, Fabl, FabK, Fabl., FabM, FabB, FabF, and
homologs thereof.

[0160] In another embodiment, the engineered and/or
evolved methylotrophs of the present invention form fatty
acid byproducts through ACP-independent pathways, for
example, the pathway described recently by [Dellomonaco,
2011] mvolving reversal of beta oxidation. Enzymes
involved 1n these pathways include such genes as atoB,
tadA, fadE, tadD, fadE, fadl, fadK, fadl, paaZ, ydiO, vicY,
yicZ, ydiD, and homologs thereof.

[0161] In one aspect, the fatty acid biosynthetic pathway
precursors acetyl-CoA and malonyl-CoA can be overpro-
duced in the engineered and/or evolved methylotroph of the
present invention. Several different modifications can be
made, either in combination or individually, to the host cell
to obtain increased acetyl CoA/malonyl CoA/fatty acid and
fatty acid denivative production. To modily acetyl-CoA
and/or malonyl-CoA production, the expression of acetyl-

CoA carboxylase (E.C. 6.4.1.2) can be modulated. Exem-
plary genes include accABCD (AAC73296) or homologs
thereof. To increase acetyl CoA production, the expression
of several genes may be altered including pdh, panK, aceEF,
(encoding the Elp dehydrogenase component and the E2p
dihydrolipoamide acyltransierase component of the pyru-
vate and 2-oxoglutarate dehydrogenase complexes), fabH/
tabD/fabG/acpP/fabF, and in some examples additional
nucleic acid encoding fatty-acyl-CoA reductases and alde-
hyde decarbonylases. Exemplary enzymes include pdh
(BAB34380, AAC73227, AACT73226), panK (also known as
coaA, AACT6952), aceEF (AAC73227, AACT73226), fabH
(AACT741735), tabD (AACT74176), fabG (AAC74177), acpP
(AACT74178), 1abF (AAC74179).

[0162] Genes to be knocked-out or attenuated include
tadE, gpsA, 1dhA, ptlb, adhE, pta, poxB, ackA, and/or ackB.
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Exemplary enzymes 1include fadE (AAC73325), gspA
(AACT6632), IdhA (AACT4462), pilb (AACT73989), adhE
(AAC74323), pta (AACT5357), poxB (AAC73938), ackA
(AACT75356), ackB (BAB81430), and homologs thereof.

[0163] Additional potential modifications include the fol-
lowing. To achieve fatty acid overproduction, lipase (E.C.
3.1.1.3) which produce triacylglyerides from fatty acids and
glycerol and 1n some cases serves as a suppressor of fabA
can be included in the engineered and/or evolved methylo-
troph of the present invention. Exemplary enzymes include
Saccharomyces cerevisiae LipA (CAA89087), Saccharomy-
ces cerevisiae TGL2 CAA98876, and homologs thereot. To

remove limitations on the pool of acyl-CoA, the D311E
mutation 1n plsB (AAC77011) can be itroduced.

[0164] To engineer an engineered and/or evolved meth-
ylotroph for the production of a population of fatty acid
derivatives with homogeneous chain length, one or more
endogenous genes can be attenuated or functionally deleted
and one or more thioesterases can be expressed. Thio-
esterases (E.C. 3.1.2.14) generate acyl-ACP from fatty acid
and ACP. For example, C10 fatty acids can be produced by
attenuating endogenous C18 thioesterases (for example, £.
coli tesA AAC73596 and POADA]1, and homologs thereot),
which uses C18:1-ACP, and expressing a C10 thioesterase,
which uses C10-ACP, thus, resulting 1n a relatively homo-
geneous population of fatty acids that have a carbon chain
length of 10. In another example, C14 fatty acid derivatives
can be produced by attenuating endogenous thioesterases
that produce non-C14 fatty acids and expressing the C14
thioesterase, which uses C14-ACP. In yet another example
C12 fatty acid derivatives can be produced by expressing
thioesterases that use C12-ACP and attenuating thio-
esterases that produce non-C12 fatty acids. Exemplary C8:0
to C10:0 thioesterases include Cuphea hookeriana tatB2
(AAC49269) and homologs thereof. Exemplary C12:0 thio-
esterases include Umbellularia california 1atB (Q41635)
and homologs thereof. Exemplary (C14:0 thioesterases
include Cinnamonum camphorum fatB (Q39473). Exem-
plary C14:0 to C16:0 thioesterases include Cuphea hook-
eriana 1atB3 (AAC49269). Exemplary C16:0 thioesterases
include Arabidopsis thaliana 1atB (CAA85388), Cuphea
hookeriana 1atB1 (Q39513) and homologs thereof. Exem-
plary C18:1 thioesterases include Arabidopsis thaliana TatA
(NP_18914°7, NP_193041), Arabidopsis thaliana 1atB
(CAARB5388), Bradyrhizobium Japonicum fatA
(CAC39106), Cuphea hookeriana 1atA (AACT2883),
Escherichia coli tesA (NP_415027) and homologs thereof.
Acetyl CoA, malonyl CoA, and fatty acid overproduction
can be verified using methods known 1n the art, for example
by using radioactive precursors, HPLC, and GC-MS subse-
quent to cell lysis.

[0165] In vet another aspect, fatty acids of various lengths
can be produced 1n the engineered and/or evolved methylo-
troph by expressing or overexpressing acyl-CoA synthase
peptides (E.C. 2.3.1.86), which catalyzes the conversion of
fatty acids to acyl-CoA. Some acyl-CoA synthase peptides,
which are non-specific, accept other substrates 1n addition to

fatty acids.

[0166] In vet another aspect, branched chain fatty acids,

their intermediates and their derivatives can be produced in
the engineered and/or evolved methylotroph as the carbon-
based products of interest. By controlling the expression of
endogenous and heterologous enzymes associated with
branched chain fatty acid biosynthesis, the production of
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branched chain fatty acid intermediates including branched
chain fatty acids can be enhanced. Branched chain fatty acid
production can be achieved through the expression of one or
more of the following enzymes [Kaneda, 1991]: branched
chain amino acid aminotransferase to produce a-ketoacids

from branched chain amino acids such as 1soleucine, leucine
and valine (E.C. 2.6.1.42), branched chain o-ketoacid dehy-

drogenase complexes which catalyzes the oxidative decar-
boxylation of a-ketoacids to branched chain acyl-CoA (bkd,
E.C. 1.2.4.4) [Denoya, 1995], dihydrolipoyl dehydrogenase
(E.C. 1.8.1.4), beta-ketoacyl-ACP synthase with branched
chain acyl CoA specificity (E.C. 2.3.1.41) [L1, 2003], croto-
nyl-CoA reductase (E.C. 1.3.1.8, 1.3.1.85 or 1.3.1.86) [Han,
1997], and 1sobutyryl-CoA mutase (large subunit E.C. 5.4.
99.2 and small subunit E.C. 5.4.99.13). Exemplary branched
chain amino acid aminotransierases include FE. coli 1lvE
(YP_026247), Lactococcus lactis 1lvE (AAF34406),
Pseudomonas putida 1lvE (NP_745648), Streptomyces coe-
licolor 1IvE (NP_629657), and homologs thereof. Branched
chain a-ketoacid dehydrogenase complexes consist of
Ela/f3 (decarboxylase), E2 (dihydrolipoyl transacylase) and
E3 (dihydrolipoyl dehydrogenase) subunits. The industrial
host £. coli has only the E3 component as a part of its
pyruvate dehydrogenase complex (lpd, E.C. 1.8.1.4,
NP_414638) and so 1t requires the Elo/B and E2 bkd
proteins. Exemplary a-ketoacid dehydrogenase complexes
include Streptomyces coelicolor bkdAl (NP_628006) Ela.
(decarboxylase component), S. coelicolor bkdB2 (NP_

628003) E1p (decarboxylase component), S. coelicolor
bkdA3 (NP_638004) E2 (dihydrolipoyl transacylase); or S.

coelicolor bkdA2 (NP_733618) Ela (decarboxylase com-
ponent), S. coelicolor bkdB2 (NP_628019) E1p (decarboxy-
lase component), S. coelicolor bkdC2 (NP_628018) E2
(dihydrolipoyl transacylase); or S. avermitilis bkdA
(BAC72074) Ela (decarboxylase component), S. avermiti-
lis bkdB (BAC72075) E1§3 (decarboxylase component), S.
avermitilis bkdC (BAC72076) E2 (dihydrolipoyl transacy-
lase); S. avermitilis bkdF (E.C.1.2.4.4, BAC72088) Ela
(decarboxylase  component), S. avermitilis  bkdG
(BAC72089) E1p (decarboxylase component), S. avermitilis
bkdH (BAC72090) E2 (dihydrolipoyl transacylase); B. sub-
tilis bkdAA (NP_390288) Ela (decarboxylase component),
B. subtilis bkdAB (NP_390288) E1p (decarboxylase com-
ponent), B. subtilis bkdB (NP_390288) E2 (dihydrolipoyl
transacylase); or P. putida bkdAl (AAA65614) Ela (decar-
boxylase component), P. putida bkdA2 (AAA65613) E1p
(decarboxylase component), P. putida bkdC (AAA65617)
E2 (dihydrolipoyl transacylase); and homologs thereof. An
exemplary dihydrolipoyl dehydrogenase 1s E. coli Ipd (NP_
414658) E3 and homologs thereof. Exemplary beta-ketoa-
cyl-ACP synthases with branched chain acyl CoA specificity
include Streptomyces coelicolor fabH1 (NP_626634), ACP
(NP_626635) and fabF (NP_626636); Streptomyces aver-
mitilis fabH3 (NP_823466), 1abC3 (NP_823467), fabF (NP_
823468); Bacillus subtilis tabH_A (NP_389015), tabH_B
(NP_388898), ACP (NP_389474), fabF (NP_389016);
Stenotrophomonas maltophilia SmalDRAFT_0818 (ZP_
01643059), SmalDRAFT_0821 (ZP_01643063),
SmalDRAFT_0822 (ZP_01643064);, Legionella pneumo-

phila fabH (YP_123672), ACP (YP_123675), fabF (YP_

1236776); and homologs thereof. Exemplary crotonyl-CoA

reductases 1nclude Streptomyces coelicolor ccr (NP_
630556), Streptomyces cinnamonensis ccr (AAD3S3913),
and homologs thereof. Exemplary 1sobutyryl-CoA mutases



US 2023/0107986 Al

include Streptomyces coelicolor iIcmA & 1icmB (NP_629554
and NP_630904), Streptomyces cinnamonensis 1IcmA and
icmB (AACO8713 and AJ2460035), and homologs thereof.
Additionally or alternatively, endogenous genes that nor-
mally lead to straight chain fatty acids, their intermediates,
and derivatives may be attenuated or deleted to eliminate
competing pathways. Enzymes that interfere with produc-
tion of branched chain fatty acids include p-ketoacyl-ACP
synthase II (E.C. 2.3.1.41) and p-ketoacyl-ACP synthase 111
(E.C. 2.3.1.41) with straight chain acyl CoA specificity.
Exemplary enzymes for deletion include E. coli fabF (NP_

415613) and fabH (NP_415609).

[0167] In yet another aspect, fatty acids, their intermedi-
ates and their derivatives with varying degrees of saturation
can be produced 1n the engineered and/or evolved methylo-
troph as the carbon-based products of interest. In one aspect,
hosts are engineered to produce unsaturated fatty acids by
over-expressing p-ketoacyl-ACP synthase I (E.C. 2.3.1.41),
or by growing the host at low temperatures (for example less
than 37° C.). FabB has preference to cis-8°decenoyl-ACP
and results in unsaturated fatty acid production i E. coli.
Over-expression of FabB results in the production of a
significant percentage of unsaturated fatty acids [de Men-
doza, 1983]. These unsaturated fatty acids can then be used
as mntermediates 1n hosts that are engineered to produce fatty
acids derivatives, such as {fatty alcohols, esters, waxes,
olefins, alkanes, and the like. Alternatively, the repressor of
tatty acid biosynthesis, E. coli FabR (NP_418398), can be
deleted, which can also result in increased unsaturated fatty
acid production in £. coli [Zhang, 2002]. Further increase 1n
unsaturated fatty acids i1s achieved by over-expression of
heterologous trans-2, cis-3-decenoyl-ACP isomerase and
controlled expression of trans-2-enoyl-ACP reductase 11
[ Marrakchi, 2002b], while deleting E. coli Fabl (trans-2-
enoyl-ACP  reductase, E.C. 1.3.1.9, NP_415804) or
homologs thereof 1n the host organism. Exemplary [3-ketoa-
cyl-ACP synthase 1 1include FEscherichia coli 1abB
(BAA16180) and homologs thereof. Exemplary trans-2,
cis-3-decenoyl-ACP 1somerase 1nclude Streptococcus
mutans UA159 FabM (DAAO05501) and homologs thereof.
Exemplary trans-2-enoyl-ACP reductase II include Strepro-
coccus pneumoniae R6 FabK (NP_357969) and homologs
thereol. To increase production of monounsaturated fatty
acids, the sfa gene, suppressor of FabA, can be over-
expressed [Rock, 1996]. Exemplary proteins include
AAN7T9592 and homologs thereof. One of ordinary skill in
the art would appreciate that by attenuating fabA, or over-
expressing fabB and expressing specific thioesterases (de-
scribed above), unsaturated fatty acids, their derivatives, and
products having a desired carbon chain length can be
produced.

[0168] In some examples the fatty acid or intermediate 1s

produced in the cytoplasm of the cell. The cytoplasmic
concentration can be increased 1n a number of ways, includ-
ing, but not limited to, binding of the fatty acid to coenzyme
A to form an acyl-CoA thioester. Additionally, the concen-
tration of acyl-CoAs can be increased by increasing the
biosynthesis of CoA 1n the cell, such as by over-expressing,
genes associated with pantothenate biosynthesis (panD) or
knocking out the genes associated with glutathione biosyn-
thesis (glutathione synthase).
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Production of Fatty Alcohols as the Carbon-Based Products
ol Interest

[0169] In yet further aspects, hosts cells are engineered to
convert acyl-CoA to fatty alcohols by expressing or over-

expressing a fatty alcohol forming acyl-CoA reductase
(FAR, E.C. 1.1.1.*), or an acyl-CoA reductases (E.C. 1.2.1.

50) and alcohol dehydrogenase (E.C. 1.1.1.1) or a combi-
nation of the foregoing to produce {fatty alcohols from
acyl-CoA. Hereinafter fatty alcohol forming acyl-CoA
reductase (FAR, E.C. 1.1.1.%), acyl-CoA reductases (E.C.
1.2.1.50) and alcohol dehydrogenase (E.C. 1.1.1.1) are col-
lectively referred to as fatty alcohol forming peptides. Some
fatty alcohol forming peptides are non-specific and catalyze
other reactions as well: for example, some acyl-CoA
reductase peptides accept other substrates 1n addition to fatty
acids. Exemplary fatty alcohol forming acyl-CoA reductases
include Acinetobacter baylyi ADP1 acrl (AAC45217), Sim-
mondsia chinensis 11far (AAD38039), Mus musculus miarl
(AAHO7178), Mus musculus miar2 (AAHS535759), Acineto-
bacter sp. M1 acrM1, Homo sapiens hiar (AAT42129), and

homologs thereof. Fatty alcohols can be used as surfactants.

[0170] Many fatty alcohols are derived from the products
of fatty acid biosynthesis. Hence, the production of fatty
alcohols can be controlled by engineering fatty acid biosyn-
thesis in the engineered and/or evolved methylotroph. The
chain length, branching and degree of saturation of fatty
acids and their intermediates can be altered using the meth-
ods described herein, thereby aflecting the nature of the
resulting fatty alcohols.

[0171] As mentioned above, through the combination of
expressing genes that support brFA synthesis and alcohol
synthesis, branched chain alcohols can be produced. For
example, when an alcohol reductase such as Acrl from
Acinetobacter baylyi ADP1 1s coexpressed with a bkd
operon, E. coli can synthesize isopentanol, 1sobutanol or
2-methyl butanol. Similarly, when Acrl 1s coexpressed with
ccr/icm genes, E. coli can synthesize 1sobutanol.

Production of Fatty Esters as the Carbon-Based Products of
Interest

[0172] In another aspect, engineered and/or evolved meth-
ylotrophs produce various lengths of fatty esters (biodiesel
and waxes) as the carbon-based products of interest. Fatty
esters can be produced from acyl-CoAs and alcohols. The
alcohols can be provided in the fermentation media, pro-
duced by the engineered and/or evolved methylotroph itself
or produced by a co-cultured organism.

[0173] In some embodiments, one or more alcohol
O-acetyltransierases 1s expressed 1n the engineered and/or
evolved methylotroph to produce fatty esters as the carbon-
based product of interest. Alcohol O-acetyltransterase (E.C.
2.3.1.84) catalyzes the reaction of acetyl-CoA and an alco-
hol to produce CoA and an acetic ester. In some embodi-
ments, the alcohol O-acetyltransierase peptides are co-ex-
pressed with selected thioesterase peptides, FAS peptides
and fatty alcohol forming peptides to allow the carbon chain
length, saturation and degree of branching to be controlled.
In other embodiments, the bkd operon can be co-expressed
to enable branched fatty acid precursors to be produced.

[0174] Alcohol O-acetyltransierase peptides catalyze
other reactions such that the peptides accept other substrates
in addition to fatty alcohols or acetyl-CoA thioester. Other

substrates include other alcohols and other acyl-CoA thio-
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esters. Modification of such enzymes and the development
of assays for characterizing the activity of a particular
alcohol O-acetyltransierase peptides are within the scope of
a skilled artisan. Engineered O-acetyltransferases and
O-acyltransierases can be created that have new activities
and specificities for the donor acyl group or acceptor alcohol
moiety.

[0175] Alcohol acetyl transferases (AATs, E.C. 2.3.1.84),
which are responsible for acyl acetate production 1n various
plants, can be used to produce medium chain length waxes,
such as octyl octanoate, decyl octanoate, decyl decanoate,
and the like. Fatty esters, synthesized from medium chain
alcohol (such as C6, C8) and medium chain acyl-CoA (or
fatty acids, such as C6 or C8) have a relative low melting
point. For example, hexyl hexanoate has a melting point of
-55° C. and octyl octanoate has a melting point of —18 to
—17° C. The low melting points of these compounds make
them good candidates for use as biofuels. Exemplary alcohol
acetyltransierases include Fragaria X ananassa SAAT

(AAG13130) [Aharom, 2000], Saccharomyces cerevisiae
Atipl (NP_015022), and homologs thereof.

[0176] In some embodiments, one or more wax synthases
(E.C. 2.3.1.75) 1s expressed in the engineered and/or
evolved methylotroph to produce fatty esters including
waxes Ifrom acyl-CoA and alcohols as the carbon-based
product of interest. Wax synthase peptides are capable of
catalyzing the conversion of an acyl-thioester to fatty esters.
Some wax synthase peptides can catalyze other reactions,
such as converting short chain acyl-CoAs and short chain
alcohols to produce fatty esters. Methods to 1dentily wax
synthase activity are provided in U.S. Pat. No. 7,118,896,
which 1s herein incorporated by reference. Medium-chain
waxes that have low melting points, such as octyl octanoate
and octyl decanoate, are good candidates for biofuel to
replace triglyceride-based biodiesel. Exemplary wax syn-
thases include Acinetobacter baylyi ADP1 wsadpl, Acine-
tobacter baylyi ADP1 wax-dgal (AAO17391) [Kalscheuer,
2003], Saccharomyces cerevisiae Eebl (NP_015230), Sac-
charomyces cerevisiae YMR210w (NP_013937), Simmond-
sia chinensis acyltransierase (AAD38041), Mus musculus
Dgat214 (Q6E1MS8), and homologs thereof.

[0177] In other aspects, the engineered and/or evolved
methylotrophs are modified to produce a fatty ester-based
biofuel by expressing nucleic acids encoding one or more
wax ester synthases 1n order to conier the ability to synthe-
s1ze a saturated, unsaturated, or branched fatty ester. In some
embodiments, the wax ester synthesis proteins include, but
are not limited to: fatty acid elongases, acyl-CoA reductases,
acyltransierases or wax synthases, fatty acyl transierases,
diacylglycerol acyltransterases, acyl-coA wax alcohol acyl-
transierases, bifunctional wax ester synthase/acyl-CoA: dia-
cylglycerol acyltransferase selected from a multienzyme
complex from Simmondsia chinensis, Acinetobacter sp.
strain ADP1 (formerly Acinetobacter calcoaceticus ADP1),
Pseudomonas aeruginosa, Fundibacter jadensis, Arabidop-
sis thaliana, or Alkaligenes eutrophus. In one embodiment,
the fatty acid elongases, acyl-CoA reductases or wax syn-
thases are from a multienzyme complex from Alkaligenes
eutrophus and other organisms known in the literature to
produce wax and fatty acid esters.

