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(57) ABSTRACT
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of an oxidase; and (b) converting methacrylyl-CoA into
methacrylic acid and/or derivatives thereof. The invention
also extends to microorganisms adapted to conduct the steps
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PROCESS FOR THE BIOLOGICAL
PRODUCTION OF METHACRYLIC ACID
AND DERIVATIVES THEREOF

FIELD

[0001] The present invention relates to a process for the
biological production of methacrylic acid and derivatives
thereof. In particular the process relates to using particular
enzymatic conversions to form methacrylic acid from isobu-
tyryl-CoA via methacrylyl-CoA, and the polymers or copo-
lymers produced therefrom.

BACKGROUND

[0002] Acrylic acids and their alkyl esters, in particular
methacrylic acid (MAA) and its methyl ester, methyl meth-
acrylate (MMA), are important monomers in the chemical
industry. Their main application is in the production of
plastics for various applications. The most significant
polymerisation application is the casting, moulding or extru-
sion of polymethyl methacrylate (PMMA) to produce high
optical clarity plastics. In addition, many copolymers are
used; important copolymers are copolymers of methyl meth-
acrylate and ethyl methacrylate with c.-methyl styrene, ethyl
acrylate and butyl acrylate. Furthermore, by a simple trans-
esterification reaction, MMA may be converted to other
esters such as butyl methacrylate, lauryl methacrylate etc.

[0003] Currently, MMA (and MAA) is produced by a
number of chemical procedures, one of which is the suc-
cessful ‘Alpha process’ whereby MMA is obtained from the
ester, methyl propionate, by anhydrous reaction with form-
aldehyde. In the Alpha process, the methyl propionate is
produced by the carbonylation of ethylene. This ethylene
feedstock is derived from fossil fuels. Recently, it has
become desirable to also source sustainable biomass feed-
stocks for the chemical industry. Accordingly, an alternative
biomass route to MMA instead of using the Alpha process
would be advantageous.

[0004] Therefore, it is one object of the present invention
to address the aforementioned problem, and provide a bio-
logical or part biological process for the production of
methacrylic acid.

[0005] Surprisingly, the present inventors have found a
way to apply a novel enzyme substrate combination not
previously considered for the formation of methacrylic acid
at an industrially applicable level, thereby providing a new
and viable bio-based route to key monomers such as MMA.

[0006] It is known that the oxidation of isobutyryl-CoA to
methacrylyl-CoA occurs naturally in the valine degradation
1 pathway, and enzymes carrying out this conversion have
been observed in some cells. In these systems, the conver-
sion typically uses an acyl-CoA dehydrogenase enzyme
which requires a corresponding electron transport system to
couple oxidation of the substrate with reduction of ubiqui-
none, which is then regenerated.

[0007] WO201438216 describes a process of producing
methacrylic acid from microbes and methacrylyl CoA con-
version to the ester using alcohol acyl transferases. The
document shows a small amount of conversion of 2-oxois-
ovaleric acid to isobutyryl CoA and isobutyryl CoA into
methacrylyl CoA. It also discusses the theoretical produc-
tion of methacrylic acid from methacrylyl-CoA in vivo but
this is not successfully produced.
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[0008] However, in W0201438216, the only example of
the in vivo production of methacrylic acid uses the Riodo-
coccus erythropolis derived acyl-CoA dehydrogenases
recombinantly expressed in a host of the same genus; a
Rhodococcus bacterium. Other examples attempting to het-
erologously express the similar acyl-CoA dehydrogenases
discovered in Pseudomonas aeruginosa in a different host
organism did not produce methacrylic acid. The up-regula-
tion or expression of a heterologous acyl-CoA dehydroge-
nase in a host organism is difficult to achieve and has not yet
been reported.

[0009] Therefore, it is a further object of the present
invention to provide an improved production of methacrylic
acid.

[0010] There is no known metabolic pathway in which the
production of methacrylic acid occurs, either as a product or
as an intermediate. Acyl-CoA thioesterase enzymes are
known to catalyse the hydrolysis of structurally-related
substrates, however these enzymes tend to have very narrow
substrate specificity, and either have not been tested for or do
not catalyse hydrolysis of methacrylyl-CoA. Furthermore,
those rarer varieties that do have broad substrate specificity
are likely to be a problem in a biological system, such as the
expression host cell, due to off-target hydrolysis of essential
cellular thioesters. Again, none are known to catalyse the
hydrolysis of methacrylyl-CoA. Accordingly, these enzymes
have thus far not been demonstrated as viable for use in
industrial applications involving the biological production
of methacrylic acid.

[0011] Therefore it is a further object of the present
invention to address the aforementioned problem and pro-
vide a viable enzymatic conversion of methacrylyl-CoA to
methacrylic acid which can be used in an industrial process,
and which can be used independently of any enzyme func-
tioning to convert isobutyryl CoA into methacrylyl CoA.

STATEMENT OF INVENTION

[0012] According to the first aspect of the present inven-
tion, there is provided a process of producing methacrylic
acid and/or derivatives thereof, comprising the following
steps:
[0013] (a) Biologically converting isobutyryl-CoA into
methacrylyl-CoA by the action of an oxidase; and
[0014] (b) Converting methacrylyl-CoA into meth-
acrylic acid and/or derivatives thereof.
[0015] According to a second aspect of the present inven-
tion, there is provided a process of producing methacrylic
acid comprising the following steps:

[0016] (a) Converting isobutyryl-CoA into methacrylyl-
CoA; and
[0017] (b) Biologically converting methacrylyl-CoA

into methacrylic acid by the action of a thioesterase,

suitably a  4-hydroxybenzoyl-CoA  thioesterase

(4HBT), transferase, synthetase, and/or a phospho-

transacylase and a short chain fatty acid kinase.
[0018] Preferably, in the process of the second aspect of
the present invention the methacrylyl-CoA is converted to
methacrylic acid by the action of a thioesterase, more
preferably a 4-hydroxybenzoyl-CoA thioesterase (4HBT),
suitably under EC group 3.1.2.23. Most preferably, the
methacrylyl-CoA is converted to methacrylic acid by the
action of acyl-CoA thioesterase 4HBT from Arthrobacter sp.
Strain SU.
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[0019] Advantageously, the processes of the invention
provide a further biological route to produce the key chemi-
cal methacrylic acid and its known derivatives reducing the
industry reliance on fossil fuels and increasing sustainabil-
ity.

[0020] The process enables facile conversion of renewable
feedstocks to isobutyryl-CoA by microbial fermentation,
and co-expression of enzymes catalysing steps (a) and (b)
will provide a direct microbial fermentation route to MAA.
[0021] Still further, the processes use enzymes for either
step (a) or (b) not previously considered for the production
of methacrylic acid and not found in naturally occurring
valine pathways. In particular, the enzyme for step (a) acts
to convert isobutyryl CoA into methacrylyl CoA without
requiring an associated electron transport system, and the
enzymes for step (b) have high substrate specificity for
methacrylyl CoA to avoid the problem of build-up of this
intermediate in host organisms. Therefore either of the
enzymes in step (a) or (b) may be used alone to improve
partly chemical procedures to form methacrylic acid or to
improve biological processes to form methacrylic acid.
Alternatively, both enzymes of step (a) and (b) can be used
together to form a stand-alone biological process for making
methacrylic acid to an industrially applicable level, and
which is functional in heterologous host organisms.

Enzymes

[0022] In the context of the present invention ‘biologi-
cally’ means using a biological catalyst. Preferably the
biological catalysts are enzymes, but may include any cata-
Iytic structure derived from a biological source.

[0023] In the context of the present invention ‘chemically’
means using chemical means other than using a biological
catalyst such as an enzyme.

[0024] In relation to the first aspect, step (b) may be
conducted biologically or chemically, preferably biologi-
cally.

[0025] In relation to the second aspect, step (a) may be
conducted biologically or chemically, preferably biologi-
cally.

[0026] Preferably, step (a) and step (b) are conducted

enzymatically using one or more enzymes wherein the
enzymes are acting as biological catalysts.

[0027] Preferably the oxidase is an oxidase acting on
CH—CH bonds, under EC number 1.3.x.x, more preferably
an oxidase acting on CH—CH bonds using oxygen as an
electron acceptor, under EC number EC 1.3.3.x. Still more
preferably, the oxidase is an acyl-CoA oxidase, suitably
under EC number EC 1.3.3.6. More preferably the acyl-CoA
oxidase is selected from any of the following enzymes:
ACX4 from Arabidopsis thaliana, short chain acyl-CoA
oxidase from Arthrobacter nicotianae, peroxisomal acyl-
CoA oxidase from Vigra radiata, acyl-CoA oxidase from
Candida sp. and acyl-CoA oxidase 4 from Candida tropi-
calis. Most preferably the acyl-CoA o xidase is ACX4 from
Arabidopsis thaliana.

[0028] Alternatively, isobutyryl-CoA may be converted to
methacrylyl-CoA by the action of an oxidoreductase, suit-
ably under EC group number 1.X.X.X. Preferably, the
oxidoreductase is an oxidoreductase acting on the CH—CH
group of electron donors, suitably under EC group 1.3.X.X.
More preferably, the oxidoreductase acting on the CH—CH
group of donors is a FAD dependent oxidoreductase, still
more preferably the oxidoreductase is a CoA dehydrogenase
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under EC group 1.3.8.X. More preferably still, the oxi-
doreductase is a short chain acyl-CoA dehydrogenase, suit-
ably under EC group 1.3.8.1, an isovaleryl-CoA dehydro-
genase, suitably under EC group 1.3.8.4, a 2-methyl-
branched-chain acyl-CoA dehydrogenase, suitably under EC
group 1.3.8.5 or an acyl-CoA dehydrogenase, suitably under
EC group 1.3.8.-, such as an isobutyryl-CoA dehydrogenase.
Most preferably the oxidoreductase is selected from any of
the following enzymes: short/branched chain acyl-CoA
dehydrogenase from Pseudomonas putida, isobutyryl-CoA
dehydrogenase from Homo sapiens, isovaleryl-CoA dehy-
drogenase from Arabidopsis thaliana.

[0029] The CoA dehydrogenase enzymes would generally
require an associated electron transport system to couple
oxidation of the substrate with reduction of ubiquinone,
which is then regenerated. Such an electron transport system
consists of an electron transfer flavoprotein (ETF), and an
electron transfer flavoprotein ubiquinone oxidoreductase
(ETFQO). The ETF must be compatible with both the
acyl-CoA dehydrogenase enzyme and the ETFQO. Accord-
ingly, in the embodiments where an acyl-CoA dehydroge-
nase is used, one of the following regeneration systems is
preferably employed:

[0030] Inoneembodiment, isobutyryl-CoA is converted to
methacrylyl-CoA using a host microorganism comprising an
endogenous CoA dehydrogenase, with activity on isobu-
tyryl-CoA, and its associated electron transport system, such
as is in the case of, for example, Pseudomonas putida.
[0031] In a second embodiment, isobutyryl-CoA is con-
verted to methacrylyl-CoA in a host organism by the action
of'a heterologous CoA dehydrogenase enzyme accompanied
by the proteins of the electron transport system from the
same organism as the heterologous CoA dehydrogenase. For
example, the CoA dehydrogenase and electron transport
system components from Homo sapiens, Pseudomonas
putida, Paracoccus denitrificans, or from Arabidopsis thali-
ana, all expressed in Escherichia coli (or another host
organism).

[0032] In a third embodiment, isobutyryl-CoA is con-
verted to methacrylyl-CoA in a host organism by the action
of a heterologous CoA dehydrogenase enzyme, accompa-
nied by electron transport system components also from
different microorganisms, whereby those components are
compatible with each other and with the CoA dehydroge-
nase. For example, the CoA dehydrogenase from Homo
sapiens is compatible with the electron transfer flavoprotein
of Sus scrofa which is in turn compatible with the electron
transfer flavoprotein ubiquinone oxidoreductase from Rko-
dobacter sphaeroides. Alternatively, as the ETF-ubiquinone
oxidoreductase of 4. thaliana has good sequence homology
with the ETF-ubiquinone oxidoreductase of R. sphaeroides,
isovaleryl-CoA dehydrogenase and the ETF of A. thaliana
could form a functional system with the ETF-ubiquinone
oxidoreductase from R. sphaeroides for the oxidation of
isobutyryl-CoA. Finally, the ETF and ETF-ubiquinone oxi-
doreductase from Paracoccus denitrificans are predicted to
be compatible with an isobutyryl-CoA dehydrogenase from
another source, such as that of H. sapiens or homologues
from different organisms, due to the similarity of the P.
denitrificans ETF with the human and porcine ETFs.
[0033] Preferably methacrylyl-CoA is converted to meth-
acrylic acid by the action of a thioester hydrolase (also
known as a thioesterase), suitably under EC group 3.1.2.X.
Still more preferably the enzyme is an acyl CoA thio-
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esterase, suitably under EC group 3.1.2.20, a 3-hydroxy-
isobutyryl-CoA hydrolase, suitably under EC group 3.1.2.4,
an ADP dependent acyl-CoA thioesterase, suitably under EC
group 3.1.2.18, a 4-hydroxybenzoyl-CoA thioesterase, suit-
ably under EC group 3.1.2.23, or a thioesterase under EC
group 3.1.2.-, such as, for example, a salicyloyl-CoA thio-
esterase. More preferably the thioesterase is selected from
any of the following enzymes: 4HBT from Arthrobacter sp.
strain SU, 4HBT from Arthrobacter globiformis, 4HBT
from Pseudomonas sp. strain CBS-3, EntH from Escheri-
chia coli, YciA from E. coli , YciA from Haemophilus
influenzae, TesA from Escherichia coli or TesB from
Escherichia coli, FcoT from Mycobacterium tuberculosis.
Still more preferably, the thioesterase is an acyl-CoA thio-
esterase. Still more preferably, the thioesterase is a 4-hy-
droxybenzoyl-CoA thioesterase, suitably under EC group
3.1.2.23. Most preferably the acyl-CoA thioesterase is 4HBT
from Arthrobacter sp. strain SU.

[0034] Thus, in one embodiment, isobutyryl-CoA may be
converted to methacrylyl-CoA by the action of an oxidase
and methacrylyl-CoA may be converted to methacrylic acid
by the action of a 4-hydroxybenzoyl-CoA thioesterase,
suitably under EC group 3.1.2.23, more preferably the
acyl-CoA thioesterase 4HBT from Arthrobacter sp. strain
SU.

[0035] In one embodiment, isobutyryl-CoA may be con-
verted to methacrylyl-CoA by the action of an acyl-CoA
oxidase, suitably under EC group number 1.3.3.6, more
preferably ACX4 from Arabidopsis thaliana, and methacry-
lyl-CoA may be converted to methacrylic acid by the action
of a 4-hydroxybenzoyl-CoA thioesterase, suitably under EC
group 3.1.2.23, more preferably the acyl-CoA thioesterase
4HBT from Arthrobacter sp. strain SU.

[0036] Alternatively, methacrylyl-CoA may be converted
to methacrylic acid by the action of one of the following
enzymatic routes:

[0037] In one embodiment, methacrylyl-CoA is converted
to methacrylic acid by the action of a transferase, suitably
under EC group number 2.X.X.X. Preferably the transferase
is a transferase that transfers sulfur containing groups,
suitably under EC group number 2.8.X.X. More preferably,
the transferase is a CoA-transferase, suitably under EC
group number 2.8.3.X. More preferably still, the transferase
is an acetate-dependent acyl-CoA transferase or an acetoac-
etate-dependent butyric-CoA transferase, suitably under EC
group numbers 2.8.3.8 and 2.8.3.9 respectively. Most pref-
erably the transferase is selected from any of the following
enzymes: butyryl-CoA:acetoacetate CoA transferase from
Clostridium sp. SB4, butyryl-CoA:acetoacetate CoA trans-
ferase from Clostridium sticklandii, butyrate:acetoacetate
CoA-transferase  from  Clostridium  acetobutylicum
ATCC824, acetate coenzyme A transferase ydiF from
Escherichia coli.

[0038] As used herein, the terms ligase, synthetase, and
synthase are used interchangeably as is understood in the art.
[0039] In a second embodiment, methacrylyl-CoA is con-
verted to methacrylic acid by the action of a synthetase
acting in the reverse direction, suitably under EC group
number 6.X.X.X. Preferably the synthetase is a carbon-
sulfur bond forming synthetase, suitably under EC group
number 6.2.X.X. More preferably the synthetase is an acid-
thiol ligase, suitably under EC group number 6.2.1.X. Most
preferably, the synthetase is a reversible ADP or GDP
forming acyl-CoA ligase, such as a GDP forming succinate-
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CoAsynthetase , suitably under EC group 6.2.1.4, an ADP
forming succinate-CoAsynthetase, under EC group 6.2.1.5,
an ADP forming glutarate-CoAsynthetase, under EC 6.2.1.6,
an ADP forming malate-CoAsynthetase, under EC 6.2.1.9, a
GDP forming carboxylic acid-CoAsynthetase, under EC
6.2.1.10, an ADP forming acetate-CoAsynthetase, under EC
6.2.1.13 or an ADP forming citrate-CoAsynthetase, under
EC 6.2.1.18.

[0040] In a third embodiment, methacrylyl-CoA is con-
verted to methacrylic acid by the combined action of a
phosphotransacylase akin to a phosphotransacetylase or a
phosphotransbutyrylase under EC group number EC 2.X.X.
X, more preferably EC group number EC 2.3.X.X, still more
preferably EC 2.3.1.X, most preferably under EC group
number 2.3.1.8 or 2.3.1.19, and a short chain fatty acid
kinase, under EC group number EC 2.X.X X, preferably EC
2.7.X.X, more preferably EC 2.7.2.X, most preferably an
acetate kinase under EC 2.7.2.1, a formate kinase under EC
2.7.2.6, a butyrate kinase under EC 2.7.2.7, a branched chain
fatty acid kinase under EC 2.7.2.14 or a propionate kinase
under EC 2.7.2.15. Preferably the phosphotransacylase is a
methacrylyl-CoA phosphotransacylase. Preferably the short
chain fatty acid kinase is a reversible methacrylic acid
kinase. Most preferably the phosphotransacylase is selected
from any of the following enzymes: Phosphotransbutyrylase
from Clostridium acetobutylicum ATCC824. Most prefer-
ably the short chain fatty acid kinase is selected from any of
the following enzymes: branched chain fatty acid kinase
from Spirochete MA-2, butyrate kinase from Thermotoga
maritima, butyrate kinase form Clostridium butyricum.

[0041] In the context of the present invention, the term
‘derivatives thereof” means any chemical directly related to
or comprising either methacrylyl CoA or methacrylic acid,
such as the esters thereof, the acyl halides thereof, the
anhydrides thereof, the amides thereof, the nitriles thereof,
the lactones thereof, the salts thereof, the complexes thereof,
the isomers of, the oligomers or polymers thereof and further
any substituted versions of these, more preferably, it means
the esters or the salts thereof.

[0042] Preferably the derivatives thereof of methacrylic
acid are methacrylic acid esters. Preferably the methacrylic
acid esters are alkyl methacrylates, more preferably lower
alkyl (C1-C20) methacrylates, still more preferably, C1-C12
alkyl methacrylates, especially the C1-C4 alkyl esters, such
as the methyl, ethyl or butyl methacrylates, or C4-C12 alkyl
esters. Most preferably, the methacrylic acid esters are butyl
methacrylates, for example n-butylmethacrylate.

[0043] The methacrylic acid esters may be formed bio-
logically from the methacrylyl-CoA, preferably by the
action of a transferase enzyme under EC group number
EC2.X.X.X, more preferably an acyl transferase under EC
group number 2.3.X.X, still more preferably an alcohol
acyltransferase under EC group number EC2.3.1.84.

[0044] Preferably, when methacrylic esters are formed
biologically from methacrylyl-CoA, the methacrylyl-CoA is
formed biologically from isobutyryl-CoA by the action of an
oxidase.

[0045] Thus, according to a third aspect of the present
invention there is provided a process of producing a meth-
acrylic acid ester comprising the following steps:

[0046] (a) biologically converting isobutyryl-CoA into
methacrylyl-CoA by the action of an oxidase; and
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[0047] (b) converting methacrylyl-CoA into a meth-
acrylic acid ester by the action of an alcohol acyltrans-
ferase.

[0048] Preferably the oxidase of the third aspect is an
oxidase acting on CH—CH bonds, under EC number 1.3.
x.X, more preferably an oxidase acting on CH—CH bonds
using oxygen as an electron acceptor, under EC number EC
1.3.3x. Still more preferably, the oxidase is an acyl-CoA
oxidase, suitably under EC number EC 1.3.3.6. More pref-
erably the acyl-CoA oxidase is selected from any of the
following enzymes: ACX4 from Arabidopsis thaliana, short
chain acyl-CoA oxidase from Arthrobacter nicotianae, per-
oxisomal acyl-CoA oxidase from Vigra radiata, acyl-CoA
oxidase from Candida sp. and acyl-CoA oxidase 4 from
Candida tropicalis. Most preferably the acyl-CoA oxidase is
ACX4 from Arabidopsis thaliana.

[0049] Preferably, the methacrylic acid esters of the third
aspect are alkyl methacrylates, more preferably lower alkyl
(C1-C20) methacrylates, still more preferably, C1-C12 alkyl
methacrylates, especially the C1-C4 alkyl esters, such as the
methyl, ethyl or butyl methacrylates, or C4-C12 alkyl esters.
Most preferably, the methacrylic acid esters are butyl meth-
acrylates, for example n-butylmethacrylate.

[0050] Suitably the alcohol acyltransferase acts in the
presence of an alcohol or phenol, preferably a linear or
branched C1-20 unsubstituted alcohol, aralkyl alcohol or
phenol, and particularly preferably a C1-8 or C1-4 alkyl
alcohol such as methanol, ethanol, n-propanol, isopropanol,
n-butanol, isobutanol, sec-butanol, tert-butanol, n-pentylal-
cohol, isopentyl alcohol, tert-pentyl alcohol, n-hexyl alco-
hol, isohexyl alcohol, 2-hexyl alcohol, dimethylbutyl alco-
hol, ethylbutyl alcohol, heptyl alcohol, octyl alcohol,
2-ethylhexyl alcohol; a benzyl alcohol or a phenol. Prefer-
ably, the alcohol acyltransferase acts in the presence of an
alcohol, more preferably a C1-C12 alcohol, more preferably
a Cl to C4 or C4-C12 alcohol, still more preferably in the
presence of butanol, such as n-butanol, isobutanol, sec-
butanol or tert-butanol. Most preferably, the alcohol acyl-
transferase acts in the presence of n-butanol.

[0051] By the term alcohol herein is meant a species
having a hydroxyl group (—OH group) and which is capable
of forming an ester group with the methacrylate. Preferably,
the alcohol may be a C1 to C20 alkanol, more preferably a
Cl to C12 alkanol, still more preferably a Cl to C4 alkanol
or a C4 to C12 alkanol, most preferably a C4 alkanol.
[0052] Preferably the alcohol acyltransferase is derived
from a plant origin, more preferably the plant belongs to any
order selected from the group consisting of Zingiberales,
Rosales, Ericales, Cucurbitales, Brassicales and Laurales;
still more preferably the plant belongs to any family selected
from the group consisting of Musaceae, Rosaceae, Frica-
ceae, Actinidiaceae, Cucurbitaceae, Caricaceae and Lau-
raceae; still more preferably the plant belongs to any genus
selected from the group consisting of Musa, Fragaria,
Malus, Prunus, Pyrus, Vaccinium, Actinidia, Cucumis,
Carica and Persea; still more preferably the plant is any one
selected from the group consisting of banana, strawberry,
apple, Prunus mume, Pyrus communis, blueberry, kiwi,
melon, papaya and avocado. Most preferably, the alcohol
acyltransferase is derived from a fruit origin such as apple,
melon or tomato origin, suitably apple origin.

[0053] The biological tissue or processed product thereof
may be used e.g., fruit, leaves, petals, stem, seed, fruit skin,
sarcocarp, etc in which the alcohol acyltransferase is pres-
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ent. Alternatively, the crude enzyme liquid extracted from
these biological tissues, purified enzyme, or the like may be
used. Alternatively, the gene for the alcohol acyltransferase
may be isolated, and introduced into a host microorganism
for expression therein.

[0054] The use of an alcohol acyltransferase to convert
methacrylyl CoA into methacrylic acid esters is fully
described in W02014/038214, the disclosure of which is
incorporated herein by reference, in particular the alcohol
acyltransferase genes and sequences thereof, and the vector
plasmids comprising said sequences.

Further Process Steps

[0055] Optionally the process of the first or second aspects
of the present invention may further comprise step (c) of
converting any methacrylic acid formed in step (b) into a
methacrylic acid ester.

[0056] Preferably the methacrylic acid esters are alkyl
methacrylates, more preferably lower alkyl (C1-C20) meth-
acrylates, more preferably C1-C12 alkyl methacrylates, still
more preferably C1-C4 or C4-C12 alkyl methacrylates.
Most preferably, the methacrylic acid esters are butyl meth-
acrylate.

[0057] The methacrylic acid esters formed in step (c) may
be formed biologically or chemically, preferably they are
formed biologically.

[0058] Optionally, step (¢) may be conducted chemically
by an esterification reaction with a suitable alcohol. The
reaction conditions under which esterification is effected,
can be varied considerably. The reaction proceeds very
slowly at room temperature, but quite rapidly at elevated
temperatures. Typically one of the reactants is used in
stoichiometric excess in order to drive the reaction. The
other reactant is then called the limiting reagent. About 99%
of the limiting reagent, e.g., acids, alcohols or polyols, can
be converted to an ester within a few hours. Limiting
reagents are typically reagents which are not present in
stoichiometric excess, e.g., limiting reagents used to make
polyol esters are polyols.

[0059] Because the esterification of an alcohol and an
organic acid is a reversible reaction, the esterification reac-
tion normally does not go to completion. However, conver-
sions of over 99% can be achieved by removing at least one
of the esterification products, typically water. If one of the
products is boiling at a lower temperature than the other one,
and than the reagents, this removal is typically achieved by
distillation. A variety of distillation techniques are known in
the art to remove the produced water from the reaction zone.
One method of water removal includes carrying out the
reaction in a liquid medium which may form an azeotrope
having a boiling point that is lower than that of either or each
component of the reaction. If the reagents and the resulting
ester have boiling points above 100° C. at atmospheric
pressure, then the reaction temperature can simply be
adjusted to remove water and no liquid medium capable of
forming an azeotrope with water is required. Additionally,
an entrainer may be used to aid in the distillation of the water
from the reaction mixture. Inert materials such as cyclo-
hexane, hexane, benzene, toluene, or xylene may be used as
an entrainer in the production of esters. In addition, the
reactant having the lower boiling point may also be
employed as the entrainer. In this latter case, the reactant
used as the entrainer is typically charged into the reaction
mixture in excess over the stoichiometric quantities required
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for the reaction. Esterification processes, including those
employing water removal, may be conducted in a batch or
continuous mode of operation. Various esterification pro-
cesses are disclosed in Volume 9 of the Kirk-Othmer Ency-
clopaedia of Chemical Technology, Fourth Edition (1994),
pp. 762-768, the entirety of which is hereby incorporated by
reference.

[0060] A conventional batch esterification procedure
includes charging all of the reactants into the reactor at the
beginning of the reaction cycle. In catalytic esterification
processes, the catalyst is typically added to the reaction
mixture after the batch reaches a target temperature. The
reaction mixture may then be heated further. The tempera-
ture of the reaction mixture rises until the boiling point of the
reaction mixture is achieved, at which point the entrainer, if
used, and water by-product boil out of the reaction mixture.
Typically, the overhead vapours are condensed, the water
separated from the entrainer, and the entrainer recycled to
the reactor vessel. The reaction temperature, and therefore
the rate of reaction, is limited by the boiling point of the
reaction mixture. When the reactant with the lower boiling
point is also used as the entrainer, its concentration is
gradually reduced as the reaction proceeds. Also the con-
centrations of the reactants decrease during the reaction,
which negatively affects the reaction rate. Thus the reaction
temperature, and, therefore, the rate constant for the reac-
tion, increases as the reaction proceeds, irrespective whether
an entrainer is used or not, particularly if heat input is
continued during the course of the reaction.

[0061] Preferably step (c) is conducted biologically by the
action of an esterase or hydrolase enzyme acting in relation
to an ester bond under EC group number EC 3.1.x.x., more
preferably, the enzymes are under.EC 3.1.1.X and are the
enzymes of the hydrolase class involved in catalysis of
cleavage and formation of ester bonds. A recent review of
microbial esterases is as follows: Int. J. Curr. Microbiol.
App. Sci (2013) 2(7): 135-146.

[0062] Preferably the process further comprises one or
more further step/s of producing isobutyryl-CoA, more
preferably producing isobutyryl-CoA from 2-ketoisovaleric
acid, and/or from isobutyric acid.

