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(37) ABSTRACT

The present invention relates to a cell which has been modi-
fied mm comparison with 1ts wild type 1n such a way that it 1s
capable of forming more, by comparison with 1ts wild, 3-hy-
droxyisobutyric acid or poly-hydroxyalkanoates based on
3-hydroxyisobutyric acid via methylmalonate-semialdehyde
or 3-hydroxybutyryl-coenzyme A as precursors. The imven-

tion also relates to a method of generating a genetically modi-
fied cell, to the genetically modified cell obtainable by these
methods, to a method of producing 3-hydroxyisobutyric acid
or polyhydroxyalkanoates based on 3-hydroxyisobutyric
acid, to a method of producing methacrylic acid or meth-
acrylic esters, and to a method of producing polymethacrylic
acid or polymethacrylic esters. The present invention further-
more relates to an 1solated DNA, to a vector, to the use of this
vector for transforming a cell, to a transformed cell, and to a
polypeptide.
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MICROBIOLOGICAL PRODUCTION OFK
3-HYDROXYISOBUTYRIC ACID

[0001] The present invention relates to cells which have
been genetically modified 1n comparison with their wild type,
to methods of generating a genetically modified cell, to the
genetically modified cells obtainable by these methods, to a
process for the preparation of 3-hydroxyisobutyric acid or of
polyhydroxyalkanoates based on 3-hydroxyisobutyric acid,
to a process for the preparation of methacrylic acid or meth-
acrylic esters, and to a process for the preparation of poly-
methacrylic acid or polymethacrylic esters. The present
invention furthermore relates to an 1solated DNA, to a vector,
to the use of this vector for the transtformation of a cell, to a
transiformed cell, and to a polypeptide.

[0002] Methacrylic acid 1s an 1important intermediate which
1s employed for the preparation of polymers, in particular 1in
the form of its alkyl esters. An example of a well-known
methacrylic acid dertvative 1s the methyl ester of methacrylic
acid. The current global annual production of methyl meth-
acrylate amounts to approximately 1.5 million tonnes. The

polymethacrylic esters are raw materials 1n the plastics sector
with a multiplicity of uses.

[0003] Methacrylic acid 1s usually produced commercially
by means of the heterogeneous gas-phase oxidation of
C,-carbon compounds such as butylene, 1sobutylene, butane,
1sobutane, t-butyl alcohol or methacrolein by two-step cataly-
s1s on solid multi-metal oxide compositions as the catalyst.
The resulting product gas mixture, which, besides meth-
acrylic acid, also comprises a large number of secondary
products, 1s subsequently either subjected to a total conden-
sation reaction, generating aqueous methacrylic acid solu-
tion, or absorbed 1n a suitable solvent mixture. This 1s usually
tollowed by further purification of the resulting liquid phases
by means of distillation, crystallization, extraction, or a com-
bination of these measures. Besides the catalytic gas-phase
oxidation of C,-carbon compounds, methacrylic acid can
also be formed from 1sobutyric acid by catalytic oxidative
dehydrogenation, as 1s described for example in EP-A-0 356
313. A further possibility for preparing methacrylic acid 1s
what 1s known as the “ACH process”, in which acetone cyano-
hydrin and sulfuric acid are reacted with the formation of
methacrylamide as intermediate, which then reacts further
with water to give methacrylic acid. The resulting meth-

acrylic acid 1s subsequently purified by distillation. This pro-
cess 1s described for example in EP-A-1 359 137.

[0004] The disadvantage of these conventional processes
for the preparation of methacrylic acid i1s, inter alia, that
during both the preparation of the methacrylic acid 1tself and
during the subsequent steps, which involve purification by
distillation, the process steps, which cause thermal stress,
result, owing to the pronounced susceptibility of methacrylic
acid to polymerization, 1n the formation of dimers or oligo-
mers; this not only entails additional purification efforts, but
also vyield losses.

[0005] Itwas anobject of the present invention to overcome
the disadvantages of the prior art.

[0006] In particular, 1t was an object of the present mven-
tion to provide a process for the preparation of methacrylic
acid which generates methacrylic acid with a minimum of
steps which mvolve thermal stress.
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[0007] Furthermore, 1t 1s intended that this process makes
possible the preparation of methacrylic acid from renewable

resources, 1n particular from carbohydrates and/or glycerol.

[0008] A contribution to achieving the abovementioned
aims 1s provided by a cell which has been genetically modi-
fied in comparison with 1ts wild type 1n such a way that it 1s
capable of forming more 3-hydroxyisobutyric acid, or poly-
hydroxyalkanoates based on 3-hydroxyisobutyric acid, but
preferably more 3-hydroxyisobutyric acid, in comparison
with 1ts wild type, this formation preferably taking place via
methylmalonate semialdehyde or via 3-hydroxyisobutyryl-
coenzyme A as precursor.

[0009] In the event that the formation of 3-hydroxyisobu-
tyric acid or of polyhydroxyalkanoates based on 3-hydroxy-
1sobutyric acid takes place via methylmalonate semialdehyde
as precursor, 1t 1s furthermore preferred that the formation
takes place via succinyl-coenzyme A, propionyl-coenzyme A
or acryloyl-coenzyme A, especially preferably via succinyl-
coenzyme A, as further intermediate. In the event that the
formation of 3-hydroxyisobutyric acid or of polyhydroxyal-
kanoates based on 3-hydroxyisobutyric acid takes place via
3-hydroxyisobutyryl-coenzyme A as precursor, 1t 1s further-
more preferred that the formation takes place via 1sobutyryl-
coenzyme A or via 3-hydroxybutyryl-coenzyme A, prefer-

ably wvia 3-hydroxybutyryl-coenzyme A, as {further
intermediate.
[0010] The term “precursor’ as used 1n the present context

defines a chemical compound which can be converted enzy-
matically mto 3-hydroxyisobutyric acid in just one reaction
step, while the term “intermediate” defines a chemical com-
pound which cannot be converted enzymatically imto 3-hy-
droxyisobutyric acid 1n just one reaction step.

[0011] The term “3-hydroxyisobutyric acid” as used 1n the
present context always describes the corresponding C,-car-
boxylic acid in the form 1 which 1t 1s present as a function of
the pH, after having been formed by the microorganisms in
question. As a consequence, the term always comprises the
pure acid form (3-hydroxyisobutyric acid), the pure base
form (3-hydroxyisobutyrate) and mixtures of protonated and
deprotonated forms of the acid. Furthermore, the term “3-hy-
droxyisobutyric acid” comprises, 1n principle, both the (R)
and the (S) stereoisomer, the (S) stereoisomer being espe-
cially preferred.