[0178] Many fatty esters are derived from the ntermedi-
ates and products of fatty acid biosynthesis. Hence, the
production of fatty esters can be controlled by engineering,
tatty acid biosynthesis 1 the engineered and/or evolved
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methylotroph. The chain length, branching and degree of
saturation of fatty acids and their itermediates can be
altered using the methods described herein, thereby aflecting
the nature of the resulting fatty esters.

[0179] Additionally, to increase the percentage of unsatu-
rated fatty acid esters, the engineered and/or evolved meth-
ylotroph can also overexpress Sta which encodes a suppres-
sor of fabA (AAN79592, AAC44390), P-ketoacyl-ACP
synthase I (E.C. 2.3.1.41, BAA16180), and secG null mutant
suppressors (cold shock proteins) gnsA and gnsB
(ABD18647 and AAC74076). In some examples, the endog-
enous fabF gene can be attenuated, thus, increasing the
percentage of palmitoleate (C 16:1) produced.

[0180] Optionally a wax ester exporter such as a member
of the FATP family 1s used to facilitate the release of waxes
or esters into the extracellular environment from the engi-
neered and/or evolved methylotroph. An exemplary wax

ester exporter that can be used 1s fatty acid (long chain)
transport protein CG7400-PA, 1soform A from . melano-
gaster (NP_524723), or homologs thereof.

[0181] The centane number (CN), viscosity, melting point,
and heat of combustion for various fatty acid esters have
been characterized in for example, [Knothe, 2003]. Using
the teachings provided herein the engineered and/or evolved

methylotroph can be engineered to produce any one of the
fatty acid esters described 1n [Knothe, 2005].

Production of Alkanes as the Carbon-Based Products of
Interest

[0182] In another aspect, engineered and/or evolved meth-
ylotrophs produce alkanes of various chain lengths (hydro-
carbons) as the carbon-based products of interest. Many
alkanes are derived from the products of fatty acid biosyn-
thesis. Hence, the production of alkanes can be controlled by
engineering fatty acid biosynthesis 1n the engineered and/or
evolved methylotroph. The chain length, branching and
degree of saturation of fatty acids and their imntermediates
can be altered using the methods described herein. The chain
length, branching and degree of saturation of alkanes can be
controlled through their fatty acid biosynthesis precursors.

[0183] In certain aspects, fatty aldehydes can be converted
to alkanes and CO 1n the engineered and/or evolved meth-
ylotroph wvia the expression of decarbonylases [Chees-

brough, 1984; Dennis, 1991]. Exemplary enzymes include
Arvabidopsis thaliana cerl (NP_171723), Oryza sativacerl

CER1 (AAD29719) and homologs thereof.

[0184] In another aspect, fatty alcohols can be converted
to alkanes 1n the engineered and/or evolved methylotroph

via the expression of terminal alcohol oxidoreductases as in
Vibrio fumissii M1 [Park, 2005].

Production of Olefins as the Carbon-Based Products of
Interest

[0185] In another aspect, engineered and/or evolved meth-
ylotrophs produce olefins (hydrocarbons) as the carbon-
based products of interest. Olefins are dertved from the
intermediates and products of fatty acid biosynthesis. Hence,
the production of olefins can be controlled by engineering
fatty acid biosynthesis 1 the engineered and/or evolved
methylotroph. Introduction of genes aflecting the production
of unsaturated fatty acids, as described above, can result 1n
the production of olefins. Similarly, the chain length of
olefins can be controlled by expressing, overexpressing or
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attenuating the expression of endogenous and heterologous
thioesterases which control the chain length of the fatty
acids that are precursors to olefin biosynthesis. Also, by
controlling the expression of endogenous and heterologous
enzymes associated with branched chain fatty acid biosyn-
thesis, the production of branched chain olefins can be
enhanced. Methods for controlling the chain length and
branching of fatty acid biosynthesis intermediates and prod-
ucts are described above. Olefins can be obtained by down-

streaming processing of 3-hydroxy alkanoates as taught by
Fischer et al. [Ind Eng Chem Res, 2011, 350(8):4420-4424,

DOI: 10.1021/1€1023386]. Accordingly, the fermentation
product for methylotrophic production of olefins need not be

an olefin itself.

Production of w-Cyclic Fatty Acids and Their Derivatives as
the Carbon-Based Products of Interest

[0186] In another aspect, the engineered and/or evolved
methylotroph of the present imvention produces m-cyclic
tatty acids (cyFAs) as the carbon-based product of interest.
To synthesize w-cyclic fatty acids (cyFAs), several genes
need to be introduced and expressed that provide the cyclic
precursor cyclohexylcarbonyl-CoA [Cropp, 2000]. The
genes (fabH, ACP and fabF) can then be expressed to allow
iitiation and elongation of w-cyclic fatty acids. Alterna-
tively, the homologous genes can be i1solated from micro-

organisms that make cyFAs and expressed i E. coli. Rel-
evant genes 1nclude bkdC, lpd, fabH, ACP, fabF, fabHI,

ACP, fabF, fabH3, fab(C3, fabF, fabH_A, fabH_B, ACP.

[0187] Expression of the following genes are suflicient to
provide cyclohexylcarbonyl-CoA 1 E. coli: ansl], ansk,
ansL, chcA (1-cyclohexenylcarbonyl CoA reductase) and
ansM from the ansatrienin gene cluster of Streptomyces
collinus [Chen, 1999] or plmIK (5-enolpyruvylshikimate-
3-phosphate synthase), plmL (acyl-CoA dehydrogenase),
chc A (enoyl-(ACP) reductase) and plmM (2,4-dienoyl-CoA
reductase) from the phoslactomycin B gene cluster of Strep-
tomyces sp. HK803 [Palamiappan, 2003] together with the
acyl-CoA 1somerase (chcB gene) [Patton, 2000] from S.
collinus, S. avermitilis or S. coelicolor Exemplary
ansatrienin gene cluster enzymes include AAC446355,
AAF734778 and homologs thereof. Exemplary phoslactomy-
cin B gene cluster enzymes include AAQ84138,

AAQB4159, AAQB4160, AA(B4161 and homologs thereof.
Exemplary chcB enzymes include NP_629292, AAF73478
and homologs thereof.

[0188] The genes (fabH, ACP and fabF) are suflicient to

allow 1mtiation and elongation of w-cyclic fatty acids,
because they can have broad substrate specificity. In the
event that coexpression of any of these genes with the
ansJKLM/chcAB or pmlJKLM/chcAB genes does not yield
cyFAs, fabH, ACP and/or fabF homologs from microorgan-
isms that make cyFAs can be 1solated (e.g., by using
degenerate PCR primers or heterologous DNA probes) and
coexpressed.

Production of Halogenated Derivatives of Fatty Acids

[0189] Genes are known that can produce fluoroacetyl-
CoA from fluoride 1on. In one embodiment, the present
invention allows for production of fluorinated fatty acids by
combining expression ol fluoroacetate-involved genes (e.g.,
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fluorinase, nucleotide phosphorylase, fluorometabolite-spe-
cific aldolases, fluoroacetaldehyde dehydrogenase, and fluo-
roacetyl-CoA synthase).

Transport/Efflux/Release of Fatty Acids and Their
Derivatives
[0190] Also disclosed herein 1s a system for continuously

producing and exporting hydrocarbons out of recombinant
host microorganisms via a transport protein. Many transport
and efllux proteins serve to excrete a large variety of
compounds and can be evolved to be selective for a par-
ticular type of fatty acid. Thus, 1n some embodiments an
ABC transporter can be functionally expressed by the engi-
neered and/or evolved methylotroph, so that the organism
exports the fatty acid into the culture medium. In one
example, the ABC transporter 1s an ABC transporter {from
Caenorhabditis elegans, Avabidopsis thalania, Alkaligenes
eutrophus or Rhodococcus erythropolis or homologs

thereof. Exemplary transporters include AAU44368,
NP_188746, NP_175357, AAN73268 or homologs thereof.

[0191] The transport protein, for example, can also be an
cefllux protein selected from: AcrAB (NP_414996.1,

NP_414995.1), TolC (NP_417507.2) and AcrEF (NP_

417731.1, NP_417732.1) from E. coli, or t111618 (NP_

682408), t111619 (NP_682409), t110139 (NP_680930),
H11619 and U10139 from Thermosynechococcus elongatus
BP-I or homologs thereof.

[0192] In addition, the transport protein can be, for
example, a fatty acid transport protein (FATP) selected from
Drosophila melanogaster, Caenorhabditis elegans, Myco-
bacterium tuberculosis or Saccharvomyces cerevisiae, Acine-
tobacter sp. HO1-N, any one of the mammalian FATPs or
homologs thereof. The FATPs can additionally be resynthe-
sized with the membranous regions reversed in order to
invert the direction of substrate flow. Specifically, the
sequences of amino acids composing the hydrophilic
domains (or membrane domains) of the protemn can be
inverted while maintaining the same codons for each par-

ticular amino acid. The i1dentification of these regions 1s well
known 1n the art.

Production of Isoprenoids as the Carbon-Based Products of
Interest

[0193] In one aspect, the engineered and/or evolved meth-
ylotroph of the present invention produces 1soprenoids or
their precursors 1sopentenyl pyrophosphate (IPP) and its
isomer, dimethylallyl pyrophosphate (DMAPP) as the car-
bon-based products of interest. There are two known bio-
synthetic pathways that synthesize IPP and DMAPP. Pro-
karyotes, with some exceptions, use the mevalonate-
independent or deoxyxylulose 5-phosphate (DXP) pathway
to produce IPP and DMAPP separately through a branch
point (FIG. 11). Eukaryotes other than plants use the meva-
lonate-dependent (MEV) 1soprenoid pathway exclusively to
convert acetyl-coenzyme A (acetyl-CoA) to IPP, which 1s
subsequently 1somerized to DMAPP (FIG. 12). In general,
plants use both the MEV and DXP pathways for IPP

synthesis.

[0194] The reactions 1n the DXP pathway are catalyzed by
the following enzymes: 1-deoxy-D-xylulose-3-phosphate

synthase (E.C. 2.2.1.7), 1-deoxy-D-xylulose-5-phosphate
reductoisomerase (E.C. 1.1.1.267), 4-diphosphocytidyl-2C-
methyl-D-erythritol synthase (E.C. 2.7.7.60), 4-diphospho-




US 2023/0107986 Al

cytidyl-2C-methyl-D-erythritol kinase (E.C. 2.7.1.148),
2C-methyl-D-erythritol  2,4-cyclodiphosphate  synthase
(E.C. 4.6.1.12), (E)-4-hydroxy-3-methylbut-2-enyl diphos-
phate synthase (E.C. 1.17.7.1), i1sopentyl/dimethylallyl
diphosphate synthase or 4-hydroxy-3-methylbut-2-enyl
diphosphate reductase (E.C. 1.17.1.2). In one embodiment,
the engineered and/or evolved methylotroph of the present
invention expresses one or more enzymes from the DXP
pathway. For example, one or more exogenous proteins can
be selected from 1-deoxy-D-xylulose-5-phosphate reductoi-
somerase, 4-diphosphocytidyl-2C-methyl-D-erythritol syn-
thase, 4-diphosphocytidyl-2C-methyl-D-erythritol kinase,
2C-methyl-D-erythritol 2,4-cyclodiphosphate synthase, (E)-
4-hydroxy-3-methylbut-2-enyl diphosphate synthase, and
4-hydroxy-3-methylbut-2-enyl diphosphate reductase. The
host organism can also express two or more, three or more,
four or more, and the like, including up to all the protein and
enzymes that confer the DXP pathway. Exemplary 1-deoxy-

D-xylulose-3-phosphate synthases include FE. coli Dxs
(AAC46162); P. putida K'12440 Dxs (AAN66134); Salmo-

nella enterica Paratyphi, see ATCC 9130 Dxs (AAV78186);
Rhodobacter sphaeroides 2.4.1 Dxs (YP_353327); Rho-
dopseudomonas palustris CGA009 Dxs (NP_946305);
Xyvlella fastidiosa lemeculal Dxs (NP_779493); Arabidop-
sis thaliana Dxs (NP_001078570 and/or NP_196699); and
homologs thereof. SEQ ID NO:1 represents the Paracoccus
codon optimized coding sequence for the £. coli dxs gene of
the present invention. In one aspect, the imnvention provides
nucleic acid molecules and homologs, variants and deriva-
tives of SEQ ID NO:1. The nucleic acid sequences can have
70%, 71%, 72%, 73%, 74%, 75%, 76%, 77%, 78%, 79%.,
80%, 81-85%, 90-95%, 96-98%, 99%, 99.9% or even higher
identity to SEQ ID NO:1. The present invention provides
nucleic acids each comprising or consisting of a sequence
which 1s a codon optimized version of one of the wild-type
dxs gene. In another embodiment, the invention provides
nucleic acids each encoding a polypeptide having the amino
acid sequence of one of AAC46162, YP_ 353327,
AAVT78186, YP_3353327, NP_946305, NP_779493,
NP_001078570, NP_196699, or homologs thereof having
710%, 71%, 72%, 73%, 74%, 75%, 76%, 77%, 8%, 79%.,
80%, 81-85%, 90-95%, 96-98%, 99%, 99.9% or even higher
identity thereto. Exemplary 1-deoxy-D-xylulose-5-phos-
phate reductoisomerases include £. coli Dxr (BAA32426);
Arabidopsis thaliana DXR (AAF73140); Pseudomonas
putida K'12440 Dxr (NP_743°754 and/or Q88MH4); Strep-
tomyces coelicolor A3(2) Dxr (NP_629822); Rhodobacter
sphaeroides 2.4.1 Dxr (YP_352764); Pseudomonas fluore-
scens P1O-1 Dxr (YP_346389); and homologs thereof.
Exemplary 4-diphosphocytidyl-2C-methyl-D-erythritol
synthases include E. coli IspD (AAF43207); Rhodobacter
sphaeroides 2.4.1 IspD (YP_352876); Arabidopsis thaliana
ISPD (NP_565286); P. putida KT12440 IspD (NP_743771);
and homologs thereof. Exemplary 4-diphosphocytidyl-2C-
methyl-D-erythritol  kinases 1nclude E. coli IspE
(AAF29530); Rhodobacter sphaeroides 2.4.1 IspE (YP_
351828); and homologs thereof. Exemplary 2C-methyl-D-
erythritol 2,4-cyclodiphosphate synthases include E. coli
IspF (AAF44636); Rhodobacter sphaeroides 2.4.1 IspF
(YP_352877); P. putida K12440 IspF (NP_743775); and
homologs thereof. Exemplary (E)-4-hydroxy-3-methylbut-

2-enyl diphosphate synthase include FE. coli IspG
(AAKS3460); P. putida K12440 IspG (NP_743014); Rho-

dobacter sphaeroides 2.4.1 IspG (YP_353044); and
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homologs thereof. Exemplary 4-hydroxy-3-methylbut-2-
enyl diphosphate reductases include FE. coli IspH

(AAL38655); P. putida KT12440 IspH (NP_742768); and
homologs thereof.

[0195] The reactions in the MEV pathway are catalyzed
by the following enzymes: acetyl-CoA thiolase, HMG-CoA
synthase (E.C. 2.3.3.10), HMG-CoA reductase (E.C. 1.1.1.
34), mevalonate kinase (E.C. 2.7.1.36), phosphomevalonate
kinase (E.C. 2.7.4.2), mevalonate pyrophosphate decarboxy-
lase (E.C. 4.1.1.33), 1sopentenyl pyrophosphate 1somerase
(E.C. 53.3.2). In one embodiment, the engineered and/or
evolved methylotroph of the present invention expresses one
or more enzymes from the MEV pathway. For example, one
or more exogenous proteins can be selected from acetyl-
CoA thiolase, HMG-CoA synthase, HMG-CoA reductase,
mevalonate kinase, phosphomevalonate kinase, mevalonate
pyrophosphate decarboxylase and 1sopentenyl pyrophos-
phate 1somerase. The host organism can also express two or
more, three or more, four or more, and the like, including up
to all the protein and enzymes that confer the MEV pathway.
Exemplary acetyl-CoA thiolases include NC_000913
REGION: 232413 1..2325315, E. coli; D49362, Paracoccus
denitrificans; 1.20428, S. cerevisiae; and homologs thereof.
Exemplary HMG-CoA synthases include NC_001145
complement 19061 . . . 20336, S. cerevisiae; X96617, S.
cerevisiae; X83882, A. thaliana; AB037907, Kitasatospora
griseola; BT007302, H. sapiens; NC_002758, Locus tag
SAV2546, GenelD 1 122371, S. aureus; and homlogs
thereof. Exemplary HMG-CoA reductases include

NM_206548, D. melanogaster; NC_002758, Locus tag
SAV2545, GenelD 1122570, S. aureus; NM_204485, Gallus
gallus; ABO15627, Streptomyces sp. KO 3988; AF542543,
Nicotiana attenuata; ABO37907, Kitasatospora griseola;
AX128213, providing the sequence encoding a truncated
HMGR, S. cerevisiae; NC_001145: complement 115734 . .
. 1 18898, S. cerevisiae; and homologs thereol. Exemplary
mevalonate kinases include L77688, A. thaliana; X55875,
S. cerevisiae; and homologs thereof. Exemplary phospho-
mevalonate kinases include AF429385, Hevea brasiliensis;
NM_006556, H. sapiens; NC_001145 complement 712315
... 713670, S. cerevisiae; and homologs thereof. Exemplary
mevalonate pyrophosphate decarboxylase include include
X97357, 8. cerevisiae; AF290093, E. faecium,; U49260, H.
sapiens; and homologs thereof. Exemplary i1sopentenyl
pyrophosphate 1somerases include NP_417365, E. coli 1di;
AAC32209, Haematococcus pluvialis 1di1; and homologs
thereof. SEQ ID NO:2 represents the Paracoccus codon
optimized coding sequence for the E. coli 1d1 gene of the
present 1nvention. In one aspect, the ivention provides
nucleic acid molecules and homologs, variants and deriva-
tives of SEQ ID NO:2. The nucleic acid sequences can have
710%, 71%, 72%, 73%, 74%, 75%, 76%, 77%, 78%, 79%.,
80%, 81-85%, 90-95%, 96-98%, 99%, 99.9% or even higher
identity to SEQ ID NO:2. The present invention provides
nucleic acids each comprising or consisting of a sequence
which 1s a codon optimized version of one of the wild-type
1d1 gene. In another embodiment, the invention provides

nucleic acids each encoding a polypeptide having the amino
acid sequence of one of NP_417365, AAC32209, or

homologs thereof having 70%, 71%, 72%, 73%, 74%, 75%,
76%, 77%, 78%, 79%, 80%, 81-85%, 90-95%, 96-98%,
99%, 99.9% or even higher 1dentity thereto.

[0196] In some embodiments, the host cell produces IPP
via the MEV pathway, either exclusively or in combination
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with the DXP pathway. In other embodiments, a host cell’s
DXP pathway 1s functionally disabled so that the host cell
produces IPP exclusively through a heterologously intro-
duced MEYV pathway. The DXP pathway can be functionally
disabled by disabling gene expression or inactivating the
function of one or more of the DXP pathway enzymes.

[0197] In some embodiments, the host cell produces IPP
via the DXP pathway, either exclusively or in combination
with the MEV pathway. In other embodiments, a host cell’s
MEYV pathway 1s functionally disabled so that the host cell
produces IPP exclusively through a heterologously intro-
duced DXP pathway. The MEV pathway can be functionally
disabled by disabling gene expression or inactivating the
function of one or more of the MEV pathway enzymes.