[0063] In one embodiment, the process further comprises
the one or more further step/s of producing isobutyryl-CoA
from 2-ketoisovaleric acid, the one or more further step/s
being any of the following:

[0064] Preferably the process further comprises a step of
converting 2-ketoisovaleric acid into isobutyryl-CoA. More
preferably 2-ketoisovaleric acid is converted to isobutyryl-
CoA by a branched chain keto acid dehydrogenase enzyme
complex, consisting of the alpha subunit component, the
lipoamide acyltransferase component and the lipoamide
dehydrogenase component. Most preferably, the dehydro-
genase is selected from any of the following enzymes:
branched chain keto acid dehydrogenase (BCKD) from P,
putida, BCKD from Bacillus subtilis, BCKD from P. aeu-
ruginosa, BCKD from A. thaliana, BCKD from Streptomy-
ces coelicolor and BCKD from Thermus thermophilus.
[0065] Alternatively, the conversion of 2-ketoisovaleric
acid to isobutyryl-CoA may be catalyzed by an oxidoreduc-
tase enzyme, suitably under EC group 1.X.X.X, preferably
an oxidoreductase acting on the aldehyde or oxo group of
donors, suitably under EC group 1.2.X.X, more preferably
an oxidoreductase enzyme acting on the aldehyde or oxo
group of donors, using an iron-sulfur protein as the electron
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acceptor, suitably under EC group 1.2.7.X, most preferably
a 2-ketoisovalerate ferredoxin reductase (known also as
ketovaline ferredoxin oxidoreductases), suitably under EC
group number 1.2.7.7, which is a tetramer consisting alpha,
beta, gamma and delta subunits. Examples of such enzymes
are 2-ketoisovalerate ferredoxin reductase from Pyrococcus
furiosis; 2-ketoisovalerate ferredoxin reductase from Pyro-
coccus sp.; 2-ketoisovalerate ferredoxin reductase from
Thermococcus sp; 2-ketoisovalerate ferredoxin reductase
from Thermococcus litoralis; 2-Ketoisovalerate ferredoxin
reductase from Thermococcus profundus and 2-ketoisoval-
erate ferredoxin reductase from Methanobacterium thermo-
autotrophicum.

[0066] In a second embodiment, the process further com-
prises the one or more further step/s of producing isobutyryl-
CoA from isobutyric acid, the one or more further step/s
being any of the following:

[0067] Preferably the process further comprises a step of
converting isobutyric acid into isobutyryl-CoA.

[0068] Optionally, isobutyric acid is converted to isobu-
tyryl-CoA by the action of a ligase enzyme, suitably under
EC group number 6. X.X.X, preferably a carbon-sulfur bond
forming ligase under EC group 6.2.X.X, more preferably an
acid-thiol forming ligase under EC group 6.2.1.X, more
preferably a GDP-forming, an ADP forming or an AMP
forming ligase, such as an AMP forming acetate-CoA ligase,
suitably under EC group 6.2.1.1, a butyrate-CoA ligase,
suitably under EC group 6.2.1.2, a carboxylic acid-CoA
ligase, suitably under EC group 6.2.1.10, an ADP forming
acetate-CoA ligase, suitably under EC group 6.2.1.13, a
propionate-CoA ligase, suitably under EC group 6.2.1.17 or
an acid-thiol ligase in EC group 6.2.1.-. Most preferably the
ligase is selected from any of the following enzyme: AcsA
from Pseudomonas chlororaphis, butyryl-CoA synthetase
from Paecilomyces varioti, butyryl-CoA synthetase from
bovine heart mitochondria.

[0069] In a third embodiment, the process further com-
prises one or more further step/s of producing isobutyryl-
CoA from isobutyrate, the one or more further step/s being
any of the following:

[0070] Preferably the process further comprises the step of
converting isobutyrate to isobutyryl-phosphate, and the step
of converting isobutyryl-phosphate to isobutyryl-CoA.
[0071] Preferably the isobutyrate is converted to isobu-
tyryl-phosphate by a kinase enzyme, suitably under EC
group number EC 2.X X X, preferably under EC 2.7.X.X,
more preferably under EC group number EC 2.7.2.X, most
preferably an acetate kinase, suitably under EC group 2.7.
2.1, a formate kinase under EC 2.7.2.6, a butyrate kinase
under EC 2.7.2.7, a branched chain fatty acid kinase under
EC 2.7.2.14 or a propionate kinase under EC 2.7.2.15.Most
preferably the kinase is selected from any of the following
enzymes: branched chain fatty acid kinase from Spirochete
MA-2, butyrate kinase from C. butyricum.

[0072] Preferably the isobutyryl-phosphate is converted to
isobutyryl-CoA by the action of a transferase enzyme, under
EC group number 2.X.X.X, more preferably by the action of
an acyltransferase under EC group number 2.3.X.X, still
more preferably by the action of acyltransferase transferring
groups other than amino-acyl groups under EC group num-
ber 2.3.1.X. Still more preferably a phosphate acetyltrans-
ferase or a phosphate butyryltransferase, under EC group
numbers 2.3.1.8 and 2.3.1.19, respectively. More preferably
the transferase is phosphate butyryltransferase from
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Clostridium acetobutylicum ATCCS824 or phosphate acetyl-
transferase from Bacillus subtilis, Corynebacterium gluta-
micum ATCC13032, Thermotoga maritima and Clostridium
kluyveri. Other sources of these enzymes include other
anaerobic bacteria, especially Clostridium species such as
Clostridium pasteurianum or Clostridium beijerinckii.
[0073] Most preferably the process further comprises a
step of producing isobutyryl-CoA from isobutyric acid by
the action of the synthetase enzyme, preferably an isobu-
tyryl-CoA synthetase, most preferably isobutyryl-CoA syn-
thetase (AcsA) from P. chloraphis 823.

[0074] Optionally, any of the further process steps as
described hereinabove in relation to the first and/or second
and/or third embodiments may be combined.

Microorganisms

[0075] The enzymes of the above process may be con-
tained within one or more microorganism/s, or present free
of a microorganism, for example as a cell-free extract or
purified enzyme in a reaction vessel, or held on a column.
[0076] Preferably the biological conversions of the pro-
cess are conducted in one or more host microorganism/s.
More preferably the one or more enzymes for conducting the
biological conversions are contained within one or more
microorganism/s.

[0077] Preferably the one or more microorganism/s
express the one or more enzymes necessary to catalyse the
relevant step/s. More preferably, the relevant step/s and any
further enzymatic steps are conducted in vivo, within the one
or more microorganismy/s.

[0078] According to a fourth aspect of the present inven-
tion, there is provided a microorganism for use in producing
methacrylic acid and/or derivatives thereof according to the
process of any of the first, second or third aspects.

[0079] The one or more microorganism/s may express the
one or more enzymes naturally, or may be genetically
engineered to express the one or more enzymes, or may
express a combination of both wild type or genetically
engineered enzymes. Such a genetically engineered organ-
ism may be described as a recombinant organism.

[0080] The one or more microorganism/s may express the
one or more enzymes endogenously or heterologously, or a
combination of endogenous and heterologous enzymes.
[0081] In the context of the present invention, the term
‘recombinant organism’ means a genetically modified or
engineered organism comprising genetic material which has
been artificially constructed an inserted into the organism.
The genetic material may comprise endogenous or heter-
ologous nucleic acids which may or may not have been
further genetically modified.

[0082] In the context of the present invention, the term
‘endogenous’ means deriving from the same species of
organism.

[0083] In the context of the present invention, the term
‘heterologous’ means deriving from a different species of
organism.

[0084] In the context of the present invention, the term
‘adapted’, when used with respect to a microorganism,
means a genetically modified or engineered organism, as
defined above, or a mutant strain of an organism which, for
example, has been selected on the basis that it expresses the
one or more enzymes naturally.

[0085] The microorganism/s for use in any of the above
processes, genetically engineered or modified as described
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above, may be selected from naturally-occurring wild type
or non-naturally occurring recombinant microorganism/s,
for example, bacteria, archaea, yeast, fungus, algae or any of
a variety of other microorganism/s applicable to fermenta-
tion processes.
[0086] Therefore, according to a fifth aspect of the present
invention there is provided a recombinant microorganism
for use in a process of producing methacrylic acid, the
microorganism being adapted to conduct the following
steps:
[0087] (a) Biologically converting isobutyryl-CoA into
methacrylyl-CoA by expression of an oxidase; and
[0088] (b) Biologically converting methacrylyl-CoA
into methacrylic acid; wherein the recombinant micro-
organism is Escherichia coli.
[0089] According to a sixth aspect of the present invention
there is provided a microorganism, for use in a process of
producing methacrylic acid, the microorganism being modi-
fied by one or more heterologous nucleic acids to conduct
the following steps:
[0090] (a) biologically converting isobutyryl-CoA into
methacrylyl-CoA by expression of an oxidase; and
[0091] (b) biologically converting methacrylyl-CoA
into methacrylic acid.
[0092] According to a seventh aspect of the present inven-
tion there is provided a microorganism adapted to conduct
the following steps:
[0093] (a) Biologically converting isobutyryl-CoA into
methacrylyl-CoA by expression of an oxidase; and
[0094] (b) Biologically converting methacrylyl-CoA
into methacrylic acid and/or derivatives thereof.
[0095] According to a eighth aspect of the present inven-
tion there is provided a microorganism adapted to conduct
the following steps:
[0096] (a) Biologically converting isobutyryl-CoA into
methacrylyl-CoA; and
[0097] (b) Biologically converting methacrylyl-CoA
into methacrylic acid by expression of a thioesterase,
suitably a  4-hydroxybenzoyl-CoA  thioesterase
(4HBT), a transferase, a synthetase, and/or a phospho-
transacylase and a short chain fatty acid kinase.

[0098] According to a further aspect of the present inven-
tion there is provided a microorganism adapted to convert
methacrylyl-CoA into methacrylic acid by expression of a
thioesterase, suitably a 4-hydroxybenzoyl-CoA thioesterase
(4HBT), a transferase, a synthetase, and/or a phosphotrans-
acylase and a short chain fatty acid kinase.

[0099] According to a still further aspect of the present
invention, there is provided a microorganism modified by
one or more recombinant nucleic acids encoding one or
more enzymes that convert methacrylyl-CoA into meth-
acrylic acid.

[0100] According to a still further aspect of the present
invention, there is provided a microorganism modified by
one or more recombinant nucleic acids encoding one more
enzymes that convert methacrylyl-CoA into methacrylic
acid esters.

[0101] According to a further still aspect of the present
invention, there is provided a process of production of
methacrylic acid using one or more enzyme/s according to
the further aspects.
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[0102] According to a still further aspect of the present
invention, there is provided a process of production of
methacrylic acid esters using one or more enzyme/s accord-
ing to the further aspects.
[0103] Further preferred features of the process of the first,
second or third aspects may be combined in any combina-
tion with the microorganism of the fourth, fifth, sixth,
seventh, eighth or further aspects defined hereinabove.
[0104] In one embodiment the microorganism/s expresses
at least the following enzymes:
[0105] (a) (1) an acyl-CoA oxidase; and/or
[0106] (ii) a CoA dehydrogenase; and optionally one
or more of
[0107] (b) (1) an acyl-CoA thioesterase suitably a 4-hy-
droxybenzoyl-CoA thioesterase (4HBT); and/or

[0108] (ii) an acyl-CoA transferase; and/or
[0109] (iii) acyl-CoA synthetase; and/or
[0110] (iv) a phosphotransacylase and a short chain

fatty acid kinase; and optionally
[0111] (V) an alcohol acyltransferase.
[0112] In one embodiment, the microorganisn/s expresses
at least the following enzymes:
[0113] (a) (i) an acyl-CoA oxidase; and optionally one
or more of

[0114] (b) (1) an acyl-CoA thioesterase; and/or
[0115] (ii) an acyl-CoA transferase; and/or
[0116] (iii) acyl-CoA synthetase; and/or
[0117] (iv) a phosphotransacylase and a short chain

fatty acid kinase; and optionally
[0118] (v) an alcohol acyltransferase.
[0119] In one embodiment of the fourth, fifth or eighth
aspects, the microorganism/s expresses at least the following
enzymes:
[0120] (a) (i) an acyl-CoA thioesterase, suitably a 4-hy-
droxybenzoyl-CoA thioesterase (4HBT); and/or

[0121] (ii) an acyl-CoA transferase; and/or
[0122] (iii) acyl-CoA synthetase; and/or
[0123] (iv) a phosphotransacylase and a short chain

fatty acid kinase; and optionally one or more of:
[0124] (b) (i) an acyl-CoA oxidase; and/or
[0125] (ii) an acyl-CoA dehydrogenase; and further
optionally
[0126] (c) (1) an alcohol acyltransferase.
[0127] Preferably, when present, the CoA dehydrogenase
is accompanied by a complementary electron transport sys-
tem.
[0128] In a preferred embodiment, the microorganism/s
express at least one of the following enzymes:

[0129] (a) an acyl-CoA oxidase, such as ACX4; and
[0130] (b) an acyl-CoA thioesterase, such as 4HBT.
[0131] In a more preferred embodiment, the microorgan-

ism/s express at least one of the following enzymes:

[0132] (a) ACX4, suitably from A. thaliana; and
[0133] (b) 4HBT, suitably from Arthrobacter sp.
[0134] In some embodiments, the microorganism is

adapted to conduct the following steps:

[0135] (a) biologically converting isobutyryl-CoA into
methacrylyl-CoA by expression of an acyl-CoA oxi-
dase; and

[0136] (b) biologically converting methacrylyl-CoA
into a C1 to C20 methacrylic acid ester, suitably a C1
to C12 methacrylic acid ester, suchas a Cl to C4 or a
C4 to C12 methacrylic acid ester by expression of an
alcohol acyltransferase.
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[0137] Preferably, the methacrylic acid ester is a C1 to
C20 methacrylic acid ester, more preferably a C1 to C12
methacrylic acid ester, still more preferably a C1 to C4 or C4
to C12 methacrylic acid ester, most preferably butyl meth-
acrylate.

[0138] In these embodiments, the microorganism may be
Escherichia coli and/or the acyl-CoA oxidase is ACX4 from
Arabidopsis thaliana and/or the alcohol acyltransferase is
derived from plant origin as set out herein, for example fruit
such as apple and/or the microorganism is a recombinant
microorganism. Preferably the microorganism may be
Escherichia coli, the acyl-CoA oxidase may be ACX4 from
Arabidopsis thaliana, the alcohol acyltransferase may be
derived from apple, melon or tomato origin and the micro-
organism may be a recombinant organism.

[0139] Preferably the microorganism/s express both of the
said enzymes (a) and (b) of said preferred or some embodi-
ments.

[0140] Preferably the microorganism/s further express one
or more of the following enzymes: a branched chain keto
acid dehydrogenase enzyme or either an ADP forming, a
GDP forming, or an AMP forming acyl-CoA synthetase/
synthase/ligase; or a short chain fatty acid kinase and a
phosphotransacylase.

[0141] More preferably the microorganism/s further
express one or more of the following enzymes: 2-ketois-
ovalerate dehydrogenase, an isobutyrate-CoA ligase, an
ADP forming, GDP forming or an AMP forming acyl-CoA
synthetase/synthase/ligase, or a short chain fatty acid kinase
and a phosphotransacylase.

[0142] Most preferably, the microorganism/s further
express an isobutyryl-CoA synthetase, in particular AcsA
from Pseudomonas chloraphis, in particular Pseudomonas
chloraphis B23

[0143] In relation to the fourth, sixth, seventh, eighth and
further aspects, preferably the host microorganism/s are
bacteria, examples of suitable bacteria include: enterobac-
teria belonging to proteobacteria of the genus Escherichia,
Enterobacter, Pantoea, Klebsiella, Serratia, Erwinia, Sal-
monella, Morganella, or the like, so-called coryneform
bacteria belonging to the genus Brevibacterium, Corynebac-
terium or Microbacterium and bacteria belonging to the
genus Alicyclobacillus, Bacillus, Hydrogenobacter, Metha-
nococcus, Acetobacter, Acinetobacter, Agrobacterium,
Axorhizobium, Azotobacter, Anaplasma, Bacteroides, Bar-
tonella, Bordetella, Borrelia, Brucella, Burkholderia,
Calymmatobacterium, Campylobacter, Chlamydia, Chlamy-
dophila, Clostridium, Coxiella, Ehrlichia, Enterococcus,
Francisella, Fusobacterium, Gardnerella, Haemophilus,
Helicobacter, Kelbsiella, Methanobacterium, Micrococcus,
Moraxella, Mycobacterium, Mycoplasma, Neisseria, Pas-
teurella, Peptostreptococcus, Porphyromonas, Prevotella,
Pseudomonas, Rhizobium, Rickettsia, Rochalimaea, Rothia,
Shigella, Staphylococcus, Stenotrophomonas, Streptococ-
cus, Treponema, Vibrio, Wolbachia, Yersinia, or the like.
[0144] Exemplary bacteria include species selected from
Escherichia coli, Klebsiella oxytoca, Anaerobiospirillum
succiniciproducens, Actinobacillus succinogenes, Man-
nheimia succiniciproducens, Rhizobium etli, Bacillus subti-
lis, Corynebacterium glutamicum, Gluconobacter oxydans,
Zymomonas mobilis, Lactococcus lactis, Lactobacillus plan-
tarum, Streptomyces coelicolor, Clostridium acetobutyli-
cum, Pseudomonas fluorescens, Hydrogenobacter thermo-
philus, Methanococcus jannaschii and Pseudomonas putida.
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[0145] In relation to the fourth, sixth, seventh, eighth and
further aspects, preferably the bacterium is Escherichia coli.
[0146] Exemplary yeasts or fungi include those belonging
to the genera Saccharomyces, Schizosaccharomyces, Can-
dida, Kluyveromyces, Aspergillus, Pichia, Crytpococcus, or
the like. Exemplary yeast or fungi species include those
selected from Saccharomyces cerevisiae, Schizosaccharo-
myces pombe, Kluyveromyces lactis, Kluyveromyces marxi-
anus, Aspergillus terreus, Aspergillus niger, Pichia pastoris,
or the like.

[0147] The one or more microorganism/s of any of the
fourth, sixth, seventh, eighth or further aspects may be
genetically modified to enhance or reduce the activity of the
above natural or genetically engineered enzymes.

[0148] Preferably the microorganism/s are genetically
engineered to enhance production of methacrylic acid and/or
derivatives thereof.

[0149] Enhancing the production of methacrylic acid and/
or derivatives thereof may include making modifications to
existing cellular metabolic processes, nucleic acids and/or
proteins by the use of various genetic engineering tech-
niques known in the art. Enhancing the production of
methacrylic acid and/or derivatives thereof may also include
modifying the microorganism/s to express one or more
heterologous genes in the microorganism/s. These may
include genes encoding enzymes of the desired pathway to
methacrylic acid from carbon based feedstocks such as those
set out herein, or may include other auxiliary genes which
act to promote the functioning and expression of the
enzymes in such pathways either directly or indirectly as
discussed in detail below.

[0150] Accordingly, the microorganism/s may be modified
to express the one or more genes for production of meth-
acrylic acid and/or derivatives thereof and preferably, the
microorganism/s are further modified to enhance production
of methacrylic acid and/or derivatives thereof.

[0151] The one or more gene/s which may be expressed
within the microorganism/s such that it is modified to
produce methacrylic acid and/or derivatives thereof include
those encoding any of the following enzymes: ACX4 from
Arabidopsis thaliana, short chain acyl-CoA oxidase from
Arthrobacter micotianae, peroxisomal acyl-CoA oxidase
from Vigna radiata, acyl-CoA oxidase 4 from Candida
tropicalis, acyl-CoA oxidase from Candida sp. and related
oxidases with broad substrate range, 4-hydroxybenzoyl-
CoA thioesterase from Arthrobacter sp, YciA from Escheri-
chia coli, YciA from Haemophilus influenzae, TesA from
Escherichia coli, TesB from Escherichia coli, 4HBT from
Arthrobacter globiformis, 4HBT from Pseudomonas sp.
Strain CBS-3, EntH from Escherichia coli, butyryl-CoA
acetoacetate CoA transferase from Clostridium sp. SB4,
butyryl-CoA acetoacetate CoA transferase from Clostridium
sticklandii, butyrate-acetoacetate CoA-transferase from
Clostridium acetobutylicum ATCC824, acetate coenzyme A
transferase ydiF from Escherichia coli, phosphotransbutyry-
lase from Clostridium acetobutylicum ATCC824, branched
chain fatty acid kinase from Spirochete MA-2, butyrate
kinase from Thermotoga maritima, butyrate kinase from
Clostridium butyricum, branched chain acyl-CoA dehydro-
genase from Pseudomonas putida, isobutyryl-CoA dehydro-
genase from Homo sapiens, isovaleryl-CoA dehydrogenase
from Arabidopsis thaliana, electron transfer flavoprotein
from H. sapiens, electron transfer flavoprotein from Sus
scrofa, electron transfer flavoprotein from Arabidopsis thali-
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ana, electron transfer flavoprotein from Pseudomonas
putida, electron transfer flavoprotein from Paracoccus deni-
trificans, electron transfer flavoprotein ubiquinone oxi-
doreductase from H. sapiens, electron transfer flavoprotein
ubiquinone oxidoreductase from Sus scrofa, electron trans-
fer flavoprotein ubiquinone oxidoreductase from Pseudomo-
nas putida, electron transfer flavoprotein ubiquinone oxi-
doreductase from Arabidopsis thaliana, electron transfer
flavoprotein ubiquinone oxidoreductase from Rhodobacter
sphaeroides, electron transfer flavoprotein ubiquinone oxi-
doreductase from Paracoccus denitrificans.

[0152] The one or more gene/s which may be expressed
within the microorganism/s such that it is modified to
enhance production of methacrylic acid and/or derivatives
thereof include those encoding any of the following
enzymes: AcsA from Pseudomonas chlororaphis; bkdAl,
bkdA2, bkdB and IpdV from Bacillus subtilis; bkdAl,
bkdA2, bkdB and IpdV from Pseudomonas putida; alsS
from Bacillus subtilis, ilvD from Escherichia coli, ilvC from
Escherichia coli, ilvB from FEscherichia coli, ilvN from
Escherichia coli, ilvl from Escherichia coli, ilvG from
Escherichia coli, ilvM from Escherichia coli, ilvH from
Escherichia coli and ilvH from Escherichia coli with G14D
and S17F mutations, ilvC from Corynebacterium glutami-
cum R harbouring S34G, L48E and R49F mutations, ilvB
and ilvN from Corynebacterium R and ilvN from Coryne-
bacterium R harbouring a G156E mutations well as homo-
logues from other organisms, baring similar mutations as
described above, to alleviate feedback inhibition of enzymes
and to alter cofactor dependence, where appropriate.
[0153] The present invention may further comprise modi-
fications which decrease or eliminate the activity of an
enzyme that catalyses synthesis of a compound other than
methacrylic acid and/or derivatives thereof by competing for
the same substrates and/or intermediates in the above men-
tioned biosynthesis pathways. Examples of such enzymes
include YciA, TesA, TesB from Escherichia coli, and those
encoded by fadB, ilvA, panB, leuA, ygaZ, ygaH, aceF, aceE,
IpdA, tpiA, ptkA, pfkB, mdh, poxB, ilvE, IdhA and 11dD, in
Escherichia coli, as well as homologues in other host strains
as described herein.

[0154] The present invention may further comprise modi-
fications that decrease or eliminate the activity of an enzyme
which metabolises methacrylic acid and/or derivatives
thereof or metabolises an intermediate in the above-men-
tioned biosynthesis pathways. Examples of such enzymes
related to the metabolism are enzymes of the native valine
degradation pathway in E. coli, or other thioesterases that
may consume thioester intermediates of the engineered
pathway.

[0155] The present invention may also further comprise
modifications which decrease or eliminate the activity of
proteins involved in other cellular functions that remove
intermediates in the above mentioned biosynthesis path-
ways. Examples of such cellular functions may include
storage mechanisms such as vacuolar storage (e.g. in yeasts)
or other intracellular bodies capable of storing metabolites
(e.g. bacterial microcompartments), the bacterial periplasm
or transport mechanisms such as transmembrane pumps or
porins capable of exporting metabolites.

[0156] Sources of nucleic acids for genes encoding the
proteins, in particular the enzymes expressed in the micro-
organism/s according to the present invention can include,
for example, any species where the encoded gene product is



US 2020/0308609 Al

capable of catalyzing the referenced reaction. Such species
include both prokaryotic and eukaryotic organisms includ-
ing, but not limited to, bacteria, including archaea and
eubacteria, and eukaryotes, including yeast, plant, insect,
animal, and mammal, including human. Exemplary species
for such sources include, for example, Escherichia coli,
Homo sapiens, Propionibacterium fredenreichii, Methyl-
obacterium extorquens, Shigella flexneri, Salmonella
enterica, Yersinia frederiksenii, Propionibacterium acnes,
Rattus norvegicus, Caenorhabditis elegans, Bacillus cereus,
Acinetobacter calcoaceticus, Acinetobacter baylyi, Acineto-
bacter sp., Clostridium kluyveri, Pseudomonas sp., Thermus
thermophilus, Pseudomonas aeruginosa, Pseudomonas
putida, Oryctolagus cuniculus, Clostridium acetobutylicum,
Leuconostoc mesenteroides, Eubacterium barkeri, Bacte-
roides capillosus, Anaerotruncus colihominis, Natranaero-
bius thermophilus, Campylobacter jejuni, Arabidopsis thali-
ana, Corynebacterium glutamicum, Sus scrofa, Bacillus
subtilus, Pseudomonas fluovescens, Serratia marcescens,
Streptomyces coelicolor, Methylibium petroleiphilum, Strep-
tomyces cinnamonensis, Streptomyces avermitilis, Archaeo-
globus  fulgidus, Haloarcula marismortui, Pyrobaculum
aerophilum, Saccharomyces cerevisiae, Clostridium cochle-
arium, Clostridium tetanomorphum, Clostridium tetani, Cit-
robacter amalonaticus, Ralstonia eutropha, Mus musculus,
Bos taurus, Fusobacterium nucleatum, Morganella mor-
ganii, Clostridium pasteurianum, Rhodobacter sphaeroides,
Xanthobacter autotrophicus, Clostridium propionicum,
Megasphaera elsdenii, Aspergillus terveus, Candida, Sul-
folobus tokodaii, Metallosphaera sedula, Chloroflexus
aurantiacus, Clostridium  saccharoperbutylacetonicum,
Acidaminococcus fermentans, Helicobacter pylori, as well
as other exemplary species disclosed herein or available as
source organisms for corresponding genes.

[0157] It should be noted that the one or more genes
encoding enzymes which may be expressed in microorgan-
isn/s of the invention also comprise genes encoding variants
of said enzymes, for example, variant enzymes which
include substitutions, deletions, insertions or additions of
one or several amino acids in the polypeptide sequence, and
wherein said polypeptide retains the activity of the unmodi-
fied enzyme. Such variant enzymes also include variant
enzymes which have a reduced enzymatic activity when
compared to the unmodified enzyme and enzymes with
modified allosteric control, for example ilvH from Escheri-
chia coli with G14D and S17F mutations, ilvC from Coryne-
bacterium glutamicum R harbouring S34G, L48E and R49F
mutations, ilvB and ilvN from Corynebacterium R and ilvN
from Corynebacterium R harbouring a G156E mutation.
[0158] Methods for constructing and testing the expres-
sion of a protein in a non-naturally occurring methacrylic
acid producing microorganism can be performed, for
example, by recombinant techniques and detection methods
well known in the art. Such methods can be found described
in, for example, Sambrook et al., Molecular Cloning: A
Laboratory Manual, Third Ed., Cold Spring Harbor Labo-
ratory, New York (2001); and Ausubel et al., Current Pro-
tocols in Molecular Biology, John Wiley and Sons, Balti-
more, Md. (1999).

[0159] Exogenous nucleic acid sequences involved in a
pathway for production of methacrylic acid and/or deriva-
tives thereof or an intermediate in the formation thereof can
be introduced stably or transiently into a microorganism cell
using techniques well known in the art including, but not
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limited to, conjugation, electroporation, chemical transfor-
mation, transduction, transfection, and ultrasound transfor-
mation.

[0160] Examples of transformation methods can include
treating recipient microorganism/s cells with calcium chlo-
ride so to increase permeability of the DNA, and preparing
competent cells from cells which are in the growth phase,
followed by transformation with DNA. Alternatively, a
method of making DNA-recipient cells into protoplasts or
spheroplasts, which can easily take up recombinant DNA,
followed by introducing the recombinant DNA into the cells,
which is known to be applicable to Bacillus subtilis, actino-
mycetes and yeasts can also be employed. In addition,
transformation of microorganisms can also be performed by
electroporation. Such methods are well known in the art.
[0161] For exogenous expression in E. coli or other pro-
karyotic microorganism cells, some nucleic acid sequences
in the genes or cDNAs of eukaryotic nucleic acids can
encode targeting signals such as an N-terminal mitochon-
drial or other targeting signal, which can be removed before
transformation into prokaryotic microorganism cells, if
desired. For example, removal of a mitochondrial leader
sequence led to increased expression in . coli (Hoffnneister
et al., J. Biol. Chem. 280:4329-4338 (2005). For exogenous
expression in yeast or other eukaryotic microorganism cells,
genes can be expressed in the cytosol without the addition of
leader sequence, or can be targeted to mitochondria 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 target organelle. Thus, it
is understood that appropriate modifications to a nucleic acid
sequence to remove or include a targeting sequence can be
incorporated into an exogenous nucleic acid sequence to
impart desirable properties. Furthermore, genes can be sub-
jected to codon optimization with techniques well known in
the art to achieve optimized expression of the proteins
within the microorganism/s.

[0162] An expression vector or vectors can be constructed
to include one or more biosynthetic pathway enzyme(s)
encoding nucleic acids as exemplified herein operably
linked to expression control sequences functional in the
microorganism/s. Expression vectors applicable for use in
the microorganism/s of the invention include, for example,
plasmids, cosmids, phage vectors, viral vectors, episomes
and artificial chromosomes, including vectors and selection
sequences or markers operable for stable integration into a
host chromosome.

[0163] Additionally, the expression vectors can include
one or more selectable marker genes and appropriate expres-
sion control sequences. Selectable marker genes also can be
included that, for example, provide resistance to antibiotics
or toxins, complement auxotrophic deficiencies, or supply
critical nutrients not in the culture media. Expression control
sequences can include constitutive, inducible or repressible
promoters, transcription enhancers, transcription termina-
tors, translation signals and the like which are well known
in the art. When two or more exogenous encoding nucleic
acid sequences are to be co-expressed, both nucleic acid
sequences can be inserted, for example, into a single expres-
sion vector or in separate expression vectors. For single
vector expression, the encoding nucleic acids can be opera-
tionally linked to one common expression control sequence
or linked to different expression control sequences, such as
inducible promoters and constitutive promoters. In some
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embodiments, the vector may have two or more promoters
for the co-expression of multiple genes or operons. In some
embodiments, the genes/operons may be expressed on one
or more different vectors with one or more corresponding
promoters.