[0012] The wording “that 1t 1s capable of forming more
3-hydroxyisobutyric acid or polyhydroxyalkanoates based on
3-hydroxyisobutyric acid 1n comparison with its wild type”
also applies 1n the event that the wild type of the genetically
modified cell 1s not capable of forming any 3-hydroxyisobu-
tyric acid or polyhydroxyalkanoates based on 3-hydroxy-
1sobutyric acid, but at least no detectable amounts of these
compounds, and that detectable amounts of these compo-
nents are only capable of being formed after the genetic
modification.

[0013] A “wild type” of a cell preferably refers to a cell
whose genome 1s present 1n a state as generated naturally as
the result of evolution. The term 1s used both for the entire cell
and for individual genes. As a consequence, the term “wild
type” does not cover 1n particular those cells, or those genes,
whose gene sequences have at least 1n part been modified by
man by means ol recombinant methods.

[0014] The 3-hydroxyisobutyric acid can subsequently
give rise to methacrylic acid by subjecting it to a dehydration
reaction under mild conditions. In the case of polyhydroxy-
alkanoates based on 3-hydroxyisobutyric acid, the vesicles
present in the cells, which are filled with these polyhydroxy-
alkanoates, can be 1solated and the polymers can subse-
quently be cleaved to give 3-hydroxyisobutyric acid, which
can then be dehydrated to give methacrylic acid.
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[0015] Inthis context, 1t 1s preferred according to the mven-
tion that the genetically modified cell has been genetically
modified 1n such a way that 1t forms at least twice, especially
preferably at least 10 times, more preferably at least 100
times, even more preferably at least 1000 times and most
preferably at least 10 000 times more 3-hydroxyisobutyric
acid or polyhydroxyalkanoates based on 3-hydroxyisobutyric
acid than the wild type of the cell within a defined time
interval, preferably within 2 hours, even more preferably
within 8 hours and most preferably within 24 hours. The
increase in the formation of product can be determined 1n this
context for example by growing the cell according to the
invention and the wild-type cell in each case separately, but
under 1dentical conditions (1dentical cell density, 1dentical
nutrient medium, 1dentical culture conditions) for a particular
time 1nterval 1n a suitable nutrient medium and subsequently
determining the amount of target product (3-hydroxyisobu-
tyric acid or polyhydroxyalkanoates based on 3-hydroxy-
1sobutyric acid) in the nutrient medium.

[0016] The cells according to the invention may be
prokaryotic or eukaryotic cells. They may take the form of
mammalian cells (such as, for example, human cells), of plant
cells or of microorganisms such as yeasts, fungi or bacteria,
with microorganisms being especially preferred and bacteria
and yeasts being most preferred.

[0017] Suitable bacteria, yeasts or fungi are in particular
those bacteria, yeasts or fungi which have been deposited at
the Deutsche Sammlung von Mikroorgamismen and Zellkul-
turen GmbH (DSMZ), Brunswick, Germany, as bacterial,
yeast or fungal strains. Bacteria which are suitable according,
to the invention belong to the genera detailed under

http://www.dsmz.de/species/bacteria.htm,

yeasts which are suitable according to the invention belong to
those genera which are detailed under

http://www.dsmz.de/species/yeasts.htm,

and fung1 which are suitable according to the invention are
those which are detailed under

http://www.dsmz.de/species/Tungi.htm.

[0018] Cells which are especially preferred according to
the invention are those of the genera Coryrebacterium, Brevi-
bacterium, Bacillus, Acinetobacter. Lactobacillus, Lactococ-
cus, Candida, Pichia, Kluveromyces, Saccharomyces,
Escherichia, Zymomonas, Yarrowia, Methylobacterium, Ral-
stonia, Pseudomonas, Burkholderia and Clostridium, with
Brevibacterium flavum, Brevibacterium lactofermentum,
Escherichia coli, Saccharomyces cervevisiae, Kluveromyces
lactis, Candida blankii, Candida rugosa, Corynebacterium
glutamicum, Corynebacterium efficiens, Zymonomas mobi-
lis, Yarrowia lipolyvtica, Methvlobacterium extroguens, Ral-
stonia eutropha, especially Ralstonia eutvopha H16, Rho-
dospirillum rubrum, Rhodobacter sphaevoides, Parvacoccus
versutus, Pseudomonas aervoginosa, Acinetobacter calcoace-
ticus and Pichia pastoris being especially preferred.

[0019] In accordance with a first variant of the cell accord-
ing to the invention, the formation of 3-hydroxyisobutyric
acid or of polyhydroxyalkanoates based on 3-hydroxyisobu-
tyric acid takes place via methylmalonate semialdehyde as
precursor.

[0020] In accordance with a first special embodiment of
this first variant of the cell according to the mvention, 1t 1s
preferred that the formation of 3-hydroxyisobutyric acid or of
the polyhydroxyalkanoate based on 3-hydroxyisobutyric acid
preferentially takes place via succinyl-coenzyme A as inter-
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mediate, where the cell preferentially 1s capable of utilizing
carbohydrates, glycerol or glutamate as the carbon source.

[0021] Here, it may be advantageous 1n the context of the
first special embodiment of the first variant of the cell accord-
ing to the invention that the cell according to the mvention
features an 1ncreased activity of an enzyme E,, which cata-
lyzes the conversion of succinyl-coenzyme A into methylma-
lonyl-coenzyme A, 1n comparison with 1ts wild type (see FI1G.
1).

[0022] The term “increased activity of an enzyme™ as used
above 1n connection with the enzyme E, and 1n what follows
in the context of the enzymes E, etc. 1s preterably to be
understood as increased intracellular activity.

[0023] What now follows on increasing the enzymatic
activity 1n cells applies both to increasing the activity of the
enzyme E, and to all enzymes mentioned thereafter, whose
activity can, 1 appropriate, be increased.

[0024] In principle, an increase in the enzymatic activity
can be achieved by increasing the copy number of the gene
sequence(s) which code for the enzyme, by using a strong,
promoter or by using a gene or allele which codes for a
corresponding enzyme with an increased activity, and, 1f
appropriate, combining these measures. Cells which have
been genetically modified 1n accordance with the mvention
are generated for example by transformation, transduction,
conjugation or a combination of these methods with a vector
which comprises the desired gene, an allel of this gene or parts
thereol, and a vector which makes possible the expression of
the gene. The heterologous expression 1s achieved 1n particu-
lar by integration of the gene, or of the alleles, 1nto the chro-
mosome of the cell or into an extrachromosomally replicating,
vector.