[0198] Provided herein 1s a method to produce 1soprenoids
in engineered and/or evolved methylotrophs engineered
with the 1sopentenyl pyrophosphate pathway enzymes.
Some examples of 1soprenoids include: hemiterpenes (de-
rived from 1 1soprene unit) such as 1soprene; monoterpenes
(derived from 2 1soprene units) such as myrcene or limo-
nene; sesquiterpenes (derived from 3 1soprene units) such as
amorpha-4,11-diene, bisabolene or farnesene; diterpenes
(derived from four 1soprene units) such as taxadiene; ses-
terterpenes (dertved from 5 1soprene units); triterpenes (de-
rived from 6 1soprene units) such as squalene; sesquarter-
penes (derived from 7 1soprene units); tetraterpenes (dertved
from 8 1soprene units) such as [3-carotene or lycopene; and
polyterpenes (derived from more than 8 1soprene units) such
as polyisoprene. The production of 1soprenoids 1s also

described 1n some detail 1n the published PCT applications
W02007/139925 and WO/2007/140339.

[0199] In another embodiment, the engineered and/or
evolved methylotroph of the present ivention produces
isoprene as the carbon-based product of interest via the
1sopentenyl pyrophosphate pathway enzymes and 1soprene
synthase (E.C. 4.2.3.27) which converts to dimethylallyl
diphosphate to 1soprene. Exemplary enzymes include Popu-
lus nigra IspS (CAL69918) and homologs thereotf. SEQ ID
NO:3 represents the Paracoccus codon optimized coding
sequence for the P. nigra 1spS gene of the present invention.
In one aspect, the imnvention provides nucleic acid molecules

and homologs, variants and derivatives of SEQ ID NO:3.
The nucleic acid sequences can have 70%, 71%, 72%, 73%.,

74%, 75%, 76%, 77%, 78%, 79%, 80%, 81-85%, 90-95%,
96-98%, 99%, 99.9% or even higher identity to SEQ ID
NO:3. The present invention provides nucleic acids each
comprising or consisting ol a sequence which i1s a codon
optimized version of one of the wild-type 1spS gene. In
another embodiment, the invention provides nucleic acids
cach encoding a polypeptide having the amino acid
sequence of CAL69918, or homologs thereol having 70%,
71%, 72%, 73%, 74%., 75%, 76%., 77%, 78%, 79%, 80%,
81-85%, 90-95%, 96-98%, 99%, 99.9% or even higher
identity thereto.

[0200] In another embodiment, the engineered and/or
evolved methylotroph of the present imvention produces
bisabolene as the carbon-based product of interest via the
1sopentenyl pyrophosphate pathway enzymes and E-alpha-
bisabolene synthase (E.C. 4.2.3.38) which converts to farne-
syl diphosphate to bisabolene. Exemplary enzymes include
Picea abies TPS-bis (AAS47689) and homologs thereof.
SEQ ID NO:4 represents the Paracoccus codon optimized
coding sequence for the P. abies tps-bis gene of the present
invention. In one aspect, the invention provides nucleic acid
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molecules and homologs, variants and denivatives of SEQ
ID NO:4. The nucleic acid sequences can have 70%, 71%,

712%, 73%, 74%, 75%, 76%, 77%, 78%, 79%, 80%, 81-85%.,
90-95%, 96-98%, 99%, 99.9% or even higher identity to
SEQ ID NO:4. The present invention provides nucleic acids
cach comprising or consisting of a sequence which 1s a
codon optimized version of one of the wild-type tps-bis
gene. In another embodiment, the invention provides nucleic
acids each encoding a polypeptide having the amino acid
sequence of AAS47689, or homologs thereot having 70%,
71%, 72%, 73%, 74%, 75%., 76%., 77%, 78%, 79%, 80%.,
81-85%, 90-95%, 96-98%, 99%, 99.9% or even higher
identity thereto.

[0201] In another embodiment, the engineered and/or
evolved methylotroph of the present invention produces
rubber as the carbon-based product of interest via the
1sopentenyl pyrophosphate pathway enzymes and cis-poly-
prenylcistransferase (E.C. 2.5.1.20) which converts 1sopen-
tenyl pyrophosphate to rubber. The enzyme cis-polyprenyl-
cistransierase may come from, for example, Hevea
brasiliensis.

[0202] In another embodiment, the engineered and/or
evolved methylotroph of the present invention produce
1sopentanol as the carbon-based product of interest via the
1sopentenyl pyrophosphate pathway enzymes and 1sopenta-
nol dikinase.

[0203] In another embodiment, the engineered and/or
evolved methylotroph produces squalene as the carbon-
based product of interest via the 1sopentenyl pyrophosphate
pathway enzymes, geranyl diphosphate synthase (E.C. 2.5.
1.1), farmesyl diphosphate synthase (E.C. 2.5.1.10) and
squalene synthase (E.C. 2.5.1.21). Geranyl diphosphate syn-
thase converts dimethylallyl pyrophosphate and 1sopentenyl
pyrophosphate to geranyl diphosphate. Farnesyl diphos-
phate synthase converts geranyl diphosphate and 1sopente-
nyl diphosphate to farnesyl diphosphate. A bifunctional
enzyme carries out the conversion of dimethylallyl pyro-
phosphate and two 1sopentenyl pyrophosphate to farnesyl
pyrophosphate. Exemplary enzymes include FEscherichia
coli IspA (NP_4149355) and homologs thereof. Squalene
synthase converts two farnesyl pyrophosphate and NADPH
to squalene. In another embodiment, the engineered and/or
evolved methylotroph produces lanosterol as the carbon-
based product of interest via the above enzymes, squalene
monooxygenase (E.C. 1.14.99.7) and lanosterol synthase
(E.C. 5.4.9977). Squalene monooxygenase converts
squalene, NADPH and O, to (S)-squalene-2,3-epoxide.
Exemplary enzymes include Saccharomyces cervevisiae Ergl
(NP_011691) and homologs thereof. Lanosterol synthase
converts (S)-squalene-2,3-epoxide to lanosterol. Exemplary

enzymes 1nclude Saccharomyces cerevisiae Erg/ (NP_
011939) and homologs thereof.

[0204] In another embodiment, the engineered and/or
evolved methylotroph of the present invention produces
lycopene as the carbon-based product of interest via the
isopentenyl pyrophosphate pathway enzymes, geranyl
diphosphate synthase (E.C. 2.5.1.21, described above),
farnesyl diphosphate synthase (E.C. 2.5.1.10, described
above), geranylgeranyl pyrophosphate synthase (E.C. 2.5.1.
29), phytoene synthase (E.C. 2.5.1.32), phytoene oxi-
doreductase (E.C. 1.14.99.n) and C-carotene oxidoreductase
(E.C. 1.14.99.30). Geranylgeranyl pyrophosphate synthase
converts 1sopentenyl pyrophosphate and farnesyl pyrophos-
phate to (all trans)-geranylgeranyl pyrophosphate. Exem-
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plary geranylgeranyl pyrophosphate synthases include Syzn-
echocystis sp. PCC6803 crtE (NP_440010) and homologs
thereol. Phytoene synthase converts 2 geranylgeranyl-PP to
phytoene. Exemplary enzymes include Synechocystis sp.
PCC6803 crtB (P37294). Phytoene oxidoreductase converts
phytoene, 2 NADPH and 2 O, to C-carotene. Exemplary
enzymes include Syrnechocystis sp. PCC6803 crtl and Syn-
echocystis sp. PCC6714 crtl (P21134). C-carotene oxi-
doreductase converts C-carotene, 2 NADPH and 2 O, to

lycopene. Exemplary enzymes include Synechocystis sp.
PCC6803 crtQ-2 (NP_441720).

[0205] In another embodiment, the engineered and/or
evolved methylotroph of the present invention produces
limonene as the carbon-based product of interest via the
1sopentenyl pyrophosphate pathway enzymes, geranyl
diphosphate synthase (E.C. 2.5.1.21, described above) and
one of (R)-limonene synthase (E.C. 4.2.3.20) and (45)-
limonene synthase (E.C. 4.2.3.16) which convert geranyl
diphosphate to a limonene enantiomer. Exemplary (R)-
limonene synthases include that from Citrus Ilimon

(AAMS53946) and homologs thereof. Exemplary (4S)-limo-
nene synthases include that 1from Mentha spicata

(AAC37366) and homologs thereof.

Production of Glycerol or 1,3-Propanediol as the
Carbon-Based Products of Interest

[0206] In one aspect, the engineered and/or evolved meth-
ylotroph of the present invention produces glycerol or
1,3-propanediol as the carbon-based products of interest
(FIG. 13). The reactions in the glycerol pathway are cata-
lyzed by the following enzymes: sn-glycerol-3-P dehydro-
genase (E.C. 1.1.1.8 or E.C. 1.1.1.94) and sn-glycerol-3-
phosphatase (E.C. 3.1.3.21). To produce 1,3,-propanediol,
the following enzymes are also included: sn-glycerol-3-P.
glycerol dehydratase (E.C. 4.2.1.30) and 1,3-propanediol
oxidoreductase (E.C. 1.1.1.202). Exemplary sn-glycerol-3-P
dehydrogenases include Saccharomyces cerevisiae darl and
homologs thereol. Exemplary sn-glycerol-3-phosphatases
include Saccharomyces cerevisiae gpp2 and homologs
thereol. Exemplary sn-glycerol-3-P. glycerol dehydratases
include K. preumoniae dhaB1-3. Exemplary 1,3-propane-
diol oxidoreductase include K. preumoniae dhaT.

Production of 1,4-Butanediol or 1.3-Butadiene as the
Carbon-Based Products of Interest

[0207] In one aspect, the engineered and/or evolved meth-
ylotroph of the present invention produces 1,4-butanediol or
1,3-butanediene as the carbon-based products of interest.
The metabolic reactions in the 1.4-butanediol or 1,3-buta-
diene pathway are catalyzed by the following enzymes:
succinyl-CoA dehydrogenase (E.C. 1.2.1.n; e.g., C. Huyveri
SucD), 4-hydroxybutyrate dehydrogenase (E.C. 1.1.1.2;
e.g., Arabidopsis thaliana GHBDH), aldehyde dehydroge-
nase (E.C. 1.1.1.n; e.g., E. coli AldH), 1,3-propanediol
oxidoreductase (E.C. 1.1.1.202; e.g., K. preumoniae DhaT),
and optionally alcohol dehydratase (E.C. 4.2.1.-). Succinyl-
CoA dehydrogenase converts succinyl-CoA and NADPH to
succinic semialdehyde and CoA. 4-hydroxybutyrate dehy-
drogenase converts succinic semialdehyde and NADPH to
4-hydroxybutyrate. Aldehyde dehydrogenase converts 4-hy-
droxybutyrate and NADH to 4-hydroxybutanal. 1,3-pro-
panediol oxidoreductase converts 4-hydroxybutanal and
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NADH to 1,4-butanediol. Alcohol dehydratase converts
1,4-butanediol to 1,3-butadiene.

Production of Polyhydroxybutyrate as the Carbon-based
products of interest

[0208] In one aspect, the engineered and/or evolved meth-
ylotroph of the present invention produces polyhydroxybu-
tyrate as the carbon-based products of interest (FI1G. 14). The
reactions 1n the polyhydroxybutyrate pathway are catalyzed
by the following enzymes: acetyl-CoA:acetyl-CoA C-acetyl-
transierase (E.C. 2.3.1.9), (R)-3-hydroxyacyl-CoA:NADP+
oxidoreductase (E.C. 1.1.1.36) and polyhydroxyalkanoate
synthase (E.C. 2.3.1.-). Exemplary acetyl-CoA:acetyl-CoA
C-acetyltransferases 1nclude Ralstonia eutropha phaA.
Exemplary (R)-3-hydroxyacyl-CoA:NADP+ 0X1-
doreductases include Ralstonia eutropha phaB. Exemplary
polyhydroxyalkanoate synthase include Ralstonia eutropha
phaC. In the event that the host organism also has the
capacity to degrade polyhydroxybutyrate, the corresponding
degradation enzymes, such as poly[(R)-3-hydroxybutano-
ate] hydrolase (E.C. 3.1.1.75), may be inactivated. Hosts
that lack the ability to naturally synthesize polyhydroxybu-
tyrate generally also lack the capacity to degrade 1t, thus
leading to 1rreversible accumuation of polyhydroxybutyrate
if the biosynthetic pathway 1s introduced. Some methylo-
trophic bacteria can naturally make poly(3-hydroxybutyrate)
or poly(3-hydroxybutyrate-co-3-hydroxyvalerate), such as
Paracoccus denitrificans [Appl Environ Microbiol, 1996,
62(2):380-384].

[0209] Intracellular polyhydroxybutyrate can be measured
by solvent extraction and esterification of the polymer from
whole cells. Typically, Iyophilized biomass 1s extracted with
methanol-chloroform with 10% HCI as a catalyst. The
chloroform dissolves the polymer, and the methanol ester-
fies 1t 1n the presence of HCIl. The resulting mixture 1is
extracted with water to remove hydrophilic substances and
the organic phase 1s analyzed by GC.

Production of Lysine as the Carbon-Based Products of
Interest

[0210] In one aspect, the engineered and/or evolved meth-
ylotroph of the present imvention produces lysine as the
carbon-based product of interest. There are several known
lysine biosynthetic pathways. One lysine biosynthesis path-
way 1s depicted in FIG. 15. The reactions in one lysine
biosynthetic pathway are catalyzed by the following
enzymes: aspartate aminotransierase (E.C. 2.6.1.1; e.g. E.
coli Asp(C), aspartate kinase (E.C. 2.7.2.4; e.g., k. coli
LysC), aspartate semialdehyde dehydrogenase (E.C. 1.2.1.
11; e.g., E. coli Asd), dihydrodipicolinate synthase (E.C.
4.2.1.52; e.g., E. coli DapA), dihydrodipicolinate reductase
(E.C. 1.3.1.26; e.g., E. coli DapB), tetrahydrodipicolinate
succinylase (E.C. 2.3.1.117; e.g., E. coli DapD), N-succi-
nyldiaminopimelate-aminotransierase (E.C. 2.6.1.17; e.g.,
E. coli ArgD), N-succinyl-L-diaminopimelate desuccinylase
(E.C. 3.5.1.18; e.g., E. coli DapE), diaminopimelate epi-
merase (E.C. 5.1.1.7; E. coli DapF’), diaminopimelate decar-
boxylase (E.C. 4.1.1.20; e.g., E. coli LysA). In one embodi-
ment, the engineered and/or evolved methylotroph of the
present invention expresses one Oor more enzymes from a
lysine biosynthetic pathway. For example, one or more
exogenous proteins can be selected from aspartate amino-
transierase, aspartate kinase, aspartate semialdehyde dehy-
drogenase, dihydrodipicolinate synthase, dihydrodipicoli-
nate  reductase, tetrahydrodipicolinate  succinylase,
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N-succinyldiaminopimelate-aminotransierase, N-succinyl-
L-diaminopimelate desuccinylase, diaminopimelate epi-
merase, diaminopimelate decarboxylase, L,L-diaminopime-
late aminotransferase (E.C. 2.6.1.83; e.g., Arabidopsis
thaliana At4g33680), homocitrate synthase (E.C. 2.3.3.14;
e.g., Saccharomyces cerevisiae LYS21), homoaconitase
(E.C. 4.2.1.36; e.g., Saccharomyces cerevisiae LY S4,
LYS3), homoisocitrate dehydrogenase (E.C. 1.1.1.87; e.g.,
Saccharomyces cerevisiae LYS12, LYS11, LYS10), 2-ami-
noadipate transaminase (E.C. 2.6.1.39; e.g., Saccharomvces
cerevisiae AROR), 2-aminoadipate reductase (E.C. 1.2.1.31;
e.g., Saccharvomyces cerevisiae LYS2, LYSS), aminoadipate
semialdehyde-glutamate reductase (E.C. 1.5.1.10; e.g., Sac-
charomyces cerevisiae LYS9, LYS13), lysine-2-oxoglut-
arate reductase (E.C. 1.5.1.7; e.g., Saccharomyces cerevisiae
LYS1). The host organism can also express two or more,
three or more, four or more, and the like, including up to all
the protein and enzymes that confer lysine biosynthesis.

Production of Aromatic Compounds as the Carbon-Based
Products of Interest

[0211] In certain embodiments, the engineered and/or
evolved methylotroph of the present mnvention produces
aromatic amino acids, their intermediates or their deriva-
tives, including but not limited to shikimate, chorismate,
prephenate, phenylalanine, tyrosine, tryptophan, or phenyl-
propranoids, as the carbon-based products of interest. The
engineered and/or evolved methylotroph produces aromatic
compounds as an intermediate or product of the methylo-
trophic or carbon fixation pathway or as a itermediate or
product of host metabolism. In such cases, one or more
transporters may be expressed in the engineered and/or
evolved methylotroph to export the aromatic compound
from the cell. These aromatic metabolites can be converted
to other products.

[0212] In certain embodiments, the engineered and/or
evolved methylotroph of the present invention produces
chorismate as the carbon-based product of interested or as a
central metabolite precursor to an aromatic carbon-based
product of interest. There are multiple pathways for choris-
mate biosynthesis. The reactions 1n one chorismate biosyn-
thesis pathway are catalyzed by the following enzymes:
2-dehydro-3-deoxyphosphoheptonate aldolase (E.C. 2.5.1.
34, e.g., E. coli AroG, AroH, AroF), 3-dehydroquinate
synthase (E.C. 4.2.3.4, e.g., E. coli AroB), 3-dehydroquinate
dehydratase (E.C. 4.2.1.10, e.g., E. coli AroD), NADPH-
dependent shikimate dehydrogenase (E.C. 1.1.1.25, e.g., F.
coli AroE), NAD(P)H-dependent shikimate dehydrogenase
(E.C. 1.1.1.282, e.g., I. coli YdiB), shikimate kinase (E.C.
2.7.1.71, e.g., E. coli AroL or AroK), 3-phosphoshikimate-
1 -carboxyvinyltransierase (E.C. 2.5.1.19, e.g., E. coli AroA)
and chorismate synthase (E.C. 4.2.3.5, ¢.g., E. coli AroC). In
one embodiment, the engineered and/or evolved methylo-
troph of the present invention expresses one or more
enzymes from a chorismate biosynthetic pathway. For
example, one or more exogenous proteins can be selected
from 2-dehydro-3-deoxyphosphoheptonate aldolase, 3-de-
hydroquinate synthase, 3-dehydroquinate dehydratase,
NADPH-dependent shikimate dehydrogenase, NAD(P)H-
dependent shikimate dehydrogenase, shikimate kinase,
3-phosphoshikimate-1-carboxyvinyltransierase and choris-
mate synthase. The host organism can also express two or
more, three or more, four or more, and the like, including up
to all the protein and enzymes that confer chorismate
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biosynthesis. Chorismate serves as an intermediate to sev-
eral aromatic compounds including phenylalanine, tyrosine,
tryptophan and the phenylpropranoids.

[0213] In certain embodiments, the engineered and/or
evolved methylotroph of the present invention produces
phenylalanine as the carbon-based product of interested or
as a precursor to an aromatic carbon-based product of
interest. There are multiple pathways for phenylalanine
biosynthesis. The reactions 1n one phenylalanine biosynthe-

s1s pathway are catalyzed by the following enzymes: cho-
rismate mutase (E.C. 5.4.99.5, e.g., E. coli PheA or TyrA),

prephenate dehydratase (E.C. 4.2.1.51, e.g., E. coli PheA),
phenylalanine transaminase (E.C. 2.6.1.57, e.g., E. coli
IIvE). In one embodiment, the engineered and/or evolved
methylotroph of the present invention expresses one or more
enzymes ifrom a phenylalanine biosynthetic pathway. For
example, one or more exogenous proteins can be selected
from chorismate mutase, prephenate dehydratase and phe-
nylalanine transaminase. The host organism can also express
two or more, three or more, and the like, including up to all
the protein and enzymes that confer phenylalanine biosyn-
thesis. Mutants of the methylotrophic Paracoccus denitrifi-
cans have been 1solated with high aminotransferase
(transaminase) activity [Appl Microbiol Biotechnol, 1989,
30(3):243-246, DOI: 10.1007/BF00256212].