[0164] The vector used for transformation can be a vector
autonomously replicable in a cell of the microorganism/s.
Examples of vectors autonomously replicable in bacteria of
the Enterobacteriaceae bacteria such as E. coli can include
plasmid vectors pUC19, pUCI18, pBR322, RSF1010,
pHSG299, pHSG298, pHSG399, pHSG398, pSTV2S,
pSTV29, pET20b(+), pET28b(+) (pET vectors are available
from Novagen), pLysS, (pHSG and pSTV vectors are avail-
able from Takara Bio Inc.), pMW119, pMW 118, pMW219,
pMW218 (pMW vectors are available from Nippon Gene
Co., Ltd.) and so forth, and their derivatives. Furthermore,
vectors for coryneform bacteria can include pAM330 (Japa-
nese Patent Laid-open No. 58-67699), pHM1519 (Japanese
Patent Laid-open No. 58-77895), pSFK6 (Japanese Patent
Laid-open No. 2000-262288), pVK7 (USP2003-
0175912A), pAJ655, pAJ6ll, pAJ1844 (Japanese Patent
Laid-open No. 58-192900), pCG1 (Japanese Patent Laid-
open No. 57-134500), pCG2 (Japanese Patent Laid-open
No. 58-35197), pCG4, pCG11 (Japanese Patent Laid-open
No. 57-183799), pHK4 (Japanese Patent Laid-open No.
5-7491) and so forth. Furthermore, vectors for yeast can
include yeast plasmids, such as for example pD902 or
pD905 for Pichia pastoris, or pD1201, pD1204, pD1205,
pD1207, pDI1211, pD1214 pD1215, pD1217, pD1218,
pD1221, pD1224, pD1225, pD1227, pD1231, pD1234,
pD1235, pD1237 for Saccharomyces cerevisiae. Genes can
also be integrated into the host chromosome, using well
known methods (e.g. Datensko and Wanner (Datsenko, K.
A. and Wanner, B. L. 2000, Proc. Natl. Acad. Sci. USA,
97:6640-6645)).

[0165] Enhancement of the activity of an enzyme can
include enhancing expression of a target gene by replacing
an expression regulatory sequence of the target gene such as
a promoter on the genomic DNA or plasmid with a promoter
which has an appropriate strength. For example, the thr
promoter, lac promoter, trp promoter, trc promoter, pL.
promoter, tac promoter, etc., are known as frequently used
promoters. Examples of promoters with high expression
activity in microorganisms such as bacteria can include
promoters of the elongation factor Tu (EF-Tu) gene, tuf,
promoters of genes that encode co-chaperonin GroES/EL,
thioredoxin reductase, phosphoglycerate mutase, glyceral-
dehyde-3-phosphate dehydrogenase, and the like (WO2006/
028063, EP1697525). Examples of strong promoters and
methods for evaluating the strength of promoters are well
known in the art.

[0166] Moreover, it is also possible to substitute several
nucleotides in a promoter region of a gene, so that the
promoter has an appropriate strength, as disclosed in WO
2000/18935. Substitution of the expression regulatory
sequence can be performed, for example, in the same
manner as in gene substitution using a temperature sensitive
plasmid. Examples of vectors having a temperature sensitive
replication origin which can be used for Escherichia coli or
Pantoea ananatis can include, for example, plasmid
PMANO997 described in International Publication WO 1999/
03988, its derivative, and so forth. Furthermore, substitution
of an expression regulatory sequence can also be performed
by methods which employ linear DNA, such as a method
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called “Red-driven integration” using Red recombinase of
A-phage (Datsenko, K. A. and Wanner, B. L.. 2000, Proc.
Natl. Acad. Sci. USA, 97:6640-6645), a method combining
the Red-driven integration method and the A-phage excisive
system (Cho, E. H. et al. 2002. J. Bacteriol. 184:5200-5203)
(W02005/010175), and so forth. The modification of an
expression regulatory sequence can be combined with
increasing the gene copy number.
[0167] Furthermore, it is known that substitution of sev-
eral nucleotides in a spacer between the ribosome binding
site (RBS) and the start codon, and particularly, the
sequences immediately upstream of the start codon pro-
foundly affect the mRNA translatability. Translation can be
enhanced by modifying these sequences.
[0168] When a target gene is introduced into the afore-
mentioned plasmid or chromosome, any promoter can be
used for expression of the gene so long as a promoter that
functions in the microorganism/s used is chosen. The pro-
moter can be the native promoter of the gene, or a modified
promoter. Expression of a gene can also be controlled by
suitably choosing a promoter that potently functions in the
chosen microorganism/s, or by approximating -35 and -10
regions of a promoter close to the consensus sequence.
[0169] The transformation, transduction, conjugational or
chromosomal insertion of exogenous nucleic acid sequences
involved in a metabolic or synthetic pathway can be con-
firmed using methods well known in the art. Such methods
include, for example, extraction of plasmid or chromosomal
DNA followed by polymerase chain amplification of specific
target sequences, or restriction mapping, further nucleic acid
analysis such as Northern blots or polymerase chain reaction
(PCR) amplification of mRNA, or polyacrylamide gel elec-
trophoresis, or enzymatic activity measurements, or immu-
noblotting for expression of gene products, or other suitable
analytical methods to test the expression of an introduced
nucleic acid sequence or its corresponding gene product. It
is understood by those skilled in the art that the exogenous
nucleic acid is expressed in a sufficient amount to produce
the desired gene product, and it is further understood that
expression levels can be optimized to obtain sufficient
expression using methods well known in the art.
[0170] Optionally, the one or more microorganism/s of the
fourth, sixth, seventh, eighth or further aspects for use in any
of the above processes of the invention may further be
modified to reduce or eliminate the activity of an enzyme or
protein partaking in a cellular function which:

[0171] (i) diverts material from methacrylic acid pro-

ducing pathways; and/or
[0172] (ii) metabolises methacrylic acid and/or deriva-
tives thereof.

[0173] In order to reduce or eliminate the activities of the
aforementioned enzymes or proteins, mutations for reducing
or eliminating intracellular activities of the enzymes or
proteins can be introduced into the genes of the aforemen-
tioned enzymes or proteins by conventional random or site
directed mutagenesis or genetic engineering techniques.
Examples of the mutagenesis can include, for example,
X-ray or ultraviolet ray irradiation, treatment with a mutagen
such as N-methyl-N'-nitro-N-nitrosoguanidine, in vitro site
directed or random mutagenesis by high fidelity or error-
prone polymerase chain reaction, respectively, and so forth.
The site on the gene where the mutation is introduced can be
in the coding region encoding the enzyme or protein or an
expression control region such as a promoter. Examples of
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genetic engineering techniques can include genetic recom-
bination, transduction, cell fusion, gene knockouts, and so
forth.

[0174] A decrease or elimination of the intracellular activ-
ity of the objective enzyme or protein and the degree of
decrease can be confirmed by measuring the enzyme or
protein activity in a cell extract or a purified fraction thereof
obtained from a candidate strain, and comparing it with that
of'a wild-type strain, or by measuring formation of the target
product by whole cells.

[0175] Examples of other methods for imparting or
enhancing methacrylic acid and/or derivatives thereof pro-
ducing ability and/or intermediates thereof can include
imparting resistance to methacrylic acid or an organic acid
analogue, respiratory inhibitor or the like and imparting
sensitivity to a cell wall synthesis inhibitor. These methods
can include, for example, selecting for resistant cells by
growing with increasing concentrations of the toxic sub-
stance, imparting monofluoroacetic acid resistance, impart-
ing adenine resistance or thymine resistance, attenuating
urease, imparting malonic acid resistance, imparting resis-
tance to benzopyrones or naphthoquinones, imparting
HOQNO resistance, imparting alpha-ketomalonic acid resis-
tance, imparting guanidine resistance, imparting sensitivity
to penicillin, and so forth as is known in the art.

[0176] Examples of such resistant bacteria can include the
following strains: Brevibacterium flavum AJ3949 FERM
BP-2632; Corynebacterium glutamicum AJ11628 FERM
P-5736; Brevibacterium flavum AJ11355 FERM P-5007;
Corynebacterium glutamicum AJ11368 FERM P-5020;
Brevibacterium flavum AJ11217 FERM P-4318; Coryne-
bacterium glutamicum AJ11218 FERM P-4319; Brevibac-
terium flavum AJ11564 FERM P-5472; Brevibacterium fla-
vum AJ11439 FERM P-5136; Corynebacterium glutamicum
H7684 FERM BP-3004; Brevibacterium lactofermentum
AJ11426 FERM P-5123; Corynebacterium glutamicum
AJ11440 FERM P-5137; and Brevibacterium lactofermen-
tum AJ11796 FERM P-6402.

[0177] Further methods for imparting or enhancing meth-
acrylic acid and/or derivatives thereof producing ability
and/or intermediates thereof can include imparting resis-
tance to down-regulators/inhibitors, imparting sensitivity to
up-regulators/activators or alleviating the need for allosteric
activation of enzymes by other compounds. For example,
alleviation of the need for allosteric activation of branched
chain keto acid dehydrogenase from Pseudomonas putida by
valine, or alleviation of allosteric inhibition of acetolactate
synthase from Escherichia coli.

Fermentation

[0178] Accordingly, the above-mentioned processes of the
invention may be conducted by culturing microorganism/s
of the fourth, sixth, seventh, eighth or further aspects of the
invention which are able to produce the methacrylyl-CoA
intermediate and/or methacrylic acid and/or derivatives
thereof such as methacrylic acid esters, suitably in a
medium.

[0179] Suitably therefore, the processes of the first, second
or third aspects of the invention may further comprise the
step of culturing one or more microorganism/s to produce
methacrylic acid and/or derivatives thereof such as meth-
acrylic acid esters.

[0180] Preferably said culturing takes place in a fermen-
tation medium.
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[0181] Therefore, according to an ninth aspect of the
present invention, there is provided a process of fermenta-
tion comprising culturing one or more microorganism/s of
the fourth, fifth, sixth, seventh, eighth or further aspects in
a fermentation medium to produce methacrylic acid and/or
derivatives thereof such as methacrylic acid esters.

[0182] The methacrylic acid and/or derivative thereof may
be present in the fermentation medium or within the cells of
the microorganism/s.

[0183] Suitably, therefore, the processes of the first, sec-
ond or third aspects of the invention may further comprise
the step of collecting the methacrylic acid and/or an inter-
mediate in the formation thereof and/or a derivative thereof
such as a methacrylic acid ester from the fermentation
medium or from the microorganism/s cells.

[0184] The methacrylic acid and/or a derivative thereof
such as a methacrylic acid ester may be present in the
fermentation medium by the microorganisny/s secreting
methacrylic acid and/or a derivative thereof such as a
methacrylic acid ester as described hereinabove.

[0185] The methacrylic acid and/or a derivative thereof
such as a methacrylic acid ester may be present in the cells
of the microorganisn/s by the microorganism accumulating
methacrylic acid and/or derivatives thereof such as a meth-
acrylic acid ester as described hereinabove.

[0186] Suitably therefore the cells are removed from the
fermentation medium by any means known in the art, such
as filtration, centrifugation, etc, and methacrylic acid or salt
thereof and/or methacrylic acid ester is collected from the
fermentation medium by any means known in the art, such
as: distillation, liquid-liquid extraction, etc. Suitably there-
fore, the processes of the invention may comprise a further
step of collecting the methacrylic acid and/or derivative
thereof such as a methacrylic acid ester from the surround-
ing medium, this may be implemented by first removing the
cells from the medium by filtration or centrifugation and
then extracting the methacrylic acid and/or derivative
thereof from the clarified medium by distillation or liquid-
liquid extraction.

[0187] Optionally, collecting the methacrylic acid and/or
derivative thereof such as a methacrylic acid ester may
further comprise a step of releasing the methacrylic acid
and/or derivative thereof such as a methacrylic acid ester
from the cell which may be performed by any means known
in the art, preferably where the cell is lysed to release the
desirable product, such as: by sonication, homogenization,
enzymatic treatment, bead-milling, osmotic shock, freeze-
thaw, acid/base treatment, phage lysis, etc. followed by a
similar collection method from the fermentation medium as
detailed above. Suitably therefore, the processes of the
invention may comprise the further steps of collecting the
methacrylic acid and/or derivative thereof such as a meth-
acrylic acid ester from the cells, this may be implemented by
lysing the cells, and subsequent filtration of cell debris
followed by the extraction of methacrylic acid and/or deriva-
tive thereof such as a methacrylic acid ester.

[0188] Suitably, culturing or cultivation of a microorgan-
ism requires a carbon based feedstock upon which the
microorganism may derive energy and grow. Preferably,
therefore, the microorganism/s are cultured on a carbon
based feedstock, and the processes of the first or second
aspects of the invention may further comprise the step of
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culturing the one or more microorganism/s which are able to
produce methacrylic acid and/or derivatives thereof from a
carbon based feedstock.

[0189] Preferably the culturing or cultivation takes place
in a fermentation medium, suitably a surrounding medium
which surrounds the microorganism/s, preferably the carbon
based feedstock is present in the medium, optionally dis-
solved or suspended in the medium, bubbled through the
medium and/or mixed with the medium. Preferably there-
fore the medium comprises the microorganism/s and the
carbon based feedstock together with any buffers and salts.

[0190] Therefore, according to a tenth aspect of the pres-
ent invention there is provided a fermentation medium
comprising one or more microorganism/s of the fourth, fifth,
sixth, seventh, eighth or further aspects.

[0191] Preferably the fermentation medium further com-
prises methacrylic acid and/or derivatives thereof such as
methacrylic acid esters.

[0192] Preferably the microorganism/s produce meth-
acrylic acid and/or derivatives thereof such as methacrylic
acid esters at an increased rate above that of the basal rate
as explained above, such that preferably the concentration of
methacrylic acid and/or derivatives thereof such as meth-
acrylic acid esters present in the medium, either from direct
secretion or from lysing the cells, is at high titre.

[0193] Preferably the titre of methacrylic acid and/or
derivatives thereof such as methacrylic acid esters present in
the fermentation medium is at least 5 mg/L.. For example, 5,
15, 25, 35, 45, 55, 65, 75, 85, 95, 105, 115, 125, 135, 145,
155 mg/L, preferably at least greater than 130 mg/L.

[0194] Preferably, in an embodiment where the meth-
acrylic acid and/or derivatives thereof such as methacrylic
acid esters accumulate within the microorganism/s, the
concentration of methacrylic acid and/or an intermediate
thereof and/or derivatives thereof such as methacrylic acid
esters present in the cell is at least 0.05 mM, more preferably
at least 0.1 mM, more preferably at least 1 mM, more
preferably at least 2 mM, more preferably at least 5 mM,
more preferably at least 10 mM. Preferably the concentra-
tion of methacrylic acid or an intermediate thereof and/or
derivatives thereof such as methacrylic acid esters in the cell
ranges between 10 mM to about 300 mM, more preferably
about 20 mM to about 200 mM, still more preferably about
30 mM to about 100 mM most preferably about 40 mM to
about 70 mM.

[0195] The microorganism/s of the invention may be
cultivated or cultured as a batch, a repeated batch, a fed-
batch, a repeated fed-batch or a continuous cultivation
process.

[0196] Suitably, the cultivation process takes place in a
culture medium, otherwise known herein as the surrounding
medium or fermentation medium. Preferably a fed-batch or
repeated fed-batch process is applied, wherein the carbon
source and/or the nitrogen source and/or additional com-
pounds are fed to the cultivation process. More preferably,
the carbon and/or nitrogen source are fed into the cultivation
process.

[0197] The fermentation medium in which the microor-
ganism/s of the present invention are cultured may be any
commercially available medium suitable for the needs of the
organism in question, provided that the relevant nutrients
required by said organism are limiting. The culture may be
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aerobic or anaerobic, however in the context of the invention
where the oxidase enzyme is employed, the culture is
preferably aerobic.

[0198] The fermentation medium suitably contains a car-
bon based feedstock as described above, and a nitrogen
source, as well as additional compounds required for growth
of the microorganism/s and/or the formation of methacrylic
acid and/or methacrylic acid ester.

[0199] Examples of suitable carbon based feedstocks
known in the art include glucose, maltose, maltodextrins,
sucrose, hydrolysed starch, starch, lignin, aromatics, syngas
or its components, methane, ethane, propane, butane, molas-
ses and oils. Preferably the carbon based feedstock is
derived from biomass. Mixtures may also be used, as well as
wastes, such as municipal waste, food waste and lignocel-
Iulosic wastes from food processing, forestry or agriculture.
[0200] Examples of suitable nitrogen sources known in the
art include soy bean meal, corn steep liquor, yeast extract,
ammonia, ammonium salts, nitrate salts, urea, nitrogen gas
or other nitrogenous sources.

[0201] Examples of additional compounds required for
growth of the microorganism/s include antibiotics, antifun-
gals, anti-oxidants, buffers, phosphate, sulphate, magnesium
salts, trace elements and/or vitamins.

[0202] The total amount of carbon based feedstock and
nitrogen source to be added to the medium may vary
depending on the needs of the microorganism/s and/or the
length of the cultivation process.

[0203] The ratio between the carbon based feedstock and
the nitrogen source in the culture medium may vary con-
siderably.

[0204] Additional compounds required for growth of the
microorganism/s and/or for the production of methacrylic
acid and/or derivatives thereof such as methacrylic acid
esters, like phosphate, sulphate or trace elements, may be
added in amounts that may vary between different classes of
microorganisms, i.e. between fungi, yeasts and bacteria. In
addition, the amount of additional compound to be added
may be determined by whether methacrylic acid and/or
derivatives thereof such as methacrylic acid esters are
formed and what pathways are used to form them.

[0205] Typically, the amount of each fermentation
medium component necessary for growth of a microorgan-
ism is determined by measuring the growth yield on the
nutrient and further assessed in relation to the amount of
carbon based feedstock used in the culturing or cultivation
process, since the amount of biomass formed will be pri-
marily determined by the amount of carbon based feedstock
used, and the nutrient limitations imposed during any feed-
ing regime.

[0206] The culturing or cultivation process according to
the invention is preferably performed on an industrial scale.
An industrial scale process is understood to encompass a
culturing or cultivation process in one or more fermenters of
a volume scale which is =0.01 m?>, preferably =0.1 m?,
preferably 20.5 m®, preferably =5 m?, preferably =10 m?,
more preferably =25 m>, more preferably =50 m>, more
preferably =100 m>, most preferably =200 m®.

[0207] Preferably, the culturing or cultivation of the
microorganism/s of the invention is generally performed in
a bioreactor. A ‘Bioreactor’ is generally understood to mean
a container in which microorganisms are industrially cul-
tured. Bioreactors can be of any size, number and form, and
can include inlets for providing nutrients, additional com-
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pounds for growth, fresh medium, carbon based feedstocks,
additives of gases, such as, but not limited to, air, nitrogen,
oxygen or carbon dioxide. Bioreactors may also comprise
outlets for removing volumes of the culture medium to
collect the methacrylic acid and/or methacrylic acid ester
either from the fermentation medium itself or from within
the microorganisn/s. The bioreactor preferably also has an
outlet for sampling of the culture. The bioreactor can gen-
erally be configured to mix the fermentation medium, for
example, by stirring, rocking, shaking, inverting, bubbling
of gas through the culture etc. Alternatively, some continu-
ous cultures do not require mixing, for example microreac-
tor systems using a plug flow system. Bioreactors are
common and well known in the art and examples may be
found in standard texts, such as ‘Biotechnology: A Textbook
of Industrial Microbiology, Second Edition’ (1989) Authors:
Wulf Cruegar and Annelise Crueger, translated by Thomas
D. Brock Sinauer Associates, Inc., Sunderland, Mass.
[0208] Therefore, according to an eleventh aspect of the
invention, there is provided a bioreactor comprising one or
more microorganism/s of the fourth, fifth, sixth, seventh,
eighth or further aspects and/or the fermentation medium of
the tenth aspect.

[0209] Optionally, the bioreactor may comprise a plurality
of different microorganism/s of the present invention.
[0210] Preferably, the bioreactor comprises only microor-
ganism/s capable of performing the process of the invention.
[0211] More preferably the bioreactor comprises only
microorganism/s of the same species such that the same
culturing conditions can be used throughout.

Biomass Feedstock

[0212] Preferably the biomass used comprises a high
amount of carbohydrates, particularly preferable are carbo-
hydrates which are sources of C5 or C6 sugars, carbon based
gases, or aromatics, preferably C5 or C6 sugars, more
preferably glucose, such as, but not limited to starch, lignin,
cellulose, glycogen, arabinoxylan, chitin, or pectin.

[0213] Alternatively, the biomass used comprises a high
amount of fats, particularly preferable are fats or oils which
are sources of glycerol and fatty acids, specifically triglyc-
erides. Suitable triglycerides include any oil or fat which is
readily available from a plant or animal source. Examples of
such oils and fats include: palm oil, linseed oil, rapeseed oil,
lard, butter, herring oil, coconut oil, vegetable oil, sunflower
oil, castor oil, soybean oil, olive oil, cocoa butter, ghee,
blubber etc.

[0214] The biomass may be composed of one or more
different biomass sources. Examples of suitable biomass
sources are as follows; virgin wood, energy crops, agricul-
tural residues, food waste, municipal waste and industrial
waste or co-products.

[0215] Virgin wood biomass sources may include but are
not limited to; wood chips; bark; brash; logs; sawdust; wood
pellets or briquettes.

[0216] Energy crop biomass sources may include but are
not limited to; short rotation coppices or forestry; non-
woody grasses such as miscanthus, hemp switchgrass, reeds
or rye; agricultural crops such as sugar, starch or oil crops;
or aquatic plants such as micro or macroalgae and weeds.

[0217] Agricultural residues may include but are not lim-
ited to; husks; straw; corn stover; flour; grains; poultry litter;
manure; slurry; syngas; or silage.
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[0218] Food wastes may include but are not limited to;
peel/skin; shells; husks; cores; pips/stones; inedible parts of
animals or fish; pulp from juice and oil extraction; spent
grains or hops from brewing; domestic kitchen waste; lard or
oils or fats.

[0219] Industrial wastes may include but are not limited
to; untreated wood including pallets, treated wood, shale
gases, wood composites including MDF/OSD, wood lami-
nates, paper pulp/shreddings/waste; textiles including fibre/
yarn/effluent; or sewage sludge.

Further Products

[0220] Furthermore, the production of other useful organic
compounds, for example derivatives of methacrylic acid
such as various esters thereof is also envisaged. Accordingly,
the methacrylic acid product may be esterified to produce an
ester thereof. Potential esters may be selected from C,-C,,
alkyl or C,-C,, hydroxyalkyl, glycidyl, isobornyl, dimeth-
ylaminoethyl, tripropyleneglycol esters. Most preferably the
alcohols or alkenes used for forming the esters may be
derived from bio sources, e.g. biomethanol, bioethanol,
biobutanol. Preferred esters are ethyl, n-butyl, i-butyl,
hydroxymethyl, hydroxypropyl or methyl methacrylate,
most preferably, methyl methacrylate or butyl methacrylate.
[0221] Preferably methacrylic acid is converted to alkyl or
hydroxyalkyl methacrylate by an esterification reaction.
Suitable reaction conditions for such a conversion are well
known in the art and are described in conjunction with the
production of methacrylic acid in W0O/2012/069813.
[0222] According to a twelfth aspect of the present inven-
tion there is provided a method of preparing polymers or
copolymers of methacrylic acid or methacrylic acid esters,
comprising the steps of:

[0223] (i) preparation of methacrylic acid and/or deriva-
tives thereof in accordance with the first, second or
third aspects or further aspects of the invention;

[0224] (ii) optional esterification of the methacrylic acid
prepared in (i) to produce the methacrylic acid ester;

[0225] (iii) polymerisation of the methacrylic acid and/
or derivatives thereof prepared in (i) and/or, if present,
the ester prepared in (ii), optionally with one or more
comonomers, to produce polymers or copolymers
thereof.

[0226] Step (i) may comprise any of the further features
outlined in relation to the first, second and third aspects
hereinabove in combination with those of the twelfth aspect.
[0227] Preferably, the methacrylic acid ester of (ii) above
is selected from C,-C,, alkyl or C,-C,, hydroxyalkyl, gly-
cidyl, isobornyl, dinnethylanninoethyl, tripropyleneglycol
esters, more preferably, ethyl, n-butyl, i-butyl, hydroxym-
ethyl, hydroxypropyl or methyl methacrylate, most prefer-
ably, methyl methacrylate, ethyl methacrylate, butyl meth-
acrylate or butyl methacrylate.

[0228] Thus, according to a further aspect of the present
invention there is provided a method of preparing polymers
or copolymers of methacrylic acid esters, comprising the
steps of:

[0229] (i) preparation of methacrylic acid esters in
accordance with the third aspect or further aspects of
the invention;

[0230] (ii) polymerisation of the methacrylic acid and/
or derivatives thereof prepared in (i), optionally with
one or more comonomers, to produce polymers or
copolymers thereof.
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[0231] Step (i) may comprise any of the further features
outlined in relation to the third aspect hereinabove in com-
bination with those of the twelfth aspect.

[0232] Advantageously, such polymers will have an
appreciable portion if not all of the monomer residues
derived from a source other than fossil fuels.

[0233] In any case, preferred comonomers include for
example, monoethylenically unsaturated carboxylic acids
and dicarboxylic acids and their derivatives, such as esters,
amides and anhydrides.

[0234] Particularly preferred comonomers are acrylic
acid, methyl acrylate, ethyl acrylate, propyl acrylate, n-butyl
acrylate, iso-butyl acrylate, t-butyl acrylate, 2-ethylhexyl
acrylate, hydroxyethyl acrylate, iso-bornyl acrylate, meth-
acrylic acid, methyl methacrylate, ethyl methacrylate, pro-
pyl methacrylate, n-butyl methacrylate, iso-butyl methacry-

late, t-butyl methacrylate, 2-ethylhexyl methacrylate,
hydroxyethyl methacrylate, lauryl methacrylate, glycidyl
methacrylate, hydroxypropyl methacrylate, iso-bornyl

methacrylate, dimethylaminoethyl methacrylate, tripropyl-
eneglycol diacrylate, styrene, ca-methyl styrene, vinyl
acetate, isocyanates including toluene diisocyanate and p,p'-
methylene diphenyl diisocyanate, acrylonitrile, butadiene,
butadiene and styrene (MBS) and ABS subject to any of the
above comonomers not being the momomer selected from
methacrylic acid or a methacrylic acid ester in (i) or (ii)
above in any given copolymerisation of the said acid mono-
mer or ester in (i) or a said ester monomer in (ii) with one
or more of the comonomers.

[0235] It is of course also possible to use mixtures of
different comonomers. The comonomers themselves may or
may not be prepared by the same process as the monomers
from (i) or (ii) above.

[0236] According to a twelfth aspect of the present inven-
tion there is provided polymethacrylic acid, polymethyl-
methacrylate (PMMA) and polybutylmethacrylate homopo-
lymers or copolymers formed from the method of the
eleventh aspect of the invention herein.

BRIEF DESCRIPTION OF THE DRAWINGS

[0237] The invention will now be illustrated with refer-
ence to the following non-limiting examples and figures in
which:

[0238] FIG. 1 shows a Lineweaver-Burke plot for the
kinetic characterisation of carboxy-terminal hexahistidine
tagged 4-hydroxybenzoyl-CoA thioesterase (75 ug-ml™')
from Arthrobacter sp. SU with methacrylyl-CoA as a sub-
strate.

[0239] FIG. 2 shows a Lineweaver-Burke plot for the
kinetic characterisation of carboxy-terminal hexahistidine
tagged 4-hydroxybenzoyl-CoA thioesterase (1 mg-ml™')
from Arthrobacter sp. SU with isobutyryl-CoA as a sub-
strate.

[0240] FIG. 3 shows overlaid HPLC traces of standards
isobutyryl-CoA (major peak at 32.2 min and minor peak at
32.9 min), methacrylyl-CoA (major peak at 30.8 min and
minor peak at 31.6 min), methacrylic acid (peak at 13.5
mins) and coenzyme A (major peak at 11 min and minor
peak at 12 min) using the HPLC method to determine in
vitro activity of the short chain acyl-CoA oxidase (ACX4)
from Arabidopsis thaliana for the oxidation of isobutyryl-
CoA to methacrylyl-CoA. Flavin adenine dinucleotide
eluted at 27.8 min, and was used as an internal standard for
isobutyryl-CoA and methacrylyl-CoA.
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[0241] FIG. 4 shows the HPLC trace of the assay mixture
containing ACX4 cell free extract, purified carboxy-terminal
hexahistidine tagged 4HBT and flavin adenine dinucleotide
in HEPES assay buffer, with no substrate added, as a
negative control.

[0242] FIG. 5 shows the HPLC analysis of an assay
mixture after 30 min incubation of the cell free extract of
ACX4 with isobutyryl-CoA in HEPES assay buffer contain-
ing flavin adenine dinucleotide.

[0243] FIG. 6 shows the HPLC analysis of an assay
mixture after 30 min incubation of the cell free extract of
ACX4 with isobutyryl-CoA in HEPES assay buffer contain-
ing flavin adenine dinucleotide that was spiked with addi-
tional isobutyryl-CoA after the reaction mixture was stopped
by acidification.

[0244] FIG. 7 shows the HPLC analysis of the enzyme
coupled reaction for the conversion of isobutyryl-CoA to
methacrylic acid and coenzyme A by the ACX4 cell free
extract and the purified carboxy-terminal His-tagged 4HBT.
[0245] FIG. 8 shows the pET20b(+)::4HBT-ACX-AcsA
plasmid, a pET20b(+) plasmid containing the 4HBT gene,
ACX4 gene and the AcsA gene all under the control of a
single T7 promoter.