[0025] Anoverview over the possibilities for increasing the
enzymatic activity in cells with pyruvate carboxylase by way
of example 1s found 1 DE-A-100 31 999, which i1s hereby
incorporated by reference and whose disclosure content
regarding the possibilities for increasing the enzymatic activ-
ity 1n cells forms part of the disclosure of the present mnven-
tion.

[0026] The expression of the enzymes or genes mentioned
hereinabove and 1n each case hereinbelow can be detected 1n
the gel with the aid of 1- and 2-dimensional protein gel
separation and subsequent visual 1dentification of the protein
concentration using suitable evaluation software. When the
increase 1 an enzymatic activity 1s based exclusively on an
increase in the expression of the gene 1 question, the quan-
tification of the increase 1n the enzymatic activity can be
determined 1n a simple manner by comparing the 1- or 2-di-
mensional protein separations between the wild type and the
genetically modified cell. A conventional method of prepar-
ing the protein gels in coryreform bacteria, and of identitying
the proteins, 1s the procedure described by Hermann et al.
(Electrophovresis, 22: 1712.23 (2001)). The protein concen-
tration can also be analyzed by Western blot hybridization
using an antibody which 1s specific for the protein to be
detected (Sambrook et al., Molecular Cloning: a laboratory
manual, 2" Ed. Cold Spring Harbor Laboratory Press, Cold
Spring Harbor, N.Y. USA, 1989) followed by visual evalua-
tion with suitable software for determining the concentration
(Lohaus and Meyer (1989) Biospektrum, 5: 32-39; Lottspeich
(1999), Angewandte Chemie 111: 2630-2647). The activity of
DNA-binding proteins can be measured by means of DNA
band shiit assays (also referred to as gel retardation) (Wilson
et al. (2001) Journal of Bacteriology, 183: 2151-2155). The
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cifect of DNA-binding proteins on the expression of other
genes can be detected by various, extensively described meth-
ods of the reporter gene assay (Sambrook et al., Molecular
Cloning: a laboratory manual, 2" Ed. Cold Spring Harbor
Laboratory Press, Cold Spring Harbor, N.Y. USA, 1989). The
intracellular enzymatic activities can be detected by various
methods which have been described (Donahue et al. (2000)
Journal of Bacteriology 182 (19): 5624-362°7; Ray et al.
(2000) Journal of Bacteriology 182 (8): 2277-2284; Freed-
berg et al. (1973) Journal of Bacteriology 115 (3): 816-823).

In the event that no specific methods for determining the
activity of a particular enzyme are detailed 1n what follows,
the determination of the increase in the enzymatic activity,
and also the determination of the reduction in an enzymatic
activity, 1s preferably carried out by means of the methods
described 1n Hermann et al., Electrophoresis, 22: 1712-23

(2001), Lohaus et al., Biospektrum 5 32-39 (1998), Lottspe-
ich, Angewandte Chemie 111: 2630-2647 (1999) and Wilson
ctal. (2001) Journal of Bacteriology, 183:2151-2155(2001).

[0027] Ifincreasing the enzymatic activity 1s brought about

by mutating the endogenous gene, such mutations can be
generated either undirected, using traditional methods such
as for example by UV 1rradiation or by mutagenic chemaicals,
or directed by means of recombinant methods such as dele-
tion(s), msertion(s) and/or nucleotide substitution(s). These
mutations give rise to genetically modified cells. Especially
preferred mutants of enzymes are in particular also those
enzymes which are no longer capable of being feedback-
inhibited, or which are at least less capable of being feedback-
inhibited, 1n comparison with the wild-type enzyme.

[0028] Ifincreasing the enzymatic activity 1s brought about
by increasing the expression of an enzyme, then, for example,
the copy number of the respective genes are increased, or the
promoter and regulatory regions or the ribosomal binding
site, which 1s located upstream of the structural gene, are
mutated. Expression cassettes which are incorporated
upstream of the structural gene act 1n the same manner. By
means ol inducible promoters it 1s additionally possible to
increase the expression at any desired point in time. Further-
more, the enzyme gene may also have assigned to it what are
known as enhancer sequences as regulatory sequences; these
also bring about an increased gene expression via an
improved interaction between RNA polymerase and DNA.
Measures for extending the life of the mRINA also improves
expression. Furthermore, preventing the degradation of the
enzyme protein also enhances the enzymatic activity. Here,
the genes or gene constructs are either present 1n plasmids 1n
different copy numbers, or else they are integrated and ampli-
fied 1n the chromosome. As an alternative, overexpression of
the genes 1n question may also be achieved by modifying the
media composition and the control of the culture.

[0029] Instructions for doing so can be found by the skilled
worker in Martin et al. (Bio/Techrology 5,137-146 (1987)) 1n
Guerrero et al. (Gene 138, 35-41 (1994)), Tsuchiya and Mori-
naga (Bio/Technology 6, 428-430 (1988)), 1n Eikmanns et al.
(Gene 102, 93-98 (1991)), in EP-A-0 472 869, in U.S. Pat.
No. 4,601,893, 1n Schwarzer and Puhler ((Bio/Technology 9,
84-87 (1991), 1n Reinscheid et al. (Applied and Environmen-
tal Microbiology 60, 126-132 (1994)), 1n LaBarre et al. (Jour-
nal of Bacteriology 175, 1001-1007 (1993)), in WO-A-96/
15246, in Malumbres et al. (Gerne 134, 15-24 (1993), 1n
JP-A-10-229891, 1n Jensen and Hammer (Biotechnology and
Bioengineering 58, 191-195 (1998)), inter alia, and 1n known
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textbooks of genetics and molecular biology. The above-
described measures give rise to genetically modified cells, as
do the mutations.

[0030] Plasmids, for example episomal plasmids, are

employed for increasing the expression of the genes 1n ques-
tion. Suitable plasmids are 1n particular those which are rep-

licated 1n coryneform bacteria. A large number of known
plasmid vectors such as, for example, pZ1 (Menkel et al.,
Applied and Environmental Microbiology 64: 549-354
(1989)), pEKEx1 (FEikmanns et al., Gere 107: 69-74 (1991))
or pHS2-1 (Sonnen et al., Gene 107: 69-74 (1991)) are based

on the cryptic plasmids pHM1519, pBL1 or pGA1l. Other
plasmid vectors such as, for example, those based on pCG4
(U.S. Pat. No. 4,489,160) or pNG2 {Serwold-Davis et al.,

FEMS Microbiology Letters 66: 119-124 (1990)} or pAG1
(U.S. Pat. No. 5,158,891), may be employed in the same
mannet.