[0214] In certain embodiments, the engineered and/or
evolved methylotroph of the present invention produces
tyrosine as the carbon-based product of interested or as a
precursor to an aromatic carbon-based product of interest.
There are multiple pathways for tyrosine biosynthesis. The
reactions 1n one tyrosine biosynthesis pathway are catalyzed
by the following enzymes: chorismate mutase (E.C. 5.4.99.
5, e.g., E. coli PheA or TyrA), prephenate dehydrogenase
(E.C.1.3.1.12, e.g., E. coli TyrA), tyrosine aminotransierase
(E.C. 2.6.1.57, e.g., . coli AspC or TyrB). In one embodi-
ment, the engineered and/or evolved methylotroph of the
present invention expresses one Oor more enzymes from a
tyrosine biosynthetic pathway. For example, one or more
exogenous proteins can be selected from chorismate mutase,
prephenate dehydrogeanse and tyrosine aminotransierase.
The host organism can also express two or more, three or
more, and the like, imncluding up to all the protein and
enzymes that confer tyrosine biosynthesis.

Production of y-Valerolactone as the Carbon-Based Product
ol Interest

[0215] In some embodiments, the engineered and/or
evolved methylotroph of the present invention 1s engineered
to produce y-valerolactone as the carbon-based product of
interest. One example y-valerolactone biosynthetic pathway
1s shown 1n FIG. 16. In one embodiment, the engineered
and/or evolved methylotroph 1s engineered to express one or
more of the following enzymes: propionyl-CoA synthase
(E.C.6.2.1.-,E.C.4.2.1.-and E.C. 1.3.1.-), beta-ketothiolase
(E.C. 2.3.1.16; e.g., Ralstonia eutropha BktB), acetoacetyl-
CoA reductase (E.C. 1.1.1.36; e.g., Ralstonia eutropha
PhaB), 3-hydroxybutyryl-CoA dehydratase (E.C. 4.2.1.53;
e.g., X. axonopodis Crt), vinylacetyl-CoA A-1somerase (E.C.
5.3.33; e.g., C. difficile AbiD), 4-hydroxybutyryl-CoA
transierase (E.C. 2.8.3.-; e.g., C. Kuyveri OrtZ), 1,4-lacto-
nase (E.C. 3.1.1.25; e.g., that from R. norvegicus). Propio-
nyl-CoA synthase 1s a multi-functional enzyme that converts
3-hydroxypropionate, ATP and NADPH to propionyl-CoA.

Exemplary propionyl-CoA synthases include AAI47820,
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and homologs thereof. In another embodiment, the invention
provides a nucleic acid encoding a polypeptide having the
amino acid sequence of SEQ 1D NO:3, or a sequence having
70%, 71%, 72%, 73%, 74%, 75%, 76%, 77%, 78%, 79%.,
80%, 81-85%, 90-95%, 96-98%, 99%, 99.9% or even higher
identity thereto.

Integration of Metabolic Pathways into Host Metabolism

[0216] The engineered and/or evolved methylotrophs of
the mvention can be produced by introducing expressible
nucleic acids encoding one or more of the enzymes or
proteins participating in one or more carbon product bio-
synthetic pathways. Depending on the host methylotroph
chosen, nucleic acids for some or all of particular metabolic
pathways can be expressed. For example, if a chosen host
methylotroph 1s deficient 1n one or more enzymes or proteins
for desired metabolic pathways, then expressible nucleic
acids for the deficient enzyme(s) or protein(s) are introduced
into the host for subsequent exogenous expression. Alterna-
tively, 1f the chosen host methylotroph exhibits endogenous
expression of some pathway genes, but 1s deficient 1n others,
then an encoding nucleic acid 1s needed for the deficient
enzyme(s) or protein(s) to achieve production of desired
carbon products from C1 compounds. Thus, an engineered
and/or evolved methylotroph of the invention can be pro-
duced by introducing exogenous enzyme or protein activi-
ties to obtain desired metabolic pathways or desired meta-
bolic pathways can be obtained by introducing one or more
exogenous enzyme or protein activities that, together with
one or more endogenous enzymes or proteins, produces a

desired product such as reduced cofactors, central metabo-
lites and/or carbon-based products of interest.

[0217] Depending on the metabolic pathway constituents
of a selected host methylotroph, the engineered and/or
evolved methylotrophs of the invention can include at least
one exogenously expressed metabolic pathway-encoding
nucleic acid and up to all encoding nucleic acids for one or
more energy conversion, carbon fixation, methylotrophic
and/or carbon-based product pathways. For example, a
RuMP-derived carbon fixation pathway can be established
in a host deficient 1n a pathway enzyme or protein through
exogenous expression of the corresponding encoding
nucleic acid. In a host deficient 1in all enzymes or proteins of
a metabolic pathway, exogenous expression of all enzyme or
proteins in the pathway can be included, although it 1s
understood that all enzymes or proteins of a pathway can be
expressed even if the host contains at least one of the
pathway enzymes or proteins. For example, exogenous
expression of all enzymes or proteins 1n a carbon fixation
pathway derived from the 3-HPA bicycle can be included,
such as the acetyl-CoA carboxylase, malonyl-CoA
reductase, propionyl-CoA synthase, propionyl-CoA car-
boxylase, methylmalonyl-CoA epimerase, methylmalonyl-
CoA mutase, succinyl-CoA:(S)-malate CoA transierase,
succinate dehydrogenase, fumarate hydratase, (S)-malyl-
CoA/p-methylmalyl-CoA/(S)-citramalyl-CoA lyase, mesa-
conyl-C1-CoA hydratase, mesaconyl-CoA C1-C4 CoA
transierase, and mesaconyl-C4-CoA hydratase. Given the
teachings and guidance provided herein, those skilled 1n the
art would understand that the number of encoding nucleic
acids to introduce in an expressible form can, at least,
parallel the metabolic pathway deficiencies of the selected
methylotroph.
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Genetic  Engineering Methods for Optimization of

Metabolic Pathways

[0218] In some embodiments, the engineered and/or
evolved methylotrophs of the mmvention also can include
other genetic modifications that facilitate or optimize pro-
duction of a carbon-based product from C1 compounds or
that confer other useful functions onto the host organism.

[0219] In one aspect, the expression levels of the proteins
of interest of the energy conversion pathways, carbon fixa-
tion pathways, methylotrophic pathways and/or carbon
product biosynthetic pathways can be either increased or
decreased by, for example, replacing or altering the expres-
sion control sequences with alternate expression control
sequences encoded by standardized genetic parts. The exog-
enous standardized genetic parts can regulate the expression
ol either heterologous or endogenous genes of the metabolic
pathway. Altered expression of the enzyme or enzymes
and/or protein or proteins of a metabolic pathway can occur,
for example, through changing gene position or gene order
[Smolke, 2002b], altered gene copy number [Smolke,
2002a], replacement of a endogenous, naturally occurring
regulated promoters with constitutive or inducible synthetic
promoters, mutation of the ribosome binding sites [Wang,
2009], or introduction of RNA secondary structural elements

and/or cleavage sites [Smolke, 2000; Smolke, 2001].

[0220] In another aspect, some engineered and/or evolved
methylotrophs of the present invention may require specific
transporters to facilitate uptake of C1 compounds. In some
embodiments, the engineered and/or evolved methylotrophs
use formate as a C1 compound. If formate uptake 1s limiting
for either growth or production of carbon-based products of
interest, then expression of one or more formate transporters
in the engineered and/or evolved methylotroph of the pres-
ent invention can alleviate this bottleneck. The formate
transporters may be heterologous or endogenous to the host
organism. Exemplary formate transporters include
NP_415424 and NP_416987, and homologs thereof. The
present invention provides nucleic acids each comprising or
consisting of a sequence which 1s a codon optimized version
of one of the wild-type formate transporter genes. In another
embodiment, the invention provides nucleic acids each
encoding a polypeptide having the amino acid sequence of

one of NP_415424 and NP_416987.

[0221] In addition, the invention provides an engineered
and/or evolved methylotroph comprising a genetic modifi-
cation conferring to the engineered and/or evolved meth-
ylotrophic microorganism an increased efliciency of using
C1 compounds to produce carbon-based products of interest
relative to the microorgamism 1n the absence of the genetic
modification. The genetic modification comprises one or
more gene disruptions, whereby the one or more gene
disruptions 1increase the efliciency of producing carbon-
based products of interest from Cl1 compounds. In one
aspect, the one or more gene disruptions target genes encod-
ing competing reactions for C1 compounds, reduced cofac-
tors, and/or central metabolites. In another aspect, the one or
more gene disruptions target genes encoding competing
reactions for intermediates or products of the energy con-
version, methylotrophic, carbon {fixation, and/or carbon
product biosynthetic pathways of interest. The competing
reactions usually, but not exclusively, arise from metabolism
endogenous to the host cell or organism. Methods for
introducing unmarked mutations into the genome of meth-
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ylotrophic bacteria such as Paracoccus denitrificans have
been shown previously [J Bacteriol, 1991, 173(21):6962-

6970].

[0222] A combination of different approaches may be used
to 1dentity candidate genetic modifications. Such approaches
include, for example, metabolomics (which may be used to
identily undesirable products and metabolic intermediates
that accumulate inside the cell), metabolic modeling and
1sotopic labeling (for determining the tlux through metabolic
reactions contributing to hydrocarbon production), and con-
ventional genetic techniques (for eliminating or substan-
tially disabling unwanted metabolic reactions). For example,
metabolic modeling provides a means to quantily fluxes
through the cell’s metabolic pathways and determine the
cllect of elimination of key metabolic steps. In addition,
metabolomics and metabolic modeling enable better under-
standing of the eflect of eliminating key metabolic steps on
production of desired products.

[0223] To predict how a particular manipulation of
metabolism aflects cellular metabolism and synthesis of the
desired product, a theoretical framework was developed to
describe the molar fluxes through all of the known metabolic
pathways of the cell. Several important aspects of this
theoretical framework include: (1) a relatively complete
database of known pathways, (11) incorporation of the
growth-rate dependence of cell composition and energy
requirements, (111) experimental measurements of the amino
acid composition of proteins and the fatty acid composition
of membranes at diflerent growth rates and dilution rates and
(1v) experimental measurements of side reactions which are
known to occur as a result of metabolism manipulation.
These new developments allow significantly more accurate
prediction of fluxes in key metabolic pathways and regula-
tion of enzyme activity [Keasling, 1999a; Keasling, 1999b;
Martin, 2002; Henry, 2006].

[0224] Such types of models have been applied, for
example, to analyze metabolic fluxes 1n organisms respon-
sible for enhanced biological phosphorus removal in waste-
water treatment reactors and 1n filamentous fungi producing
polyketides [Pramanik, 1997; Pramanik, 1998a; Pramanik,
1998b; Pramanik, 1998c].

[0225] In another aspect, some engineered and/or evolved
methylotrophs of the present invention may require altera-
tions to the pool of intracellular reducing cofactors for
cllicient growth and/or production of the carbon-based prod-
uct of interest from C1 compounds. In some embodiments,
the total pool of NAD"/NADH in the engineered and/or
evolved methylotroph 1s increased or decreased by adjusting
the expression level of nicotinic acid phosphoribosyltrans-
terase (E.C. 2.4.2.11). Over-expression of either the E. coli
or Salmonella gene pncB which encodes nicotinic acid
phosphoribosyltransierase has been shown to increase total
NADY/NADH levels 1n E. coli [Wubbolts, 1990; Berrios-
River, 2002; San, 2002]. In another embodiment, the avail-
ability of intracellular NADPH can be also altered by
moditying the engineered and/or evolved methylotroph to
express an NADH:NADPH transhydrogenase [Sauer, 2004;
Chin, 2011]. In another embodiment, the total pool of
ubiquinone 1n the engineered and/or evolved methylotroph
1s increased or decreased by adjusting the expression level of
ubiquinone biosynthetic enzymes, such as p-hydroxybenzo-
ate-polyprenyl pyrophosphate transierase and polyprenyl
pyrophosphate synthetase. Overexpression ol the corre-
sponding L. coli genes ubiA and 1spB increased the ubiqui-

Apr. 6, 2023

none pool 1n E. coli [Zhu, 1995]. In the methylotroph
Paracoccus denitrificans, p-hydroxybenzoate and meva-
lonate have been shown to be limiting in production of

ubiquinone-10 under anaerobic conditions [Appl Microbiol
Biotechnol, 1983, 17(2):85-89, DOI:  10.1007/

BEF00499856]. In another embodiment, the level of the redox

colactor ferredoxin 1n the engineered and/or evolved meth-
ylotroph can be increased or decreased by changing the
expression control sequences that regulate its expression.

[0226] In another aspect, in addition to a C1 compound,
some engineered and/or evolved methylotrophs may require
a specific nutrients or vitamin(s) for growth and/or produc-
tion of carbon-based products of interest. For example,
hydroxocobalamin, a vitamer of vitamin B12, 1s a cofactor
for particular enzymes of the present invention, such as
methylmalonyl-CoA mutase (E.C. 5.4.99.2). Required nutri-
ents are generally supplemented to the growth media during
bench scale propagation of such organisms. However, such
nutrients can be prohibitively expensive in the context of
industrial scale bio-processing. In one embodiment of the
present mvention, the host cell 1s selected from a methylo-
troph that naturally produces the required nutrient(s), such
as Protaminobacter ruber or Methviobacterium extorquens,
which naturally produces hydroxocobalamin. In an alternate
embodiment, the need for a vitamin 1s obviated by modify-
ing the engineered and/or evolved methylotroph to express
a vitamin biosynthesis pathway [Roessner, 1995]. An exem-
plary biosynthesis pathway for hydroxocobalamin com-
prises the following enzymes: uroporphyrin-III C-methyl-
transterase (E.C. 2.1.1.107), precorrin-2 cobaltochelatase
(E.C. 4.99.1.3), cobalt-precorrin-2 (C>°)-methyltransferase
(E.C.2.1.1.151), cobalt-precorrin-3 (C'’)-methyltransferase
(E.C. 2.1.1.131), cobalt precorrin-4 (C'")-methyltransferase
(E.C. 2.1.1.133), cobalt-precorrin 5A hydrolase (E.C. 3.7.1.
12), cobalt-precorrin-5B (C')-methyltransferase (E.C. 2.1.
1.193), cobalt-precorrin-6A reductase, cobalt-precorrin-6V
(C*)-methyltransferase (E.C. 2.1.1.-), cobalt-precorrin-7
(C*)-methyltransferase (decarboxylating) (E.C. 2.1.1.196),
cobalt-precorrin-8X methylmutase, cobyrinate A,C-diamide
synthase (E.C. 6.3.5.11), cob(I)yrinate a,c-diamide
reductase (E.C. 1.16.8.1), cob(I)yrinic acid a,c-diamide
adenosyltransterase (E.C. 2.5.1.17), adenosyl-cobyrate syn-
thase (E.C. 6.3.5.10), adenosylcobinamide phosphate syn-
thase (E.C. 6.3.1.10), GTP: adenosylcobinamide-phosphate
guanylyltransferase (E.C. 2.7.7.62), nicotinate-nucleotide
dimethylbenzimidazole phosphoribosyltransierase (E.C.
2.4.2.21), adenosylcobinamide-GDP:a-ribazole-5-phos-
phate ribazoletransierase (E.C. 2.7.8.26) and adenosylco-
balamine-5'-phosphate phosphatase (E.C. 3.1.3.73). In addi-
tion, to allow for cobalt uptake and incorporation nto
vitamin B12, the genes encoding the cobalt transporter are
overexpressed. The exemplary cobalt transporter protein
tfound 1 Salmonella enterica 1s overexpressed and 1is
encoded by proteins ABC-type Co”* transport system, per-
mease component (CbiM, NP_460968), ABC-type cobalt
transport  system, periplasmic component (CbiN,
NP_460967), and ABC-type cobalt transport system, per-
mease component (Cb1QQ, NP_461989).

[0227] In some embodiments, the intracellular concentra-
tion (e.g., the concentration ol the intermediate in the
engineered and/or evolved methylotroph) of the metabolic
pathway intermediate can be increased to further boost the
yield of the final product. For example, by increasing the
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intracellular amount of a substrate (e.g., a primary substrate)
for an enzyme that 1s active 1n the metabolic pathway, and

the like.

[0228] In another aspect, the carbon-based products of
interest are or are derived from the intermediates or products
of fatty acid biosynthesis. To increase the production of
waxes/Tatty acid esters, and fatty alcohols, one or more of
the enzymes of fatty acid biosynthesis can be over expressed
or mutated to reduce feedback inhibition. Additionally,
enzymes that metabolize the intermediates to make nonfatty-
acid based products (side reactions) can be functionally
deleted or attenuated to increase the flux of carbon through
the fatty acid biosynthetic pathway thereby enhancing the
production of carbon-based products of interest.

Growth-Based Selection Methods for Optimization of
Engineered Carbon-Fixing Strains

[0229] Seclective pressure provides a valuable means for
testing and optimizing the engineered methylotrophs of the
present invention. Alternatively, an evolved methylotroph
having selected functionality after such selection can be
turther engineered to include additional or altered function-
ality. In some embodiments, the engineered methylotrophs
of the invention can be evolved under selective pressure to
optimize production of a carbon-based product from a Cl1
compound or that confer other useful functions onto the host
organism. The ability of an optimized engineered methylo-
troph to replicate more rapidly than unmodified counterparts
confirms the utility of the optimization. Similarly, the ability
to survive and replicate in media lacking a required nutrient,
such as vitamin B12, confirms the successtul implementa-
tion of a nutrient biosynthetic module. In some embodi-
ments, the engineered methylotrophs can be cultured 1n the
presence of a limiting amount of C1 compound in order to
select for evolved strains that more efliciently utilize the C1
compound. In some embodiments, the engineered methylo-
trophs of the invention can be evolved to grow despite the
presence of inhibitory compounds 1n the C1 feedstock (see,
¢.g., Example 3).

[0230] Evolution can occur as a result of either spontane-
ous, natural mutation or by addition of mutagenic agents or
conditions to live cells. It desired, additional genetic varia-
tion can be introduced prior to or during selective pressure
by treatment with mutagens, such as ultra-violet light,
alkylators [e.g., ethyl methanesulfonate (EMS), methyl
methane sulfonate (MMS), diethylsulfate (DES), and nitro-
soguanidine (NTG, NG, MMG)], DNA intercalcators (e.g.,
cthidium bromide), nitrous acid, base analogs, bromouracil,
transposonsm and the like. Alternatively, genetic variation
may be introduced via untargeted genetic mutagenesis tech-
niques such as transposon insertion. Transposable elements
have been used previously to generate phenotypic diversity
in methylotrophic Paracoccus strains [PLoS ONE, 2012,
7(2):€32277, DOI: 10.1371/j0urnal.pone.0032277]. The
engineered methylotrophs can be propagated either in serial
batch culture or 1n a turbidostat as a controlled growth rate.

[0231] Alternately or in addition to selective pressure,
pathway activity can be momtored following growth under
permissive (1.e., non-selective) conditions by measuring,
specific product output via various metabolic labeling stud-
ies (including radioactivity), biochemical analyses (Michae-
lis-Menten), gas chromatography-mass spectrometry (GC/
MS), mass spectrometry, matrix assisted laser desorption
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ionization time-oi-thght mass spectrometry (MALDI-TOF),
capillary electrophoresis (CE), and high pressure liquid
chromatography (HPLC).

[0232] To generate engineered methylotrophs with
improved yield of central metabolites and/or carbon-based
products of interest, metabolic modeling can be utilized to
guide strain optimization. Modeling analysis allows reliable
predictions of the eflects on cell growth of shifting the
metabolism towards more eflicient production of central
metabolites or products derived from central metabolites.
Modeling can also be used to design gene knockouts that
additionally optimize utilization of the energy conversion,
methylotrophic, carbon fixation and carbon product biosyn-
thetic pathways. In some embodiments, modeling 1s used to
select growth conditions that create selective pressure
towards uptake and utilization of C1 compound(s). An in
silico stoichiometric model of host organism metabolism
and the metabolic pathway(s) of 1nterest can be constructed
(see, for example, a model of the E. coli metabolic network
[Edwards, 2002]). The resulting model can be used to
compute phenotypic phase planes for the engineered meth-
ylotrophs of the present invention. A phenotypic phase plane
1s a portrait of the accessible growth states of an engineered
methylotroph as a function of imposed substrate uptake
rates. A particular engineered methylotroph, at particular
uptake rates for limiting nutrients, may not grow as well as
the phenotypic phase plane predicts, but no strain should be
able to grow better than indicated by the phenotypic phase
plane. Under a variety of circumstances, it has been shown
the modified E. coli strains evolve towards, and then along,
the phenotypic phase plane, always in the direction of
increasing growth rates [Fong, 2004]. Thus, a phenotypic
phase plane can be viewed as a landscape of selective
pressure. Strains in an environment where a given nutrient
uptake 1s positively correlated with growth rate are predicted
to evolve towards increased nutrient uptake. Conversely,
strains 1n an environment where nutrient uptake are
inversely correlated with growth rate are predicted to evolve
away from nutrient uptake.