[0246] FIG. 9 shows an SDS-PAGE analysis of 4HBT,
ACX4 and AcsA co-expression by E. coli BL21 (DE3)
pLysS pET20b(+)::4HBT-ACX4-AcsA.

[0247] FIG. 10A shows traces performed for the culture of
E. coli BL21 (DE3) pLysS pET20b(+)::4HBT-ACX4-AcsA
in which no isobutyric acid was added; FIG. 10B shows the
culture of . coli BL.21 (DE3) pLysS pET20b(+) in which no
isobutyric acid was added; FIG. 10C shows the HPLC trace
of'a 5 mM standard of isobutyric acid; FIG. 10D shows the
HPLC trace of a culture of E. coli BL21 (DE3) pLysS
pET20b(+) that was supplemented with isobutyric acid (5
mM) 1 h after the induction of recombinant protein expres-
sion, FIG. 10E shows the HPLC trace of a cocktail of
isobutyric acid (5§ mM) and methacrylic acid (200 pM)
standards and FIG. 10F shows the HPLC trace of the E. coli
BL21 (DE3) pLysS pET20b(+)::4HBT-ACX4-AcsA culture
in which isobutyric acid (5§ mM) was added 1 h after the
induction of recombinant protein expression.

[0248] FIG. 11 shows the change in concentration of
methacrylic acid with time (bottom line) in the E. coli BL.21
(DE3) pLysS pET20b(+)::4HBT-ACX4-AcsA culture that
was supplemented with isobutyric acid, as well as the
change in the In(OD,) of the culture with time (top line),
since the addition of isobutyric acid to the culture.

[0249] FIG. 12 shows the pET20b(+)::4HBT-ACX4-ppB-
CKD plasmid, the pET20b(+) plasmid with the codon opti-
mised genes encoding 4HBT from Arthrobacter sp. strain
SU, ACX4 from Arabidopsis thaliana as well as the bkdAl,
bkdA2, bkdB and IpdV genes from Pseudomonas putida
KT2440, all under the control of a single T7 promoter.
[0250] FIG. 13 shows the HPLC analysis of a cocktail of
2-ketoisovaleric acid (5 mM), isobutyric acid (5 mM) and
methacrylic acid (200 uM) standards, whereby the compo-
nents were separated by isocratic elution, using 14%
acetonitrile in 50 mM KH,PO, that was acidified to pH 2.5
with HCl, at a flow-rate of 1 ml-.min~".

[0251] FIG. 14 shows the HPLC analysis of the culture of
the E. coli BL.21 (DE3) pLysS pET20b(+) negative control
strain, whereby components were separated by isocratic
elution, using 14% acetonitrile in 50 mM KH,PO, that was
acidified to pH 2.5 with HCI, ata flow-rate of 1 ml-min~".
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[0252] FIG. 15 shows the HPLC analysis of the culture of
E. coli BL21 (DE3) pLysS pET20b(+)::4HBT-ACX4-ppB-
CKD, whereby components were separated by isocratic
elution, using 14% acetonitrile in 50 mM KH,PO, that was
acidified to pH 2.5 with HCI, at a flow-rate of 1 ml'min~',
demonstrating the production of methacrylic acid from
glucose.

[0253] FIG. 16 shows the HPLC analysis of a sample of
the culture of . coli BL21 (DE3) pLysS pET20b(+)::4HBT-
ACX4-ppBCKD, that was spiked with an additional 0.24
mM authentic methacrylic acid, whereby components were
separated by isocratic elution, using 14% acetonitrile in 50
mM KH,PO, that was acidified to pH 2.5 with HCl, ata
flow-rate of 1 ml'min~".

[0254] FIG. 17 shows the HPLC analysis of the culture of
the E. coli BL21 (DE3) pLysS pET20b(+) negative control
strain that was supplemented with 2-ketoisovaleric acid,
whereby components were separated by isocratic elution,
using 14% acetonitrile in 50 mM KH,PO, that was acidified
to pH 2.5 with HCI, at a flow-rate of 1 ml'min~'.

[0255] FIG. 18 shows the HPLC analysis of the culture of
E. coli BL21 (DE3) pLysS pET20b(+)::4HBT-ACX4-ppB-
CKD that was supplemented with 2-ketoisovaleric acid (5
mM), whereby the components were separated by isocratic
elution, using 14% acetonitrile in 50 mM KH,PO, that was
acidified to pH 2.5 with HCI, at a flow-rate of 1 ml‘-min",
demonstrating that supplementing the culture with 2-ketois-
ovaleric acid boosts methacrylic acid production by this
strain.

[0256] FIG. 19 shows the HPLC analysis of a sample of
the culture of . coli BL21 (DE3) pLysS pET20b(+)::4HBT-
ACX4-ppBCKD that was supplemented with 2-ketoisoval-
eric acid (5§ mM), that was spiked with an additional 0.24
mM authentic methacrylic acid, whereby the components
were separated by isocratic elution, using 14% acetonitrile
in 50 mM KH,PO, that was acidified to pH 2.5 with HCI, at
a flow-rate of 1 ml-min~".

[0257] FIG. 20 shows the structure of plasmid pMMA121
for expression of the Arabidopsis thaliana ACX4 protein in
E. coli.

[0258] FIG. 21 shows the production of methacrylyl-CoA
from isobutyryl-CoA using the Arabidopsis thaliana ACX4
protein produced from recombinant E. coli of example 5.
[0259] FIG. 22 shows the SDS-PAGE analysis of fractions
of the recombinant . coli of example 5 containing the
Arabidopsis thaliana ACX4 protein.

[0260] FIG. 23 shows the structure of plasmids pWAOQO08,
pPMMA133 and pMMA134 for the expression of apple AAT
(MpAAT1), ACX4 from Arabidopsis, and bkdAl, bkdA2,
bkdB and IpdV: BCKAD complex genes from Pseudomonas
aeruginosa PAO1 strain in recombinant £. coli.

[0261] FIG. 24 shows the production of butyl methacry-
late from 2-ketoisovalerate and butanol by HPLC analysis of
a sample of the culture of recombinant E. coli production
expressing plasmid pMMA134.

WORKING EXAMPLES

[0262] Example 1: The selective hydrolysis of methacry-
lyl-CoA
[0263] Example 2: The oxidation of isobutyryl-CoA to

methacrylyl-CoA and the in vitro conversion of isobutyryl-
CoA to methacrylic acid and coenzyme A in an enzyme
coupled reaction.
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[0264] Example 3: The whole cell biotransformation of
isobutyric acid to methacrylic acid.

[0265] Example 4: The whole cell production of meth-
acrylic acid from glucose via a 2-ketoisovalerate interme-
diate.

[0266] Example 5: The whole cell production of butyl
methacrylate from 2-ketoisovalerate by recombinant
Escherichia coli

1.1 Materials for Examples 1 to 4

[0267] The bacterial strains used throughout examples one
to four are listed, as well as the growth media and agar plates
used throughout the experiments. A table of primers lists all
the primers used in this study, and a table of plasmids lists
all the plasmids used and constructed during this study.

1.1.1 Bacterial Strains

[0268] E. coli IM107 was used as a plasmid cloning host
whilst E. coli BL21 (DE3) pLysS was used as a gene
expression host.

1.1.2 Bacterial Growth Media and Nutrient Agar
Plates

1.1.2.1 Luria Bertani Broth (LB Media)

[0269] Luria Bertani high salt media (Melford) (25 g-L ™)
was used wherever LB media is referred to, whereby 25 g of
LB high salt media in 1 litre consists of peptone from casein
digest (10 g-L71), yeast extract (5 g-L.™") and sodium chlo-
ride (10 g'L™!). LB media was often supplemented with
carbenicillin (50 ug-ml™), chloramphenicol (34 pg-min)
and/or glucose (1% w/v). LB media was sterilised by
autoclave, whilst stock solutions of glucose (20% w/v) in
water, carbenicillin (100 mg:ml™") in water and chloram-
phenicol (34 mg'min~) in ethanol were filter sterilised and
added separately.

1.1.2.2 MSX Minimal Media

[0270] MSX media was prepared by combining MSA
media (760 ml-L™"), MSB media (200 ml-L™") and a 12.5%
(w/v) glucose stock solution (40 ml-L™") at room tempera-
ture. MSB media was composed of NH,Cl (15 g-L™!) and
MgSO,.7H,0 (2.0 g'L.™!) and was sterilised by autoclave.
MSA media was composed of KH,PO, (7.89 g-L7!), vish-
niac trace elements (2.63 ml-L™") and KOH solution was
added until the pH reached 7.0 before MSA was sterilised by
autoclave. Vishniac trace elements were prepared as previ-
ously described (Vishniac W, Santer M. THE THIOBA-
CILLI, Bacteriological Reviews 1957;21(3): 195-213.) but
using only 3.9 g'L.™! of ZnSO,.7H,0. The glucose was filter
sterilised using a 0.22 pm sterile filter. MSX media was
sometimes supplemented with riboflavin (1 mg-L™") and this
was achieved by dissolving riboflavin into MSB media first
(5 mg-L™"). This solution was then filter sterilised and the
MSB+Riboflavin solution was then mixed with MSA and
glucose in the same volumetric as for MSX media alone, to
form MSX supplemented with riboflavin. Both MSX and
MSX supplemented with riboflavin were always supple-
mented with carbenicillin (50 pg'ml™) and chloramphenicol
(34 pgml™), prepared as previously described for LB
media.
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1.1.2.3 Luria Bertani Agar Plates

[0271] Luria Bertani agar plates were prepared using Luria
Bertani high salt media (Melford) (25 g'L™') and agar (20
g-L ™). The LB and agar mixture was sterilised by autoclave
and allowed to cool for 1 h in a 50° C. water bath prior to
pouring. The LB agar plates were often supplemented with
carbenicillin (50 uml-1), chloramphenicol (34 pg.ml-1) and/
or glucose (1% w/v). The carbencillin, chloramphenicol and
glucose stock solutions were prepared as previously
described for Luria Bertani liquid broth and added to the LB
agar solution just prior to pouring. The glucose stock solu-
tion was pre-warmed in a 50° C. water bath for 1 h prior to
its addition to the LB agar.

1.1.3 Table of Primers and List of Sequences

[0272]

PRIMER SEQUENCE SEQ

REF (5' to 3') D

HHT . F TATACATATGCACCGTAC 2
CTCTAACGGTTCTCACGC

HHT.R CTCGAGTCCGTCACGACG 3
CGGACG

OE.A.F ACATATGCACCGTACCTC 7
TAACGGTTC

OE.A.R CTGCCATATCTATATCTC 8
CTGTTAGTCACGACGCGG
ACG

OE.B.F GTGACTAACAGGAGATAT 9
AGATATGGCAGTTCTGAG
CAGC

OE.B.R CTCGAGATATTATAGCTA 10
GCTTACAGACGGCTACGE
GTTG

BCKAD.F GGCCTGTCATGAGTGATT 16
ACGAGCCG

BCKAD .R CGGECCCTGCAGGTTCGCG 17
GGAATCAGATGTGC

AAT.F AGGAGATATACCATGAAA 18
AGCTTTTCTGTACTC

AAT.R AGCAGCCGGATCCCOTGE 19
AGGACTAGTTTACTGGCT
GGTGCTAC

ACX4.F CACCAGCCAGTAAGCTAG 20
CAAGGAGATATACCATGG
cTa

ACX4.R TCCCCTGCAGGACTAGTT 21
TACAGGCGAGAACGGGTA
a

[0273] SEQ ID NO. 1—codon optimised gene sequence

for 4-Hydroxybenzoyl-CoA Thioesterase (4HBT) from
Arthobacter sp. strain SU for expression in Escherichia coli.

[0274] SEQ ID NO. 4—The product of the polymerase
chain reaction performed to modify the 4HBT gene such that
sub-cloning the PCR product into the pET20b(+) plasmid to
form the pET20b(+)::CtHis-4HBT plasmid.
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[0275] SEQ ID NO. 5—The gene encoding the carboxy-
terminal histidine tagged 4HBT enzyme in the pET20b(+)::
CtHis-4HBT plasmid.

[0276] SEQ ID NO. 6—codon optimised gene encoding
short chain acyl-CoA oxidase (ACX4) from Arabidopsis
thaliana for expression in Escherichia coli.

[0277] SEQ ID NO. 11—The product of the overlap
extension polymerase chain reaction to concatenate 4HBT
and ACX4 into one polynucleotide

[0278] SEQ ID NO. 12—codon optimised gene encoding
acyl-CoA synthetase (AcsA) from Pseudomonas chlorora-
phis B23 for expression in Escherichia coli.

[0279] SEQ ID NO. 13—The sequence between, and
inclusive of, the Ndel and Xhol restriction sites in pET20b
(+)::4HBT-ACX4-AcsA.

[0280] SEQ ID NO 14—The ‘ppBCKD’ polynucleotide
synthesised by Biomatik containing the four genes encoding
the subunits of the Pseudomonas putida KT2440 branched
chain keto acid dehydrogenase, delivered in the pBSK::
ppBCKD plasmid.

[0281] SEQ ID NO. 15—The sequence between, and
inclusive of, the Ndel and Xhol restriction sites in the
pET20b(+)::4HBT-ACX4-ppBCKD plasmid.

[0282] SEQ ID NO. 22—The sequence of the pET16b
(Sse) expression vector containing a modified Sse83871
restriction site.

[0283] SEQ ID NO. 23—codon optimised gene encoding
short chain acyl-CoA oxidase (ACX4) from Arabidopsis
thaliana for expression in the pET16b (Sse) expression
vector.

[0284] SEQ ID NO. 24—codon optimised gene encoding
alcohol acyl transferase (AAT) from Apple for expression in
the pET16b (Sse) expression vector.

1.1.4 Table of Plasmids
[0285]

PLASMID

REFERENCE SOURCE DESCRIPTION

Biomatik
Corporation

pBMH::4HBT A cloning vector
conferring resistance to
ampicillin containing a
codon optimised gene
encoding 4HBT flanked by
the NdeI and NotI
restriction sites.

A cloning vector
conferring resistance to
ampicillin containing a
codon optimised gene
encoding AcsA flanked by a
3' Xhol restriction site

and a 5' sequence
containing an Nhel
restriction site, a

ribosome binding site, a
spacer sequence and an
Ndel restriction site.

A cloning vector with the
four genes encoding the
branched chain keto acid
dehydrogenase complex of
Pseudomonas putida XT2440,
flanked by a 3' Xhol
restriction site and a 5'
sequence composed of an
Xbal restriction site, a

Biomatik
Corporation

pBMH::AcsA

Biomatik
Corporation

pBSK::ppBCKD
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-continued -continued

PLASMID PLASMID

REFERENCE SOURCE DESCRIPTION REFERENCE SOURCE DESCRIPTION
spacer sequence, an Nhel pET20b(+)::4HBT- This work The pET20b(+) expression
restriction site, a ACX4 vector containing the 4HBT
ribosome binding site and and ACX4 genes subcloned
a second spacer sequence. as a single polynucleotide

PMA-RQ::ACX4 Life A cloning plasmid from the pJET1.2:4HBT-

Technologies conferring resistance to ACX4 plasmid into the

ampicillin, and containing pET20b(+) plasmid in

a codon optimised gene between the Ndel and Xhol

encoding ACX4 from restriction sites, such

Arabidopsis thaliana, that an expression unit is

flanked by a 5' Ndel and a formed for the co-

3' Xhol restriction site. expression of both 4HBT
pJET1.2 Thermo The pJET1.2 linearised and ACX4, and capable of

Scientific blunt end cloning vector accepting a second insert

by Thermo Scientific. between the newly
pJET1.2::CtHIS- This work The pJET1.2 cloning vector introduced Nhel site and
4HBT containing the product of the Xhol site.

a polymerase chain pET20b(+)::4HBT- This work The pET20b(+)::4HBT-ACX4

reaction to replace the ACX4-AcsA expression vector

stop codon of 4HBT with a containing the AcsA gene

5'-GGA-3' sequence subcloned from the

followed by a Xhol site, pBMH::AcsA plasmid in

such that on sub-cloning between its Nhel and Xhol sites.

the insert into pET20b(+), pET20b(+)::ppBCKD  This work The pET20b(+) expression

the gene formed encodes vector containing the four

4HBT with a C-terminal genes encoding the ppBCKD

His-tag appended to the complex, subcloned from

end, with a tripeptide the pBSK::ppBCKD plasmid

linker in between. in between the Xbal and
pJET1.2::4HBT- This work The pJET1.2 cloning vector Xhol restriction sites.

ACX4 containing the product of pET20b(+)::4HBT- This work The pET20b(+)::4HBT-ACX4
an overlap extension ACX4-ppBCKD expression vector
polymerase chain reaction containing the four genes
that linked the 4HBT and encoding the ppBCKD
ACX4 genes into a single complex, subcloned from
polynucleotide with a new the pBSK::ppBCKD plasmid
ribosome binding site in into it in between its
between the two genes. Nhel and Xhol restriction sites.

pET20b(+) Novagen The pET20b(+) expression pET16b (Sse) This work The pET16b expression
vector by Novagen. vector with a modified

pET20b(+)::4HBT This work The pET20b(+) expression Sse83871 restriction site.
vector containing the pPMMAI121 This work The pET16b (Sse)
codon optimised gene expression vector
encoding 4HBT from containing the ACX4 gene
Arthrobacter sp. strain SU from A. thaliana optimised
between the Ndel and Notl for expression in pET16b
restriction sites. (Sse) between its Xbal and

pET20b(+)::CtHIS- This work The pET20b(+) expression . Sse83871 restriction Sltes',

AHBT vector with the insert PWAO008 This work The pET16bl(Slse) expression
from pJET1.2::CtHIS-4HBT veetor containing the

. operon which encodes the
subcloned in between the BCKAD complex fi
o plex from

NdeI and Xhol restriction P aeruginosa PAOL strain

sites, for the expression inserted between its Ncol

of 4HBT with a Gly-Leu- and Sse83871 restriction sites.

Glu-His-His-His-His-His- PAAT212 This work The pET(Sse) expression

His peptide appended to vector containing the AAT

the carboxy-terminus of gene from Apple optimised

each subunit. for expression in pET16b
pET20b(+)::ACX4 This work The pET20b(+) expression (Sse) inserted between its

vector containing the Ncol and Sse83871

codon optimised gene restriction sites

encoding short chain acyl- PMMA133 This work The pAAT212 plasmid

CoA oxidase from further containing the

Arabidopsis thaliana, ACX4 gene from 4. thaliana

cloned in between the Ndel optimised for expression

and Xhol restriction sites. in the pET16b (Sse) vector
pET20b(+)::AcsA This work The pET20b(+) expression inserted between the Spel

vector containing the restriction site and the AAT gene.

codon optimised gene PMMAI134 This work The pMMA133 and the pWAO008

encoding AcsA, cloned in
between the Ndel and Xhol
restriction sites.

plasmids ligated together
and containing the ACX4
gene from 4. thaliana
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-continued

PLASMID

REFERENCE SOURCE DESCRIPTION

optimised for expression

in the pET16b (Sse)

vector, the AAT gene from
Apple optimised for
expression in the pET16b
(Sse) vector, and the
BCKAD complex from

P. aeruginosa PAO1 strain
inserted between the Xbal
and Sse8387I restriction sites.

1.2 General Methods for Examples 1 to 4

1.2.1 Transformation of Plasmids into E. Coli
JM107 Cloning Host

[0286] Plasmids (1 ng) were transformed into E. coli
IM107 (50 pl) that was made competent using the Fermentas
TransformAid™ bacterial transformation kit. Freshly trans-
formed cells were incubated on ice for 5 min, then plated on
prewarmed LB agar plates supplemented with carbenicillin
(50 ng-ul™). Plates were incubated at 37° C. for 16 h.

1.2.2 Restriction Digests of Plasmids

[0287] To isolate the gene or polynucleotide inserts from
plasmids, restriction digests of plasmids were performed
using the Fermentas FastDigest® series of restriction endo-
nucleases, according to the instructions provided. All restric-
tion digest reactions were performed in a water bath at 37°
C. for 3 h.

1.2.3 Preparation of Linear Expression Vector

[0288] Plasmids were linearised in restriction digestion
reactions (100 pl) containing plasmid DNA (100 ng-ul™),
Fermentas FastDigest® Green buffer (1x) and Fermentas
FastDigest® restriction endonucleases, as described above.
Linearised vectors were purified by agarose gel electropho-
resis and gel extraction without first heat-inactivating the
restriction endonucleases. The 5' phosphates of the lin-
earised vectors were then hydrolysed by Antarctic phos-
phatase (New England Biolabs) according to the instructions
provided. The dephosphorylated vector was concentrated by
ethanol precipitation, which required the addition of 3M
sodium acetate, pH 5.2, to the sample (volume added: Vio™
of the original sample volume) followed by the addition of
absolute ethanol (volume added: 2x the new sample vol-
ume). The precipitation mixture was incubated overnight at
-20° C. The precipitated DNA was then centrifuged in an
Eppendorf miniSpin F-45-12-11 rotor at 13400 rpm for 30
min. The supernatant was discarded and the cell pellet was
washed with 70% (v/v) ethanol. The DNA pellet was then
centrifuged in the same rotor and at the same speed as before
for a further 10 min. The supernatant was removed and the
DNA pellet was air dried in a fume hood for 20 min before
being resuspended in nuclease free water (50 pl). The
concentration of the linearised vector was determined by
analytical agarose gel electrophoresis.

1.2.4 Agarose Gel Electrophoresis and Gel
Extraction

[0289] Linear DNA fragments from plasmid digestion or
PCR amplification were purified by agarose gel electropho-
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resis. The digests or PCR products were loaded onto an
agarose gel consisting of agarose (1% (w/v)), ethidium
bromide (1.78 uM), Tris acetate (4 mM) and ethylenedi-
aminetetraacetic acid (EDTA) (1 mM). A potential differ-
ence of 7V per centimetre of gel length was applied across
the gel to resolve the polynucleotides. DNA was visualised
on the gel with a transluminator, and a gel slice containing
the polynucleotide of interest was excised with a scalpel.
The polynucleotide was purified from the gel slice with the
QIAquick® Gel extraction kit. The concentration of the
polynucleotide was determined by analytical agarose gel
electrophoresis.

1.2.5 Ligation of Inserts into Linearised Plasmids

[0290] Gene inserts were ligated into linearised plasmid in
a ligation reaction (20 pl). Ligation reactions consisted of
gene insert and linear vector (50 ng) in a 3:1 molar ratio for
gene inserts less than 3 kb in length, or a 1:1 molar ratio for
gene inserts greater than 3 kb in length, along with T4 DNA
ligase (1 unit) and Fermentas buffer for T4 DNA ligase (1x).
Ligations were performed at room temperature for 20 min
and ligation mixture (2.5 pl) was used as the source of
plasmid for the transformation into E. coli IM107, which
was performed using the Fermentas TransformAid bacterial
transformation kit, as before. Transformed cells were plated
on prewarmed LB agar plates supplemented with carbeni-
cillin and were incubated at 37° C. for 16 h.

1.2.6 Subcloning a Polynucleotide into an
Expression Vector

[0291] To sub-clone a polynucleotide into a new vector,
the source vector was first amplified by transforming it (1
ng) into E. coli IM107 using the Fermentas TransformAid™
bacterial transformation kit and then preparing an LB culture
(5 ml) supplemented with carbenicillin for each of 5 unique
colonies on the agar plate. The 5x5 ml LB+Carbenicillin
cultures were incubated at 37° C. with shaking at 250 rpm
for 16 h and plasmids were purified out of the culture using
the QIAGEN QIAprep® Spin miniprep kit as described in
the manual. The polynucleotides of interest were digested
out of each plasmid preparation in restriction digest reac-
tions (20 pl) using 1 pl of the required restriction endonu-
clease for each of the desired 5' and 3' cloning sites. The
restriction digests were pooled together and the polynucle-
otide to be subcloned into the new vector was purified from
the remainder of the source vector by agarose gel electro-
phoresis and gel extraction. A ligation reaction was estab-
lished to ligate the polynucleotide insert into a linearised
expression vector previously prepared with complementary
cohesive ends to the insert. The ligation reaction (2.5 ul) was
used as the source of plasmid for transformation into E. coli
IM107, as already described. The expression plasmid was
amplified by inoculating an L.B+Carbenicillin culture (100
ml) with a single colony from the plate of transformants,
incubating the culture at 37° C. with shaking at 200 rpm for
16 h, and purifying the plasmid from the culture using the
QIAGEN Plasmid MidiPrep kit.

1.2.7 Transformation of E. Coli BL.21 (DE3) pLysS
with Expression Vector

[0292] Expression vector (1 ng) was transformed into E.
coli BL21 (DE3) pLysS expression host. Competent cells
were purchased from Novagen, and ice cold circular plasmid
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(1 ng) was added to ice cold competent cells (20 pl). The
transformation mixture was incubated on ice for 5 min prior
to a 30 s heat shock at 42° C. After the heat shock, cells were
incubated on ice for a further 2 min. SOC media (Novagen)
(80 ) was added to the transformed cells and the cells were
incubated at 37° C. with shaking at 250 rpm for 60 min prior
to plating on LB agar plates supplemented with carbenicillin
(50 pg'ml™"), chloramphenicol (34 pg-ml™") and glucose
(1%, w/v). Plates were incubated at 37° C. for 16 h.

1.2.8 Analytical Agarose Gel Electrophoresis

[0293] Linear DNA homogeneity and concentration was
determined by analytical agarose gel electrophoresis. Aga-
rose gels consisted of agarose (1% (w/v)), ethidium bromide
(1.78 uM), Tris acetate (4 mM) and EDTA (1 mM). A fixed
volume (5 pl) of DNA sample was loaded onto the gel
alongside GeneRuler™ 1 kb Plus DNA ladder (Thermo
Scientific) (5 pl). To estimate the concentration of the
sample, the intensity of the sample band was visually
compared to the intensities of bands of similar size and
known mass in the ladder, as described in the manual for the
GeneRuler™ 1 kb Plus DNA ladder.

1.2.9 Sodium-Dodecyl-Sulphate Polyacrylamide
Gel Electrophoresis

[0294] Samples (1.5 ml) were taken from cell culture and
cells were pelleted by centrifugation at 5000 g for 10 min.
Cell pellets were resuspended in cell lysis buffer, using 100
ul for each ODg,, unit the cell culture was at when the
samples were taken. Cell lysis buffer contained potassium
phosphate buffer (100 mM, pH 7.5), BugBuster cell lysis
detergent (Merck-Millipore) (1x), Benzonase nuclease
(Sigma Aldrich) (0.01%, v/v) and protease inhibitor cocktail
(Roche). Resuspended cells were incubated for 20 min with
shaking at 250 rpm and centrifuged at 18,000 g for 20 min
at 4° C. The insoluble fraction was re-suspended in potas-
sium phosphate buffer (100 mM, pH 7.5) using the same
volume as was used to resuspend the cell pellet. Soluble and
insoluble fractions were mixed in a 1:1 ratio with 2x
Laemmli sample buffer (Bio-Rad), containing p-mercap-
toethanol (5%, v/v). Samples were boiled at 100° C. for 5
min and loaded onto a Bio-Rad AnyKD TGX precast gel.
Electrophoresis was performed at 200V in Tris/Glycine/SDS
running buffer (Bio-Rad). Gels were washed by soaking
them in double distilled water at room temperature with
gentle agitation (50 rpm) for 5 min. The water was removed
and the wash procedure was repeated a further four times.
Gels were then stained by soaking overnight (16 h) in
EZBIue™ Gel Staining Reagent (Sigma-Aldrich) at room
temperature with gentle agitation for 16 h.

1.3 Example 1—Production of Methacrylic Acid
from Methacrylyl-CoA

[0295] The enzyme 4-hydroxybenzoyl-CoA thioesterase
(4HBT) from Arthrobacter sp. strain SU (Genbank acces-
sion number AAC80224.1, Uniprot accession number
Q04416, EC number 3.1.2.23) was identified as a candidate
thioesterase for the hydrolysis of methacrylyl-CoA after a
database and literature search for thioesterases with known
activity on substrates that are structurally related to meth-
acrylyl-CoA.

[0296] A gene encoding the amino acid sequence for
4HBT was codon optimised for expression in E. coli and
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synthesised by Biomatik Corporation with an Ndel restric-
tion site integrated into the 5' end and a Notl restriction site
appended to the 3' end.

[0297] The synthesised polynucleotide (SEQ. ID 1) was
delivered in the pPBMH::4HBT cloning vector and the 4HBT
gene insert was sub-cloned into a previously linearised
pET20b(+) expression vector, at the Ndel and Notl restric-
tion sites, to form pET20b(+)::4HBT. The newly constructed
pET20b(+)::4HBT plasmid was then transformed into E.
coli BL21 (DE3) pLysS to form £. coli BL21 (DE3) pLysS
pET20b(+)::4HBT.