[0031] Others which are suitable are those plasmid vectors
with the aid of which the method of amplifying genes by
integration into the chromosome can be applied, as has been
described for example by Reinscheid et al. (Applied and
Environmental Microbiology 60: 126-132 (1994)) for dupli-
cating or amplifying the hom-thrB operon. In this method, the
entire gene 1s cloned into a plasmid vector which 1s capable of

replication 1n a host (typically Escherichia coli), but not in
Corynebacterium glutamicum. Suitable vectors are, for
example, pSUP301 (Simon et al, Bio/Technology 1: 784-791
(1983)), pK18mob or pK19mob (Schifer et al., Gene 145:
69-73 (1994)), pGEM-T (Promega Corporation, Madison,
Wis., USA), pCR2.1-TOPO (Shuman, Journal of Biological
Chemistry 269: 32678-84 (1994)), pCR®Blunt (Invitrogen,
Groningen, the Netherlands), pEM1 (Schrumpf et al., Jour-
nal of Bacteriology 173:4510-4516)) or pBGS8 (Sprattet al.,
(ene 41: 337-342 (1986)). The plasmid vector, which con-
tains the gene to be amplified, 1s subsequently transferred into
the desired Coryrebacterium glutamicum strain by means of
conjugation or transformation. The conjugation method 1s
described for example 1n Schafer et al., Applied and Environ-
mental Microbiology 60: 756-739 (1994). Transformation
methods are described for example 1n Thierbach et al.,
Applied Microbiology and DBiotechnology 29: 356-362
(1988), Dunican and Shivnan, Bio/Technology 7: 1067-1070
(1989) and Tauch et al., FEMS Microbiology Letters 123:
343-34°7 (1994). Following homologous recombination by
means ol a cross-over event, the resulting strain comprises at
least two copies of the gene 1n question.

[0032] The wording “an activity of an enzyme E_which 1s
increased in comparison with its wild type” used hereinabove
and 1n what follows 1s preferably always understood as mean-
ing an activity of the respective enzyme E_which 1s increased
by a factor of at least 2, especially preferably of at least 10,
more preferably of at least 100, even more preferably of at
least 1000 and most preferably of at least 10 000. Further-
more, the cell according to the invention which features “an
activity of an enzyme E_ which 1s increased in comparison
with 1ts wild type”, in particular also a cell whose wild type
features no, or at least no detectable, activity of this enzyme
E_and which only shows a detectable activity of this enzyme
E_after increasing the enzymatic activity, for example by
means of overexpression. In this context, the term “overex-
pression”’, or the wording “increase in the expression” used in
what follows also comprises the case that a starting cell, for
example a wild-type cell, features no, or at least no detectable,
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expression and detectable expression of the enzyme E _1s only
induced by recombinant methods.
[0033] Accordingly, the wording “reduced activity of an
enzyme E_ used hereinbelow 1s understood as meaning an
activity which 1s preferably reduced by a factor of at least 0.5,
especially preferably of at least 0.1, more preferably of at
least 0.01, even more preferably of at least 0.001 and most
preferably of at least 0.0001. The reduction 1n the activity of
a specific enzyme can be obtained for example by directed
mutation, by the addition of competitive or non-competitive
inhibitors or by other measures for reducing the expression of
a specific enzyme which are known to the skilled worker.
[0034] In the case of the enzyme E,, which catalyzes the
conversion of succinyl-coenzyme A into methylmalonyl-co-
enzyme A, this preferably takes the form of a methylmalonyl-
coenzyme A mutase (EC 5.4.99.2). This enzyme 1s preferably
encoded by the gene selected from the group consisting of
mut, mutA, mutB, sbm, sbmA, sbmB, sbm5, bhbA, mcmA,
mcmAl, mcmA2, mecmB, mcml, mcm2, mcm3, 1icmA,
meaAl and meaA2. The nucleotide sequence of these genes
can be found for example in the “Kvoto Encyclopedia of
(Grenes and Genomes” (KEGG database), the databases of the
National Center for Biotechnology Information (NCBI) of
the National Library of Medicine (Bethesda, Md., USA) or
from the nucleotide sequence database of the Furopean
Molecular Biologies Laboratories (EMBL, Heidelberg, Ger-
many and Cambridge, UK).
[0035] Inaccordance with an especially preferred embodi-
ment of the first variant of the cell according to the mvention,
the enzyme E, takes the form of the methylmalonyl-coen-
zvme A mutase from Coryrebacterium glutamicum AX1TCC
13032, which is encoded by a gene with the DNA sequence as
shown 1n SEQ ID No 01 and which has the amino acid as
shown 1n SEQ ID No 02.
[0036] Furthermore, it 1s preferred 1n accordance with a
first alternative of the cell according to the invention, where
succinyl-coenzyme A 1s formed as intermediate and methyl-
malonate semialdehyde as precursor in the preparation of
3-hydroxyisobutyric acid or of polyhydroxyalkanoates based
on 3-hydroxyisobutyric acid, that the cell, if appropriate 1n
addition to the increased activity of the enzyme E,, features
an activity of at least one of the following enzymes E, to E,
which 1s increased 1n comparison with 1ts wild type (see FIG.
2):

[0037] of an enzyme E,, which catalyzes the conversion

of methylmalonyl-coenzyme A into methyl malonate;

[0038] of an enzyme E;, which catalyzes the conversion
of methyl malonate into methylmalonate semialdehyde;

[0039] of an enzyme E_, which catalyzes the conversion
of methylmalonate semialdehyde into 3-hydroxyisobu-
tyric acid.

[0040] In this context, cells which are especially preferred
in accordance with the invention are those 1n which the activ-
ity of the following enzymes or enzyme combinations 1s
increased: E,, E;, E., E-E;, E,E,, E;E,, E;E E., where
E,E.E., 1s most preferred. Furthermore, it 1s possible that an
enzyme 1s also capable of catalyzing at least two of the above-
described reaction steps. Thus, for example, 1t 1s possible to
employ an enzyme which features both the activity of enzyme
E, and that of enzyme E, (and which therefore catalyzes the
conversion of methylmalonyl-coenzyme A directly into
methylmalonate semialdehyde) such as, for example, the

malonyl coenzyme A reductase from Sulfolobus tokodaii,
which 1s encoded by the DNA sequence with the SEQ ID No
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03 and which has the amino acid sequence as shown in SEQ
ID No 04, or else an enzyme which features all three enzy-
matic activities E,, E; and E_, such as the malonyl coenzyme
A reductase from Chloroflexus aurantiacus (Hugler et al.,

Journal of Bacteriology 184, pages 2404-2410, 2002).

[0041] In this context, it 1s especially preferred that the

enzyme

[0042] E, 1s a methylmalonyl-coenzyme A hydrolase (EC
3.1.2.17),

[0043] E,;1sanaldehyde dehydrogenase (EC 1.2.1.3) or an
aldehyde oxidase (EC 1.2.3.1) and

[0044] E. 1s a 3-hydroxyvisobutyrate dehydrogenase (EC
1.1.1.31) or a 3-hydroxyacyl-coenzyme A dehydrogenase

(EC 1.1.1.35).