Fermentation Conditions

[0233] The engineered and/or evolved methylotrophs of
the present invention are cultured in a medium comprising
C1 compound(s) and any required nutrients. The culture
conditions can include, for example, liquid culture proce-
dures as well as fermentation and other large scale culture
procedures. In one embodiment, the engineered and/or
evolved methylotroph 1s grown 1n a minimal salts medium
containing a C1 feedstock, such as formate, formic acid,
formaldehyde, or methanol. The medium composition can
be optimized for enhanced growth and production of carbon-
based products of interest (see, e¢.g., Example 1). In one
embodiment, the medium composition 1s 100 mM sodium
bicarbonate, 6 mM sodium chloride, 6 mM sodium nitrate,
11 mM sodium thiosulfate, and 26 mM sodium formate 1n
addition to standard MOPS mimimal medium components.
[0234] The production and 1solation of carbon-based prod-
ucts of interest can be enhanced by employing specific
fermentation techniques. One method for maximizing pro-
duction while reducing costs 1s increasing the percentage of
the carbon that i1s converted to carbon-based products of
interest. During normal cellular lifecycles carbon 1s used 1n
cellular functions including producing lipids, saccharides,
proteins, organic acids, and nucleic acids. Reducing the
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amount of carbon necessary for growth-related activities can
increase the etliciency of carbon source conversion to out-
put. This can be achieved by first growing engineered and/or
evolved methylotrophs to a desired density, such as a density
achieved at the peak of the log phase of growth. At such a
point, replication checkpoint genes can be harnessed to stop
the growth of cells. Specifically, quorum sensing mecha-
nisms [Camilli, 2006; Venturi, 2006; Reading, 2006] can be
used to activate genes such as p33, p21, or other checkpoint
genes. Genes that can be activated to stop cell replication
and growth 1 E. coli include umuDC genes, the over-
expression of which stops the progression from stationary
phase to exponential growth [Murli, 2000]. UmuC 1s a DNA
polymerase that can carry out translesion synthesis over
non-coding lesions—the mechanistic basis of most UV and
chemical mutagenesis. The umuDC gene products are used
for the process of translesion synthesis and also serve as a
DNA damage checkpoint. UmuDC gene products include
UmuC, UmuD, umuD)', UmuD',C, UmuD', and UmUD,.
Simultaneously, the carbon product biosynthetic pathway
genes are activated, thus minimizing the need for replication
and maintenance pathways to be used while the carbon-
based product of interest 1s being made.

[0235] Altematively, cell growth and product production
can be achieved simultaneously. In this method, cells are
grown 1n bioreactors with a continuous supply of inputs and
continuous removal of product. Batch, fed-batch, and con-
tinuous fermentations are common and well known 1n the art

and examples can be found in [Brock, 1989; Deshpande,
1992].

[0236] In one embodiment, the engineered and/or evolved
methylotroph 1s engineered such that the final product 1s
released from the cell. In embodiments where the final
product 1s released from the cell, a continuous process can
be employed. In this approach, a reactor with organisms
producing desirable products can be assembled in multiple
ways. In one embodiment, the reactor 1s operated 1n bulk
continuously, with a portion of media removed and held 1n
a less agitated environment such that an aqueous product can
seli-separate out with the product removed and the remain-
der returned to the fermentation chamber. In embodiments
where the product does not separate into an aqueous phase,
media 1s removed and appropriate separation techniques
(e.g., chromatography, distillation, etc.) are employed.
[0237] In an alternate embodiment, the product 1s not
secreted by the engineered and/or evolved methylotrophs. In
this embodiment, a batch-fed fermentation approach 1is
employed. In such cases, cells are grown under continued
exposure to mputs (C1 compounds) as specified above until
the reaction chamber 1s saturated with cells and product. A
significant portion to the entirety of the culture 1s removed,
the cells are lysed, and the products are isolated by appro-
priate separation techniques (e.g., chromatography, distilla-
tion, filtration, centrifugation, etc.).

[0238] In certain embodiments, the engineered and/or
evolved methylotrophs of the invention can be sustained,
cultured or fermented under anaerobic or substantially
anaerobic conditions. Briefly, anaerobic conditions refers to
an environment devoid of oxygen. Substantially anaerobic
conditions include, for example, a culture, batch fermenta-
tion or continuous fermentation such that the dissolved
oxygen concentration in the medium remains between 0 and
10% of saturation. Substantially anaerobic conditions also
includes growing or resting cells 1 liquid medium or on
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solid agar inside a sealed chamber maintained with an
atmosphere of less than 1% oxygen. It 1s highly desirable to
maintain anaerobic conditions in the fermenter to reduce the
cost of the overall process.

[0239] If desired, the pH of the medium can be maintained
at a desired pH, 1n particular neutral pH, such as a pH of
around 7 by addition of a base, such as NaOH or other bases,
or acid, as needed to maintain the culture medium at a
desirable pH. The growth rate can be determined by mea-
suring optical density using a spectrophotometer (600 nm),
and the C1 {feedstock uptake rate by monitoring carbon
source depletion over time.

[0240] In another embodiment, the engineered and/or
evolved methylotrophs can be cultured 1n the presence of an
clectron acceptor, for example, nitrate, in particular under
substantially anaerobic conditions. It 1s understood that an
appropriate amount of nitrate can be added to a culture to
achieve a desired increase in biomass, for example, 1 mM to
100 mM mnitrate, or lower or higher concentrations, as
desired, so long as the amount added provides a suflicient
amount of electron acceptor for the desired increase 1n
biomass. Such amounts include, but are not limited to, 5
mM, 10 mM, 15 mM, 20 mM, 25 mM, 30 mM, 40 mM, 50
mM, as appropriate to achieve a desired increase in biomass.
In one embodiment, the engineered and/or evolved meth-
ylotroph 1s a denitrifier that can use nitrate as a terminal
clectron acceptor and reduce nitrate to nitrogen gas. In some
embodiments, the engineered and/or evolved methylotroph
1s derived from methylotrophic denitrifers, such as Para-
coccus denitrificans. Other electron acceptors include
fumarate, trimethylammonium oxide, ferricyanide, or dim-
cthyl sulfoxide.

[0241] In some embodiments, the engineered and/or
evolved methylotrophs of the present invention are mnitially
grown 1n culture conditions with a limiting amount of
multi-carbon compounds to facilitate growth. Then, once the
supply of organic carbon 1s exhausted, the engineered and/or
evolved methylotrophs transition from heterotrophic to
methylotrophic growth relying on energy from a C1 com-
pounds 1n order to produce carbon-based products of inter-
est. The organic carbon can be, for example, a carbohydrate
source. Such sources include, for example, sugars such as
glucose, xylose, arabinose, galactose, mannose, fructose and
starch. Other sources of carbohydrate include, for example,
renewable feedstocks and biomass. Exemplary types of
biomasses that can be used as feedstocks 1n the methods of
the invention include cellulosic biomass, hemicellulosic
biomass and lignin feedstocks or portions of feedstocks.
Such biomass feedstocks contain, for example, carbohydrate
substrates useful as carbon sources such as glucose, xylose,
arabinose, galactose, mannose, fructose and starch. Given
the teachings and guidance provided herein, those skilled 1n
the art would understand that renewable feedstocks and
biomass other than those exemplified above also can be used
for culturing the engineered and/or evolved methylotrophs
of the invention. In some embodiments, the engineered
and/or evolved methylotrophs are optimized for a two stage
fermentation by regulating the expression of the carbon
product biosynthetic pathway.

[0242] In one aspect, the percentage of input carbon atoms
converted to hydrocarbon products 1s an eflicient and 1nex-
pensive process. Typical efliciencies in the literature are
~<5%. Engineered and/or evolved methylotrophs which
produce hydrocarbon products can have greater than 1, 3, 5,
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10, 15, 20, 25, and 30% efliciency. In one example engi-
neered and/or evolved methylotrophs can exhibit an efli-
ciency of about 10% to about 25%. In other examples, such
microorganisms can exhibit an efliciency of about 25% to
about 30%, and in other examples such engineered and/or
evolved methylotrophs can exhibit >30% efliciency.

[0243] In some examples where the final product is
released from the cell, a continuous process can be
employed. In this approach, a reactor with engineered and/or
evolved methylotrophs producing for example, fatty acid
derivatives, can be assembled in multiple ways. In one
example, a portion of the media 1s removed and allowed to
separate. Fatty acid derivatives are separated from the aque-
ous layer, which can 1n turn, be returned to the fermentation
chamber.

[0244] In another example, the fermentation chamber can
enclose a fermentation that 1s undergoing a continuous
reduction. In this instance, a stable reductive environment
can be created. The electron balance would be maintained by
the release of oxygen. Efforts to augment the NAD/H and
NADP/H balance can also facilitate 1n stabilizing the elec-
tron balance.

Consolidated Methylotrophic Fermentation

[0245] The above aspect of the invention 1s an alternative
to directly producing final carbon-based product of interest
as a result of methylotrophic metabolism. In this approach,
carbon-based products of interest would be produced by
leveraging other organisms that are more amenable to mak-
ing any one particular product while culturing the engi-
neered and/or evolved methylotroph for 1ts carbon source.
Consequently, fermentation and production of carbon-based
products of interest can occur separately from carbon source
production 1n a bioreactor.

[0246] In one aspect, the methods of producing such
carbon-based products of interest include two steps. The
first-step includes using engineered and/or evolved meth-
ylotrophs to convert C1 compound(s) to central metabolites
or sugars such as glucose. The second-step 1s to use the
central metabolites or sugars as a carbon source for cells that
produce carbon-based products of interest. In one embodi-
ment, the two-stage approach comprises a bioreactor com-
prising engineered and/or evolved methylotrophs; a second
reactor comprising cells capable of fermentation; wherein
the engineered and/or evolved methylotrophs provides a
carbon source such as glucose for cells capable of fermen-
tation to produce a carbon-based product of interest. The
second reactor may comprise more than one type of micro-
organism. The resulting carbon-based products of interest
are subsequently separated and/or collected.

[0247] In some embodiments, the two steps are combined
into a single-step process whereby the engineered and/or
evolved methylotrophs convert Cl1 compound(s) and
directly 1nto central metabolites or sugars such as glucose
and such organisms are capable of producing a variety of
carbon-based products of interest.

[0248] The present invention also provides methods and
compositions for sustained glucose production 1n engineered
and/or evolved methylotrophs wherein these or other organ-
isms that use the sugars are cultured using C1 compound(s)
for use as a carbon source to produce carbon-based products
of interest. In such embodiments, the host cells are capable
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of secreting the sugars, such as glucose from within the cell
to the culture media 1n continuous or fed-batch 1 a biore-
actor.

[0249] Certain changes 1n culture conditions of engineered
and/or evolved methylotrophs for the production of sugars
can be optimized for growth. For example, conditions are
optimized for C1 compound(s) and their concentration(s),
clectron acceptor(s) and their concentrations, addition of
supplements and nutrients. As would be apparent to those
skilled 1n the art, the conditions suilicient to achieve opti-
mum growth can vary depending upon location, climate, and
other environmental factors, such as the temperature, oxy-
gen concentration and humidity. Other adjustments may be
required, for example, an organism’s ability for carbon
uptake.

[0250] Advantages of consolidated methylotrophic fer-
mentation 1clude a process where there 1s separation of
chemical end products, e.g., glucose, spatial separation
between end products (membranes) and time. Additionally,
unlike traditional or cellulosic biomass to biofuels produc-
tion, pretreatment, saccharification and crop plowing are
obviated.

[0251] The consolidated methylotrophic fermentation pro-
cess produces continuous products. In some embodiments,
the process mvolves direct conversion of C1 compound(s) to
product from engineered front-end organisms to produce
various products without the need to lyse the organisms. For
instance, the organisms can utilize 3PGAL to make a desired
fermentation product, e.g., ethanol. Such end products can
be readily secreted as opposed to intracellular products such
as o1l and cellulose. In yet other embodiments, organisms
produce sugars, which are secreted into the media and such
sugars are used during fermentation with the same or
different organisms or a combination of both.

Processing and Separation of Carbon-Based Products of
Interest

[0252] The carbon-based products produced by the engi-
neered and/or evolved methylotrophs during fermentation
can be separated from the fermentation media. Known
techniques for separating fatty acid denivatives from aque-
ous media can be employved. One exemplary separation
process provided herein 1s a two-phase (bi-phasic) separa-
tion process. This process mvolves fermenting the geneti-
cally-engineered production hosts under conditions suili-
cient to produce for example, a fatty acid, allowing the fatty
acid to collect 1n an organic phase and separating the organic
phase from the aqueous fermentation media. This method
can be practiced 1n both a batch and continuous fermentation
setting.

[0253] Bi-phasic separation uses the relative immisciblity
of fatty acid to facilitate separation. A skilled artisan would
appreciate that by choosing a fermentation media and the
organic phase such that the fatty acid dernivative being
produced has a high logP value, even at very low concen-
trations the fatty acid can separate 1nto the organic phase in
the fermentation vessel.

[0254] When producing fatty acids by the methods
described herein, such products can be relatively immaiscible
in the fermentation media, as well as 1 the cytoplasm.
Theretfore, the fatty acid can collect 1n an organic phase
either intracellularly or extracellularly. The collection of the
products 1n an organic phase can lessen the impact of the
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fatty acid dernivative on cellular function and allows the
production host to produce more product.

[0255] The fatty alcohols, fatty acid esters, waxes, and
hydrocarbons produced as described herein allow for the
production of homogeneous compounds with respect to
other compounds wherein at least 50%, 60%, 70%, 80%.,
90%, or 95% of the fatty alcohols, fatty acid esters, waxes
and hydrocarbons produced have carbon chain lengths that
vary by less than 4 carbons, or less than 2 carbons. These
compounds can also be produced so that they have a
relatively uniform degree of saturation with respect to other
compounds, for example at least 50%, 60%, 70%, 80%,
90%, or 95% of the fatty alcohols, fatty acid esters, hydro-
carbons and waxes are mono-, di-, or tri-unsaturated.

Detection and Analysis

[0256] Generally, the carbon-based products of interest
produced using the engineered and/or evolved methylo-
trophs described herein can be analyzed by any of the
standard analytical methods, e.g., gas chromatography (GC),
mass spectrometry (MS) gas chromatography-mass spec-
trometry (GCMS), and liquud chromatography-mass spec-
trometry (LCMS), high performance liquid chromatography
(HPLC), capillary electrophoresis, Matrix-Assisted Laser
Desorption Ionization time-of-flight mass spectrometry
(MALDI-TOF MS), nuclear magnetic resonance (NMR),
near-infrared (NIR) spectroscopy, viscometry [Knothe,
1997; Knothe, 1999], titration for determining free fatty
acids [Komers, 1997], enzymatic methods [Bailer, 1991],
physical property-based methods, wet chemical methods,
etc.

Sequences Provided by the Invention

[0257] Table 4 provides a summary of SEQ ID NOs:1-5
disclosed herein.
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EXAMPLES
[0258] The examples below are provided herein for 1llus-
trative purposes and are not intended to be restrictive.

Example 1

Optimization of Growth Medium for Paracoccus
sp. when Using Formate as the C1 Compound

[0259] Paracoccus zeaxanthinifaciens ATCC 21388,
Paracoccus versutus AI'CC 25364, and Paracoccus deni-
trificans ATCC 13534 were obtained from the American
Type Culture Collection (ATCC).

[0260] Strains were tested for the ability to grow aerobi-
cally on sodium formate as a sole source of carbon and/or
energy using MOPS minimal medium (Teknova, Inc.) with
sodium formate as a sole carbon source at 37 C. Unlike
previous media used to evaluate the formate-dependent
growth ol Paracoccus, this medium contains defined levels
of trace elements molybdenum, boron, copper, zinc, man-
ganese, and other trace metals.

[0261] Growth was conducted in various high-throughput
machinery capable of monitoring growth by light scattering
at 600 nm, including a Gemini SpectraNax plate reader
(Molecular Devices, Inc.), a Tecan M3000 plate reader
(Tecan, Inc.), and a BioLector device (m2p-labs, Inc.). For
the BioLector, the CO.,, gas content in the culture headspace
was controllable, as was the humadity.

[0262] Paracoccus zeaxanthinifaciens AICC 21588 was
incapable of growth on formate as a sole carbon or energy
source. The other two Paracoccus strains were capable of
growth on formate as a sole carbon source, as has been
previously reported [Microbiology, 1979, 114(1):1-13, DOI:
10.1099/00221287-114-1-1; Arch Microbiol, 1978, 118(1):
21-26, DOI: 10.1007/BF00406069].

[0263] The eflect on growth rate of changes 1n temperature
(T, 1n degrees Celsius), the partial pressure of CO, 1n the
culture headspace gas (pCO,, 1n percent by volume), shak-
ing speed (1n rpm), and/or the concentrations (1in mM) of
sodium formate (HCOONa), sodium nitrate (NaNO,),
sodium thiosulfate (Na,S,0,), sodium chloride (NaCl), and