[0298] To express the 4-hydroxbenzoyl-CoA thioesterase
enzyme, a starter culture (20 ml) of LB media supplemented
with glucose, carbencillin and chloramphenicol was first
inoculated with a single colony of . coli BL21 (DE3) pLysS
pET20b(+)::4HBT from an LB agar plate supplemented
with glucose chloramphenicol and carbenicillin. The starter
culture was incubated at 37° C. with shaking at 200 rpm
until the culture reached an ODy, of 1.0. The cells were
then harvested by centrifugation at 5000 g for 15 min at 4°
C. and used to inoculate an intermediate culture (100 ml) of
LB media, also supplemented with glucose, carbenicillin
and chloramphenicol. The intermediate culture was also
incubated at 37° C. with shaking at 200 rpm until an OD,
of 1.0. The cells in the intermediate culture were then
harvested by centrifugation at 5000 g for 15 min at 4° C.
before being re-suspended into fresh LB media (1 L), again
supplemented with glucose, carbenicillin and chlorampheni-
col, in a 2.5 L baffled shake flask. This culture was incubated
at 37° C. with shaking at 200 rpm until an OD,, of 1.0 and
expression of 4HBT was then induced by the addition of
isopropyl-p-D-thiogalactopyrannoside (IPTG) to a final
concentration of 0.4 mM. The culture was incubated for a
further 5.5 h under the same conditions. The culture was
divided evenly into three centrifuge tubes and cells were
then harvested by centrifugation at 5000 g for 20 min at 4°
C. A sample of the culture taken prior to the cells being
harvested was analysed by SDS-PAGE which showed the
protein to be highly soluble and well expressed. Cell pellets
in each centrifuge tube were washed three times in assay
buffer (50 ml), which comprised of 2-[4-(2-hydroxyethyl)
piperazin-1-yl])ethanesulfonic acid (HEPES) (50 mM), that
was adjusted to pH 7.5 with potassium hydroxide. The cell
pellets were frozen at —80° C. until lysed. This process was
repeated for the E. coli BL21 (DE3) pLysS pET20b(+), an
empty pET20b(+) vector negative control strain.

[0299] To prepare a cell free extract of the 4HBT enzyme,
one of the cell pellets of E. coli BL21 (DE3) pLysS
pET20b(+)::4HBT that was prepared previously was re-
suspended in HEPES (50 mM, pH 7.5) assay buffer and
lysed in a Constant Systems One Shot cell disrupter. The cell
lysate was centrifuged at 18,000 g for 15 min at 4° C. and
the supernatant of this was centrifuged at 57,750 g for a
further 60 min at 4° C. This supernatant was washed using
a VivaSpin Viva6 10,000 Molecular Weight Cut-Off cen-
trifugal concentrator, centrifuging at 10,000 g at 18° C. until
a six-fold volume reduction, followed by a six-fold re-
dilution in the HEPES assay buffer and a further 6-fold
volume reduction in the centrifugal concentrator. The total
protein concentration of the cell free extracts from E. coli
BL21 (DE3) pLysS pET20b(+)::4HBT overexpression cul-
tures was performed using the BioRad DC assay kit, using
bovine serum albumin as the protein standard. The same
procedure was followed in order to prepare cell free extracts



US 2020/0308609 Al

from a cell pellet of the E. coli BL21 (DE3) pLysS pET20b
(+), the negative control strain.

[0300] In order to assay the 4HBT enzyme for activity on
methacrylyl-CoA, methacrylyl-CoA was first prepared. The
synthesis of methacrylyl-CoA was performed by the reaction
of coenzyme A with methacrylic anhydride. The reaction
consisted of coenzyme A (20 mM) and methacrylic anhy-
dride (40 mM) in sodium phosphate buffer (100 mM, pH
8.5). The reaction was incubated on ice and vortexed every
2 min for 30 min and the final reaction mix was acidified to
pH 3.5 with hydrochloric acid. Methacrylic acid byproduct
and unreacted methacrylic anhydride were removed by
extraction with 4x10 ml water saturated diethyl ether. Meth-
acrylyl-CoA was purified by reverse phase high performance
liquid chromatography (RP-HPLC) on an analytical scale
column (Agilent Zorbax Eclipse XDB C18 column, 4.6
mmx150 mm). Sample (75 pl) was injected onto the C18
column, and eluted over 40 min by a linear acetonitrile
gradient (1.8%-13.5%) in 0.1% trifluoroacetic acid (TFA), at
a flowrate of 1 ml'min~'. The main peak was the methacry-
lyl-CoA containing peak, and the methacrylyl-CoA contain-
ing fractions were collected and pooled. Acetonitrile was
removed by rotary evaporation (21° C., 3 kPa), leaving
behind an aqueous solution of methacrylyl-CoA and trifluo-
roacetic acid. This solution of methacrylyl-CoA and trifluo-
roacetic acid was brought to pH 7 by sodium hydroxide and
flash frozen with liquid nitrogen prior to lyophilisation. TFA
was removed by re-dissolving the freeze dried sample in
nuclease free water (10 ml), and repeating the freeze-dry-
redissolve cycle twice more, once in 5 ml, and finally in 1
ml nuclease free water. The concentration of methacrylyl-
CoA was determined by absorbance at 260 nm with a molar
extinction coefficient of 16800M~'-cm™".

[0301] Crude enzymatic assays of 4HBT were performed
in cuvettes (1 ml) containing cell free protein extract (1
mg-ml™), methacrylyl-CoA (approximately 100 uM), 5'5-
dithiobis-(2-nitrobenzoic) acid (DTNB) (500 uM). Reac-
tions were started by the addition of substrate and were
monitored at 412 nm. Enzymatic assays were repeated for
cell free extracts of £. coli BL21 (DE3) pLysS pET20b(+).
Enzyme assays for cell free extracts of both the 4HBT
overexpressing strain and the empty vector control strain
were repeated for isobutyryl-CoA as a substrate also.
[0302] Crude enzyme assays of 4HBT demonstrated that
4HBT catalysed the hydrolysis of methacrylyl-CoA, and
exhibited a selectivity for methacrylyl-CoA over isobutyryl-
CoA as a substrate.

[0303] In order to better characterise 4-hydroxybenzoyl-
CoA thioesterase, the enzyme was His-tagged so that it
could be assayed as a pure enzyme as opposed to as a part
of a cell free extract. To His-tag the enzyme, a polymerase
chain reaction was established. Forward and reverse primers
for 4HBT His-tagging , HHT.F (SEQ. ID 2) and HHT.R
(SEQ. ID 3), were designed to replace the (5'-TAA-3") stop
codon from the gene encoding 4HBT with a (5'-GGA-3")
sequence and to introduce a 3' Xhol restriction site imme-
diately after. Thus, on cloning the PCR product back into
pET20b(+) between the Ndel and Xhol restriction sites, an
open reading frame encoding 4HBT with a glycine-leucine-
glutamate spacer sequence and a carboxy-terminal hexahis-
tidine (His) tag was created.

[0304] Polymerase chain reaction mixtures contained the
pET20b(+)::4HBT plasmid as template DNA (50 pg-ul™),
KOD DNA polymerase (1 unit), primer HHT.F (0.4 uM),
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primer HHT.R (0.4 uM), deoxyadenosinetriphosphate
(dATP) (0.2 mM), deoxythymidine triphosphate (dTTP) (0.2
mM), deoxycytidinetriphosphate (dCTP) (0.2 mM), deox-
yguanosinetriphosphate (dGTP) (0.2 mM), MgCl, (1 mM)
and Novagen buffer #1 for KOD DNA polymerase (1x).
PCR mixtures were loaded into a thermocycler programmed
to start at 94° C. for 3 min, then to cycle through 30
iterations of 30 s melting at 94° C., 30 s annealing at 55° C.,
80 s elongation at 72° C., before ending with 5 min at 72°
C.

[0305] The PCR product (SEQ. ID 4) was purified by
agarose gel electrophoresis followed by gel extraction, and
was blunt end ligated into the pJET1.2 cloning vector to
form pJET1.2::CtHis-4HBT. The insert was then sub-cloned
from pJET1.2::CtHis-4HBT into pET20b(+) in between the
Ndel and Xhol restriction sites to form pET20b(+)::CtHis-
4HBT. The E. coli BL21 (DE3) pLysS expression host was
then transformed with pET20b(+)::CtHis-4HBT to form the
C-terminal hexahistidine tagged 4HBT expression host, E.
coli BL21 (DE3) pLysS pET20b(+)::CtHis-4HBT.

[0306] Pure carboxy-terminal His-tagged 4HBT enzyme
was then prepared by first growing cultures of E. coli BL.21
(DE3) pLysS pET20b(+)::CtHis-4HBT and inducing
expression in the exact same manner as was performed for
E. coli BL21 (DE3) pLysS pET20b(+)::4HBT. A sample
from the culture taken 5.5 h after expression showed that the
carboxy-terminal His-tagged 4HBT enzyme was also very
soluble and was expressed at high levels. Cells were har-
vested by splitting the cell culture into three centrifuge tubes
and centrifuging at 5000 g for 20 min at 4° C. Cell pellets
were not washed though, and were instead directly stored at
-80° C. A cell free extract of carboxy-terminal hexahistidine
tagged 4HBT was prepared by re-suspending one of the E.
coli BL21 (DE3) pLysS pET20b(+)::CtHis-4HBT cell pel-
lets in binding buffer (6 ml) for a Nickel-sepharose FPL.C
column. Binding buffer consisted of NaH,PO, (10 mM),
Na,HPO, (10 mM), NaCl (500 mM), imidazole (30 mM)
and was adjusted to pH 7.4 with HCl. Benzonase® nuclease
(0.6 ul) was added to the re-suspended cells before they were
lysed in the Constant Systems One Shot cell disrupter. The
cell lysate was then clarified by centrifugation at 18,000 g
for 15 min at 4° C., followed by centrifugation of the
supernatant at 57,750 g for 60 min at 4° C. This supernatant
was then loaded onto a GE Healthcare HisTrap™ FF Crude
column (1 ml) that was equilibrated with binding buffer.
Unbound proteins were washed off the column with five
column volumes of binding buffer, and His-tagged protein
was eluted with a linear imidazole concentration gradient,
from 30 mM to 500 mM over 20 column volumes. Protein
elution was monitored at 280 nm and fractions were checked
for the presence and purity of carboxy-terminal His-tagged
4HBT by SDS-PAGE. Fractions containing pure CtHis-
4HBT protein were pooled and a buffer exchange to replace
the elution buffer with potassium phosphate assay buffer
(100 mM, pH 7.5) was performed in a VivaSpin Viva6
10,000 Molecular Weight Cut-Off centrifugal concentrator.
To perform the buffer exchange, the pooled fractions were
centrifuged through the ultrafiltration membrane of the
centrifugal concentrator at 10,000 g at 18° C. until the
volume of the pooled fractions was reduced to 1 ml. The
remaining protein fraction was diluted six-fold in the potas-
sium phosphate assay buffer and the samples concentrated
by further centrifugation through the ultrafiltration mem-
brane under the same conditions until a six-fold volume
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reduction was achieved. The latter dilution in potassium
phosphate assay buffer and re-concentration was performed
once more and the concentration of CtHIS-4HBT protein
was determined by UV,., absorbance in a NanoDrop
ND1000 spectrophotometer, using a molar extinction coef-
ficient of 20970M~*-cm™' and a molecular weight of
17516.5 mg-mmol™" for the carboxy-terminal His-tagged
4HBT enzyme. The values for the molar extinction coeffi-
cient and molecular weight were determined using the
Expasy ProtParam tool, using the amino acid translation of
the gene sequence encoding the carboxy-terminal his tagged
4HBT enzyme (SEQ. ID 5) in the pET20b(+)::CtHis-4HBT
plasmid.

[0307] Kinetic characterisation of the purified carboxy-
terminal hexahistidine tagged 4HBT enzyme was performed
for the methacrylyl-CoA that was previously prepared, and
for isobutyryl-CoA (Purchased from Sigma Aldrich as
isobutyryl-CoA lithium salt).

[0308] Methacrylyl-CoA hydrolysis reactions (200 ul)
were performed in Nunc 96 well plates using purified
CtHis-4HBT protein (0.075 mg-ml™') and DTNB (0.5 mM)
to monitor the reaction. Initial rates were determined for
methacrylyl-CoA starting concentrations of 0.375 mM, 0.3
mM, 0.225 mM, 0.15 mM and 0.075 mM. The reactions
were started by the addition of enzyme.

[0309] Isobutyryl-CoA hydrolysis reactions (200 pl) were
also performed in Nunc 96 well plates, using purified
CtHIS-4HBT protein (1 mg-ml~') and DTNB (0.5 mM) to
monitor the reaction. Initial rates were determined for isobu-
tyryl-CoA starting concentrations of 0.5 mM, 0.4 mM, 0.3
mM, 0.2 mM and 0.1 mM. The reactions were again started
by the addition of enzyme.

[0310] Lineweaver-Burke plots were plotted for the
kinetic characterisation of both methacrylyl-CoA (FIG. 1)
and isobutyryl-CoA (FIG. 2). The kinetic constants for
carboxy-terminal hexahistidine tagged 4HBT for methacry-
lyl-CoAwereaK,,of .6 mMandaV,, of 470 nmols'mg~
1'min~!, whereas for isobutyryl-CoA, they were a K,, of 3
mM and a V, _of 16.7 nmols'mg™'min~'.

[0311] Thus, it has been demonstrated that 4HBT cataly-
ses hydrolysis of methacrylyl CoA and can be used to
produce methacrylic acid. Since 4HBT hydrolyses meth-
acrylyl-CoA with lower K,, values and higher V,,,, values
than for isobutyryl-CoA, the hydrolysis of methacrylyl-CoA
by 4HBT is advantageously highly selective.

1.4 Example 2—Formation of Methacrylyl-CoA
and Methacrylic Acid from Isobutyryl-CoA

[0312] The enzyme short chain acyl-CoA oxidase (ACX4)
from Arabidopsis thaliana (Genbank accession number
ABO017643.1, Uniprot accession number Q96329, EC num-
ber 1.3.3.6) was identified through a literature search as an
acyl-CoA oxidase enzyme with detectable activity on isobu-
tyryl-CoA as a substrate when expressed in insect cell lines.
[0313] To determine whether this oxidase could be func-
tionally expressed in Escherichia coli with useful levels of
activity on isobutyryl-CoA as a substrate for its integration
into a metabolic pathway, a gene encoding the amino acid
sequence for ACX4 was codon optimised for expression in
E. coli by Life Technologies with an Ndel restriction site
integrated at the 5' end and a Xhol restriction site at the 3'
end.

[0314] The synthesised polynucleotide (SEQ. ID 6) was
delivered in the pMA-RQ::ACX4 plasmid and the gene
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insert was subcloned into a previously linearised pET20b(+)
vector, at the Ndel and Xhol restriction sites, to form
pET20b(+)::ACX4. The newly constructed pET20b(+)::
ACX4 plasmid was then transformed into E. coli BL21
(DE3) pLysS to form E. coli BL21 (DE3) pLysS pET20b
(+)::ACX4.

[0315] In order to test the expression of ACX4, an MSX
starter culture supplemented with carbenicillin and chloram-
phenicol was inoculated with a single colony of . coli BL.21
(DE3) pLysS pET20b(+):: ACX4 from an LB agar plate that
was supplemented with glucose, chloramphenicol and car-
benicillin. The starter culture (20 ml) was incubated at 37°
C. with shaking at 200 rpm for 16 h. The cells were
harvested from the starter culture by centrifugation at 5000
g for 15 min at 4° C. and then re-suspended into a fresh MSX
media intermediate culture (100 ml) that was also supple-
mented with chloramphenicol and carbenicillin. The inter-
mediate culture was incubated at 37° C. with shaking at 200
rpm until an OD,, of 1.0. The cells were then harvested
from the intermediate culture by centrifugation at 5000 g for
15 min at 4° C. and re-suspended into a fresh MSX culture
(1 L) supplemented with chloramphenicol, carbenicillin and
also with riboflavin, in a 2.5 L baffled shake flask. The
culture was incubated at 37° C. with shaking at 200 rpm
until an ODg, of 0.7 and expression was then induced by
the addition of IPTG to a final concentration of 0.4 mM. The
culture was incubated for a further 7 h under the same
conditions before cells were split into three centrifuge tubes
and harvested by centrifugation at 5000 g for 20 min at 4°
C. A sample of the culture taken prior to the cells being
harvested and was analysed by SDS-PAGE, which showed
the ACX4 protein to be well expressed and for approxi-
mately one third of the ACX4 protein to lie in the soluble
fraction and two thirds in the insoluble fraction. The cell
pellets were washed three times in HEPES buffer (50 mM)
that was adjusted to pH 7.5 with KOH. The cell pellets were
frozen at -80° C. until lysed. The process was repeated for
the E. coli BL.21 (DE3) pLysS pET20b(+) negative control
strain.

[0316] To prepare a cell free extract of the ACX4 enzyme,
one of the cell pellets that was prepared previously was
re-suspended in HEPES (50 mM, pH 7.5) buffer (6 ml) that
was supplemented with flavin adenine dinucleotide (FAD) at
a final concentration of 10 uM. The re-suspended cells were
then lysed in a Constant Systems One Shot cell disrupter.
The lysate was centrifuged at 18,000 g for 15 min at 4° C.
and the supernatant of this was further centrifuged at 57,750
rpm for 60 min at 4° C. The supernatant was concentrated
in a VivaSpin Viva6 10,000 Molecular Weight Cut-Off
centrifugal concentrator, centrifuging at 10,000 g at 18° C.
until a six-fold volume reduction of the retentate. The
retentate was washed once by a six-fold re-dilution in
HEPES buffer (50 mM, pH 7.5) that was again supple-
mented with FAD (10 uM), followed by a second concen-
tration step in the centrifugal concentrator through a six-fold
volume reduction. The total protein concentration in the
retentate was determined using the BioRad DC protein assay
kit, using bovine serum albumin as the protein standard.

[0317] An analytical HPLC method was developed to
resolve isobutyryl-CoA (IB-CoA), methacrylyl-CoA (MAA-
CoA), flavin adenine dinucleotide (FAD), methacrylic acid
(MAA) and coenzyme A (CoA-SH). Coenzyme A, meth-
acrylyl-CoA and isobutyryl-CoA eluted at 11.0 min, 30.8
min and 32.2 min respectively. Coenzyme A, methacrylyl-
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CoA and isobutyryl-CoA each had a small tailing (minor)
peak assocated with the main peak at 12 min, 31.6 min and
32.9 min, respectively (FIG. 3). Methacrylic acid eluted at
13.5 mn, and FAD, used in the crude assays of ACX4 and as
an internal standard for the isobutyryl-CoA and methacrylyl-
Coa standards, eluted at 27.8 min.

[0318] To ensure that coenzyme A, methacrylic acid,
isobutyryl-CoA and methacrylyl-CoA were not be confused
with peaks from the cell free extract, a no-substrate control
was performed, using ACX4 cell free extract (0.8 mg.-ml™),
purified CtHis-4HBT (0.6 mg:ml™") and FAD (10 uM) in
HEPES buffer. No peaks were observed eluting at the
coenzyme A, methacrylic acid, methacrylyl-CoA or isobu-
tyryl-CoA elution times (FIG. 4).

[0319] The activity test of ACX4 was performed in 1.5 ml
micro-centrifuge tubes. Crude enzyme reactions consisted of
cell free ACX4 protein extract (0.8 mg-ml™), isobutyryl-
CoA (500 uM) and flavin adenine dinucleotide (10 uM) in
HEPES buffer (50 mM, pH 7.5). The reaction was incubated
at 30° C. in the 1.5 ml micro-centrifuge tube, with shaking
at 250 rpm for 30 min and the final reaction product was
analysed by analytical HPL.C (FIG. 5). Methacrylyl-CoA
was the major product, with a peak at 30.7 min. The
concentration of methacrylic acid formed during the crude
enzyme assay was 74 pM.

[0320] In order to confirm that the methacrylyl-CoA peak
was genuine, and that it was not an isobutyryl-CoA peak
with a shifted elution time, the sample was spiked with
isobutyryl-CoA and analysed by HPLC again. ACX4 was
inactivated when the sample was acidified and this ensured
that any additional isobutyryl-CoA would not be converted
to methacrylyl-CoA. Indeed, the isobutyryl-CoA spiked
sample showed not only the original methacrylyl-CoA peak,
but also an additional peak at 32 min with the characteristic
tail peak of isobutyryl-CoA (FIG. 6).

[0321] To determine whether methacrylic acid could be
produced from isobutyric acid in an enzyme couple reaction,
an experiment was established whereby crude ACX4 was
incubated with purified CtHis-4HBT enzyme. The same cell
free extract of ACX4 was used as the protein source for the
ACX4, though pure CtHis-4HBT was prepared again, in the
same manner as for its kinetic characterisation in example 1,
but performing a buffer exchange into HEPES buffer (50
mM, pH 7.5) at the end, instead of the previously used
phosphate buffer. Thus, crude ACX4 (0.8 mg-ml™) was
co-incubated with pure CtHis-4HBT (0.6 mg-ml™') along
with FAD (10 uM) and isobutyryl-CoA (500 uM) in HEPES
buffer. The sample was incubated at 30° C. with shaking at
250 rpm for 30 min, and analysed by HPLC. Methacrylic
acid and coenzyme A were the major products. The meth-
acrylic acid peak was observed at 13.45 min whilst the
coenzyme A major and minor peaks were observed at 11.1
min and 12.1 min, respectively. The concentration of meth-
acrylic acid generated during the coupled enzyme reaction
(FIG. 7) was 345 uM, 4.7 times greater than that during the
crude ACX4 assay alone.

[0322] This confirms that ACX4 oxidises isobutyryl-CoA.
It has further been demonstrated that the combination of
ACX4 with 4HBT in vitro enables the conversion of isobu-
tyryl-CoA to methacrylic acid to industrially applicable
levels.
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1.5 Example 3—A Whole Cell Biotransformation
of Isobutyric Acid to Methacrylic Acid

[0323] Further biotransformation of isobutyric acid to
methacrylic acid using an acyl-CoA synthetase to activate
isobutyric acid with coenzyme A to form isobutyryl-CoA is
shown in the present example, and for the acyl-CoA oxidase
ACX4 from Arabidopsis thaliana to oxidise isobutyryl-CoA
to methacrylyl-CoA as well as for the acyl-CoA thioesterase
4HBT from Arthrobacter sp. strain SU to hydrolyse meth-
acrylyl-CoA to methacrylic acid and coenzyme A is also
shown.

[0324] The acyl-CoA synthetase AcsA from Pseudomonas
chlororaphis B23 (Genbank accession number: BAD90933.
1, uniprot accession number: Q5CD72) was identified from
a database and literature search as an AMP-forming acyl-
CoA synthetase capable of activating isobutyric acid to
isobutyryl-CoA, with a published Michaelis constant (K,,)
of 0.14 mM, and turnover number (k__,) of 10.6 s7*.
[0325] In this example, we demonstrate the construction
of a pET20b(+) based vector, pET20b(+)::4HBT-ACX4-
AcsA, for the co-expression of the genes encoding 4HBT,
ACX4 and AcsA from a single operon under the control of
the T7 promoter of pET20b(+), and its use to encode the
metabolic pathway for the whole cell biotransformation of
isobutyric acid to methacrylic acid.

[0326] The construction of the operon was performed in
two stages. The first stage comprised the construction of a
pET20b(+) based vector, pET20b(+)::4HBT-ACX4, for the
co-expression of the genes encoding just 4HBT and ACX4,
whilst the second stage involved sub-cloning the gene
encoding AcsA into the pET20b(+)::4HBT-ACX4 vector,
with its own ribosome binding site in place, in order to
construct the final pET20b(+)::4HBT-ACX4-AcsA plasmid.
[0327] In order to construct the pET20b(+)::4HBT-ACX4
vector, the genes encoding 4HBT and ACX4 were first
conjoined into a single polynucleotide, with a new ribosome
binding site between the gene encoding 4HBT and that
encoding ACX4, in order to ensure efficient translation of
the latter. To conjoin the two genes together, an overlap
extension polymerase chain reaction was performed. The
overlap extension polymerase chain reaction was itself per-
formed in two steps. First, the genes encoding 4HBT and
ACX4 were amplified out of their respective expression
vectors, pET20b(+)::4HBT and pET20b(+):: ACX4, in two
separate polymerase chain reactions, reactions ‘A’ and ‘B’.
[0328] The primers used for the overlap extension poly-
merase chain reaction were primer OE.A.F (SEQ. ID 7), the
forward primer for overlap extension polymerase chain
reaction A; primer OE.A.R (SEQ. ID 8), the reverse primer
for polymerase chain reaction A; primer OE.B.F (SEQ. ID
9), the forward primer for overlap extension polymerase
chain reaction B and finally, OE.BR (SEQ. ID 10), the
reverse primer for overlap extension polymerase chain reac-
tion B. The overhang of primer OE.A.F was designed to
maintain an Ndel restriction site at the 5' end of the new
polynucleotides. The overhangs of primers OE.A.R and
OE.B.F were designed to contain complementary sequences
to each other in order to enable the concatenation of the two
PCR products from reactions A and B. The complementary
sequence was designed such that on the concatenation of the
two PCR products, an intergenic sequence between the
4HBT gene and the ACX4 gene would be introduced,
containing a new ribosome binding site for the latter gene.
Finally, the overhang of primer OE.B.R was designed to
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contain two restriction sites, an Nhel restriction site and a
Xhol restriction site. This allowed for the concatenated
polynucletide containing the 4HBT and ACX4 genes to be
cloned into the pET20b(+) plasmid at its Ndel and Xhol
restriction sites to form pET20b(+)::4HBT-ACX4 and for
the AcsA gene to be cloned into the pET20b(+)::4HBT-
ACX4 plasmid in between the Nhel and Xhol restriction
sites to form the pET20b(+)::4HBT-ACX4-AcsA plasmid.
An adenine and thymine rich spacer sequence was included
between the Nhel and Xhol restriction sites in primer
OE.B.R to lower the annealing temperature of the primer
such that it closer matched those of the other primers, and to
enable efficient double digestion at the adjacent Nhel and
Xhol restriction sites.

[0329] Polymerase chain reaction A (50pl) contained
pET20b(+)::4HBT (10 pg-ul™) as the template DNA, KOD
DNA polymerase (1 unit), primer OE.A.F (0.4 uM), primer
OE.A R (0.4 uM), deoxyadenosinetriphosphate (dATP) (0.2
mM), deoxythymidine triphosphate (dTTP) (0.2 mM),
deoxycytidinetriphosphate (dCTP) (0.2 mM), deoxyguano-
sinetriphosphate (dGTP) (0.2 mM), MgCl, (1 mM) and
Novagen buffer for KOD DNA polymerase (1x).

[0330] Polymerase chain reaction B (50 pl) was composed
of pET20b(+)::ACX4 (20 pg-ul~) as template DNA, KOD
DNA polymerase (1 unit) primer OE.B.F (0.4 uM), primer
OE.B.R (0.4 uM), dATP (0.2 mM), dTTP (0.2 mM), dCTP
(0.2 mM), dGTP (0.2 mM), MgCl, (1 mM) and Novagen
buffer for KOD DNA polymerase (1x).

[0331] Both PCR reactions were performed in parallel and
under the same conditions, commencing with an initial
denaturation step at 95° C. for 3 min, followed by 25 cycles
consisting of a 15 s denaturation step at 98° C, a 2 s
annealing step at 50° C. and a 20 s extension step at 72° C.
These 25 cycles were followed by a further 5 min extension
step at 72° C. The two double stranded PCR products,
product A and product B, were purified by agarose gel
electrophoresis and gel extraction, and their concentrations
determined by analytical agarose gel electrophoresis.
[0332] PCR products A and B were then concatenated in
a second polymerase chain reaction consisting of PCR
product A (15 nM), PCR product B (15 nM), dATP (0.2
mM), dTTP (0.2 mM), dCTP (0.2 mM), dGTP (0.2 mM),
MgCl, (1 mM), Novagen Buffer #1 for KOD DNA poly-
merase (1x), dimethylsulfoxide (5% (v/v)) and KOD DNA
polymerase (8 nl/ul). The reaction was performed in a
thermocycler programmed to start at 95° C. for 3 min and
continue with 15 cycles of a 15 s denaturation step at 98° C.,
a 2 s annealing step at 50° C. and a 20 s extension step at 72°
C., and to finally end with a further extension step lasting 5
min at 72° C.

[0333] After this PCR program, the outer forward primer
and the outer reverse primer used in the amplification of A
and B, respectively, were added directly from a concentrated
stock (50 uM) to a final concentration of 0.5 uM. The
modified PCR reaction mixture was then subjected to
another round of PCR, with the thermocycler programmed
to commence with an initial 3 min melting step at 95° C.,
and continue with 15 cycles consisting of a melting step
lasting 15 s at 98° C., an annealing step lasting 2 s at 55° C.
and an extension step lasting 20 s at 72° C., before finishing
with a further extension step lasting 5 min at 72° C.
[0334] The product of this concatenation step (SEQ. ID
11) was purified by agarose gel electrophoresis and gel
extraction, and was blunt end ligated into the pJET1.2
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cloning vector to form pJET1.2::4HBT-ACX4. The poly-
nucleotide containing the concatenated 4HBT and ACX4
genes were then sub-cloned into pET20b(+), forming
pET20b(+)::4HBT-ACX4. The pET20b(+):4HBT-ACX4
plasmid was then linearised by restriction digestion at the
Nhel and Xhol restriction sites.

[0335] For the next phase in the construction of the
pET20b(+)::4HBT-ACX4-AcsA plasmid, a gene encoding
the amino acid sequence of AcsA was codon optimised for
expression in E. coli and synthesised by Biomatik corpora-
tion with a Xhol restriction site appended to the 3' end, and
a short sequence appended to the 5' end. This sequence
contained an Nhel restriction site, a ribosome binding site,
and a spacer sequence ending in a cytosine-adenine-thymine
trinucleotide, which together with the start codon of AcsA
encoded an Ndel restriction site.

[0336] The synthesised codon optimised AcsA polynucle-
otide (SEQ. ID 12) was delivered in the pBMH::AcsA
cloning plasmid and the AcsA gene was sub-cloned along
with its 5' ribosome binding site into the linearised pET20b
(+)::4HBT-ACX4 vector, between the Nhel and Xhol
restriction sites, forming the pET20b(+)::4HBT-ACX4-
AcsA plasmid (FIG. 8). This plasmid was then transformed
into E. coli BL21 (DE3) pLysS, forming F. coli BL21 (DE3)
pLysS pET20b(+)::4HBT-ACX4-AcsA. The sequence
between, and inclusive of, the Ndel and Xhol restriction
sites in the pET20b(+)::4HBT-ACX4-AcsA plasmid, is
shown in SEQ ID NO 13.