[0045] The enzyme E, 1s preferably encoded by the aoxl
gene. The methylmalonyl-coenzyme A hydrolase from rat
liver 1s described for example 1n Kovachy et al., “Recogni-
tion, 1solation, and characterization of rat liver D-methylma-

lonyl coenzyme A hydrolase™, J. Biol. Chem. 258 (1983),
pages 11415-11421.

[0046] The enzyme E; i1s preferably encoded by genes
selected from the group consisting of aldh2, aldh3al,
aldh3a2, aldhlbl, aldh9al, aldh7al, aldhla4, aldhlal,
aldhla2, mgc80785, mgc83352, mgc89020, dmel-CG310753,
cg3752,¢cg9629, alh-9, alh-1, alh-2, 1508.35, t7023.15, 11511.
19, tT17F15.130, aldl, ald2, ald4, ald3, ald6, ac1044Wp,
adr417wp, msc7, th06.5F5.780, aldH, puuC, putA, aldA,
badH, alkH, pcD, rspl1591, rs01031, exaC, acoD, dhal,
pchA, aldB, dhaS, betB, ywdH, ycbD, aldX, aldY, aldAl,

aldA2, aldC, pcd, cgl10546, cgl2668, cgl2796, scgl1A.03,
sc130A.277¢c, sce9.277¢c, sck13.05¢, sc5H4.03, thcA, gabD?2,
alkH, aldH, aldH1, aldY1, aldY?2, aldY3, aldY4, aldY5,
aldY6, aldY7 and aldhT.

[0047] Suitable genes for the enzyme E, are selected from
the group consisting of hibadh, cgl 5093, cgl15093, cgd747,
mwl.2.23, t13k14.90, 119b15.150, hibA, ygbl, mmsB,
mmsB, garR, tsar, mmsB-1, mmsB-2, y§iR, ykwC, ywjF,
hibD, glxR, SCMI1.40c, hibD, ehhahd, hadh2, hadhsc,
hsd17B4, 1oc488110, had, mg(C81885, hadh2-prov, cg3415,
cg7113, ech-1, ech-8, ech-9, ard-1, yicX, fadB, faoA,
fadB2x, hbd-1, hbd-2, hbd-3, hbd-4, hbd-5, hbd-6, hbd-7,
hbd-8, hbd-9, hbd-10, fadJ, rs04421, rs02946, rs05766, bbsD,
bbsC, fadBl1, fadB2, fadB5, hbdA, pimF, fabl-1, fabl,
schac1913.11, sc135.13, scbac8d1.10c, sc312a.15, sc6a5.38,
tadC2, fadC4, fadC5, 1fadC6, had and paaH. Further suitable
3-hydroxyisobutyrate dehydrogenases are described {for

example in Bannerjee etal. (1970), J. Biol. Chem., 245, pages
1828 to 1835, Steele et al. (1992), J. Biol. Chem., 267, pages

13585 to 13592, Harris et al. (1988), J. Biol. Chem., 263,
pages 327 to 331, Harris et al., Biochim. Biophys. Acta, 1645
(1), pages 89 to 95, Hawes et al. (2000), Methods Enzymol.,
324, pages 218 to 228, Harris et al., J. Biol. Chem., 2775 (49),
pages 38780 to 38786, Rougrail et al. (1988), J. Biol. Chem.,
263(1),pages 327 t0 331, Robinson et al., J. Biol. Chem., 225,
pages 511 to 521, Hawes et al. (1993), Biochemistry, 34,
pages 4231 to 42377, Hasegawa I. (1981), Agric. Biol. Chem.,
45, pages 2805 to 2814, Hawes et al. (1996), FEBS Lett., 389,
pages 263 to 267, Hawes et al. (1996), Enzymology and
Molecular Biology of Carbonyl Metabolism, Plenum Press,
New York, pages 395 to 402, Adams et al. (1994), Structure,
2, pages 6351 to 668, Zhang et et. (1999), Biochemistry, 38,
pages 11231 to 11238, Mirny etal., (1999),J. Mol. Biol., 291,
pages 177 to 196 and Lokanath et al. (2005), J Mol. Biol. The

disclosure of these publications is heveby incorporated by
reference and forms part of the disclosure of the present
invention.
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[0048] The nucleotide sequences of the abovementioned
genes and of further genes for the enzymes E, to E, can also

be found in the KEGG database, the NCBI database or the
EMBL database, inter alia.

[0049] In accordance with an especially preferred embodi-
ment of this alternative of the cell according to the invention,
where succinyl-coenzyme A 1s formed as intermediate and
methylmalonate semialdehyde as precursor in the preparation
of 3-hydroxyisobutyric acid or of polyhydroxyalkanoates
based on 3-hydroxyisobutyric acid, 1t 1s preferred that the
malonyl coenzyme A reductase from Sulfolobus tokodaii,
which 1s encoded by the DNA sequence with the SEQ ID No
03 and which has the amino acid sequence as shown in SEQ
ID No 04, 1s employed for the conversion of methylmalonyl-
coenzyme A imto methylmalonate semialdehyde. In accor-
dance with another especially preferred embodiment of this
variant, the malonyl coenzyme A reductase from Chlorof-
lexus aurantiacus (Hiler et al., Journal of Bacteriology 184,
pages 2404-2410, 2002) 1s employed for the conversion of
methylmalonyl-coenzyme A into 3-hydroxyisobutyric acid.

[0050] Furthermore, 1t 1s preferred in the context of this first
alternative of the first special embodiment of the cell accord-
ing to the invention that the cell features an activity of an
enzyme E., which features the conversion of methylmalonate
semialdehyde into propionyl-coenzyme A, which 1s reduced
in comparison with 1ts wild type, this enzyme preferably

taking the form of a methylmalonate-semialdehyde dehydro-
genase (EC 1.2.1.27).

[0051] In accordance with a second alternative of the cell
according to the invention, where succinyl-coenzyme A 1s
formed as intermediate and methylmalonate semialdehyde as
precursor 1n the preparation of 3-hydroxyisobutyric acid or of
polyhydroxyalkanoates based on 3-hydroxyisobutyric acid, it
1s preferred that the cell, 1f appropriate 1n addition to the
increased activity of the enzyme E,, features an activity of at
least one of the following enzymes E, to E-, which 1s increased
in comparison with its wild type (see FI1G. 3):

[0052] of an enzyme E ., which catalyzes the conversion
of (R) methylmalonyl-coenzyme A 1nto (S) methyl-ma-
lonyl-coenzyme A;

[0053] of an enzyme E., which catalyzes the conversion
of (S) methylmalonyl-coenzyme A 1nto propionyl-coen-
zyme A;

[0054] of an enzyme E., which catalyzes the conversion
of propionyl-coenzyme A into methylmalonate semial-
dehyde;

[0055] of an enzyme E,, which catalyzes the conversion
of methylmalonate semialdehyde into 3-hydroxyisobu-
tyric acid.