TARIE 4 sodium bicarbonate (INAHCO,) added to the Basal MOPS
minimal medium were systematically evaluated. Combina-
Sequences tions examined are shown 1n Table 2. Paracoccus strains are
SEQIDNO S labelled according to their ATCC number. For each mea-
CQLUCIICS . .
1 surement, the mstrument used (BiolLector; SpectraMax;
1 Codon optimized Escherichia coli DXS gene Tecan), plate type (Flower, Flower Plate; 96 transp, 96-well
- Codon optimized Escherichia coli IDI gene transparent microtiter plate; 96 opaque, 96-well opaque
3 Codon optimuzed Populus nigra IspS gene - - - . 1
- . . . microtiter plate), use of plate l1d, use of humidity control and
4 Codon optimized Picea abies TPS-bis gene _ T Y
5 Chloroflexus aurantiacus PCS amino acid sequence total culture volume 1n ul 1s 1ndicated. N/A 1ndicates that a
particular experimental condition 1s not applicable for the
mstrument used.
TABLE 2
Tested growth conditions for each Paracoccus strain
Shaking Humuidity
ATCC NaHCO; NaCl NaNO; Na,S5,0; HCOONa T speed Instrument  Plate Lid Control pCO, Vol
25364 0.0 0.0 0.0 0.0 50.0 37.0 1200 BioLector Flower N/A TRUE 5% 1300
25364 150.0 0.0 0.0 0.0 50.0 37.0 1200 BioLector Flower N/A TRUE 5% 1300
25364 0.0 60.0 0.0 0.0 50.0 37.0 1200 BioLector Flower N/A TRUE 5% 1300
25364 0.0 0.0 60.0 0.0 50.0 37.0 1200 BioLector Flower N/A TRUE 5% 1300
25364 0.0 0.0 0.0 80.0 50.0 37.0 1200 BiolLector Flower N/A TRUE 5% 1300
25364 0.0 0.0 0.0 0.0 20.0 37.0 1200 BioLector Flower N/A TRUE 5% 1300
13534 0.0 0.0 0.0 0.0 50.0 37.0 1200 Biolector Flower N/A TRUE 5% 1300
13534 150.0 0.0 0.0 0.0 50.0 37.0 1200 BioLector Flower N/A TRUE 5% 1300
13534 0.0 60.0 0.0 0.0 50.0 37.0 1200 BioLector Flower N/A TRUE 5% 1300
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36
TABLE 2-continued
Tested growth conditions for each Paracoccus strain
Shaking Humidity
ATCC NaHCO; NaCl NaNO; Na,S5,0; HCOONa T speed Instrument  Plate Lid Control pCO, Vol
13534 0.0 0.0 60.0 0.0 50.0 37.0 1200 BioLector Flower N/A TRUE 5% 1300
13534 0.0 0.0 0.0 80.0 50.0 37.0 1200 BioLector Flower N/A TRUE 5% 1300
13534 0.0 0.0 0.0 0.0 20.0 37.0 1200 BioLector Flower N/A TRUE 5% 1300
25364 0.0 0.0 0.0 0.0 50.0 34.0 900 BioLector Flower N/A TRUE 5% 1300
25364 150.0 0.0 0.0 0.0 50.0 34.0 900 BioLector Flower N/A TRUE 5% 1300
25364 0.0 60.0 0.0 0.0 50.0 34.0 900 BioLector Flower N/A TRUE 5% 1300
25364 0.0 0.0 60.0 0.0 50.0 34.0 900 BioLector Flower N/A TRUE 5% 1300
25364 0.0 0.0 0.0 80.0 50.0 34.0 900 BioLector Flower N/A TRUE 5% 1300
25364 0.0 0.0 0.0 0.0 20.0 34.0 900 BioLector Flower N/A TRUE 5% 1300
13534 0.0 0.0 0.0 0.0 50.0 34.0 900 BioLector Flower N/A TRUE 5% 1300
13534 150.0 0.0 0.0 0.0 50.0 34.0 900 BioLector Flower N/A TRUE 5% 1300
13534 0.0 60.0 0.0 0.0 50.0 34.0 900 BioLector Flower N/A TRUE 5% 1300
13534 0.0 0.0 60.0 0.0 50.0 34.0 900 BioLector Flower N/A TRUE 5% 1300
13534 0.0 0.0 0.0 80.0 50.0 34.0 900 BioLector Flower N/A TRUE 5% 1300
13534 0.0 0.0 0.0 0.0 20.0 34.0 900 BioLector Flower N/A TRUE 5% 1300
25364 10.7 4.3 4.3 40.0 45,7 36.6 1157 BioLector Flower N/A TRUE 5% 1300
13534 75.0 4.3 4.3 5.7 45,7 36.6 1157 BioLector Flower N/A TRUE 5% 1300
13534 10.7 4.3 30.0 5.7 45,7 36.6 1157 BioLector Flower N/A TRUE 5% 1300
25364 42.9 17.1 17.1 0.0 32.9 35.3 1029 BioLector Flower N/A TRUE 5% 1300
13534 0.0 17.1 17.1 22.9 32.9 35.3 1029 BioLector Flower N/A TRUE 5% 1300
13534 42.9 17.1 0.0 22.9 32.9 35.3 1029 BioLector Flower N/A TRUE 5% 1300
25364 101.0 6.1 6.1 11.4 26.7 34.4 937 BioLector Flower N/A TRUE 5% 1300
25364 101.0 6.1 6.1 0.0 26.7 34.4 937 BioLector Flower N/A TRUE 5% 1300
13534 122.4 29.4 14.7 16.3 67.8 34.4 037 BioLector Flower N/A TRUE 5% 1300
13534 122.4 29.4 14.7 0.0 67.8 34.4 937 BioLector Flower N/A TRUE 5% 1300
21588 0.0 0.0 0.0 0.0 50.0 31.0 unknown Tecan 96 transp TRUE N/A N/A 150
25364 0.0 0.0 0.0 0.0 50.0 31.0 unknown Tecan 96 transp TRUE N/A N/A 150
13534 0.0 0.0 0.0 0.0 50.0 31.0 unknown Tecan 96 transp TRUE N/A N/A 150
21588 0.0 0.0 0.0 0.0 50.0 31.0 unknown Tecan 96 transp TRUE N/A N/A 150
25364 0.0 0.0 0.0 0.0 50.0 31.0 unknown Tecan 96 transp TRUE N/A N/A 150
13534 0.0 0.0 0.0 0.0 50.0 31.0 unknown Tecan 96 transp TRUE N/A N/A 150
21588 0.0 0.0 0.0 0.0 50.0 31.0 N/A SpectraMax 96 transp TRUE N/A N/A 150
25364 0.0 0.0 0.0 0.0 50.0 31.0 N/A SpectraMax 96 transp TRUE N/A N/A 150
13534 0.0 0.0 0.0 0.0 50.0 31.0 N/A SpectraMax 96 transp TRUE N/A N/A 150
2158% 0.0 0.0 0.0 0.0 50.0 31.0 Linear (8.5) Tecan 96 transp TRUE N/A N/A 150
25364 0.0 0.0 0.0 0.0 50.0 31.0 Linear (8.5) Tecan 96 transp TRUE N/A N/A 150
13534 0.0 0.0 0.0 0.0 50.0 31.0 Linear (8.5) Tecan 96 transp TRUE N/A N/A 150
25364 0.0 0.0 0.0 0.0 50.0 37.0 Linear (8.5) Tecan 96 opaque TRUE N/A N/A 150
25364 0.0 0.0 0.0 0.0 50.0 37.0 Linear (8.5) Tecan 96 opaque TRUE N/A N/A 100
13534 0.0 0.0 0.0 0.0 50.0 37.0 Linear (8.5) Tecan 96 opaque TRUE N/A N/A 150
13534 0.0 0.0 0.0 0.0 50.0 37.0 Linear (8.5) Tecan 96 opaque TRUE N/A N/A 100
25364 0.0 0.0 0.0 0.0 50.0 37.0 1200 BioLector 96 opaque TRUE FALSE  FALSE 150
25364 0.0 0.0 0.0 0.0 50.0 37.0 1200 BioLector 96 opaque TRUE FALSE  FALSE 100
13534 0.0 0.0 0.0 0.0 50.0 37.0 1200 BioLector 96 opaque TRUE FALSE  FALSE 150
13534 0.0 0.0 0.0 0.0 50.0 37.0 1200 BioLector 96 opaque TRUE FALSE  FALSE 100
25364 0.0 0.0 0.0 0.0 50.0 37.0 Linear (8.5) Tecan 96 opaque TRUE N/A N/A 150
25364 0.0 0.0 0.0 0.0 50.0 37.0 Linear (8.5) Tecan 96 opaque TRUE N/A N/A 100
13534 0.0 0.0 0.0 0.0 50.0 37.0 Linear (8.5) Tecan 96 opaque TRUE N/A N/A 150
13534 0.0 0.0 0.0 0.0 50.0 37.0 Linear (8.5) Tecan 96 opaque TRUE N/A N/A 100
25364 0.0 0.0 0.0 0.0 50.0 37.0 800 BioLector 96 opaque TRUE TRUE FALSE 150
25364 0.0 0.0 0.0 0.0 50.0 37.0 800 BioLector 96 opaque TRUE TRUE FALSE 100
13534 0.0 0.0 0.0 0.0 50.0 37.0 800 BioLector 96 opaque TRUE TRUE FALSE 150
13534 0.0 0.0 0.0 0.0 50.0 37.0 800 BioLector 96 opaque TRUE TRUE FALSE 100
25364 0.0 0.0 0.0 0.0 50.0 37.0 1200 BioLector 96 opaque FALSE TRUE FALSE 150
25364 0.0 0.0 0.0 0.0 50.0 37.0 1200 BioLector 96 opaque FALSE TRUE FALSE 100
13534 0.0 0.0 0.0 0.0 50.0 37.0 1200 BioLector 96 opaque FALSE TRUE FALSE 150
13534 0.0 0.0 0.0 0.0 50.0 37.0 1200 BioLector 96 opaque FALSE TRUE FALSE 100
25364 0.0 0.0 0.0 0.0 50.0 37.0 1200 BioLector Flower N/A TRUE FALSE 1300
13534 0.0 0.0 0.0 0.0 50.0 37.0 1200 BioLector Flower N/A TRUE FALSE 1300
[0264] The particular values for salt, bicarbonate, formate, sodium thiosulfate, 0 mM or 80 mM; shaking speed, 1200

thiosulfate, or nitrate concentration, as well as temperature,
were chosen by implementing a Nelder-Mead simplex opti-

mization algorithm (as described in Chapter 18 of Chemo-
metrics: a textbook ISBN: 0444426604 ) using the starting,
simplices with points chosen from the following possibili-
ties: temperature, 34° C. or 37° C.; sodium bicarbonate, 150
mM or 0 mM; sodium chloride, 60 mM or 0 mM; sodium
formate, 20 mM or 50 mM; sodium nitrate, 60 mM or O mM;

rpm or 900 rpm. Growth was evaluated for both 25364 and
13534 at each chosen medium condition. For each strain and
medium condition, a score indicative of the growth was
calculated as the time (in hours) to 50% of the maximum

growth attained in the entire experiment minus the time to
5% of the maximum growth. This metric 1s easy to compute
and avoids penalizing conditions with longer lag phases.
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[0265] From the scores, new medium conditions were
calculated according to the Nelder-Mead simplex algorithm.
These medium conditions were tested as well. The growth
under the new condition as well as the old ones was used to
define the points of a new simplex, and the process repeated.
[0266] Adfter several rounds of the medium optimization
process, a satisfactory medium condition, allowing for faster
growth than the mitially chosen medium conditions, was
obtained. In total, 68 different unique medium/strain/tem-
perature/shaking conditions were examined. The fastest
growth on formate as a sole carbon source was obtained for
ATCC strain 25364. Under the optimal conditions, the
medium consisted of 100 mM sodium bicarbonate, 6 mM
sodium chloride, 6 mM sodium nitrate, 11 mM sodium
thiosulfate, and 26 mM sodium formate in addition to
standard MOPS minimal medium components. The optimal
growth temperature was 34° C. Under these conditions,
ATCC strain 25364 had a growth rate of >0.7 hr™', corre-
sponding to a doubling time of 0.95 hr.

[0267] ATCC strain 25364 was found capable of growth at
rates in excess of 0.4 hr™' using a simpler medium compo-
sition of MOPS minimal medium plus 50 mM sodium
formate.

[0268] Large concentrations of thiosulfate were found to
give slowed, biphasic growth curves for both strains of
Paracoccus tested. In general, moderate concentrations of
sodium nitrate showed improved growth. Growth at 34° C.
was slightly better than growth at 37° C., and both of these
temperatures were significantly better than growth at 30° C.

Example 2

Automatable Protocol for Conjugative Transier of
Plasmids from E. coli Donors to Paracoccus sp.

[0269] E. coli strain S17-1 was obtained from the Yale £.
coli Genetic Stock Center. Paracoccus denitrificans PD1222
was obtained from Stephen Spiro (University of Texas at
Dallas). E. coli S17-1 strain 1s tra+, meamng it 1s able to
mobilize for conjugative transier those plasmids harboring a
mob+ genotype. Plasmid pDIY 313K, obtained from Dariusz
Bartosik (University of Warsaw, Poland) and described by
his laboratory [J Microbiol Methods, 2011, 86(2):166-74,
DOI: 10.1016/1.mimet.2011.04.016], and introduced 1nto £.
coli S17-1 by standard methods.

[0270] FE. coli S17-1 was grown on Luria broth with
carbenicillin overnight. Paracoccus versutus AICC 25364
was grown overnight on MOPS minimal medium (Teknova,
Inc.) with 50 mM sucrose and 40 mM sodium nitrate.

[0271] The next day, E. coli S17-1 was subcultured 1n
antibiotic-free Luria broth for >4 hr. Paracoccus strains
were subcultured 1 i1dentical MOPS/sucrose/nitrate
medium. After cultures of both £. coli and Paracoccus had
reach log phase, with optimal density greater than 1.0 cm™",
cultures were mixed 1n equal volumes 1n wells of a standard,
SBS-format 96-well plate. No eflort was made to pellet the
cells, to immobilize cells on porous filters, to culture the
cells on solid media, or to otherwise manipulate the mix-
tures. Cultures were simply mixed in equal volumes and
incubated overnight at 37° C. without agitation.

[0272] Aflter overnight incubation, the mixed cultures
were diluted 1n PBS and dilutions were plated on MOPS/
sucrose/kanamycin agar. F. coli cannot use sucrose as a
carbon source, and only strains carrying pDIY313K can

orow 1n the presence of kanamycin. Thus on these plates
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only transconjugants—strains ol Paracoccus containing
plasmid DNA and expressing plasmid-derived kanamycin
resistance genes—can grow. In parallel we plated the same
dilutions on MOPS/sucrose agar without kanamycin, 1n
order to calculate the cell concentration of total Paracoccus
cells used 1n the experiment and to calculate the transcon-
jugation frequency (colonies of plasmid-bearing Paracoccus
1solated per colony of recipient Paracoccus cell).

[0273] Using this simple technique we were able to dem-
onstrate conjugation frequencies of 107> using Paracoccus
denitrificans PD1222 and 2x10~7 using Paracoccus versu-
tus. It should be emphasized that this frequency was deter-
mined via a protocol which did not require non-selective
growth on soit medium, the use of filters, or any centrifu-
gation steps. These steps are required in protocols for
conjugation irequently taught in the literature. For example,
Bartosik [J Microbiol Methods, 2011, 86(2):166-74, DOI:
10.1016/1.mimet.2011.04.016] teaches that cells must be
grown, pelleted by centrifugation, washed, resuspendend,
mixed, immobilized on a porous filter, grown under non-
selective agar overnight, removed from the filter by wash-
ing, pelleted, and finally plated on selective medium. The
lack of any such laborious cell manipulation procedures 1n
our protocol 1s essential for conduction of the protocol on a
robotics-based liquid-handling platform, where centrifuga-
tion and resuspension operations are much more error-
prone, hard to implement, and/or unreliable 1n comparison
with simple liquid handling steps.

Example 3

Genome Sequencing of Paracoccus Strains

[0274] Genomic DNA was i1solated from Paracoccus
zeaxanthinifaciens ATCC 21388, Paracoccus versutus
ATCC 23364, and Paracoccus denitrificans ATCC 13534
using a Wizard Genomic DNA Isolation Kit (Promega, Inc.).
The resulting DNA samples were fragmented and converted
to paired-end libraries for whole-genome shotgun sequenc-
ing on a 454 pyrosequencing plattorm (Roche, Inc.).
[0275] For Paracoccus denitrificans, 37,585,886 paired
reads, each 100 nt 1n length, were obtained. This represents
approximately 3.7 gigabases of sequence data, or approxi-
mately 730-fold coverage of the 5.2 megabase genome of
Paracoccus denitrificans PD1222 (Genbank accession num-
bers CP000489, CP000490, and CP000491 for chromosome
1, chromosome 2, and a 653,815 bp megaplasmid, respec-
tively). Reads were assembled first by de-novo assembly
and second by mapping the de-novo contigs to the published
PD1222 genome.

[0276] The resulting reads could be assembled 1nto a crude
whole-genome assembly of 351 scaflolds comprising
21,972,742 total reads. The maximum scaffold was 7974 nt

and minimum-length scatiold 2004 nt.

Example 4

Analysis of Methylerythritol Pathway 1n

Paracoccus

[0277] The Paracoccus denitrificans PD1222 genome has
been published. Through manual inspection and BLAST
searching we found homologs to all but one member of the
methylerythritol pathway for 1soprenoid biosynthesis. The
Paraoccus gene homologs are shown 1n Table 3. Gene names
refer to standard names given to E. coli genes (see accession
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Genbank accession U000096 for more information). Names
tor Paracoccus genes correspond to the nomenclature anno-

tated as part of the Paracoccus PD1222 genome sequence,
available at Genbank accession numbers CP000489 for

chromosome 1 and CP000490 for chromosome 2.

TABLE 3

Methylerythritol pathway gene homologs
in Paracoccus denitrificans PD122

PD1222
chromosome #

P. denitrificans

E. coli gene PD1222 gene

dxs Pden_0400 1
dxr Pden_3997 2
1spD Pden_3667 (KEGG); none (Metacyc) 2
1spE Pden_0423 1
ispF Pden_3667 2
1spG Pden_1820 1
ispH Pden_ 3619 2
1d1 no type I or type II homologues ?
1ISpA Pden_ 0399 1
[0278] The sole member of the methylerythritol pathway

missing a homolog from the P denitrificans PD1222
genome 15 the gene 1di, encoding 1sopentenyl-diphosphate
A-1somerase (E.C. 5.3.3.2). It 1s responsible for intercon-
verting 1sopentenyl diphosphate (IPPP) and dimethylallyl
diphosphate (DMAP). However, several studies have shown
that this gene 1s not required for pathway activity, since the
preceding pathway step, coded for in E. coli by the 1spH

gene that shares homology with predicted Paracoccus gene
Pden_3619, generates both IPPP and DMAP to some degree

[Lipids, 2008, 43(12):1095-1107, DOI: 10.1007/s11745-
008-3261-7].

[0279] P denitrificans 1s known to contain prenylated
quinones as constituents of 1ts cell membrane [Biochem Eng
I, 2003, 16(2):183-190, DOI: 10.1016/S1369-703X(03)
00035-4]. These compounds are indicative of terpene pro-
duction. The presence of gene homologs for the methyl-
erythritol pathway indicate that this pathway 1s responsible
for formation of terpenoids in this organism.

Example 5

Selection for Populations of Paracoccus versutus
with Improved Doubling Times on Electrolytically
Generated Formate

[0280] A computer-controlled continuous culture device
that can be operated as a chemostat or a turbidostat was
constructed. The device has a working volume between 20
and 50 mL (not yet tested above 50 mL). The device uses air
pressure to move liquids throughout the fluidics system, and
an array of solenoid valves to direct fluid flow. The culture
1s mixed and aerated by the turbulence created by sparging
with air at a flow rate of >10 vvm. The valves are controlled
by an Arduino Mega 2560 microprocessor. The Arduino also
interfaces with the sensors and control mechanisms of the
device. The optical density (OD) of the culture 1s determined
by an iirared LED-photodiode pair which measures the
transmittance of light across the culture vessel.

[0281] From Edward Rode at DNV, Inc. (formerly Det
Norske Veritas), we obtained two samples of formate gen-
erated by DNV {from electricity and carbon dioxide by
clectrolysis. The first solution recerved from DNV contained
0.5 M potasstum chloride (electrolyte), 0.5 M potassium
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formate, and 2.5 M sodium bicarbonate. The second solution
as received from DNV contained approximately 0.5 M
potassium chloride (electrolyte), and 0.56 M potassium
formate. This solution was directly obtained from the
cathodic chamber of DNV ’s electrolysis reactor without any
upgrading or puritying, and thus it may contain other
uncharacterized contaminants or other agents which inhibit
the growth of bacteria. These may arise from metals or
plastics leaching into solution, from uncharacterized elec-
trochemical reactions going on in parallel with the cathodic
reduction of bicarbonate (1.e. dissolved CO,) to formate
salts, or from other processes. The ability for engineered
cells to operate directly on such solutions would be of
interest for the development of low-cost electricity-to-
chemicals bioconversion processes.

[0282] We verified that electrolytically generated formate
reduces the growth rate ol Paracoccus versutus. Overnight
cultures of MOPS minimal formate medium were inoculated
into MOPS minimal medium containing either various dilu-
tions of sodium formate (Sigma-Aldrich) or various dilu-
tions of formate sourced from DNV’s first sample. Growth
was uninhibited by pure sodium formate at the highest
concentration tested, 50 mM. In contrast growth was
strongly inhibited by electrolytically generated formate,
with no growth observed above 20 mM formate concentra-
tion, and only weak growth at concentrations above 10 mM.
However at lower concentrations, electrolytic formate sup-
ported Paracoccus growth at rates similar to pure sodium
formate.

[0283] In an eflort to select for stramns with an mcreased
ability to thrive on electrolytically generated formate, Para-
coccus versutus was 1noculated into the culture device.
MOPS minimal medium with commercial (Sigma-Aldrich)
sodium formate at 50 mM tlowed through the device at tlow
rates controlled by the Arduino in order to maintain with a
target OD setpoint between 0.2 and 0.3 cm™'. In practice this
flow rate was between 6 to 9 mL hr™". The working volume
of the device was 24 mL, meanming the dilution rate was
between 0.25 hr™' and 0.3 hr™'. Periodically throughout the
continuous culture, samples of the culture were taken and
preserved as a glycerol stock at —80° C.

[0284] Adter 48 generations of growth, the medium feed
was changed to be a mixture of 75 volume % MOPS
minimal medium with 50 mM sodium formate, and 25
volume % MOPS minimal medium with 50 mM electrolytic
formate (from DNV’s second sample). The culture was
incubated continuously for 32 more generations of growth.