[0337] In order to construct a strain for the expression of
just the AcsA gene, the AcsA gene alone was sub-cloned out
of the pPBMH::AcsA cloning vector and into the pET20b(+)
plasmid, in between the Ndel and Xhol restriction sites,
forming pET20b(+)::AcsA. The pET20b(+)::AcsA plasmid
was then transformed into E. coli BL21 (DE3) pLysS,
forming E. coli BL21 (DE3) pLysS pET20b(+):: AcsA.
[0338] The co-expression of 4HBT, ACX4 and AcsA by E.
coli BL21 (DE3) pLysS pET20b(+)::4HBT-ACX4-AcsA
was confirmed by incubating cultures (100 ml) of E. coli
BL21 (DE3) pLysS pET20b(+)::4HBT-ACX4-AcsA in
MSX media supplemented with riboflavin (1 mg-L™") at two
different test temperatures, 37° C. and 28° C. Cultures were
grown to an ODg,, of 0.5 and expression was induced with
the addition of IPTG (0.4 mM). Samples were taken just
prior to the induction of expression, as wellas 1 h, 3h, 5h
and 20 h post induction. Control strains . coli BL.21 (DE3)
pLysS pET20b(+)::ACX4, as prepared in example 2, and E.
coli BL21 (DE3) pLysS pET20b(+)::AcsA were also cul-
tured under the same conditions. Samples taken during the
co-expression of 4HBT, ACX4 and AcsA in E. coli BL21
(DE3) pLysS pET20b(+)::4HBT-ACX4-AcsA, as well as
those taken during the expression of just ACX4 in E. coli
BL21 (DE3) pLysS pET20b(+)::ACX4 and AcsA in E. coli
BL21 (DE3) pLysS pET20b(+)::AcsA were analysed by
sodium dodecylsulfate polyacrylamide gel electrophoresis
(SDS-PAGE).

[0339] Analysis by SDS-PAGE (FIG. 9) showed that that
when expression was performed at 37° C., at 5 h post
induction, high levels of soluble 4HBT (left hand bottom
band) and good levels of ACX4 (left hand top band) were
detected with very little insoluble protein detected, though
high levels of insoluble AcsA (right hand top band) were
detected with no AcsA protein visible in the soluble frac-
tions. Lane 1) Empty pET20b(+) vector negative control. 2)
Spectra BR protein ladder. 3) pET20b(+)::4HBT-ACX4-



US 2020/0308609 Al

AcsA expression Oh soluble. 3) 3 h soluble. 4) 5 h soluble.
5) Oh insoluble. 6) pET20b(+):: AcsA expression Sh soluble.
7) pET20b(+)::ACX4 soluble. 8) pET20b(+)::4HBT
soluble. 9) pET20b(+):4HBT-ACX4-AcsA Oh insoluble. 10)
pET20b(+):4HBT-ACX4-AcsA 3h insoluble. 11) pET20b
(+):4HBT-ACX4-AcsA 5h insoluble. 12) pET20b(+)::AcsA
5h insoluble.

[0340] To test the ability of £. coli BL21 (DE3) pLysS
pET20b(+)::4HBT-ACX4-AcsA to convert isobutyric acid
to methacrylic acid, an MSX pre-culture (20 ml), supple-
mented with carbenicillin and chloramphenicol, was inocu-
lated from a single colony of E. col/i BL21 (DE3) pLysS
pET20b(+)::4HBT-ACX4-AcsA on an LB agar plate supple-
mented with glucose carbenicillin and chloramphenicol, and
was incubated at 37° C. with shaking at 200 rpm for 16 h.
The cells were harvested by centrifugation at 5000 g for 15
min at 4° C., and the cells were re-suspended in MSX media
(100 ml) supplemented with carbenicillin, chloramphenicol
and riboflavin, in a 250 ml shake flask and this culture was
incubated at 37° C. with shaking at 200 rpm. The co-
expression of genes was induced with the addition of IPTG
(0.4 mM) at an ODy,, of 0.5. The culture was incubated for
a further 1 h prior to the addition of potassium isobutyrate
(pH 7.0) from a concentrated stock concentration of 500 mM
to a final concentration of 5 mM in the culture media.
Samples were taken immediately after the addition of isobu-
tyric acid (0 h sample) and then at 1 h, 2h, 4 h, 6 h, 8 h and
19.5 h after that.

[0341] Samples taken throughout the biotransformation of
isobutyric acid to methacrylic acid were centrifuged in an
Eppendorf miniSpin F-45-12-11 rotor for 5 min at 6000 rpm.
The supernatants were filtered through 0.2 um Sartorius RC
4 mm filters and then acidified to pH2.5 with 5SM HCIL.
Acidified supernatant was injected onto an Agilent Zorbax
Eclipse XDB C18 column (4.6 mmx150 mm). HPLC was
performed at 0.4 ml'min~' and methacrylic acid was
resolved from isobutyric acid by an isocratic elution with
14% acetonitrile in KH,PO, that was adjusted to pH 2.5 with
HCI. The column was washed between runs by increasing
the flowrate to 1 ml'min~! and the acetonitrile concentration
to 75% for 15 min before the conditions were returned to a
flow-rate of 0.4 ml-min~" and 14% acetonitrile for the next
sample. The column was allowed allowed to equilibrate for
20 min prior to the injection of next sample.

[0342] Three negative controls were also performed and
analysed. The first control was the negative control strain, F.
coli BL21 (DE3) pLysS pET20b(+), which did not contain
the 4HBT-ACX4-AcsA co-expression operon and was cul-
tured with no isobutyric acid added to the media after IPTG
was added to culture media. The second control used the
same strain as that used in the first control, but isobutyric
acid (5 mM) was added 1 h after the addition of IPTG to the
culture media. The third control used the same E. coli BL.21
(DE3) pLysS pET20b(+)::4HBT-ACX4-AcsA as used in the
main biotransformation culture, but no isobutyric acid was
added to the culture media after the co-expression of 4HBT,
ACX4 and AcsA was induced.

[0343] A summary of the HPLC traces observed in FIG.
10, which are traces of the samples taken at 20.5 hours post
induction, from all four cultures that were tested (19.5 h
biotransformation time). FIG. 10C is a standard of isobutyric
acid (5 mM) and FIG. 10E is a standard of isobutyric acid
(5 mM) mixed with a standard of methacrylic acid (200 uM).
FIGS. 10A, 10B and 10D show that no methacrylic acid was
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formed in any of the controls and FIG. 10F shows that
methacrylic acid was indeed formed during the biotransfor-
mation.

[0344] FIG. 11 summarises the production of methacrylic
acid with time as well as growth of E. coli BL21 (DE3)
pLysS pET20b(+)::4HBT-ACX4-AcsA during the biotrans-
formation where the final concentration of the desired prod-
uct of methacrylic acid is around 0.25 mM.

[0345] In this example, a whole cell process to convert
isobutyric acid feedstock to methacrylic acid at industrially
applicable levels has been demonstrated, by co-expressing
4HBT, ACX4 and AcsA in vitro in recombinant E. coli.

1.6 Example 4—Formation of Methacrylic Acid
from Glucose

[0346] The branched chain keto acid dehydrogenase com-
plex from Pseudomonas putida KT2440 was previously
shown to catalyse the oxidative decarboxylation of 2-ketois-
ovaleric acid to isobutyryl-CoA in a recombinant metabolic
pathway for the production of isobutyric acid in E. coli
(Zhang, K., Xiong, M. and Woodruff, A. P. 2012, Cells and
methods for producing isobutyric acid, International Patent
Number WO 2012/109534 A2). The genes encoding the
branched chain keto acid dehydrogenase alpha subunit
(bkdA1), the branched chain keto acid dehydrogenase beta
subunit (bkdA2), the lipoamide acyltransferase component
(bkdB) and the lipoamide dehydrogenase component (IpdV)
of the branched chain keto acid dehydrogenase complex are
grouped adjacent to each other and are all found under the
control of a single promoter in the Pseudomonas putida
KT2440 genomic DNA (genbank accession number
AE015451.1).

[0347] The entire wild-type sequence encoding bkdAl,
bkdA2, bkdV and IpdV genes, as they appeared in the
Pseudomonas putida KT2440 genomic DNA between
nucleotides 4992042 and 4996988, was synthesised by
Biomatik corporation as a single, ppBCKD, polynucleotide
(SEQ. ID 14). The ppBCKD polynucleotide contained a
Xhol restriction site at the 3' end, and a short sequence at the
5' end, immediately prior to the start codon of the bkdAl
gene. This 5' appended sequence contained an Xbal restric-
tion site, a spacer sequence, an Nhel restriction site, a
ribosome binding site, and a second spacer sequence. The
Xbal site was included to enable the insertion of the ppB-
CKD polynucleotide into the pET20b(+) plasmid for the
construction of pET20b(+)::ppBCKD, capable of expressing
just the four genes of the Pseudomonas putida KT2550
branched chain keto acid dehydrogenase. The first spacer
sequence was included in order to maintain the same number
of base-pairs between the T7 promoter and the ribosome
binding site in the pET20b(+)::ppBCKD plasmid as exists in
the pET20b(+) plasmid, and with the exception of the six
nucleotides encoding the Nhel site just prior to the ribosome
binding site, the spacer sequence is identical to that between
the Xbal site and the ribosome binding site in the pET20b(+)
plasmid. The Nhel restriction site was included to enable the
insertion of the ppBCKD polynucleotide into the pET20b
(+)::4HBT-ACX4 plasmid to construct the pET20b(+):
4HBT-ACX4-ppBCKD plasmid. The ribosome binding site
and the spacer sequence were identical to those used just
prior to the bkdAl gene when the BCKD genes were
expressed for the production of isobutyric acid that was
previously reported (Zhang, K., Xiong, M. and Woodruff, A.
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P. 2012, Cells and methods for producing isobutyric acid,
International Patent Number WO 2012/109534 A2).

[0348] The single polynucleotide containing the four
genes of the Pseudomonas putida KT2440 branched chain
keto acid dehydrogenase was delivered in the pBSK plasmid
(pBSK::ppBCKD). The four genes were sub-cloned out of
the pBSK::ppBCKD plasmid and into the pET20b(+):
4HBT-ACX4 plasmid from example 2, in between the Nhel
and Xhol restriction sites, to form pET20b(+)::4HBT-
ACX4-ppBCKD (FIG. 12). Sequence ID 15 shows the
sequence between the Ndel and Xhol restriction sites in the
pET20b(+)::4HBT-ACX4-ppBCKD plasmid. The pET20b
(+)::4HBT-ACX4-ppBCKD plasmid was transformed into
E. coli BL21 (DE3) pLysS to form E. coli BL21 (DE3)
pLysS pET20b(+)::4HBT-ACX4-ppBCKD. Similarly, the
four genes were also sub-cloned into the pET20b(+) plasmid
between the Nhel and Xhol restriction sites, forming
pET20b(+)::ppBCKD, and this plasmid was transformed
into E. coli BL21 (DE3) pLysS to form E. coli BL21 (DE3)
pLysS pET20b(+)::ppBCKD. This latter strain was used to
help identify bands on an SDS-PAGE gel corresponding to
the bkdAl, bkdA2, bkdB and IpdV genes during expression
studies (not shown).

[0349] An MSX pre-culture (10 ml) supplemented with
carbenicillin and chloramphenicol was inoculated with E.
coli BL21 (DE3) pLysS pET20b(+)::4HBT-ACX4-ppB-
CKD from a single colony on an LB agar plate supple-
mented with glucose, carbenicillin and chloramphenicol.
Cultures were incubated at 37° C. with shaking at 250 rpm
for 16 h. The cells were harvested by centrifugation at 5000
g for 15 min at 4° C. and then re-suspended in fresh MSX
media (100 ml) which was supplemented with riboflavin as
well as carbenicillin and chloramphenicol, in a 500 ml shake
flask. The fresh cultures were incubated at 37° C. with
shaking at 250 rpm and expression was induced in each
culture at an ODg,, of 0.5 by the addition of IPTG (0.4 mM).
The cultures were incubated for a further 17 h before
samples were taken for analysis by reverse phase high
performance liquid chromatography (RP-HPLC). A repeat
culture was performed for the . coli BL21 (DE3) pLysS
pET20b(+) negative control culture.

[0350] Samples were centrifuged in an Eppendorf miniS-
pin F-45-12-11 rotor for 5 min at 6000 rpm. The superna-
tants were filtered through 0.2 micron Sartorius RC 4 mm
filters and then acidified to pH 2.5 with 5SM HCI. Acidified
supernatant was injected onto an Agilent Zorbax Eclipse
XDB C18 column (4.6 mmx250 mm). HPL.C was performed
at 1 ml'min~" and analytes were eluted by isocratic elution
with 14% acetonitrile in 50 mM KH,PO, that was adjusted
to pH 2.5 with HCl. The column was washed between runs
by increasing the acetonitrile concentration to 75% for 15
min before being returned to 14% acetonitrile for a 20 min
re-equilibration step.

[0351] Standards of methacrylic acid (0.2 mM), isobutyric
acid (5 mM) and 2-ketoisovaleric acid (5§ mM) eluted at 3.6
min, 8.3 min and 8.6 min, and with peak areas 5980
mAU.min, 330 mAU.min and 1580 mAU.min, respectively.
The HPLC analysis of a cocktail of 2-ketoisovaleric acid (5
mM), isobutyric acid (§ mM) and methacrylic acid (200 uM)
is shown in FIG. 13.

[0352] The HPLC analysis of the sample taken from the E.
coli BL21 (DE3) pLysS pET20b(+) negative control culture,
show in FIG. 14 showed no peaks in the region expected for
methacrylic acid, whilst the analysis of the sample taken
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from the E. coli BL21 (DE3) pLysS pET20b(+)::4HBT-
ACX4-ppBCKD culture showed a peak at 8.6 min with peak
area 0.88AU.min, corresponding to a methacrylic acid con-
centration of 0.11 mM (FIG. 15).

[0353] To confirm that the peak was indeed representative
of methacrylic acid, the sample was spiked with an addi-
tional 0.24 mM of methacrylic acid from a 10 mM stock
solution, and this spiked sample was also analysed by
HPLC, show in FIG. 16. A single peak with an area of
2.7AU.min, corresponding to a methacrylic acid concentra-
tion of 0.34 mM was observed at 8.5 min, corroborating that
the E. coli BL21 (DE3) pLysS pET20b(+)::4HBT-ACX4-
ppBCKD strain produces methacrylic acid directly from
glucose.

[0354] To determine whether supplementing the cultures
with 2-ketoisovaleric acid could boost methacrylic acid
production, two MSX pre-cultures (10 ml) supplemented
with carbenicillin and chloramphenicol were again prepared,
inoculating one with E. coli BL.21 (DE3) pLysS pET20b
(+)::4HBT-ACX4-ppBCKD and the other with E. coli BL.21
(DE3) pLysS pET20b(+) as before. The pre-cultures were
incubated at 37° C. with shaking at 250 rpm for 16 h before
the cells were pelleted and re-suspended in fresh MSX
media (100 ml) supplemented with riboflavin, chloram-
phenicol and carbenicillin, in a 500 ml shake flask. Expres-
sion was induced in each culture at an OD,, of 0.5 by the
addition of IPTG (0.4 mM), and cultures were incubated for
a further 3 h prior to the addition of 2-ketoisovalerate (pH
7.0) to a final concentration of 5 mM in each culture. The
cultures were incubated for a further 14 h. Culture samples
were taken and analysed by high performance liquid chro-
matography with isocratic elution as described for the cul-
tures that were not supplemented with 2-ketoisovaleric acid.
[0355] The HPLC analysis of the sample taken 14 h after
2-ketoisovalerate was added to the empty E. coli BL21
(DE3) pLysS pET20b(+) negative control culture, shown in
FIG. 17, showed no peaks in the region where methacrylic
acid is usually observed, as expected. It did show, however,
some background consumption of 2-ketoisovaleric acid
(FIG. 6), with the peak area for this 2-ketoisovaleric acid in
this culture being 3353 mAU-min, corresponding to 2.8 mM
2-Ketoisovaleric acid remaining in the culture as opposed to
the original 5 mM.

[0356] When the sample taken 14 h after 2-ketoisovalerate
was added to the culture expressing the genes for the
conversion of 2-ketosivaleric acid to methacrylic acid, the E.
coli BL21 (DE3) pLysS pET20b(+)::4HBT-ACX4-ppB-
CKD culture, a peak at 8.4 min with peak area 1890
mAU-min appeared on the HPLC trace (FIG. 18), indicating
that methacrylic acid was produced to a concentration of
0.24 mM. No 2-ketoisovaleric acid was detected in this
sample, indicating that it was completely consumed during
the conversion of 2-ketoisovaleric acid to methacrylic acid.
[0357] The sample was spiked with an additional 0.24 mM
methacrylic acid and the analysis of the spiked sample (FIG.
19) showed a peak with peak area 3.4 AU-min, correspond-
ing to methacrylic acid concentration of 0.44 mM, therefore
the original methacrylic acid peak was genuine.

[0358] In this example, the branched chain keto acid
dehydrogenase, namely BCKD from Pseudomonas putida
KT2440, was co-expressed with an acyl-CoA oxidase,
namely ACX4 from Arabidopsis thaliana, and a thioesterase
enzyme, namely 4HBT from Arthrobacter sp. strain SU in a
cellular system. It was demonstrated that production of
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methacrylic acid from a key feedstock like glucose which is
readily available from biomass using recombinant E. coli is
possible, and furthermore that production of said meth-
acrylic acid can be boosted by supplementing the growth
medium with 2-ketoisovaleric acid.

1.7 Example 5: The Whole Cell Production of
Butyl Methacrylate from 2-Ketoisovalerate by
Recombinant Escherichia Coli

[0359] The ACX4 gene from A. thaliana was codon-
optimized for E. coli , synthesized and cloned into pET16b
(Sse) vector. The gene was digested with Nhel/Sse83871
and ligated into pET16b (Sse) digested with Xbal/Sse83871.
The resultant plasmid, pMMA121 (see FIG. 20), was intro-
duced into E. coli BL21(DE3), and the recombinant E. coli
(BL21(DE3)/pMMA121) was cultured as follows; BL21
(DE3)/pET16b (vector control) or BL21(DE3)/pMMA121
was inoculated LB medium supplemented with ampicillin
(0.1 mg/ml) and grown overnight in a test tube at 37° C. An
aliquot of an overnight culture was transferred to the 100 ml
of the same medium in a flask and shaken at 37° C. for 2-3
hours. IPTG (final 1mM) was added to the flask and the
culture was incubated with shaking at 20° C. for overnight.
[0360] Cells were harvested by centrifuge and suspended
in 0.1M sodium phosphate buffer (pH7.0), then disrupted by
sonication. The disrupted E. coli cells were centrifuged to
supernatant and pellet fractions, and both the vector control
and the cells containing pMMA121 were analysed for ACO
(acyl-CoA oxidase) activity (see FIG. 21) and expression of
ACX4 protein by SDS-PAGE (see FIG. 22). FIG. 21 shows
the presence of only IBA-CoA in the buffer, the presence of
IBA-CoA and a small amount of CoA in the sample con-
taining cells comprising only the unaltered plasmid pET16b,
and the presence of MAA-CoA, much less IBA-CoA and an
unknown compound in the sample containing cells compris-
ing the plasmid pMMA121. Therefore, a high ACO activity
was detected in the supernatant fraction of BL21/pMMA121
indicated by the production of methacrylyl CoA, showing
that the 40 kDa protein detected by the SDS-PAGE of FIG.
22 is the ACX4 protein. The SDS-PAGE shows at lane
1—BL21/pET16b (vector) SF(soluble fraction); lane
2—BL21/pMMAI121 SF; lane 3—BL21/pET16b IF(in-
soluble fraction); lane 4—BL21/pMMA121 IF; and lane
S5—molecular weight marker. Around 40 kDa, a band (high-
lighted by black boxes) was observed only in the BL.21/
pMMA121 lanes but not in the BL21/pET16b (vector) lanes.
[0361] BCKAD complex gene was cloned from
Pseudomonas aeruginosa PAOL strain as follows. DNA
fragment containing an entire gene operon which encodes
the BCKAD complex gene was obtained by PCR method
with primers BCKAD.F and BCKAD.R (table in 1.1.3)
using the genomic DNA as a template. The obtained frag-
ment was digested with restriction enzymes BspHI and
Sse83871, and inserted to the vector pET16b(Sse) between
Ncol/Sse83871 (BamH site of pET16b was converted to
Sse83871 site). The resultant plasmid was named pWAO008
(see FIG. 23).

[0362] A plasmid for expressing Apple AAT and A. thali-
ana ACX4 were constructed as follows. DNA fragments
containing AAT or ACX4 gene was amplified by PCR
method with primers AAT.F and AAT.R or ACX4.F and
ACX4.R (table in 1.1.3), using a plasmid containing codon-
optimized AAT gene or pMMAI121 as a template, respec-
tively. pET(Sse) vector was digested with restriction

Oct. 1, 2020

enzymes Ncol and Sse83871 and joined with the DNA
fragment containing AAT gene, by using In-Fusion HD
Cloning Kit (Takara Bio). The resultant plasmid, pAAT212,
was digested with restriction enzyme Spel and joined with
the DNA fragment containing ACX4 gene, by using In-
Fusion HD Cloning Kit. The resultant plasmid, pMMA133,
contained AAT and ACX4 genes with T7 promoter control
(see FIG. 23).

[0363] A plasmid for expressing BCKAD, AAT and ACX4
were constructed as follows. Plasmid pMMAI133 was
digested with restriction enzymes Spel and Sse83871, and
the linearized DNA fragment was obtained. Plasmid
pWAOO8 was digested with restriction enzymes Xbal and
Sse83871 and the 5.0 kb fragment containing BCKAD
complex gene was isolated. Both fragments were ligated
using DNA Ligation Kit ‘Mighty Mix’ (manufactured by
Takara Bio Inc.). The resultant plasmid pMMA134 (see FIG.
23) was introduced into E. coli BL21(DE3) for butyl meth-
acrylate production experiments. E. coli BL21(DE3)/
pPMMA134 was cultured in essentially the same manner as
described above in relation to expression of ACX4 . Cells
were harvested by centrifuge, washed with 0.1M sodium
phosphate buffer (pH?7.0) and suspended in the same buffer
to obtain cell suspension. By using the cell suspension,
about 1 ml of a resting cell reaction solution was prepared
in each vial, which contained 40 mM 2-ketoisovalerate
(2-oxoisovalerate), 60 mM butanol, 0.05 M sodium phos-
phate buffer (pH7.0) and cells (ODg5,=12.5). The reactions
were carried out at 30° C., 180 rpm for 3 to 44 hours, and
1 ml acetonitrile was added to the vials and mixed well for
stopping the reaction. After filtration using a syringe filter
DISMIC/hole diameter 0.45 micron (manufactured by
ADVANTEC), analysis was made by HPLC on ODS col-
umn.The HPLC conditions were as follows: Apparatus:
Waters 2695, Column: CAPCELL PAK C18 UG120, 2.0
mml.D.x250 mm, Mobile phase: 0.1% phosphoric acid/65%
methanol, Flow amount: 0.25 ml/min, Run time: 12 min,
Column temperature: 35C and Detection: UV 210 nm. FIG.
24 shows the concentration of the following chemicals over
the time of the fermentation: M, 2-ketoisovalerate (2-OIV);
A Tsobutyric acid(IBA); 4, Butyl methacrylate (BMA): and
X, Methacrylic acid(MAA). As the concentration of the
feedstock of 2-ketoisovalerate (2-oxoisovalerate) falls, the
production of the intermediate in the pathway isobutyric
acid, increases, as does the production of the final ester
product butyl methacrylate.

[0364] This example demonstrates viable in vivo produc-
tion of a derivative of methacrylic acid, the methacrylate
ester butyl methacrylate, from the biochemical intermediate
2-ketoisovalerate (2-oxoisovalerate) which is produced
directly from glucose, and the reagent butanol which is a
common industrial feedstock. The production of butyl meth-
acrylate is demonstrated at industrially applicably levels
from culturing of recombinant E. coli cell expressing the
BCKAD operon to convert 2-ketoisovalerate into isobutyryl
CoA, ACX4 oxidase to convert isobutyryl coA into meth-
acrylyl coA, and AAT to convert methacrylyl CoA into butyl
methacrylate by reaction with butanol.

[0365] Attention is directed to all papers and documents
which are filed concurrently with or previous to this speci-
fication in connection with this application and which are
open to public inspection with this specification, and the
contents of all such papers and documents are incorporated
herein by reference.
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[0366] All of the features disclosed in this specification
(including any accompanying claims, abstract and draw-
ings), and/or all of the steps of any method or process so
disclosed, may be combined in any combination, except
combinations where at least some of such features and/or
steps are mutually exclusive.

[0367] Each feature disclosed in this specification (includ-
ing any accompanying claims, abstract and drawings) may
be replaced by alternative features serving the same, equiva-
lent or similar purpose, unless expressly stated otherwise.
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Thus, unless expressly stated otherwise, each feature dis-
closed is one example only of a generic series of equivalent
or similar features.

[0368] The invention is not restricted to the details of the
foregoing embodiment(s). The invention extends to any
novel one, or any novel combination, of the features dis-
closed in this specification (including any accompanying
claims, abstract and drawings), or to any novel one, or any
novel combination, of the steps of any method or process so
disclosed.

SEQUENCE LISTING

<160> NUMBER OF SEQ ID NOS: 24

<210> SEQ ID NO 1

<211> LENGTH: 471

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: optimised 4-hydroxybenzoyl-coA thioesterase

(4HBT) from Arthrobacter sp. strain SU

<400> SEQUENCE: 1

tatacatatg caccgtacct ctaacggttc tcacgcgacce ggtggtaacc tgccggatgt 60
tgcttectcat tacccggttyg cgtacgaaca gaccctggac ggcaccgtgg gtttegttat 120
cgacgaaatg accccggaac gtgcgaccge gtctgttgaa gttaccgaca ccctgegtca 180
gegttggggt ctggttcacyg gtggtgetta ctgcegcactyg geggagatge tggcgaccga 240
agcgacegtt geggttgtgce acgaaaaggg tatgatggeyg gttggccagt ctaaccacac 300
ctetttette cgtccggtta aagaaggtca cgttegegeyg gaagetgtte gecatccacge 360
gggttctace acctggttct gggacgttte cctgcgegat gatgcegggte gectgtgtge 420
ggtgtcttet atgtctatcg cggtgegtcece gegtegtgac taageggecg ¢ 471

<210> SEQ ID NO 2

<211> LENGTH: 36

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: HHT.F forward primer for cloning of 4-HBT

<400> SEQUENCE: 2

tatacatatg caccgtacct ctaacggtte tcacgce

<210> SEQ ID NO 3

<211> LENGTH: 24

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

36

<223> OTHER INFORMATION: HHT.R reverse primer for cloning of 4HBT

<400> SEQUENCE: 3

ctegagteeg tcacgacgeg gacg

<210> SEQ ID NO 4

<211> LENGTH: 469

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

24

<223> OTHER INFORMATION: Product of the PCR performed to modify the

4HBT gene for sub cloning into the pET20b(+)

PET20b(+) : : CtHis 4HBT plasmid.

plasmid to form the
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-continued

<400> SEQUENCE: 4

tatacatatg caccgtacct ctaacggttc tcacgcgacce ggtggtaacce tgccggatgt 60
tgcttetcat tacceggttyg cgtacgaaca gaccctggac ggcaccgtgyg gtttegttat 120
cgacgaaatg accccggaac gtgcgaccge gtetgttgaa gttaccgaca ccctgegtca 180
gegttggggt ctggttcacyg gtggtgctta ctgcgcactyg geggagatgce tggcgaccga 240
agcgaccgtt geggttgtge acgaaaaggg tatgatggeg gttggccagt ctaaccacac 300
ctetttette cgtecggtta aagaaggtca cgttegegeg gaagetgtte gcatccacge 360
gggttctace acctggttct gggacgttte cctgcgegat gatgegggtce gectgtgtge 420
ggtgtcttet atgtctatcg cggtgcgtcecce gegtecgtgac ggactcgag 469

<210> SEQ ID NO 5

<211> LENGTH: 483

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: carboxy-terminal hexahistidine tagged 4HBT in
the pET20b(+) ::CtHis-4HBT plasmid

<400> SEQUENCE: 5

atgcaccgta cctctaacgg ttctcacgeg accggtggta acctgccgga tgttgettet 60
cattacccgg ttgcgtacga acagaccctg gacggcacceg tgggtttegt tatcgacgaa 120
atgaccccegg aacgtgcgac cgegtcetgtt gaagttaceg acaccctgeg tcagegttgg 180
ggtetggtte acggtggtge ttactgcgca ctggeggaga tgctggegac cgaagcgacce 240
gttgcggttyg tgcacgaaaa gggtatgatg geggttggece agtctaacca cacctcettte 300
ttecegteegg ttaaagaagg tcacgttege geggaagetyg ttegecatcca cgegggttet 360
accacctggt tctgggacgt ttccctgege gatgatgegyg gtegectgtyg tgcggtgtet 420
tctatgtceta tcegeggtgeg teccgegtegt gacggacteyg agcaccacca ccaccaccac 480
tga 483

<210> SEQ ID NO 6

<211> LENGTH: 1320

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: optimised acyl-coA oxidase 4 (ACX4) from
Arabidopsis thaliana