[0056] In this context, cells which are especially preferred

1n accordance with the invention are those 1n which the activ-
ity of the following enzymes or enzyme

[0057] combinations 1s increased: E,, E<, E., B, E-, E E.,
B Es, Balbs, Esbe, BsBs, BEgbg, ByEsEg, BEibsE,, B Qs .,
E.E.E,and E_LE.E.E., with E_E.E_E. being most preferred.
[0058]
enzyme
[0059] E, 1s a methylmalonyl-coenzyme A epimerase (EC

5.1.99.1)

[0060] E- 1s a methylmalonyl-coenzyme A decarboxylase
(EC 4.1.1.41),

[0061] E. 1s a methylmalonate-semialdehyde dehydroge-
nase (EC 1.2.1.27), and

Lu'

J

In this context, 1t 1s especially preferred that the
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[0062] E., 1s a 3-hydroxyisobutyrate dehydrogenase (EC
1.1.1.31) or a 3-hydroxyacyl-coenzyme A dehydrogenase

(BC 1.1.1.35).

[0063] In this context, preferred enzymes E, are those
which have already been mentioned above 1n the context of
the first variant of the first preferred embodiment of the cell
according to the invention.

[0064] The enzyme E; 1s preferably encoded by the mcee
gene. A suitable methylmalonyl-coenzyme A decarboxylase

(enzyme E-) 1s described, for example, by Benning et al. 1n
Biochemistry, Vol. 39 (2000), pages 4630-4639.

[0065] Suitable genes for the enzyme E. are preferably

selected from the group consisting of aldh6al, cgl7896,
t22¢12.10, ald6, putAl, mmsA, mmsA-1, mmsA-2, mmsA-

3, mmsA-4, msdA, 10lA and 10lAB.

[0066] Suitable genes for the enzyme E- are preferably
selected from the group consisting of mmdA, bce, oadB,
oadB2, oadB3, SC1C2.16, SC1G7.10, pccBl, accA2,

mmdB, mmdC and ppcB.

[0067] The nucleotide sequences of the abovementioned
genes for the enzymes E., E. and E- may, inter alia, also be

found 1n the KEGG database.

[0068] In accordance with a third alternative of the cell
according to the invention, where succinyl-coenzyme A 1s
formed as intermediate and methylmalonate semialdehyde as
precursor 1n the preparation of 3-hydroxyisobutyric acid or of
polyhydroxyalkanoates based on 3-hydroxyisobutyric acid, 1t
1s preferred that the cell, 11 appropriate 1n addition to the
increased activity of the enzyme E |, features an activity of at
least one of the following enzymes E,, E. and E, which 1s
increased 1n comparison with 1ts wild type (see FIG. 4):

[0069] of an enzyme E-, which catalyzes the conversion
of methylmalonyl-coenzyme A into propionyl-coen-
zyme A;

[0070] of anenzyme E., which catalyzes the conversion
of propionyl-coenzyme A 1nto methylmalonate-semaial-
dehyde;

[0071] of anenzyme E_, which catalyzes the conversion
of methylmalonate-semialdehyde into 3-hydroxyisobu-
tyric acid.

[0072] This pathway corresponds essentially to the second
variant ol the first preferred embodiment of the cell according
to the mvention, but, as opposed to the second variant, pro-
pionyl-CoA 1s prepared directly from methylmalonyl -coen-
zyme A. Preferred enzymes and genes for the enzymes E,, E.

and E- are those genes or enzymes which have already been
mentioned above i connection with the second variant.

[0073] Furthermore, 1t may in accordance with the first
special embodiment of the cell according to the mmvention
(and also 1n accordance with all embodiments which are still
to be described hereinbelow) also be preferred that the cell 1s
capable of converting the formed 3-hydroxyisobutyric acid
into a polyhydroxy-alkanoate. Such polyhydroxydalkanoates
are deposited intracellularly by many microorganisms 1n the
form of highly refractive granula. In this context, 1t 1s espe-
cially preferred that the cell according to the ivention fea-
tures an activity of at least one of, preferably of the two, the
tollowing enzymes E, and E, , which 1s increased 1n compari-
son with 1ts wild type (see FIG. 5):

[0074] of an enzyme E., which catalyzes the conversion
of 3-hydroxyisobutyric acid into 3-hydroxyisobutyryl-
coenzyme A;
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[0075] of an enzyme E,, which catalyzes the conversion
of 3-hydroxyisobutyryl-coenzyme A to a polyhydroxy-
alkanoate based on 3-hydroxyisobutyric acid.

[0076] In this context, it 1s especially preferred that the

CNzyme

[0077] Egi1sa?3-hydroxyisobutyryl CoA hydrolase (EC3.1.
2.4) and

[0078] E, 1s a polyhydroxyalkanoate synthase.

[0079] As has already been explained above, the first pre-

terred embodiment of the cell according to the invention
generates 3-hydroxyisobutyric acid or the polyhydroxyal-
kanoates based on 3-hydroxyisobutyric acid from succinyl
coenzyme A as intermediate and from methylmalonate semi-
aldehyde as precursor. Here, 1t may make sense 1n principle to
influence not only one or more of the abovementioned
enzyme activities E, to Eg, but also those enzyme activities
which lead to an increased formation of succinyl-coenzyme A
in the cell.

[0080] In the event that, according to the first special
embodiment of the first variant of the cell according to the
invention, the formation of 3-hydroxyisobutyric acid or of the
polyhydroxyalkanoates based on 3-hydroxyisobutyric acid
takes place from carbohydrates or glycerol via succinyl-co-
enzyme A as intermediate and methylmalonate semialdehyde
as precursor, it 1s, according to a special embodiment of the
above-described first, second or third alternative of the cell
according to the invention, preferred that the cell features an
activity of at least one of the, preferably of the two, following
enzymes E,, and E,; which is increased in comparison with
its wild type (see FIG. 6):

[0081] ofanenzymeE,,, which catalyzes the conversion
of phosphoenolpyruvate into oxaloacetate;

[0082] ofanenzymeE,,, which catalyzes the conversion
of pyruvate into oxaloacetate.