[0285] Adter the conclusion of the experiment, glycerol
stocks previously taken from the reactor population and
reserved at —80° C. were revived and cultured in MOPS
formate minimal medium to determine 1f any improvements
in growth on formate had taken place. We found that the P,
versutus population sampled from the turbidostat zero gen-
erations ol growth had much lower growth rates on 50 mM
clectrolytic formate (MOPS-EF) medium than on 50 mM
pure sodium formate (MOPS-PF) medium (0.32 hr™' fo
MOPS-PF vs. 026 hr' for MOPS-EF). Populations
sampled from the reactor at later times had faster growth
rates, as shown 1n Table 4. Clones from this population can
be used as hosts for production of fuels or other carbon
products of interest because of their ability to better tolerate
solutions of electrolytic formate as their sole source of
carbon and energy, and their ability to grow more quickly
than wild-type P. versutus under these conditions.
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TABLE 4

Growth rates of evolved Paraoccus strains

(GGenerations (GGenerations of MOPS-EF MOPS-PF
of Selection, Selection on Growth Growth
total MOPS-EF Rate, hr™? rate, hr?
0 0 0.25 0.32
35 0 0.32 0.43
80 32 0.41 0.41
Example 6

High Intensity Bioreactor Cultivation of
Paracoccus on Formate Salts

[0286] To our knowledge, the high-cell density bioreactor
cultivation of industrially relevant, genetically tractable
microbes using formate as the sole source of carbon and
energy has not been reported. We sought to demonstrate the
high-cell density bioreactor cultivation of Paracoccus ver-
sutus under process-relevant conditions.

[0287] In a series of two experiments comprising 12
different fed-batch runs, the reactors were 1nitially charged
with 0.5 L of a formate minimal medium based on the recipe
of R minimal medium, but with emendations of sodium
molybdate, sodium selenite, thiamin, and cobalamin. The
reactors were 1noculated with overnight flask cultures of
Paracoccus versutus. Alter the 1nitial charge of formate 1n
the reactor was consumed, supplemental feeding was begun
by flowing 8.0 M ammonium formate to the reactors. Over
the course of 12 experiments, we studied the effect of nitial
imoculum size, feeding rate, and aerobicity on rates of
formate consumption and of biomass and CO, formation.
We monitored formate consumption by HPLC, CO, emis-
sion through IR-based oll-gas measurement, and biomass
formation by total msoluble solids.

[0288] Imitially, mnitial biomass concentration correspond-
ing to OD 0.1 was used; however, biomass measurement by
weight was unreliable due to mineral precipitation during
fermentation. Subsequently, initial biomass concentration
was OD1.0 and we used a dilute-acid wash during the
processing of biomass samples 1n order to remove 1norganic
precipitates. We assumed that biomass contained 0.5 g-C
g~'. This assumption allowed us to close carbon balances
around the aerobic, high-inoculum runs to within 10%,
indicating that the assumption was reasonable and consti-
tuting a consistency check on our HPLC and ofl-gas mea-
surements.

[0289] FIG. 17 depicts sample fermentation data for an
aerobic fermentation feed of 10 mM hr™". From the begin-
ning of the formate feed at 3.45 hr post-inoculation to near
the end of the run at 50 hr, the formate level remained below
detection limits. The 75 mmol-C of biomass formed resulted
in a final biomass concentration of 2.6 g L™", implying that
specific formate consumption rates were at or above 0.51 g
formate gDCW~" hr ' throughout the fermentation. In this
run, 91% of the formate consumed was converted to CO,
that left the reactor and 8.9% was accounted for by biomass
formation. The total of biomass formation and CO, emisson
accounted for 100.0% of the carbon used, a figure which
varied between 100 and 103% across other runs. These rates

39
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correspond to a specific carbon fixation flux of 8 mmol C
gDCW™' hr™' or a volumetric carbon fixation flux of >1.68
mmol L™" hr'.

[0290] Nominal feed rates of 10, 30, and 100 mM hr™*
were studied for aerobic fermentations. Only the 100 mM
hr' condition showed any evidence of formate accumula-
tion, although this feed was only tried with a low-1noculum
size condition (ODO0.1). The 10 and 30 mM hr™" feed rates
did not show any formate accumulation until the end of the
fermentations, indicating that the capacity of the culture for
formate utilization was greater than 30 mM hr™' under the
densities used for cultivation.

[0291] Respiration of formic acid or formate 1s a proton-
consuming, 1.€. pH increasing process. In these experiments,
the medium pH was held constant at 7.0 by the addition of
concentrated phosphoric acid. Ammonium formate was cho-
sen as a formate source because 1t provides an additional
means of pH control (ammonium formate solutions are
neutral in pH) and because it was hoped that as formate was
consumed, ammonium would not accumulate due to the
potential for oflgassing of ammonia. We measured ammo-
nium accumulation in the reactors by 1on chromatography.
At pH 7.0, ammonium oflgas sing did not occur to an
appreciable extent, because 86-102% of the fed ammonium
formate accumulated as ammonium in the medium. Ammo-
nium accumulation likely limited the end-point biomass titer
attained 1n most of the fermentations, as 1t accumulated to
supra-molar concentrations in many of the vessels.

[0292] Paracoccus versutus can grow anaerobically using
nitrate as an electron acceptor. We carried out nitrate-based
anaerobic formate bioconversion using feeds that contained
8.0 M ammonium formate and 3.1 M sodium nitrate. When
feeding was begun, the reactors were brought under anaero-
biosis by sparging with nitrogen. Anaerobic fermentations
also consumed formate at high rates, up to 0.67 g L' hr™*
in the experiments described here. Maximal biomass
attained under anaerobic conditions was 1.3 gDCW L~". The
low nitrogen sparging flow rates were incompatible with
CO, measurement 1n the off-gas, so carbon balances are not
available.

[0293] Imitial results indicated that nitrate was converted
to nitrite and that nitrite accumulated stoichiometrically in
the reactor and was not further reduced. We successtully
climinated nitrite accumulation in the reactor by doubling
the amount of copper 1n the medium and reducing the level
of nitrate from 3.1 M to 3.0 M. These results demonstrate
that Paracoccus 1s capable of anaerobic formate consump-
tion with complete nitrate respiration to dinitrogen gas.
Ammonium, formate and nitrate reached levels of 1100,
1500 and 540 mmol L', respectively.

Example 7

Computing Mass Transfer Limitations of Synthesis
(Gas Versus Formate as a Feedstock

[0294] The mass tranfer limitations of synthesis gas (com-
posed of molecular hydrogen and carbon monoxide) from
the gas to liquid phase 1s i1llustrated here. For the purpose of
this analysis, an 1deal engineered organism that has an
unlimited capacity to (1) metabolize dissolved aqueous-
phase synthesis gas and (i11) convert 1t to a desired fuel at
100% of the theoretical yield 1s assumed. Under these
conditions, the rate of fuel production per unit of reactor
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volume can depend solely on the rate at which synthesis gas
can be transferred from the gas phase to the liquid phase.

[0295] TFuel productivity P in units of g'L7"-h™' can be
expressed as the product of fuel molecular weight m., fuel
molar yield on synthesis gas Y ., ¢, the biomass concentration

in a bioreactor X, and the speciic cellular uptake rate of
synthesis gas ., as shown in the equation below.

P=mg¥ p,sXqs

[0296] At steady state, the bulk hydrogen uptake rate Xq.
1s equal to the rate of synthesis gas transfer from gas to
liquid, meaning the productivity can be expressed as 1n the
equation below, where C* 1s the liquid-phase solubility of
synthesis gas, C, 1s the liquid-phase concentration of syn-
thesis gas, and K;a 1s the mass transfer coefficient for
synthesis gas transport from the gas phase (e.g., as bubbles
sparged mnto the reactor) to the hqud. K;a 1s a complex
function of reactor geometry, bubble size, superficial gas
velocity, impeller speed, etc. and 1s best regarded as an
empirical parameter that needs to be determined for a given
bioreactor setup.

[0297] Again, as a best-case scenari1o, an 1deal engineered
organism capable of maintaining rapid synthesis gas uptake
rates even at vanishingly low synthesis gas concentrations
(1.e. that q¢ 1s not a function of C, even as C, tends to zero)
1s assumed. This assumption maximizes the fuel productiv-
ity at P=m,Y ., .K,;aC*.

[0298] For a fixed production target t, say 0.5 t d—
(equivalent to 20800 g h™'), the productivity P determines
the required reactor volume V because V=t/P. Thus, both
fuel productivity and reactor volumes, even assuming “per-

fect” organisms, are bounded by achieveable Kl.a values, as
shown 1n the equations below.

P=(mpYpsC')KLa

!

V = -
(mFYFjSC )KLH

[0299] Maximal productivity corresponds to minimal
reaction volumes, and occurs at maximal values of m;Y .,
sC*K;a. The fuel yield cannot exceed the stoichiometric
maximal yield. For the fuel 1sooctanol, the stoichiometric
maximal yield 1s determined from the balanced chemical
equation 8 CO+16 H,—C.H,.0+7 H,0O, which shows that
16 moles of H, and 8 moles of CO are required for each mole
of 1sooctanol produced. At atmospheric pressure, C* 1s
unlikely to greatly exceed 0.75 mM, the solubility of H, 1n
pure water (CO has approximately the same solubility as
H,). Using these representative values for representative
values for m,, Y -,o, C* and t, the relationships between K, a
and P as well as between K,a and t are shown (FIG. 18).

[0300] Alternative electron donors have the potential to
solve both the safety problem and the mass transfer problem
presented by hydrogen. An 1deal non-synthesis gas vector
for carrying electrical energy would have (a) a highly
negative standard reduction potential and (b) established
high-efficiency technology to for converting electricity into
the vector. Unlike synthesis gas, however, it would (c) have
a low propensity to explode when mixed with air, and (d)
have high water solubility under bio-compatible conditions.
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Formic acid, HCOQOH., or 1ts salts, satisfies these conditions.
Formic acid 1s stoichiometrically equivalent to H,+CQO,, and
formate has as standard reduction potential nearly 1dentical
to that of hydrogen. Since both formic acid and formate salts
are highly soluble 1n water, the mass transfer limitations
discussed above for hydrogen do not apply. However, a
modified form of the fuel productivity equation, written for
formic acid (A) instead of hydrogen (H), still applies, as
shown below.

P=mgY 2 Xq,

[0301] Unlike hydrogen-powered electrofuels bioproduc-
fion, limits on formate-powered fuel productivity P stem
only from the attainable yield, the biomass concentration 1n
the reactor, and the specific uptake rate. We assume Y .., ,, the
molar yield of fuel on formic acid, 1s the stoichiometric
maximum, whose value 1s the same as for hydrogen, 0.0467
mol isooctanol (mol HCOOH)™'. For high-cell density cul-
tivations of E. coli, biomass concentrations of X=50 gDCW
L~! are attainable, although these values have not been
observed for growth on formate or in minimal medium. For
Paracoccus versutus, naturally capable of growing on for-
mate, observed values of were 0.0368 mol formate-gDCW™
1-h™" [Kelly, 1979]. The representative values for q, and X
imply a maximal i1sooctanol productivity on formate of
about 10 g-L™"-h™".

[0302] On the y-axis of FIG. 18, the range of reported K;a
attainable 1n large-scale stirred-tank bioreactors 1s shown.
Although there are many reports of higher K,a values 1n
laboratory-scale reactors, during scale up the inevitable
increase 1n volume-to-surface area ratios means that main-
taining high K, a values is for practical purposes impossible.
The maximum of the indicated range of 10-800 h™' trans-
lates to a best-case productivity of 4 gL ~'-h—1, which
implies a best-case reactor volume of 6,400 L. The best-case
productivity on formate is 10 g-L.”"-h™', implying a reactor
volume less than half as large would be required to achieve
the same production. Most sources that give K,a values for
large scale reactors have values much closer to 100 h™',
meaning the best-case productivity using formate as the
energy source would be more than 15 times larger than on
synthesis gas.

Example 8

Engineered Organisms Producing Butanol

[0303] The enzyme beta-ketothiolase (R. eutropha PhaA
or E. coli AtoB) (E.C. 2.3.1.16) converts 2 acetyl-CoA to
acetoacetyl-CoA and CoA. Acetoacetyl-CoA reductase (R.
eutropha PhaB) (E.C. 1.1.1.36) generates R-3-hydroxybu-
tyryl-CoA from acetoacetyl-CoA and NADPH. Alterna-
tively, 3-hydroxybutyryl-CoA dehydrogenase (C. aceto-
butvlicum Hbd) (E.C. 1.1.1.30) generates S-3-
hydroxybutyryl-CoA from acetoacetyl-CoA and NADH.
Enoyl-CoA hydratase (£. coli MaoC or C. acetobutylicum
Crt) (E.C. 4.2.1.17) generates crotonyl-CoA from 3-hy-
droxybutyryl-CoA. Butyryl-CoA dehydrogenase (C. aceto-
butylicum Bcd) (E.C. 1.3.99.2) generates butyryl-CoA and
NAD(P)H from crotonyl-CoA. Alternatively, trans-enoyl-
coenzyme A reductase (Treponema denticola Ter) (E.C.
1.3.1.86) generates butyryl-CoA from crotonyl-CoA and
NADH. Butyrate CoA-transferase (R. eutropha Pct) (E.C.
2.8.3.1) generates butyrate and acetyl-CoA from butyryl-
CoA and acetate. Aldehyde dehydrogenase (E. coli AdhE)
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(E.C. 1.2.1.{3,4}) generates butanal from butyrate and
NADH. Alcohol dehydrogenase (£. coli adhE) (E.C. 1.1.1.
{1,2}) generates 1-butanol from butanal and NADH,
NADPH. Production of 1-butanol is conferred by the engi-
neered host cell by expression of the above enzyme activi-
ties.

[0304] To create butanol-producing cells, host cells can be
turther engineered to express acetyl-CoA acetyltransierase
(atoB) from E. coli K12, -hydroxybutyryl-CoA dehydro-
genase Irom Butyrivibrio fibrisolvens, crotonase Irom
Clostridium beijerinckii, butyryl CoA dehydrogenase from
Clostridium beijerinckii, CoA-acylating aldehyde dehydro-
genase (ALDH) from Cladosporium fulvum, and adhE
encoding an  aldehyde-alcohol dehydrogenase  of
Clostridium acetobutylicum (or homologs thereol).

Example 9

Engineered Organisms Producing Acrylate

[0305] Enoyl-CoA hydratase (£. coli paalF) (E.C.4.2.1.17)
converts 3-hydroxypropionyl-CoA to acryloyl-CoA. Propio-
nyl-CoA synthase (E.C.6.2.1.-, E.C.4.2.1.-and E.C. 1.3.1.-)
also converts 3-hydroxypropionyl-CoA to acryloyl-CoA
(AAL47820, SEQ ID NO:5). Acrylate CoA-transierase (R.
eutropha pct) (E.C. 2.8.3.n) generates acrylate+acetyl-CoA
from acryloyl-CoA and acetate.

Other Embodiments

[0306] The examples have focused on Paracoccus. Nev-
ertheless, the key concept of using genetically engineering
to confer production of carbon-based products of interest to
a methylotroph 1s extensible to other methylotrophs such as
other prokaryotes or eukaryotic single cell organisms such
as methylotrophic yeast. Alternatively, the energy conver-
sion and/or carbon fixation pathways described in U.S. Pat.
No. 8,349,587 may be used to enhance or augment the
methylotrophic capability of an organism that 1s natively
methylotrophic; U.S. Pat. No. 8,349,587/ 1s hereby incorpo-
rated by reference in its entirety.

[0307] Various aspects of the present mvention may be
used alone, 1n combination, or 1n a variety ol arrangements
not specifically discussed in the embodiments described 1n
the foregoing and 1s therefore not limited 1n its application
to the details and arrangement of components set forth 1n the
foregoing description or illustrated in the drawings. For
example, aspects described 1n one embodiment may be
combined 1 any manner with aspects described 1n other
embodiments.

[0308] Use of ordinal terms such as “first,” “second,”
“thaird,” etc., 1n the claims to modily a claim element does
not by itself connote any priority, precedence, or order of
one claim element over another or the temporal order 1n
which acts of a method are performed, but are used merely
as labels to distinguish one claim element having a certain
name from another element having a same name (but for use
of the ordinal term) to distinguish the claim elements.

[0309] Also, the phraseology and terminology used herein
1s for the purpose of description and should not be regarded
as limiting. The use of “including,” “comprising,” or “hav-
ing,” “containing,” ‘“involving,” and variations thereof
herein, 1s meant to encompass the items listed thereafter and

equivalents thereof as well as additional 1tems.

- B 4 4
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EQUIVALENTS

[0310] The present invention provides among other things
novel methods and systems for synthetic biology. While
specific embodiments of the subject invention have been
discussed, the above specification 1s illustrative and not
restrictive. Many variations of the invention will become
apparent to those skilled in the art upon review of this
specification. The full scope of the ivention should be
determined by reference to the claims, along with their tull
scope of equivalents, and the specification, along with such
variations.

INCORPORAITION BY REFERENC.

(L.

[0311] The Sequence Listing filed as an ASCII text file via
EFS-Web (file name: “010401SequenceListing”,, date of
creation: Dec. 2, 2013; size: 25,461 bytes) at the U.S. Patent
and Trademark Office as the Receiving Ofllice 1s hereby
incorporated by reference in 1ts entirety.

[0312] All publications, patents and patent applications
referenced 1n this specification are incorporated herein by
reference 1n their entirety for all purposes to the same extent
as 11 each individual publication, patent or patent application
were specifically indicated to be so incorporated by refer-
ence.
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-continued

organism = synthetic construct
SEQUENCE :
atggacctac tctcaataca ggatccgagce ttcecctcaaga acatgtctat cgacgagcectce 60
gaaaagctct ccgacgagat tceggcagtte ctcecatcactt ccecctetetge ttectggegge 120
cacattggcce ccaacctcecgg ggttgtagaa ctaacagtgg cgctgcataa agagttcaac 180
tcgccgaagyg ataagttcect ctgggacgta ggccatcaga gcectatgttca taaactgetg 240
actggacgcyg gaaaggagtt cgccacgcta cgccagtaca agggtctatg cggattcccce 300
aaacgttcecg agtcggaaca cgacgtgtgg gagaccggte actcgagcac aagtctgtca 360
ggcgccatgg gaatggcagce tgcgcegggac atcaagggaa cggacgagta tatcatcceccg 420
attatcgggyg atggcecgcecect gaccggeggy atggecttgg aggcgcectaaa ccacattgge 480
gatgaaaaga aggatatgat cgttattcta aatgacaatg agatgtccat cgcccccaac 540
gttggggcga tccacagtat gttgggacgt ttgcgcecacag ccggtaagta ccagtgggtt 600
aaggacgaac tagagtacct tttcaagaaa atcceccecggcecag tgggtggcaa actagcecggceyg 660
acggccgagce gtgttaagga ttcegctgaag tacatgttgg tttctggaat gttcectttgaa 720
gaattggggt tcacgtatct tggccccecgte gatggacata gttatcatga actgatcgaa 780
aatctacaat acgcgaagaa gacgaagggce cctgtgctac tgcacgttat cacgaagaag 840
ggtaaaggtt acaagccggce tgaaaccgac acgatcecggta cttggcatgg gaccggaccce 900
tataagatca ataccgggga tttcgtaaaa ccgaaggcegg cagctectag ctggtegggg 960
ctagtttcgg gaacagtcca gaggatggcce cgcgaagatg gacgcatcecgt agcecgatcacg 1020
ccggcectatge ctgttgggtc aaaactagag ggctttgcaa aagagtttcecc tgatcgtatg 1080
tttgatgtag gaattgcaga gcagcatgcg gcaactatgg ctgctgctat ggcaatgcag 1140
gggatgaaac cgttccttgce catctactca acctttcectgce aaagagcata tgatcaagtg 1200
gtgcatgata tttgccgcca aaacgctaat gtcttcatcg gaatcgatcg ggcectggattg 1260
gtgggcgctyg acggagaaac tcatcaaggce gtcttcecgaca tcecgcecttcat gegceccacatce 1320
cccaacatgg ttctcatgat gccgaaggat gagaatgagg gccagcacat ggtgcatact 1380
gcactatcgt atgatgaggg cccgatagca atgcggttec cgcecgcecggaaa cggattggge 1440
gtaaagatgg acgagcagct taagacgatc ccgattggga cgtgggaagt cctgceggcecce 1500
ggtaacgacg ctgttattct cacttttggce actactattg agatggccat cgaggcagcyg 1560
gaggaactgc aaaaggaggg cctatctgte cgcgtggtca atgccecceggtt catcaaaccg 1620
atcgacgaga aaatgatgaa atccatttta aaggagggcce ttcccatcecct cactatcgag 1680
gaggccgttce tcgagggcegg gtttggatcg agcatcecteg agtttgctca tgaccaaggg 1740
gagtatcata caccgatcga tcgaatgggg atacctgacc gtttcatcga gcacggatcc 1800
gtaactgccce tactagaaga aatcggactg actaagcagc aggtcgcaaa tcecggatccga 1860
cttctgatgc ccccgaaaac tcacaaggga atcggatcegt ag 1202
SEQ ID NO: 2 moltype = DNA length = 549
FEATURE Location/Qualifiers
migc feature 1..549