<400> SEQUENCE: 6

catatggcag ttctgagcag cgcagategt gcaagcaatg aaaaaaaagt gaaaagcagce 60
tatttcgace tgccteccgat ggaaatgage gttgeattte cgcaggcaac accggcaage 120
acctttcege cttgtaccag cgattattat cattttaatg atctgetgac ccctgaagaa 180
caggccatte gtaaaaaagt tcgtgagtge atggaaaaag aagtggcace gattatgacce 240
gaatattggg aaaaagcaga attccegttt catattacce cgaaactggyg tgcaatgggt 300
gttgceggty gtagcattaa aggttatggt tgtccegggte tgagcattac cgcaaatgea 360
attgcaaccg cagaaattge acgtgttgat gcaagctgta gcacctttat tctggttcat 420
agcagcctgyg gtatgetgac cattgcactyg tgtggtageg aagcacagaa agaaaaatat 480

ctgccgagece tggcacagcet gaataccegtt geatgttggg cactgaccga accggataat 540
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-continued
ggtagtgatg caagcggtct gggcaccacc gcaaccaaag ttgaaggtgg ttggaaaatt 600
aacggtcaga aacgttggat tggcaatagc acctttgcag atctgctgat tatctttgca 660
cgtaatacca ccaccaatca gattaacggce ttcatcgtta aaaaagatgc accgggtctg 720
aaagcaacca aaattccgaa caaaattggt ctgcgtatgg tgcagaatgg tgatattctg 780
ctgcagaatg tttttgtgcce ggatgaagat cgtctgecctg gtgttaatag ctttcaggat 840
accagcaaag ttctggcagt tagccgtgtt atggttgcat ggcagccgat tggtattagce 900
atgggtattt atgatatgtg ccaccgctat ctgaaagaac gtaaacagtt tggtgcaccg 960

ctggcagcat ttcagctgaa tcagcagaaa ctggttcaga tgctgggtaa tgttcaggca 1020
atgtttctga tgggttggceg tcectgtgtaaa ctgtatgaaa ccggtcagat gacaccgggt 1080
caggcaagcce tgggtaaagce atggattage agcaaagcac gtgaaaccgce cagcctgggt 1140
cgtgaactgce tgggtggtaa tggtattctg gcagattttc tggttgcaaa agcattttgt 1200
gatctggaac cgatctatac ctatgaaggc acctatgata tcaataccct ggttaccggt 1260

cgtgaagtta ccggtattgc aagctttaaa ccggcaaccce gtagccgtcet gtaactcgag 1320

<210> SEQ ID NO 7

<211> LENGTH: 27

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: OE.A.F forward primer for overlap extension
polymerase chain reaction A

<400> SEQUENCE: 7

acatatgcac cgtacctcta acggttce 27

<210> SEQ ID NO 8

<211> LENGTH: 39

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: OE.A.R reverse primer for overlap extension
polymerisation chain reaction B

<400> SEQUENCE: 8

ctgccatate tatatctect gttagtcacg acgeggacg 39

<210> SEQ ID NO 9

<211> LENGTH: 40

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: OE.B.F forward primer for overlap extension
polymerase chain reaction B

<400> SEQUENCE: 9

gtgactaaca ggagatatag atatggcagt tctgagcage 40

<210> SEQ ID NO 10

<211> LENGTH: 40

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: OE.B.R reverse primer for overlap polymerase
chain reaction B

<400> SEQUENCE: 10
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ctcgagatat tatagetage ttacagacgg ctacgggttg

<210> SEQ ID NO 11
<211> LENGTH: 1805

<212> TYPE

: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:
<223> OTHER INFORMATION: product of the overlap polymerase chain

reaction to concatenate 4HBT and ACX4 into one polynucleotide

<400> SEQUENCE: 11

acatatgcac

ttctcattac

cgaaatgacc

ttggggtctg

gaccgttgeyg

tttctteegt

ttctaccacc

gtcttctatg

gttctgagca

ctgectecga

ccttgtacca

cgtaaaaaag

gaaaaagcag

ggtagcatta

gcagaaattyg

ggtatgctga

ctggcacage

gcaagcggte

aaacgttgga

accaccaatc

aaaattccga

gtttttgtge

gttctggcag

tatgatatgt
tttcagctga

atgggttggc

ctgggtaaag

ctgggtggta

ccgatctata

accggtattg

tcgag

cgtaccteta

ceggttgegt

ccggaacgtyg

gttcacggty

gttgtgcacy

ccggttaaag

tggttctggg

tctategegy

gegecagateg

tggaaatgag

gcgattatta

ttcgtgagtyg

aattccegtt

aaggttatgg

cacgtgttga

ccattgecact

tgaataccgt

tgggcaccac

ttggcaatag

agattaacgg

acaaaattgg

cggatgaaga

ttagcegtgt

gccaccgeta

atcagcagaa

gtctgtgtaa

catggattag

atggtattct

cctatgaagyg

caagctttaa

acggttctca

acgaacagac

cgaccgegte

gtgcttactyg

aaaagggtat

aaggtcacgt

acgtttecect

tgcgtecegeyg

tgcaagcaat

cgttgeattt

tcattttaat

catggaaaaa

tcatattacc

ttgtcegggt

tgcaagctgt

gtgtggtage

tgcatgttygg

cgcaaccaaa

cacctttgea

cttcategtt

tctgegtatg

tegtetgect

tatggttgca

tctgaaagaa

actggttcag

actgtatgaa

cagcaaagca

ggcagatttt

cacctatgat

accggcaacc

cgcgacceggt

cctggacgge

tgttgaagtt

cgcactggeyg

gatggcggtt

tcgegeggaa

gegegatgat

tcgtgactaa

gaaaaaaaag

ccgcaggcaa

gatctgctga

gaagtggcac

ccgaaactygg

ctgagcatta

agcaccttta

gaagcacaga

gcactgaccyg

gttgaaggtg

gatctgctga

aaaaaagatg

gtgcagaatg

ggtgttaata

tggcagccga

cgtaaacagt

atgctgggta

accggtcaga

cgtgaaaccyg

ctggttgcaa

atcaataccc

cgtageegte

ggtaacctge

accgtgggtt

accgacaccc

gagatgctgg

ggccagtcta

getgttegea

gnggthCC

caggagatat

tgaaaagcag

caccggcaag

ccectgaaga

cgattatgac

gtgcaatggg

ccgcaaatge

ttetggttca

aagaaaaata

aaccggataa

gttggaaaat

ttatctttge

caccgggtet

gtgatattct

getttcagga

ttggtattag

ttggtgcacc

atgttcagge

tgacaccggyg

ccagectggy

aagcattttyg

tggttaccgyg

tgtaagctag

cggatgttge

tcgttatega

tgcgtcageyg

cgaccgaage

accacaccte

tccacgegygy

tgtgtgecggt

agatatggca

ctatttcgac

caccttteeg

acaggccatt

cgaatattgg

tgttgccggt

aattgcaacc

tagcagccetyg

tctgccgage

tggtagtgat

taacggtcag

acgtaatacc

gaaagcaacc

getgcagaat

taccagcaaa

catgggtatt

getggecagca

aatgtttetg

tcaggcaage

tcgtgaactyg

tgatctggaa

tcgtgaagtt

ctataatatc

40

60

120

180

240

300

360

420

480

540

600

660

720

780

840

900

960

1020

1080

1140

1200

1260

1320

1380

1440

1500

1560

1620

1680

1740

1800

1805



US 2020/0308609 Al Oct. 1, 2020
31

-continued

<210> SEQ ID NO 12

<211> LENGTH: 1663

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: optimised acyl-CoA synthetase (acsA) from
Pseudomonas chlororaphis B23

<400> SEQUENCE: 12

gctagcagga gatatacata tgcgcgacta cgaacacgtt gtggaatctt tcgactacct 60
gcagagcgca acccaggace tgcatggcega actgactget ctgaacgegt gtgtggagtg 120
ctgtgategt cacgegeacg gcegaggetgt tgetetgtat tgcgaagege aggatggeca 180
cgeggaacge taccgtttee gegatctgea gegecagget gecacgttttg gcaacttect 240

gegtgageag ggegtgaaac cgggcgacceyg tgttgeggge ctgatgecge gtacegtgga 300

actgctgate gcaatcctgg geacttggeg catcggtgeg gtttatcage cgetgtttac 360
tgcgtteggt ccgaaagcaa ttgagcageg tctgaactgt tcetaacgcac getggattgt 420
gaccgatceg cacaaccgec cgaaactgga cgacgttacce gactgecegt ctattgtggt 480
taccggtgge gcaccgcaga acccggcaga ccatcacttt tggtcegeac tgaaccgtca 540
ggcggatgac tgtgegecgg tgctgetgga cgcatctgea cegttectge tgatgtgeac 600
ctceggeace actggtecgg caaagecgcet ggaagtteeg ctgtcetgega ttetggeatt 660
taaaggttac atgcgtgatg caatcgacct gegegetgat gategettet ggaacctgge 720
agatccegggt tgggcatacg gtectgtacta cgeggtgact ggeccgetgg cgtgtggeta 780
cgcgaccctyg ttttacgacg gteegttecac tgttgaatece accegtcaca tcatcgcegaa 840
atacgcgatt aacaacctgg cgggtagece gaccgcttac cgetttcetga ttgetgcagg 900
cgeggaattt geggacgetg ttegtggteg tetgegtgea gttageageg cgggtgaace 960

gctgaacceg caggtggtte gttggtttge tgaacagctg ggtgttgtta tccatgacca 1020
ctatggtcag accgaaattg gtatggttct gtgcaaccac cacggcctgce gtcacccggt 1080
tcgcgagggt agcecgectgget atgcagtgce gggctategt atcgtggtge tggataaagce 1140
acaccgtgag ctgccggetg gtcagecggg tgttectggeg gtggaccgtg aacgctcecce 1200
gctgtgetgg tttgacggcet acctgggtat geccgactcag gegttcegegg gtegttatta 1260
cctgtetggt gatatcgttyg aactgaacga cgatggcagce atctcecttteg tgggtcegcaa 1320
cgatgatctg atcaccacct ctggttatcg tgtgggceccg ttcgacgttg agtctgcact 1380
gattgaacat ccggcagttg ttgaagctgce tgttatcggt aaaccggacc cgcagcgtac 1440
tgagctgatt aaagcgtttg ttgttctgaa cactccgtac ctgccgagece cggaactggce 1500
ggaagaactg cgtctgcatg ttegtcageg cctggectgeg cacgcatatce cgcgcgagat 1560
ggagtttgtyg gaccatctgce cgaaaacccce gtctggcaaa ctgcagegtt tcattctgeg 1620

taaccaggaa atcgctaagc agcaggctct gggttaactc gag 1663

<210> SEQ ID NO 13

<211> LENGTH: 3447

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: The sequence between, and inclusive of, the
Ndel and Xhol restriction sites in pET20b (+) ::4HBT ACX4 AcsA.

<400> SEQUENCE: 13
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catatgcacc gtacctctaa cggttctcac gcgaccggtg gtaacctgec ggatgttget 60
tctcattacc cggttgcegta cgaacagacc ctggacggca ccegtgggttt cgttatcgac 120
gaaatgaccc cggaacgtgc gaccgcegtct gttgaagtta ccgacaccct gcegtcagegt 180
tggggtctgg ttcacggtgg tgcttactge gcactggegg agatgctggce gaccgaagceg 240
accgttgegg ttgtgcacga aaagggtatg atggcggttg gccagtctaa ccacacctct 300
ttctteegte cggttaaaga aggtcacgtt cgcgcggaag ctgttegcat ccacgegggt 360
tctaccacct ggttctggga cgtttccctg cgegatgatg cgggtcgect gtgtgeggtg 420
tcttetatgt ctatcgeggt gegtcegegt cgtgactaac aggagatata gatatggceag 480
ttctgagcag cgcagatcgt gcaagcaatg aaaaaaaagt gaaaagcagc tatttcgacc 540
tgcctecgat ggaaatgage gttgcatttce cgcaggcaac accggcaagce acctttecge 600
cttgtaccag cgattattat cattttaatg atctgctgac ccctgaagaa caggccattce 660
gtaaaaaagt tcgtgagtgc atggaaaaag aagtggcacc gattatgacc gaatattggg 720
aaaaagcaga attccecgttt catattaccc cgaaactggg tgcaatgggt gttgecceggtg 780
gtagcattaa aggttatggt tgtccgggtc tgagcattac cgcaaatgca attgcaaccg 840
cagaaattgc acgtgttgat gcaagctgta gcacctttat tctggttcat agcagcectgg 900
gtatgctgac cattgcactg tgtggtagceg aagcacagaa agaaaaatat ctgccgagec 960

tggcacagct gaataccgtt gcatgttggg cactgaccga accggataat ggtagtgatg 1020
caagcggtct gggcaccacc gcaaccaaag ttgaaggtgg ttggaaaatt aacggtcaga 1080
aacgttggat tggcaatagc acctttgcag atctgctgat tatctttgca cgtaatacca 1140
ccaccaatca gattaacggc ttcatcgtta aaaaagatgc accgggtctg aaagcaacca 1200
aaattccgaa caaaattggt ctgcgtatgg tgcagaatgg tgatattctg ctgcagaatg 1260
tttttgtgce ggatgaagat cgtctgectg gtgttaatag ctttcaggat accagcaaag 1320
ttectggcagt tagccgtgtt atggttgcat ggcagccgat tggtattage atgggtattt 1380
atgatatgtg ccaccgctat ctgaaagaac gtaaacagtt tggtgcaccg ctggcagcat 1440
ttcagctgaa tcagcagaaa ctggttcaga tgctgggtaa tgttcaggca atgtttctga 1500
tgggttggcg tctgtgtaaa ctgtatgaaa ccggtcagat gacaccgggt caggcaagcce 1560
tgggtaaagc atggattagc agcaaagcac gtgaaaccgc cagcctgggt cgtgaactgce 1620
tgggtggtaa tggtattctg gcagattttc tggttgcaaa agcattttgt gatctggaac 1680
cgatctatac ctatgaaggc acctatgata tcaataccct ggttaccggt cgtgaagtta 1740
ccggtattge aagctttaaa ccggcaacce gtageccgtet gtaagctage aggagatata 1800
catatgcgcg actacgaaca cgttgtggaa tctttcgact acctgcagag cgcaacccag 1860
gacctgcatg gcgaactgac tgctctgaac gecgtgtgtgg agtgctgtga tcgtcacgeg 1920
cacggcgagg ctgttgctcet gtattgcgaa gcgcaggatg gccacgcgga acgctaccgt 1980
ttccgegate tgcagcgeca ggctgcacgt tttggcaact tectgegtga gcagggegtg 2040
aaaccgggcg accgtgttge gggcctgatg ccgegtaccg tggaactget gatcgcaatce 2100
ctgggcactt ggcgcatcgg tgcggtttat cageccgetgt ttactgegtt cggtcecgaaa 2160
gcaattgagc agcgtctgaa ctgttctaac gcacgctgga ttgtgaccga tccgcacaac 2220

cgcccgaaac tggacgacgt taccgactgce ccgtctattg tggttaccgg tggcgcaccg 2280
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cagaacccgg cagaccatca cttttggtce gcactgaacce gtcaggcgga tgactgtgeg 2340
ccggtgetge tggacgcatce tgcaccgtte ctgctgatgt gecacctceccecgg caccactggt 2400
ccggcaaagce cgctggaagt tecgetgtcet gcgattetgg catttaaagg ttacatgegt 2460
gatgcaatcg acctgcgcge tgatgatcge ttctggaacce tggcagatcce gggttgggca 2520
tacggtetgt actacgcggt gactggcccg ctggcgtgtg gcectacgcgac cctgttttac 2580
gacggtcegt tcactgttga atccaccecgt cacatcatcg cgaaatacgc gattaacaac 2640
ctggcgggta gecccgaccege ttaccgettt ctgattgetg caggcgcgga atttgcggac 2700
gctgttegtyg gtegtetgeg tgcagttage agecgegggtyg aaccgctgaa cccgcaggtyg 2760
gttcgttggt ttgctgaaca gctgggtgtt gttatccatg accactatgg tcagaccgaa 2820
attggtatgg ttctgtgcaa ccaccacggc ctgcgtcacce cggttcgcga gggtagcgcet 2880
ggctatgcag tgccgggcta tcgtatcegtg gtgctggata aagcacaccg tgagctgecyg 2940
gctggtcage cgggtgttcet ggeggtggac cgtgaacgcet ccccgetgtg ctggtttgac 3000
ggctacctgg gtatgccgac tcaggcgttce gegggtcegtt attacctgtce tggtgatatce 3060
gttgaactga acgacgatgg cagcatctct ttcgtgggtc gcaacgatga tctgatcacce 3120
acctctggtt atcgtgtggg cccgttecgac gttgagtetg cactgattga acatccggca 3180
gttgttgaag ctgctgttat cggtaaaccg gacccgcagce gtactgagcet gattaaagceg 3240
tttgttgttc tgaacactcc gtacctgccg agcccggaac tggcggaaga actgcegtcetg 3300
catgttegtc agcgectgge tgcgcacgca tatccgegeg agatggagtt tgtggaccat 3360
ctgccgaaaa ccccgtcectgg caaactgcag cgtttcattce tgcgtaacca ggaaatcgcet 3420
aagcagcagg ctctgggtta actcgag 3447
<210> SEQ ID NO 14
<211> LENGTH: 4996
<212> TYPE: DNA
<213> ORGANISM: Artificial Sequence
<220> FEATURE:
<223> OTHER INFORMATION: ppBCKD polynucleotide containing the four
genes encoding the subunits of the Pseudomonas putida KT2440
branched chain keto acid dehydrogenase delivered in the

PBSK: : ppBCKD plasmid

<400> SEQUENCE: 14

tctagaaata attttgttta actgctagca ggagaaatta actatgaacg agtacgcccce 60
cctgegtttyg catgtgeceg ageccacegg ccggecagge tgccagaccg atttttecta 120
cctgegecte aacgatgcag gtcaagecceg taaaccegeg atcgatgteg atgetgecga 180
cactgccgac ctgtectaca gectggteeg cgtgetegac gagcaaggeg atgcgcaagg 240
ccectgggee gaagacatcg acccgcagat ccteegtcaa ggcatgegeg ccatgctcaa 300
gacgcggate ttcgacagec gcatggtggt tgcccagege cagaagaaga tgtccttceta 360
catgcaaagce ctgggcgaag aagccategg cageggecag gegetggege tgaaccgcac 420
cgacatgtge ttcccgacct accgecagca aagcatectg atggeecgeg acgtgteget 480
ggtcgagatyg atctgccaac tgctgtccaa cgagcegcegac cccctcaagg gecgecagtt 540
gecgatcatyg tatteggtge gegaagecegyg cttettcace atcageggca acctggegac 600

ccagttegtyg caggeggteg getgggecat ggecatcggeg atcaagggeg ataccaagat 660
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cgeccteggea tggatceggtg acggcgctac tgccgagteg gacttccaca ccgeccttac 720
ctttgcccac gtataccgeg cccceggtcat cctcaacgtg gtcaacaacc aatgggccat 780
ttccacctte caggccatcg cecggtggcga gtcgaccacce tttgceggec gtggegtggg 840
ttgcggtatt gcttegetge gggttgacgg caacgactte gtcgecegtgt acgetgecte 900

gegetgggeyg gecgagegeg ccecgecgegg cctgggecca agectgateg agtgggtceac 960
ctacegtgee ggcccegecact cgacgtegga cgacccectece aagtaccgece ctgecgacga 1020
ctggagccac ttccegctgg gtgacccgat cgecccgectg aagcagcacce tgatcaagat 1080
cggccactgg tccgaggaag aacaccaggce cgtcacggece gagctcgaag ctgeggtgat 1140
tgccgcacag aaagaagccg agcagtacgg caccctggece aacgggcaca tcccgagcege 1200
cgectegatg ttcgaggatg tgtacaagga aatgcccgac cacctgcgece gtcaacgceca 1260
ggaactgggyg gtttgagatg aacgaccaca acaacagcat caacccggaa accgccatgg 1320
ccaccactac catgaccatg atccaggcce tgcgctegge catggatgte atgecttgagce 1380
gcgacgacaa tgtggtggtg tacggccagg acgtcggtta cttecggegge gtgttceceget 1440
gcaccgaagyg cctgcagaac aagtacggca aatcgegegt gttcgacgeg cccatctecg 1500
agagcggcat cgtcggtacc gecgtgggca tgggtgecta tggcectgcge ceggtggtgg 1560
agatccagtt cgccgactac ttctacccgg cctecgacca gatcgtctee gagcectggecce 1620
gcctgegtta cegtteggee ggcgagttca ttgcceccget gaccctgege atgecttgeg 1680
geggeggeat ctatggcgge cagactcaca gccagagcecce ggaagcegatg ttcacccagg 1740
tgtgcggect gecgcaccgtyg atgccgtcca acccttatga cgccaaaggce ctgttgattg 1800
cctcgatcga atgcgacgac ccggtaatct tcectggagece caaacgcctg tacaacggcece 1860
cgttegatgg ccaccacgac cgccctgtaa cecegtggte gaagcaccceyg cacagegecg 1920
tgccecgacgg ttattacacc gtaccgetgg acaaggcecgce cattacccge cctggcaatg 1980
acgtgaccgt gctgacctac ggcaccacgg tgtacgtgge ccaggtggece gccgaagaaa 2040
gcggegtega tgccgaagtg atcgacctge gcagectgtg gecgctggac ctggacacta 2100
tcgtcgagte ggtgaaaaag accggccgtt gegtggtggt gcacgaggcce acccgcacct 2160
gcggettegyg tgccgagetg gtgtegetgg tgcaggagca ctgctteccac cacctggagyg 2220
cgecgatcega acgegtcace ggctgggaca ceccctaccee tcacgcacag gaatgggett 2280
acttcccagg cecttegegg gtaggtgcegg cactgaaaaa ggtcatggag gtctgaatgg 2340
gcacgcacgt catcaagatg ccggacattg gcgaaggcat cgcgcaggtc gagttggtgg 2400
aatggttcgt caaggtcggc gacatcatcg ccgaggacca ggtggtggcce gacgtcatga 2460
ccgacaagge caccgtggaa atcccctege cggtcagegyg caaggtgttyg gecctgggtyg 2520
gecagecegy ggaagtgatg geggteggta gegaactgat cegcatcgaa gtggaaggea 2580
geggcaacca tgtggatgtg cctcagccaa aaccggtaga ggccccegget geccccattg 2640
cagccaagcece ggaaccgcag aaagacgtaa aacccgceegt gtaccaggeg cccgcecaace 2700
acgaagctge gcccategtg ccgcgecage cgggcgacaa gecgetggee tcegectgecg 2760
tgcgcaaacg cgccctggac gecggtatcg aactgcgtta tgtgcatggt agcggcccgg 2820
ccgggegtat tcectgcacgaa gacctcegatg ccttcatgag caagccgcaa agcaatgecg 2880

ggcaagcace tgatggttat gccaagcgca ccgacagcega gcaggtgeca gtgatcggec 2940
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tgcgecgcaa gattgeccag cgcatgecagg acgccaaacyg ccegggtcegeg cacttcagtt 3000
atgtcgagga aatcgacgtc accgcectgg aggccctgeg ccagcaactce aacagcaagce 3060
acggcgacag ccggggcaag ctgaccttge tgccattect ggtacgcecgece ctggtegtgg 3120
cgetgegtga ctteccgecag atcaacgega cctacgatga cgaagcgcag atcatcacce 3180
gccatggege ggtgcatgtg ggcattgcca cccaaggtga caacggcctg atggtgeccyg 3240
tgctgegeca cgccgaagceg ggcagectgt gggecaatge cggegagatt tcegegectgg 3300
ccaacgctge acgtaacaac aaggccagec gtgaagaget gteeggeteg accatcacce 3360
tgaccagcct tggcgccetg ggtggcattg tcagcacgcce ggtggtcaac accccggaag 3420
tggcaatcgt cggggtcaac cgcatggtcg aacggccagt ggtgatcgac ggccagatcg 3480
tcgtgcgcaa gatgatgaac ctgtccagct cgttcgacca ccgcegtggte gatggcatgg 3540
atgccgecct gttcatccag gecgtacgtg gecctgctega acaacccgece tgectgtteg 3600
tggagtgagc atgcaacaga ttatccagac taccctgttg atcatcggceg geggcecctgg 3660
cggctatgta gcagccatcce gegccgggca actgggcatt cctaccgtac tggtggaagg 3720
ccaggcactg ggcggcacct gectgaacat cggetgcate cegtecaagyg cgctgatcca 3780
cgtggcecgag cagtttcacc aggcctegceg ctttaccgaa cectecgecge tgggcatcag 3840
cgtggcetteg cecgcegectgg acatcggcca gagegtcace tggaaggacg gcattgtcega 3900
ccgcctgace acaggtgttg ccgccectgct gaaaaagcac ggggtgaaag tggtgcatgg 3960
ttgggccaag gtactggacg gcaagcaggt cgaggtcgat ggccagcgta tccagtgcega 4020
gcatctgttyg ctggcgaccg gttccagcag tgtcgaactg cctatgetge cgetgggtgg 4080
cceggtgatt tectecgaccg aagccctgge gccgaaaacce ctgccgcaac acctggtggt 4140
ggtcggcggt ggctatatcg gcctggaget gggcattgec tatcgcaagce tgggtgcaca 4200
ggtgagtgtyg gtggaagcge gggagcgcat cctgccgacce tacgacageg aattgaccge 4260
cceggtggee gagtegetga agaaactggg catagegttyg cacctgggece acagegtcga 4320
gggctacgaa aatggctgee tgctggecag cgacggcaag ggtgggcaac tgegecttga 4380
ggccgaccayg gtactggtgg ccgtgggacg ccggccacge accaagggct tcaacctgga 4440
atgcctggac ctgaagatga acggcgecge cattgccate gacgagceget gtcacaccag 4500
catgcacaac gtctgggcca tcggcgacgt cgetggcgaa ccgatgetgyg cgcaccggge 4560
catggcccag ggcgagatgg tcgccgaaat catcgcecgge aaggcccgac gctttgaace 4620
gacagcgatt gccgecgtgt gctttaccga cccggaagtyg gtggtggtcg gcaagacccce 4680
ggaacaagcce agccagcagg gcctggactg catcegtegeg cagttecegt ttgecgccaa 4740
tggccgggece atgagcectgg aatcgaaaag cggtttegtg cgggtggtgg cgcgcecgtga 4800
caaccacctg atcgtgggtt ggcaggcggt tggcgtggeg gtctccgage tatccaccgce 4860
gtttgcccaa tcecgectggaga tgggcgegtg cctggaagat gtggcecggta ccattcatge 4920
ccacccaacg ctcggtgaag cggtacagga agecgcactyg cgegecctgyg gccacgectt 4980

gcatatctga ctcgag 4996

<210> SEQ ID NO 15

<211> LENGTH: 6758

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:
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<223> OTHER INFORMATION: The sequence between, and inclusive of, the
Ndel and Xhol restriction sites in the pET20b (+) ::4HBT ACX4
PPBCKD plasmid