[0083] In this context, it 1s especially preferred that the

eNnzyme

[0084] E,,1s a phosphoenolpyruvate carboxvylase (EC 4.1.
1.31) and

[0085] E,, 1s a pyruvate carboxylase (EC 6.4.1.1).

[0086] Theenzyme E,, 1s preferably encoded by the genes

selected from the group consisting o1 112 m16.21, 114n22.13,
k15 m2.8, ppc, clpA, pepC, capP, cgl1385, pepC, pck ppc and
pccA, where the ppc gene 1s especially preferred. Phospho-
enolpyruvate carboxylases which are preferred according to
the invention are also described in particular in U.S. Pat. No.
4,757,009, U.S. Pat. No. 4,980,285, U.S. Pat. No. 5,573,945,
U.S. Pat. No. 6,872,553 and U.S. Pat. No. 6,599,732. As
regards phosphoenolpyruvate carboxylases, the disclosure
content of these publications 1s hereby incorporated by refer-
ence and forms part of the disclosure of the present invention.

[0087] Theenzyme E,, 1s preferably encoded by the genes
selected from the group consisting of pc, pcx, cgl516,
cgld16, pyc-1, pyc-2, aarl62 Cp, pyrl, accC-2, pycCA,
pycA2, pca, cgl0689, pyc, pycB, accC, oad A, acc and accCl,
where the pyc gene 1s especially preferred. Pyruvate carboxy-

lases which are preferred according to the ivention are also
described 1n particular in U.S. Pat. No. 6,455,284, U.S. Pat.

No. 6,171,833, U.S. Pat. No. 6,884,606, U.S. Pat. No. 6,403,
351, U.S. Pat. No. 6,852,516 and U.S. Pat. No. 6,861,246. A
turther pyruvate carboxylase which 1s especially preferred
according to the invention 1s that mutant which 1s described 1n
“A novel methodology emploving Corynebacterium
glutamicum genome information to generate a new L-lysine-
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producing mutant”, Ohnishi I et al., Applied Microbiology

and Biotechnology, Vol. 38 (2), pages 217-223 (2002).

[0088] The nucleotide sequences of suitable genes of the

enzymes E, , and E, , can be found in the KEGG database, the

NCBI database or the EMBL database.

[0089] Starting from the oxaloacetate intermediate stage,

there are several possibilities for arriving at succinyl-coen-

zyvme A, which can then be converted into 3-hydroxyisobu-
tyric acid via methylmalonyl-coenzyme A by means of the
three variants mentioned at the outset.

[0090] A first pathway leads via fumarate as intermediate.

In this case 1t 1s preferred in accordance with a first special

embodiment of the above-described first, second or third

alternative of the cell according to the invention, where meth-
ylmalonate-semialdehyde 1s formed as precursor and succi-
nyl-coenzyme A as intermediate, that the cell, 1T appropnate
additionally to an increased activity of the enzyme E,,or E, ;.
features an activity of at least one of the following enzymes

E,, to E, . which s increased in comparison with 1ts wild type

(see FIG. 7):

[0091] ofanenzymeE,,, which catalyzes the conversion
of oxaloacetate into malate;

[0092] ofanenzymeE,,, which catalyzes the conversion
of malate into fumarate;

[0093] ofanenzyme E, ., which catalyzes the conversion
of fumarate into succinate;

[0094] ofanenzyme E, ., which catalyzes the conversion
of succinate into succinyl-coenzyme A.

[0095] In this context, cells which are especially preferred

in accordance with the invention are those 1n which the activ-

ity of the following enzymes or enzyme combinations 1s

mcreased: By, B3, B g By s, EGE 5 BGE 4, BEGE 5, E B,

_ : ]E_lﬁl-]EISEJ

BEisE4E s Bl

preferred.

[0096] In this context, it 1s especially preferred that the

enzyme

[0097] E,, 1s a malate dehydrogenase (EC 1.1.1.37) or a
malate quinone oxidoreductase (1.1.99.16),

[0098] E,; is a fumarate hydratase (EC 4.2.1.2),

[0099] E,. 1s a succinate dehydrogenase (EC 1.3.99.1 or
EC 1.3.5.1) or a succinate quinone oxidoreductase (1.3.3.
1), and

[0100] E, . 1s asuccinate coenzyme A ligase (EC 6.2.1.4 or
EC 6.2.1.5).

[0101] The enzyme E,, 1s preferably encoded by genes

selected from the group consisting of mdhl, mdh2, morl,
cgl0748, cgl0749, cg5362, mdh-1, 146¢10.10, 119p19.13,

112 ml6.14, 1301204, k15 m2.16, {1p2.70, 117114.150,
mnll12.18, mik19.17, mdh3, adl164 cp, adr152 cp, adr252wp,
mdhA, mdhC, mdhB, ybiC, mdh, yi1aK, ybiC, allD, citH,
yimC, citH, c¢gl12380, 1dh, sqdB, mgo, yojH, mgoA, mqoB,
mqol, mgo2, mqo3, mqo4 and cgl2001, where the mqo gene
and the mdh gene are especially preferred.

[0102] The enzyme E,, 1s preferably encoded by genes
selected from the group consisting of th, thl, sc4094, sc4093,
t30b22.19, k3k7.11, acrO13/cp, fuml, fum2, fum3, fum4,
fumH, fumA, fumB, fumC, fumC]1, fumC2, fum, ttdA, ttdB,
fumB-alpha, fumB-beta, citG, citB, fumX, fum-1 and fum-2,
where the fum gene 1s especially preferred.

[0103] The enzyme E,, 1s preferably encoded by genes
selected from the group consisting of sdhl, sdh2, sdh3, sdh4,
sdh5, sdh6, osml, osm2, sdhA, sdhB, sdhC, sdhD, frdA,
frdBj frdC, 1frdD, i1fcA-1, 1ifcA-2, sdhB-1, sdhB-2, {rdC2,