note = Synthetic DNA
source 1..549

mol type = other DNA

organism = synthetic construct
SEQUENCE :
atgcagacgg agcacgttat cctceccttaat gcacagggag tgccaacggg gacgctggag 60
aaatatgcgg cacacacggce agatacccgce ctceccecatttgg ccecttttette ctggetgtte 120
aatgcgaagyg gacaactcct cgtgacccecgce cgcgcactgt cgaagaaggce atggectgge 180
gtctggacaa acagcegtgtg tggtcacccee caactgggag agtcgaacga ggatgcagtce 240
attcgceccecggt gceccecggtatga actaggcecgtce gagatcacge ctectgagag tatttatcecct 300
gatttccget accgcegcecgac cgacccgtcece ggcatcegtceg agaatgaggt ctgtceccggta 360
ttcgeggcac gcaccacatce cgceccctceccag attaatgacg acgaggtcat ggactatcaa 420
tggtgtgacce tcecgcagacgt actccacggg atcgacgcega cgceccgtggge cttttceccececg 480
tggatggtca tgcaggccac taatcgcgag gcgcdaaadga ggctcagtge attcacccag 540
ctaaagtaa 549
SEQ ID NO: 3 moltype = DNA length = 1788
FEATURE Location/Qualifiers
misc feature 1..1788

note = SyntheticDNA
source 1..1788

mol type = other DNA

organism = synthetic construct
SEQUENCE :
atggccacag agctectttyg ccecttcaccgg cccatttcac tgactcacaa getttttega 60
aatccacttce ctaaggttat tcaggcgaca ccactcacac ttaagttgceg atgtagtgta 120
tcgactgaga acgtttegtt tactgagact gagactgaga cccgaagaag tgcgaattat 180
gagcccaatt cgtgggacta tgactatctt ctgagtageg atacagatga gagcatcgag 240
gtatacaagg ataaagcgaa dJaaactggaa gctgaagtcc gacgagaaat caacaatgag 300
aaagcagaat ttcttacact gecctgagetg atagacaatg ttcaaagact cggactcecggg 360
taccgttttg aatccgatat aagacgagcg ctagaccgat tcegtgagttce aggaggattce 420
gacgctgtga ctaagacatc gctacatgcect acagctctat cgtttagact attgcgacag 480
catggcttcg aagttagtca agaggcecttt tcecgggattta aagaccaaaa tggcaatttt 540
cttaagaacc taaaagaaga tattaaagca atattatcgt tatatgaggce ttcattceccta 600
gcecgctecgagg gagagaatat tcecttgacgaa gcgaaagtct tcecgcaatatce acatttaaag 660
gaattgtcgg aggagaaaat cggaaaggat ctggcggagce aggtcaatca tgcacttgaa 720
ctaccectte ataggagaac gcaacgatta gaggetgtgt ggtcecgatcga ggcataccgg 780
aagaaagagg acgcagacca agtactgtta gaactagcecta tacttgatta caacatgatc 840
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caatcagtat
gcaactaaac
gtggccttcy
gtaactatta
actgacgctg
ttgtgetttt
aaaggtgaga
ttacaagagg
aatgcatgga
caaaacatta
ccttcectcaca
gdggagaccd
gctacagagt
ctagggggca
tctcattgca
cgggttctgt

SEQ ID NO:
FEATURE

accaacgaga
ttcatttege
agcctcaata
tcgacgacat
tggaacgatg
tagctttgta
acatcctacc
caaagtggct
agtcatcttc
aaaaggaaga
ttttcegget
ccaatagtgt
ctgtaatgaa
gtctgttcgc
catatcacaa
cagtaattac

4

misc_feature

SOUrce

SEQUENCE :

atgacctcgy
aggagaacygy
agcccttaca
aaagtcatgc
gtagccagag
tggatcctta
tctgatcgcec
gacgtccaag
gagcgagacc
gaggcccaaa
acgaagcgtc
ctttcaagtc
tcgcaagacy
ggagatatga
ccetgectgt
ctaggaattyg
cattggaatyg
acagctcttyg
gataacttta
gtagcatcga
cttgacgagy
acattttcgt
acaagttggc
caagactatyg
atccttgaac
aaaaatgtta
agaccgctgyg
tgccgatttt
acttatggaa
agtttcactyg
gtgcacgagg
cgaaaaggat
gaatatgtcc
atactactgc

gaaaaggtag
ctggccgacy
atcgagtgtt

tatggcatcc
gttceccttte

aaagatggag
ctgattgagc

SEQ ID NO:
FEATURE
source

SEQUENCE :

tgagtgtgga
cgaatcctca
cacatgacag
taggaggggg
tcccatctat
agaatcagct
tgttagctac
tagaacaggg
aagattccct
gtttgaactt
aggaacgact
ttgaaggcat
gaagttttct
agtgcctaga
atcccgtcecga
accgacactt
accgaggaat
gattccgtcet
aggacgcgga
tgctgtcgcet
ctaagtcgtt
catggaacca
atgcgtccgt
cacacctcgce
tggcaaaact
cctegtggtt
agttttactt
tgttcactaa
ccoccttecga
agaacctacc

tcgcecttggga

gggaagacta
ctacacttga

tgtccggagt
actatcccygg
atactaagac
acatgaagga

tggaaccggc
cgtgcaaaaa

acggcttcgy
ccttgceccect

5

cctacgcgaa
tcgagataga
ctccgactgc
ttatgacgtyg
ggacgtgaat
taacacaatt
ctacttaact
ttacaataaa
aggtcctcta
aatcgacaac
atgcaacgat
atcatgctac
tcttattgat
aaagcctttc
cggagacgcc
tgaacctatc

moltype =

acttcaagat
ctcatcgagt
cggaatagtyg
tatgggacac
gcgattgacy
aatgaaatag
aaggcctggg
tctactcccea
caattagtgt
ctccaaaaat
cttgcttcag
atgcggacta
gagacctgga
gttgagactg
catacatcac
ttaccattcyg

DNA

Location/Qualifiers

1..2424
note =
1..2424
mol type
organism

gtcaggaact
tcctaatatt
ttcctaccyga
agagctcatg
cgacggcagt
caaggacygdy
actaagttgt
catcgagttt
tgtaactgat
gggactacca
cgcgaatttg
acaagacatc
ttcgtcacct
CCLLCtcttaac
cctgctggag
cgagaaagag
cggttggggc
gctaagactyg
cggtgagttt
atatcgagct
ttccacacaa
ccgacaatcg
tccacgagtc
aaagtcggtg
tgattttaac
ccgagacagc
tctcatagcce
ggtcgectgt
gcttaaatta
cgattatatg
agtagaaaaa
tctactggygyg
tgaatacata
ccttataatg
acgacgggtyg
ttataaagct
tcatcctgga

agtaaaagaa
aatgctattc
catctctaag
ctag

moltype =

Synthetic DNA

other DNA
synthetic

gtcagttgtc
tgggggtatg
gagcgggccd
atgacaccca
gcttgcecccgc
tcttggggta
gtcctagcect
ataaaacgaa
ttcgaaatta
tacgatctgc
tcaatggata
gttgaatggg
gctagtacag
aacgtcttga
cgcttgctta
attaaagagg
cgactgtccc
catcgttaca
ttctgctcca
tctcagttygg
tatcttcgag
ttatcggagg
gaggcaaaac
tacaaactgc
atcattcagt
ggtcttcctc
ggtggtacgt
cttcagacag
tttacagaag
aagttatgtt
gagcaaggtc
tattacgaag
aaaaatggta
gagggtcaat
ttgactgaac
gaaaaagctc

tgtcaagagg
ctgacgagag
gacgaaaccc
ctcgaggtca

AA  length

Location/Qualifiers

1..1822
mol type
organism

protein

length

46

-continued

ggtggagacyg
cgttctactg
tagcaaagat
tggacgaact
acctaccgga
cttatgacaa
cagacctctg
ctttcgacga
tcgegtactt
atcatgacat
caagcgctga
agggcatcag
agaaaatgaa
ctatcaacct
ccgacgaatt
aacgctag

= 2424

construct

CLtcttccaa
acttcgtcca
aaactctaat
gtgcttatga
aattcccaca
cagaaagcca
tgctaaagtyg
atttacaagc
CCLCcceccttce
cttatatacyg
agatccatgyg
agactataat
cgtgegtttt
caaaattcgyg
ttgtcgacaa
ctttagacta
caatagcaga
acgtaagtcc
ccgggcaatt
cattcccaga
aggcgctaga
aaatcaagta
gatactgtca
caaaggtcaa
ctattcacca
tgtttacctt
atgaaccaca
tgctggacga
ctgtccgacy
acaagattta
gggagcttgt
aagctgagtyg
ttacatctat
tgttgagcca
tgaatagttt
ggggagagcet
aggaagcttt

aatttctgaa
gagtcactat
aagaccacat

1822

ggtcggtcta
ggcagtggga
gttcagcttc
tgaattattc
ctatatgaaa
tctgaaagat
caatgcattt
gtattttgga
cgcggtggtyg
tatttccaga
aatagcccga
tgaagaacta
caaggagaaa
agcaaggcaa
gacaagaaag

caaccttatt
tagtctaaag
ctcggaaatc
tactgcatgyg
aactgtggag
cttcttactg
gaaggtggca
aataaaagat
tcttttaaag
gctgctgcaa
gggaactctc
ggacgtgcaa
tatgcacaca
ctccagtgtyg
tgtggagcgc
tgtgtacaga
cctagaaacc
cgttgtgett
taacaaggac
ggagtcgatc
aaagtccgaa
cgccctgaaa
agtctatcgc
caatgagaaa
aaaggaaatyg
cgctcegtgaa
gtatgcgaag
catgtatgac
atgggatttyg
ttatgatata
gtcegttettt
gctcgectget
tgggcaacgg
agaagccctt
gatcagtcgt
tgcttetteg
gaatcacatt

agcagatcat
ggtcatattt
taaggaatgt

Chloroflexug aurantiacus

MIDTAPLAPP RAPRSNPIRD RVDWEAQRAA ALADPGAFHG AIARTVIHWY DPQHHCWIREFE

NESSQRWEGL DAATGAPVTV DYPADYQPWQ QAFDDSEAPF YRWESGGLTN ACEFNEVDRHV
TMGYGDEVAY YFEGDRWDNS LNNGRGGPVY QETITRRRLL VEVVKAAQVL RDLGLKKGDR

500

560

1020
1080
1140
1200
1260
1320
1380
1440
1500
1560
1620
1680
1740
1788

60
120
180
240
300
360
420
480
540
600
660
720
780
840
500
560
1020
1080
1140
1200
1260
1320
1380
1440
1500
1560
1620
1680
1740
1800
1860
1920
1980
2040
2100
2160
2220

2280
2340
2400
2424

60
120
180
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-continued
IALNMPNIMP QIYYTEAAKR LGILYTPVFG GFSDKTLSDR IHNAGARVVI TSDGAYRNAQ 240
VVPYKEAYTD QALDKYIPVE TAQAIVAQTL ATLPLTESOR QTIITEVEAA LAGEITVERS 300
DVMRGVGSAL AKLRDLDASV QAKVRTVLAQ ALVESPPRVE AVVVVRHTGQO EILWNEGRDR 360
WSHDLLDAAL AKILANARAZ GFDVHSENDL LNLPDDQLIR ALYASIPCEP VDAEYPMFII 420
YTSGSTGKPK GVIHVHGGYV AGVVHTLRVS FDAEPGDTIY VIADPGWITG QSYMLTATMA 480
CGRLTGVIAEG SPLFPSAGRY ASIIERYGVQ IFKAGVTFLK TVMSNPONVE DVRLYDMHSL 540
RVATFCAEPV SPAVQQOFGMO IMTPQYINSY WATEHGGIVW THFYGNQDFP LRPDAHTYPL 600
PWVMGDVWVA ETDESGTTRY RVADFDEKGE IVITAPYPYL TRTLWGDVPG FEAYLRGEIP 660
LRAWKGDAER FVKTYWRRGP NGEWGYIQGD FAIKYPDGSF TLHGRSDDVI NVSGHRMGTE 720
EIEGAILRDR QITPDSPVGN CIVVGAPHRE KGLTPVAFIQ PAPGRHLTGA DRRRLDELVR 780
TEKGAVSVPE DYIEVSAFPE TRSGKYMRRF LRNMMLDEPL GDTTTLRNPE VLEEIAAKIZA 840
EWKRRORMAE EQQIIERYRY FRIEYHPPTA SAGKLAVVTV TNPPVNALNE RALDELNTIV 900
DHLARRODVA AIVFTGQGAR SFVAGADIRQ LLEEIHTVEE AMALPNNAHL AFRKIERMNK 960
PCIAAINGVA LGGGLEFAMA CHYRVADVYZA EFGOPEINLR LLPGYGGTOR LPRLLYKRNN 1020
GTGLLRALEM ILCGCGRSVPAD EALELGLIDA IATCGDODSLS LACALARAAI GADGOLIESZA 1080
AVTOAFRHRH EQLDEWRKPD PRFADDELRS IIAHPRIERI IRQAHTVGRD AAVHRALDAI 1140
RYGIIHGFEA GLEHEAKLFZA EAVVDPNGGK RCGIREFLDRQ SAPLPTRRPL ITPEQEQLLR 1200
DQOKELLPVGS PFFPGVDRIP KWQYAQAVIR DPDTGAAAHG DPIVAEKQII VPVERPRANQ 1260
ALIYVLASEV NFNDIWAITG IPVSRFDEHD RDWHVTGSGG IGLIVALGEE ARREGRLKVG 1320
DLVAIYSGQOS DLLSPLMGLD PMAADFVIQG NDTPDGSHOQ FMLAQAPQCL PIPTDMSIEZA 1380
AGSYILNLGT IYRALFTTLQ IKAGRTIFIE GAATGTGLDA ARSAARNGLR VIGMVSSSSR 1440
ASTLLAAGAH GAINRKDPEV ADCFTRVPED PSAWAAWEAZA GQPLLAMFRA QNDGRLADYV 1500
VSHAGETAFP RSFQLLGEPR DGHIPTLTFY GATSGYHFTF LGKPGSASPT EMLRRANLRA 1560
GEAVLIYYGV GSDDLVDTGG LEAIEAARQOM GARIVVVTVS DAQREFVLSL GFGAALRGVV 1620
SLAELKRRFG DEFEWPRTMP PLPNARQDPQ GLKEAVRRFN DLVFKPLGSA VGVFLRSADN 1680
PRCYPDLIIE RAAHDALAVS AMLIKPFTGR IVYFEDIGGR RYSFFAPQIW VRQRRIYMPT 1740
AQIFGTHLSN AYEILRLNDE ISAGLLTITE PAVVPWDELP EAHQAMWENR HTAATYVVNH 1800
ALPRLCGLKNR DELYEAWTAG ER 1822

1.-51. (canceled)

54. The methylotrophic host cell of claim 52, wherein the

52. A methylotrophic host cell comprising:

a heterologous polynucleotide encoding a 1-deoxy-D-
xylulose-5-phosphate synthase protein having a
sequence that 1s at least 90% identical to the E. coli
1-deoxy-D-xylulose-3-phosphate  synthase protein
encoded by SEQ ID NO: 1, wherein the 1-deoxy-D-
xylulose-5-phosphate synthase protein encoded by
SEQ ID NO: 1 corresponds to NCBI Reference
Sequence: AAC46162;

a heterologous polynucleotide encoding an 1soprene syn-
thase protein having a sequence that 1s at least 90%
identical to the Populus nigra 1soprene synthase protein
encoded by SEQ ID NO: 3, wherein the isoprene
synthase protein encoded by SEQ ID NO: 3 corre-
sponds to NCBI Reference Sequence: CAL69918;

a heterologous polynucleotide encoding an E-alpha-bis-
abolene synthase protein having a sequence that 1s at
least 90% 1dentical to the Picea abies E-alpha-bisab-
olene synthase protein encoded by SEQ ID NO: 4,

wherein the E-alpha-bisabolene synthase encoded by
SEQ ID NO: 4 corresponds to NCBI Reference

Sequence: AAS47689;

a heterologous polynucleotide encoding a propionyl-CoA

synthase having a sequence that 1s at least 90% 1den-
tical to SEQ ID NO:5; or

a combination thereof.

53. The methylotrophic host cell of claim 52, wherein the
methylotrophic host cell comprises a heterologous poly-
nucleotide encoding a 1-deoxy-D-xylulose-3-phosphate
synthase protein having a sequence that i1s at least 90%
identical to the E. coli 1-deoxy-D-xylulose-5-phosphate
synthase protein encoded by SEQ ID NO: 1, wherein the
1-deoxy-D-xylulose-3-phosphate synthase protein encoded
by SEQ ID NO: 1 corresponds to NCBI Reference
Sequence: AAC46162.

methylotrophic host cell comprises a heterologous poly-
nucleotide encoding an 1soprene synthase protein having a
sequence that 1s at least 90% 1dentical to the Populus nigra
1soprene synthase protein encoded by SEQ ID NO: 3,
wherein the 1soprene synthase protein encoded by SEQ 1D
NO: 3 corresponds to NCBI Reference Sequence:
CAL69918.

55. The methylotrophic host cell of claim 52, wherein the
methylotrophic host cell comprises a heterologous poly-
nucleotide encoding an E-alpha-bisabolene synthase protein
having a sequence that 1s at least 90% 1dentical to the Picea
abies B-alpha-bisabolene synthase protein encoded by SEQ

ID NO: 4, wherein the E-alpha-bisabolene synthase encoded
by SEQ ID NO: 4 corresponds to NCBI Reference

Sequence: AAS47689.

56. The methylotrophic host cell of claim 52, wherein the
methylotrophic host cell comprises a heterologous poly-
nucleotide encoding a propionyl-CoA synthase having a

sequence that 1s at least 90% 1dentical to SEQ ID NO:5.

57. The methylotrophic host cell of claim 52, wherein the
methylotrophic host cell comprises a genomic integration of
the heterologous polynucleotide encoding the 1-deoxy-D-
xylulose-3-phosphate synthase protein, a genomic integra-
tion ol the heterologous polynucleotide encoding an iso-
prene synthase, a genomic integration of the heterologous
polynucleotide encoding an E-alpha-bisabolene synthase
protein, a genetic mtegration of the heterologous polynucle-
otide encoding a propionyl-CoA synthase, or a combination
thereof.

58. The methylotrophic host cell of claim 52, wherein the
methylotrophic host cell 1s from the genus Paracoccus.

59. The methylotrophic host cell of claim 58, wherein the
host cell 1s a Paracoccus versutus cell.

60. The methylotrophic host cell of claim 38, wherein the
host cell 1s a Paracoccus denitrificans cell.
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61. The methylotrophic host cell of claim 38, wherein the
host cell 1s a Paracoccus zeaxanthinifaciens cell.

62. The methylotrophic host cell of claim 52, wherein the
methylotrophic host cell further comprises one or more
genetic modifications that enhance the ability of the meth-
ylotrophic host cell to grow on an electrolytically generated
C1 compound relative to a corresponding methylotrophic
host cell lacking the one or more genetic modifications.

63. The methylotrophic host cell of claim 62, wherein the
Cl compound 1s formate, formic acid, formaldehyde, or
methanol.

64. The methylotrophic host cell of claim 63, wherein the
C1 compound 1s formate, and the methylotrophic host cell
turther comprises a formate transporter.

65. The methylotrophic host cell of claim 52, wherein the
methylotrophic host cell 1s capable of converting a Cl
compound into an 1soprenoid.

66. A high-cell density bioreactor comprising a methylo-
trophic host cell according to claim 52.

67. A method comprising culturing a methylotrophic host
cell according to claim 52, under conditions such that i1t
produces a product of interest.

68. A method of producing an 1soprenoid, comprising
culturing a methylotrophic host cell according to claim 65,
under conditions such that it produces the 1soprenoid.

69. The method of claim 68, wherein the 1soprenoid 1s a
triterprene.

70. The method of claim 68, wherein the 1soprenoid 1s
1soprene.

71. The method of claim 68, wherein the conditions
comprise formate.
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