<400> SEQUENCE: 15

acatatgcac cgtacctcta acggttctca cgegaceggt ggtaacctge cggatgttge 60
ttctcattac ccggttgegt acgaacagac cctggacgge accgtgggtt tegttatcga 120
cgaaatgacce ccggaacgtg cgaccgegte tgttgaagtt accgacacce tgegtcageg 180
ttggggtetyg gttcacggtg gtgcttactyg cgecactggeg gagatgetgg cgaccgaage 240
gaccgttgeg gttgtgcacg aaaagggtat gatggeggtt ggecagtcta accacacctce 300
tttectteegt ccggttaaag aaggtcacgt tegegeggaa getgttegea tcecacgeggg 360
ttctaccace tggttetggg acgttteect gegegatgat gegggtegee tgtgtgeggt 420
gtcttetatyg tctatcgegg tgcgtecgeyg tegtgactaa caggagatat agatatggea 480
gttctgageca gcgcagatceg tgcaagcaat gaaaaaaaag tgaaaagcag ctatttegac 540
ctgectecga tggaaatgag cgttgeattt ccgcaggcaa caccggcaag caccttteceg 600
ccttgtacca gegattatta tcattttaat gatctgetga ceccctgaaga acaggccatt 660
cgtaaaaaag ttegtgagtg catggaaaaa gaagtggcac cgattatgac cgaatattgg 720
gaaaaagcag aattcccgtt tcatattacce ccgaaactgg gtgcaatggyg tgttgeeggt 780
ggtagcatta aaggttatgg ttgtcegggt ctgagcatta ccgcaaatge aattgcaacc 840
gcagaaattg cacgtgttga tgcaagctgt agcaccttta ttectggttca tagcagectg 900
ggtatgctga ccattgcact gtgtggtage gaagcacaga aagaaaaata tctgecgagce 960

ctggcacagc tgaataccgt tgcatgttgg gcactgaccg aaccggataa tggtagtgat 1020
gcaagcggte tgggcaccac cgcaaccaaa gttgaaggtg gttggaaaat taacggtcag 1080
aaacgttgga ttggcaatag cacctttgca gatctgctga ttatctttgce acgtaatacc 1140
accaccaatc agattaacgg cttcatcgtt aaaaaagatg caccgggtct gaaagcaacc 1200
aaaattccga acaaaattgg tcectgcgtatg gtgcagaatg gtgatattct getgcagaat 1260
gtttttgtge cggatgaaga tcgtctgect ggtgttaata getttcagga taccagcaaa 1320
gttctggecag ttagccgtgt tatggttgca tggcagccga ttggtattag catgggtatt 1380
tatgatatgt gccaccgcta tctgaaagaa cgtaaacagt ttggtgcacc gectggcagca 1440
tttcagctga atcagcagaa actggttcag atgctgggta atgttcaggc aatgtttctg 1500
atgggttggce gtctgtgtaa actgtatgaa accggtcaga tgacaccggg tcaggcaagc 1560
ctgggtaaag catggattag cagcaaagca cgtgaaaccg ccagcctggg tegtgaactg 1620
ctgggtggta atggtattct ggcagatttt ctggttgcaa aagcattttg tgatctggaa 1680
ccgatctata cctatgaagg cacctatgat atcaataccce tggttaccgg tcegtgaagtt 1740
accggtattg caagctttaa accggcaacc cgtagccegtce tgtaagctag caggagaaat 1800
taactatgaa cgagtacgcc cccctgegtt tgcatgtgece cgagcccacce ggccggccag 1860
gctgeccagac cgatttttcee tacctgcegece tcaacgatge aggtcaagcec cgtaaacccy 1920
cgatcgatgt cgatgctgcc gacactgccg acctgtecta cagcectggte cgegtgetceg 1980
acgagcaagg cgatgcgcaa ggcccctggg ccgaagacat cgacccgcag atccteegte 2040

aaggcatgcg cgccatgctce aagacgcgga tcttcecgacag ccgcatggtg gttgcccagce 2100
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gccagaagaa gatgtcctte tacatgcaaa gectgggcega agaagccatc ggcagcggec 2160
aggcgetgge gctgaaccge accgacatgt gettcccgac ctaccgccag caaagcatce 2220
tgatggcceg cgacgtgteg ctggtcgaga tgatctgceca actgctgtece aacgagcgceg 2280
acccectcaa gggcecgcecag ttgccgatca tgtatteggt gegcgaagece ggcttcettca 2340
ccatcagegg caacctggceg acccagtteg tgcaggeggt cggetgggece atggecatcgg 2400
cgatcaaggg cgataccaag atcgcctcgg catggatcegg tgacggcget actgccgagt 2460
cggacttcca caccgccectt acctttgcecce acgtataccg cgccceggte atcctcaacg 2520
tggtcaacaa ccaatgggcc atttccacct tccaggecat cgccecggtgge gagtcgacca 2580
cctttgecgg cegtggcegtyg ggttgceggta ttgctteget gegggttgac ggcaacgact 2640
tegtegeegt gtacgetgece tegegetggg cggecgageyg cgeccgecge ggectgggece 2700
caagcctgat cgagtgggtc acctacegtg ceggeccgea ctegacgteyg gacgacccect 2760
ccaagtaccg ccctgecgac gactggagece acttcceget gggtgacceg atcgeccgece 2820
tgaagcagca cctgatcaag atcggccact ggtccgagga agaacaccag gccgtcacgg 2880
ccgagetega agetgeggtyg attgccgecac agaaagaage cgagcagtac ggcaccctgg 2940
ccaacgggca catcccgage gecgectcega tgttcegagga tgtgtacaag gaaatgcccg 3000
accacctgeg ccgtcaacge caggaactgg gggtttgaga tgaacgacca caacaacagce 3060
atcaacccgg aaaccgccat ggccaccact accatgacca tgatccagge cctgegetceg 3120
gccatggatg tcatgcttga gcgcgacgac aatgtggtgg tgtacggcca ggacgtceggt 3180
tacttcggeg gegtgtteceg ctgcaccgaa ggectgcaga acaagtacgg caaatcgegce 3240
gtgttcgacg cgcccatcte cgagagcegge atcgteggta ccgeccegtggg catgggtgece 3300
tatggcctge gecccecggtggt ggagatccag ttegccgact acttctacce ggectcecgac 3360
cagatcgtct ccgagctgge ccgectgegt taccgttegg cecggcgagtt cattgcccecg 3420
ctgaccctge gcatgecttyg cggcggegge atctatggeg gecagactca cagccagagce 3480
ccggaagcga tgttcaccca ggtgtgegge ctgcgcaccg tgatgccgte caacccttat 3540
gacgccaaag gcctgttgat tgcctcgatc gaatgcgacg acccggtaat cttectggag 3600
cccaaacgee tgtacaacgg cccgttegat ggecaccacyg accgecctgt aacccecegtgg 3660
tcgaagcace cgcacagcgce cgtgcccgac ggttattaca cegtaccget ggacaaggece 3720
gccattacce geecctggcaa tgacgtgacce gtgctgacct acggcaccac ggtgtacgtg 3780
geecaggtygyg ccgecgaaga aageggcegtce gatgccgaag tgatcgacct gegeagectg 3840
tggcecgetgg acctggacac tatcgtcgag tcggtgaaaa agaccggcceg ttgegtggtg 3900
gtgcacgagg ccacccgcac ctgecggettce ggtgccgage tggtgteget ggtgcaggag 3960
cactgettee accacctgga ggcgccgatce gaacgcgtea ceggetggga caccccectac 4020
cctcacgcac aggaatgggce ttactteccca ggcecttege gggtaggtge ggcactgaaa 4080
aaggtcatgg aggtctgaat gggcacgcac gtcatcaaga tgccggacat tggcgaaggce 4140
atcgcgcagg tcgagttggt ggaatggttce gtcaaggtcg gcgacatcat cgccgaggac 4200

caggtggtgg ccgacgtcat gaccgacaag gccaccgtgg aaatceccte gecggtcage 4260

ggcaaggtgt tggccctggg tggccagecce ggggaagtga tggcggtcegg tagcgaactyg 4320

atccgcateg aagtggaagg cagcggcaac catgtggatg tgcctcagece aaaaccggta 4380
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gaggcccegyg ctgeccccat tgcagccaag ccggaaccgce agaaagacgt aaaacccgec 4440
gtgtaccagyg cgcccgccaa ccacgaagct gegceccatceg tgccgegeca gecgggcegac 4500
aagcegetgg cctegectge cgtgcgeaaa cgegecctgyg acgecggtat cgaactgegt 4560
tatgtgcatg gtagcggccce ggccgggcegt attctgcacg aagacctcga tgccttcatg 4620
agcaagccge aaagcaatgc cgggcaagca cctgatggtt atgccaageg caccgacage 4680
gagcaggtge cagtgatcgg cctgegecge aagattgece agegcatgca ggacgccaaa 4740
cgeccgggteg cgcacttcag ttatgtcgag gaaatcgacg tcaccgccct ggaggccctg 4800
cgccagcaac tcaacagcaa gcacggcegac agecggggcea agcetgacctt getgecatte 4860
ctggtacgcg cectggtegt ggcgcectgegt gacttcecceege agatcaacgce gacctacgat 4920
gacgaagcge agatcatcac ccgecatgge geggtgeatg tgggcattge cacccaaggt 4980
gacaacggcece tgatggtgee cgtgetgege cacgccgaag cgggcagect gtgggccaat 5040
geeggegaga tttegegect ggccaacgcet gcacgtaaca acaaggcecag ccgtgaagag 5100
ctgtcegget cgaccatcac cctgaccage cttggcgecce tgggtggcat tgtcagcacg 5160
cecggtggtea acaccccgga agtggcaatce gteggggtea accgcatggt cgaacggcca 5220
gtggtgatcg acggccagat cgtegtgcege aagatgatga acctgtccag ctegttcgac 5280
caccgegtgg tcgatggcat ggatgccgcece ctgttcatcce aggccgtacg tggectgetce 5340
gaacaacceg cctgectgtt cgtggagtga gcatgcaaca gattatccag actacccectgt 5400
tgatcatcgg cggeggecct ggcggctatg tagcagcecat cegegecggyg caactgggca 5460
ttectaccgt actggtggaa ggccaggcac tgggcggcac ctgcctgaac atcggctgca 5520
tceegtecaa ggcgectgate cacgtggcecg agcagtttca ccaggecteg cgctttaccg 5580
aaccctegee getgggeatce agegtggett cgecgegect ggacatcegge cagagegtca 5640
cctggaagga cggcattgtce gaccgcectga ccacaggtgt tgccgceccctg ctgaaaaagce 5700
acggggtgaa agtggtgcat ggttgggcca aggtactgga cggcaagcag gtcgaggtcg 5760
atggccagcg tatccagtge gagcatctgt tgctggcgac cggttccage agtgtcgaac 5820
tgcctatget gecgetgggt ggcccggtga tttectegac cgaagecctg gegccgaaaa 5880
ccetgecegeca acacctggtyg gtggteggeg gtggctatat cggcectggag ctgggcattg 5940
cctatcgcaa gectgggtgca caggtgagtg tggtggaagce gcgggagcgce atcctgccga 6000
cctacgacag cgaattgacc geccceggtgg cegagteget gaagaaactyg ggcatagegt 6060
tgcacctggg ccacagegtc gagggctacg aaaatggcetyg cctgetggece agcgacggca 6120
agggtgggca actgegectt gaggccgacce aggtactggt ggecgtggga cgccggecac 6180
gcaccaaggyg cttcaacctg gaatgectgg acctgaagat gaacggegec gecattgeca 6240
tcgacgageg ctgtcacacce agcatgcaca acgtcetggge catcggcegac gtcegetggeg 6300
aaccgatgcet ggcgcaccgg gecatggece agggcgagat ggtegcecgaa atcatcgecg 6360
gcaaggceeg acgctttgaa ccgacagcga ttgccgceccegt gtgcectttacce gacccggaag 6420
tggtggtggt cggcaagacc ccggaacaag ccagccagea gggcectggac tgcatcgteg 6480
cgcagttecece gtttgccgece aatggccggg ccatgagect ggaatcgaaa agcggtttceg 6540
tgcgggtggt ggcgcgcegt gacaaccacce tgatcgtggg ttggcaggeg gttggegtgg 6600

cggtctecga gectatccace gegtttgece aatcgctgga gatgggcgeg tgcctggaag 6660



US 2020/0308609 Al
39

-continued

Oct. 1, 2020

atgtggcegyg taccattcat geccacccaa cgeteggtga ageggtacag gaagcecgcac 6720

tgcgecgecct gggccacgece ttgcatatct gactcgag 6758

<210> SEQ ID NO 16

<211> LENGTH: 26

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: BCKAD.F forward primer for cloning of BCKAD
operon

<400> SEQUENCE: 16

ggcctgtecat gagtgattac gagcecg 26

<210> SEQ ID NO 17

<211> LENGTH: 32

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: BCKAD.R reverse primer for cloning of BCKAD
operon

<400> SEQUENCE: 17

cggeectgeca ggttegeggg aatcagatgt go 32

<210> SEQ ID NO 18

<211> LENGTH: 33

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: AAT.F forward primer for cloning of AAT

<400> SEQUENCE: 18

aggagatata ccatgaaaag cttttctgta ctce 33

<210> SEQ ID NO 19

<211> LENGTH: 44

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: AAT.R reverse primer for cloning of AAT

<400> SEQUENCE: 19

agcagccgga tcccctgeag gactagttta ctggetggtg ctac 44

<210> SEQ ID NO 20

<211> LENGTH: 39

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: ACX4.F forward primer for cloning of ACX4

<400> SEQUENCE: 20

caccagccag taagctagca aggagatata ccatggetg 39

<210> SEQ ID NO 21

<211> LENGTH: 37

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: ACX4.R reverse primer for cloning of ACX4

<400> SEQUENCE: 21



US 2020/0308609 Al
40

-continued

Oct. 1, 2020

tccectgeag gactagttta caggcgagaa cgggtag

<210> SEQ ID NO 22

<211> LENGTH: 5652

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: pET1lé6b(Sse) expression vector

<400> SEQUENCE: 22

ttettgaaga cgaaagggcece tcgtgatacyg cctattttta taggttaatyg tcatgataat
aatggtttet tagacgtcag gtggcacttt teggggaaat gtgecgeggaa cccctatttyg
tttattttte taaatacatt caaatatgta tccgctcatyg agacaataac cctgataaat
gcttcaataa tattgaaaaa ggaagagtat gagtattcaa catttecegtg tegeccttat
tcectttttt geggeatttt gecttectgt ttttgctcac ccagaaacge tggtgaaagt
aaaagatgcet gaagatcagt tgggtgcacyg agtgggttac atcgaactgyg atctcaacag
cggtaagate cttgagagtt ttecgeccecga agaacgtttt ccaatgatga gcacttttaa
agttctgcta tgtggegegg tattatececcyg tgttgacgee gggcaagage aacteggteg
cecgecatacac tattctcaga atgacttggt tgagtactca ccagtcacayg aaaagcatct
tacggatgge atgacagtaa gagaattatyg cagtgctgece ataaccatga gtgataacac
tgeggecaac ttacttcectga caacgategg aggaccgaag gagctaacceyg cttttttgea
caacatgggg gatcatgtaa ctcgecttga tegttgggaa ceggagetga atgaagecat
accaaacgac gagegtgaca ccacgatgece tgcagcaatyg gcaacaacgt tgegcaaact
attaactgge gaactactta ctctagette ceggcaacaa ttaatagact ggatggagge
ggataaagtt gcaggaccac ttetgegete ggcectteceyg getggetggt ttattgetga
taaatctgga gccggtgage gtgggteteg cggtatcatt gecagecactgyg ggccagatgg
taagccctee cgtategtag ttatctacac gacggggagt caggcaacta tggatgaacyg
aaatagacag atcgctgaga taggtgectce actgattaag cattggtaac tgtcagacca
agtttactca tatatacttt agattgattt aaaacttcat ttttaattta aaaggatcta
ggtgaagatc ctttttgata atctcatgac caaaatccct taacgtgagt tttegtteca
ctgagegtca gaccecegtag aaaagatcaa aggatcttet tgagatcett tttttetgeg
cgtaatctge tgcttgcaaa caaaaaaacc accgctacca geggtggttt gtttgecgga
tcaagagcta ccaactcttt ttcecgaaggt aactggette agcagagege agataccaaa
tactgtcctt ctagtgtage cgtagttagg ccaccactte aagaactcetyg tagecaccgece
tacataccte getetgectaa tectgttace agtggetget gecagtggeyg ataagtegtyg
tcttaccggyg ttggactcaa gacgatagtt accggataag gegcageggt cgggetgaac
ggggggtteg tgcacacage ccagettgga gegaacgace tacaccgaac tgagatacct
acagcgtgag ctatgagaaa gcgccacgcet teccgaaggg agaaaggegyg acaggtatcece
ggtaagegge agggtcggaa caggagageg cacgagggag cttecagggg gaaacgecty
gtatctttat agtcctgteg ggtttegecca cctetgactt gagegtegat ttttgtgaty

ctegtecaggyg gggcggagece tatggaaaaa cgecagcaac geggectttt tacggttect

ggccttttge tggecttttg ctcacatgtt ctttectgeg ttatcccctyg attetgtgga

37

60

120

180

240

300

360

420

480

540

600

660

720

780

840

900

960

1020

1080

1140

1200

1260

1320

1380

1440

1500

1560

1620

1680

1740

1800

1860

1920
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taaccgtatt accgcctttg agtgagctga taccgctege cgcagccgaa cgaccgagcg 1980
cagcgagtca gtgagcgagg aagcggaaga gcgcctgatg cggtatttte tecttacgceca 2040
tctgtgeggt atttcacacc gcatatatgg tgcactctca gtacaatctg ctectgatgece 2100
gcatagttaa gccagtatac actccgctat cgctacgtga ctgggtcatg gctgecgeccce 2160
gacacccgec aacacccgct gacgcgecct gacgggcttg tetgctcececcg gcatcecgett 2220
acagacaagc tgtgaccgtc tccgggagct gcatgtgtca gaggttttca ccgtcatcac 2280
cgaaacgcge gaggcagetg cggtaaaget catcagegtyg gtegtgaage gattcacaga 2340
tgtctgectg ttcatccgeg tecagcetcegt tgagtttetce cagaagegtt aatgtcectggce 2400
ttctgataaa gcgggccatg ttaagggcgg ttttttectg tttggtcact gatgectecg 2460
tgtaaggggg atttctgttc atgggggtaa tgataccgat gaaacgagag aggatgctca 2520
cgatacgggt tactgatgat gaacatgccc ggttactgga acgttgtgag ggtaaacaac 2580
tggcggtatg gatgcggegyg gaccagagaa aaatcactca gggtcaatgce cagcgcttceg 2640
ttaatacaga tgtaggtgtt ccacagggta gccagcagca tcctgcgatg cagatccgga 2700
acataatggt gcagggcgct gacttcecgceg tttceccagact ttacgaaaca cggaaaccga 2760
agaccattca tgttgttgct caggtcgcag acgttttgca gcagcagtcg cttcacgtte 2820
gctegegtat cggtgattca ttctgctaac cagtaaggca accccgccag cctagcecceggyg 2880
tcctcaacga caggagcacg atcatgegea ceegtggeca ggacccaacyg ctgceccgaga 2940
tgcgeccegegt geggctgetyg gagatggcegg acgcgatgga tatgttctge caagggttgg 3000
tttgcgcatt cacagttctc cgcaagaatt gattggctcc aattcttgga gtggtgaatce 3060
cgttagcgag gtgccgcegg cttcecattca ggtcecgaggtg geccggctee atgcaccgeg 3120
acgcaacgcg gggaggcaga caaggtatag ggcggcegect acaatccatg ccaaccegtt 3180
ccatgtgctce geccgaggegg cataaatcgce cgtgacgatc agcggtccag tgatcgaagt 3240
taggctggta agagccgcga gcgatccttg aagetgtcece tgatggtcgt catctacctg 3300
cctggacage atggectgca acgcgggeat cecgatgecyg cceggaagcega gaagaatcat 3360
aatggggaag gccatccage ctcgegtege gaacgccage aagacgtage ccagegegte 3420
ggcecgcecatg ccggcgataa tggectgett ctcecgeccgaaa cgtttggtgg cgggaccagt 3480
gacgaaggct tgagcgaggg cgtgcaagat tccgaatacc gcaagcgaca ggcecgatcat 3540
cgtegegete cagcgaaage ggtcectegec gaaaatgace cagagcegcetyg ccggcacctg 3600
tcectacgagt tgcatgataa agaagacagt cataagtgcg gcgacgatag tcatgccccg 3660
cgeccaccegg aaggagcetga ctgggttgaa ggctctcaag ggcatceggte gagatcccgg 3720
tgcctaatga gtgagctaac ttacattaat tgcgttgege tcactgcceg ctttcecagte 3780
gggaaacctg tcgtgccage tgcattaatg aatcggccaa cgcgcgggga gaggcggttt 3840
gcgtattggg cgccagggtg gtttttettt tcaccagtga gacgggcaac agctgattge 3900
ccttcaccge ctggccctga gagagttgca gcaagcggtce cacgctggtt tgccccagca 3960
ggcgaaaatc ctgtttgatg gtggttaacg gcgggatata acatgagctg tctteggtat 4020
cgtegtatee cactaccgag atatccgecac caacgcegcag ccecggacteyg gtaatggege 4080
gcattgcgee cagcgccate tgatcgttgg caaccagcat cgcagtggga acgatgccect 4140

cattcagcat ttgcatggtt tgttgaaaac cggacatggc actccagtcg ccttccecgtt 4200
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ccgctategg ctgaatttga ttgcgagtga gatatttatg ccagccagcece agacgcagac 4260
gcgecgagac agaacttaat gggcccgcta acagcgcgat ttgctggtga cccaatgcega 4320
ccagatgctce cacgcccagt cgcgtaccgt cttcatggga gaaaataata ctgttgatgg 4380
gtgtctggtc agagacatca agaaataacg ccggaacatt agtgcaggca gcttccacag 4440
caatggcatc ctggtcatcc agcggatagt taatgatcag cccactgacg cgttgcgcga 4500
gaagattgtg caccgccgct ttacaggctt cgacgceccget tegttctacce atcgacacca 4560
ccacgctggce acccagttga tceggcgcgag atttaatcge cgcgacaatt tgcgacggceg 4620
cgtgcagggce cagactggag gtggcaacgc caatcagcaa cgactgtttg cccgccagtt 4680
gttgtgccac gcggttggga atgtaattca gectccgccat cgeccgcttece actttttecce 4740
gcgttttege agaaacgtgg ctggcctggt tcaccacgeg ggaaacggtc tgataagaga 4800
caccggcata ctctgcgaca tcegtataacg ttactggttt cacattcacc accctgaatt 4860
gactctctte cgggcgctat catgccatac cgcgaaaggt tttgcgccat tcgatggtgt 4920
ccgggatcecte gacgctctece cttatgecgac tcectgcatta ggaagcagcce cagtagtagg 4980
ttgaggccegt tgagcaccgce cgccgcaagg aatggtgcat gcaaggagat ggcgceccaac 5040
agtcececcegg ccacggggcece tgccaccata ceccacgcecga aacaagcget catgageccg 5100
aagtggcgag cccgatctte cccatceggtg atgtcggega tataggcgece agcaaccgca 5160
cctgtggege cggtgatgec ggccacgatg cgtecggegt agaggatcga gatctcgatce 5220
ccgcgaaatt aatacgactc actatagggg aattgtgagce ggataacaat tceccctcetag 5280
aaataatttt gtttaacttt aagaaggaga tataccatgg cctgcagggg atccggctgce 5340
taacaaagcc cgaaaggaag ctgagttggc tgctgccacce gctgagcaat aactagcata 5400
accccttggg gectctaaac gggtcecttgag gggttttttg ctgaaaggag gaactatatce 5460
cggatatccee gcaagaggcce cggcagtacce ggcataacca agectatgece tacagcatce 5520
agggtgacgg tgccgaggat gacgatgagc gcattgttag atttcataca cggtgcctga 5580
ctgcgttage aatttaactg tgataaacta ccgcattaaa gcttatcgat gataagctgt 5640
caaacatgag aa 5652
<210> SEQ ID NO 23

<211> LENGTH: 1311

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: optimised acyl-coA oxidase 4 (ACX4) from

Arabidopsis thaliana for expression in pET1léb (Sse)

<400> SEQUENCE: 23

atggctgtee tgtcaagege tgaccgtgeg agcaatgaaa aaaaagtgaa atcttcettac 60
ttcgatctge cgccgatgga aatgtetgtt geatttecge aggcaacgece ggcatcaacce 120
ttccegeegt gecacgtegga ttattaccat tttaacgace tgctgaccce ggaagaacag 180
gccattcegta aaaaagttcg cgaatgtatg gaaaaagaag tcgcaccgat tatgaccgaa 240
tattgggaaa aagcggaatt tcegttecac attaccecga aactgggtge gatgggtgtg 300
gecggeggta gtatcaaagg ctacggttge cegggtetgt ccattacgge aaatgetatc 360
gegaccgecyg aaattgcacg tgtggatget tcatgetcga cgttcatcct ggttecatage 420

tctetgggta tgctgaccat tgegetgtgt ggetcagaag cccagaaaga aaaatatctg 480
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cegtegetgg cgcaactgaa cacggtcegca tgttgggcete tgaccgaacc ggataatggce 540
agcgacgcat ctggecctggg taccacggcet accaaagtgg aaggcggttg gaaaatcaac 600
ggtcagaaac gttggattgg caatagtacc tttgcggatc tgctgattat cttcgeccge 660
aacaccacga ccaaccagat caacggtttc atcgtcaaaa aagacgcacc gggcctgaaa 720
gctaccaaaa ttccgaataa aatcggtctg cgecatggtge agaacggcga tattctgetg 780
caaaatgtgt ttgttccgga tgaagaccgt ctgccgggtg ttaacagttt ccaggacacc 840
agcaaagttc tggcagtcag ccgcegtcatg gtggcttgge aaccgattgg catctctatg 900
ggtatctatg atatgtgcca ccgttacctg aaagaacgta aacagtttgg tgcaccgctg 960

gcagcattecc aactgaacca gcaaaaactg gtccagatgc tgggtaatgt gcaagcaatg 1020
tttctgatgg gectggcgtet gtgtaaactg tatgaaacgg gtcagatgac cccgggtcaa 1080
gcaagcctgg gcaaagcectg gattagttcecce aaagcgcgtyg aaaccgcaag cctgggtegt 1140
gaactgctgg gcggtaacgg catcctggece gattttctgg ttgcaaaagce tttetgcgac 1200
ctggaaccga tctatacgta cgaaggtacc tacgatatta atacgctggt gaccggtcegce 1260
gaagttacgg gcattgcaag cttcaaaccg gctacccgtt ctcecgectgta a 1311
<210> SEQ ID NO 24

<211> LENGTH: 1368

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: optimised alcohol acyl transferase (AAT) from

Apple for expression in pET1léb (Sse)

<400> SEQUENCE: 24

atgaaaagct tttctgtact ccaagtcaaa cgectgecaac cagaactgat tacgccageg 60
aaatcgacce cgcaggaaac caaattcctg tctgacateg atgaccaaga gagettgegt 120
gtgcagattc cgatcatcat gtgctataaa gacaacccga gectgaataa gaatcgcaat 180
ceggttaagg ccattegtga ggecctgtee cgtgegetgg tttactatta ccegetggeg 240
ggtcegtetge gtgagggtece gaatcgcaaa ctggtggtgg actgcaatgg tgagggtatt 300
ctgtttgttyg aggcgagege ggacgtcace ctggaacage tgggcgacaa gatcctgecg 360
cegtgteege tgttggaaga gtttetgtac aacttecegg gecagegatgg tatcatcgat 420
tgccegetge tgctgattca agtcacttgt ctgacgtgtg gtggetttat tetggetetg 480
cgectgaace acaccatgtg tgatgcageg ggtttgttge tgttceetgac cgecatcegca 540
gagatggcce gtggtgecca cgcaccgage attctgeegg tgtgggaacyg tgaactgetg 600
ttcgcacgtyg acccgecteg tattacttge gegcaccatg aatacgagga cgttatcegge 660
catagcgacg gcagctacge gagcagcaac caaagcaata tggtgcageg tagettttac 720
ttcggcegega aagaaatgeg tgttetgege aagcagatece cgectcacct gatcagcacg 780
tgcagcacct ttgatttgat taccgcatge ctgtggaagt gecgtacget ggegetgaac 840
atcaacccga aagaagccgt cegtgtgage tgtatcgtta acgegegtgg taaacacaac 900
aatgttcgee tgccgetggg ctattacgge aatgegtteg cattcecgge tgctatctet 960

aaggcagagc cgctgtgtaa gaaccctctg ggttacgece tggagttggt gaagaaggcg 1020

aaagcgacca tgaatgaaga gtatctgcgce agegtggegg atctgectggt tttgegeggt 1080
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cgtcecgecaat actccagcac gggttcectat ctgattgtga gcgacaatac ccgegtgggt 1140

tttggtgatg tcaacttcgg ttggggccag ccagtctttg ctggcccggt caaagcattg 1200

gacctgatta gcttctatgt tcaacataag aacaacacgg aagatggtat cttggttcecg 1260

atgtgcctge cgtcectcecgge gatggagcegt ttccaacagg agctggageg cattacccag 1320

gaaccgaaag aggatatttg caacaatctyg cgtagcacca gccagtaa

1368

What is claimed is:

1. A process of producing methacrylic acid and/or deriva-
tives thereof comprising the following steps:

(a) biologically converting isobutyryl-CoA into methacry-
lyl-CoA by the action of a peroxisomal acyl-CoA
oxidase from Vigna radiata; and

(b) converting methacrylyl-CoA into methacrylic acid
and/or derivatives thereof.

2. The process according to claim 1, wherein step (b) is

conducted biologically or chemically.

3. The process according to claim 1, wherein the deriva-
tives thereof of methacrylic acid are methacrylic acid esters.

4. The process according to claim 3, wherein the meth-
acrylic acid esters are butyl methacrylates.

5. The process according to claim 3, wherein the meth-
acrylic acid esters are formed biologically by action of a
transferase.

6. The process according to claim 5, wherein the trans-
ferase is an alcohol acyltransferase under EC group number
2.3.1.84.

7. The process according to claim 6, wherein the alcohol
acyltransferase is derived from a fruit origin.

8. The process according to claim 6, wherein the alcohol
acyltransferase acts in the presence of an alcohol.

9. The process according to claim 1, wherein the process
further comprises step (¢) of converting methacrylic acid
formed in step (b) into a methacrylic acid ester.

10. The process according to claim 9, wherein step (c) is
conducted biologically or chemically.

11. The process according to claim 9, wherein step (c) is
conducted biologically by the action of an esterase or
hydrolase.

12. The process according to claim 1, wherein methacry-
lyl-CoA is converted into methacrylic acid by the action of
a thioesterase, transferase, synthetase, and/or a phospho-
transacylase and a short chain fatty acid kinase.

13. The process according to claim 12, wherein meth-
acrylyl-CoA is converted into methacrylic acid by the action
of a thioesterase.

14. The process according to claim 12, wherein meth-
acrylyl-CoA wherein the thioesterase is acyl-CoA thio-
esterase 4HBT from Arthrobacter sp. Strain SU.

15. A microorganism adapted to conduct the following
steps:

(a) biologically converting isobutyryl-CoA into methacry-
lyl-CoA by expression of a peroxisomal acyl-CoA
oxidase from Vigna radiata; and

(b) biologically converting methacrylyl-CoA into meth-
acrylic acid and/or derivatives thereof.

16. A microorganism according to claim 15, wherein the

microorganism is Escherichia coli.

17. A microorganism according to claim 15, wherein the
microorganism is a recombinant microorganism.

18. A microorganism according to claim 15, wherein the
microorganism is modified by one or more heterologous
nucleic acids.

19. A microorganism according to claim 15, wherein the
microorganism is adapted to biologically convert methacry-
lyl-CoA into a C1 to C20 methacrylic acid ester by expres-
sion of an alcohol acyl transferase.

20. A microorganism according to claim 15, wherein the
microorganism is adapted to biologically convert methacry-
lyl-CoA into methacrylic acid by the action of a thioesterase,
transferase, synthetase, and/or a phosphotransacylase and a
short chain fatty acid kinase.

21. A fermentation medium comprising one or more
microorganism/s of claim 15.

22. A process of fermentation comprising culturing one or
more microorganisny/s of claim 15 in a fermentation
medium to produce methacrylic acid and/or derivatives
thereof.

23. A method of preparing polymers or copolymers of
methacrylic acid or methacrylic acid esters, comprising the
steps of:

(1) preparation of methacrylic acid and/or derivatives

thereof in accordance with claim 1;

(i1) optional esterification of the methacrylic acid prepared
in (i) to produce the methacrylic acid ester;

(iii) polymerization of the methacrylic acid and/or deriva-
tives thereof prepared in (i) and/or, if present, the ester
prepared in (ii), optionally with one or more comono-
mers, to produce polymers or copolymers thereof.
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