'—"121313—"143J '—’12E13 152 ElZElﬁl-':"‘lSEJ

2EBqs, with E,,E B, E, . being most

El3'—"153J

—
—
L
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cgl0370, cglO371, cgl0372, scm10.10c, scm10.11¢, scm10.
12¢, sc5g8.25¢, scdg8.26¢, schac-31e¢11.02¢, schac3lell.
02c, sc4b10.10c, sdhA2, sdhB2, sdhAl, sdhB1, qcrB2,
sdhA3, sdhB3, {irdB1 and {frdB2, where the genes sdhA, sdhB
and sdhC are especially preferred.
[0104] The enzyme E,. 1s preferably encoded by genes
selected from the group consisting of suclgl, suclg2,
loc434885, ¢gl0622, dmel-CG6255, 111a3.3, 18115.30,
mkd15.11, Isc1, Isc2, ael211wp, afr134 cp, scsA, scsB, sucC
and sucD.
[0105] Again, the nucleotide sequences of suitable genes of
the enzymes E,, to E,., can also be found in the KEGG
database, the NCBI database or the EMBL database.
[0106] In the event that the activity of one or more of the
enzymes E, , to E, < 1s increased, 1t may also prove advanta-
geous that the cell features an activity of one of the following
enzymes E, . to E,; which 1s reduced in comparison with 1ts
wild type:
[0107] ofanenzymeFE, ., which catalyzes the conversion
of oxaloacetate into citrate;
[0108] ofanenzymeE,-, which catalyzesthe conversion
of malate into oxaloacetate;
[0109] ofanenzymeE ., which catalyzes the conversion
ol succinyl-coenzyme A 1nto succinate,
[0110] ofanenzymeFE,,, which catalyzes the conversion
of oxaloacetate into phosphoenolpyruvate,
[0111] ofanenzymeE,,, which catalyzes the conversion
of oxaloacetate into pyruvate,
[0112] ofanenzymeE,,, which catalyzes the conversion
of oxaloacetate into aspartate,
[0113] ofanenzymeE,,, which catalyzes the conversion
of malate into pyruvate,
[0114] ofanenzyme E,,, which catalyzes the conversion
of pyruvate 1nto acetate.
[0115] Cells which are especially preferred 1n accordance
with the mvention are those i which the activity of the
following enzymes or enzyme combinations 1s reduced: E , .,

[ 1 T 1

Fi7 Eigs Eqos Eogs Eoy,and B B B BB Ea FasEas.

[0116] In this context, it 1s especially preferred that the
enzyme

[0117] E, . 1s a citrate synthase (EC 2.3.3.1 or EC 2.3.3.8),
[0118] E,- 1s a malate oxidase (EC 1.1.3.3),

[0119] E, . 1s a succinyl CoA hydrolase (EC 3.1.2.3),
[0120] E,, 1s a phosphoenolpyruvate carboxykinase (EC

4.1.1.49 or 4.1.1.32),

[0121] E.,, 1s an oxaloacetate decarboxylase (EC 4.1.1.3),
[0122] E,, i1s an aspartate transaminase (EC 2.6.1.1),
[0123] E,, 1s a malate dehydrogenase (EC 1.1.1.38, EC

1.1.1.39 or EC 1.1.1.40),
[0124] E,, 1s a pyruvate dehydrogenase (EC 1.2.1.51).

[0125] The enzyme E, 1s preferably encoded by genes
selected from the group consisting of glt, cs, csl, cg3861,
cts-1,17119.21,1411.16,120n10.90, t120n10.100, t209 .80, citl,
cit2, cit3, aar004 cp, agr002wp, cshA, gltA, citZ, cit, prpC,
ci1sY, cis, mmgD, citA, gltAl, gltA2, gltA3, cgl0829, prpCl,
scd10.20, citAl, citA2, citA3, acly, cg8322, 15¢6.2, k7118.14
and citE, where gltA 1s most preferred.

[0126] The enzyme E,, 1s preferably encoded by genes

selected from the group consisting of pckA, pckl, pck2,
cgl0924, cgl7723, cgl7725, pckG, ppcK, cgl2863, pck and

2s¢k36.02.
[0127] The enzyme E,, 1s preferably encoded by genes

selected from the group consisting of oadA, oadB, oadC,
oadG, oag3, eda, dcoA, oadAl, oadA2, pycB and mmdB.
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[0128] The enzyme E,, 1s preferably encoded by genes
selected from the group consisting of mynS8.7, gltl,
adr290wp, gltB, gltD, gltl, gls1, gltA, glt, glxD, gltD1, gitD2,
gdh2,agl1040 Cp, gdhAl, gdhA, gdh A2, gluD, gluD1, gluD2,
rocG, ypcA, gudB, t11118.2, t211.150, mrg7.13, 119¢24.7,
gdh, gdhl, gdh2, gdh3, gotl, got2, cgd233, cg8430, 123n19.
17, 113711.16, t26¢19.9, 1711.18, F10ON7.200, t1611.170,
115n18.110,120d1.70, aatl, aat2, ab1038wp, air211 cp, agx1,
bn a4, aatA, aatB, ybdL, aspC, yibQ), aat, avtAl, avtA2, tyrB,
avtA, avitB, argDl1, argD2, aspBl, aspB2, aspB3, aspB,
aspCl, aspC2, asp(C3, aspC4, RS05143, asp AT, ywiG, yhdR,
argD, mtnV, alal, hisC, avtAl, avtA2, avtA3, cgl0240,
cgl1103, cgl2599, cgl2844, 2s5ck36.07c, sc9el2.21, sc2h4.
O4c, tyrB, gtp, gipl, gtp2, cgl640, 120d23.34, 126124.16,
124113.15, t10d10.20 and agrO85wp, where aspC, aatA, gdh,
oudB, gdhA, gltB and gltD are especially preferred.

[0129] The enzyme E,, 1s preferably by genes selected
from the group consisting of myn8.7, gltl, adr290wp, gltB,
oltD, gltl, glsl, gltA, glt, glxD, gltD1, gltD2, gdh2, agl 040
Cp, gdhAl, gdhA, gdhA2, gluD, gluD1, gluD2, rocG, ypcA,

[0130] The enzyme E,, 1s preferably encoded by genes
selected from the group consisting of me, mel, me2, me3,
mae, mael, mae2, sicA, sicAl, maeA, maeB, tme, ygkl,
ywkA, ygkl, malS, yts], mleA, mleS, mez, sce59.10c,
2sc7¢11.23, malS1, malS2, dme, maeBl, maeB2, mdh,
mdhl, mdh2, dmel_cgl0120, dmel_cgl0120, dmel-cg3889,
119k16.27, 16122.7, 122p22.60, 118al17.1, modl, tme, mao,
cgl13007, malS and malE.

[0131] The enzyme E,; 1s preferably encoded by genes
selected from the group consisting of me, mel, me2, me3,
mae, mael, mae2, sicA, sicAl, maeA, maeB, tme, ygkl,
ywkA, ygkl, malS, vyts], mleA, mleS, mez, sce59.10c,
2sc7¢11.23, malS1, malS2, dme, maeBl, maeB2, mdh,
mdhl, mdh2, dmel_cgl0120, dmel_cgl10120, dmel-cg3889,
119k16.27, 16122.7, 122p22.60, 118al17.1, modl, tme, mao,
cgl3007, malS and malE.

[0132] Furthermore, 1t 1s preferred in accordance with the
invention that, 1n the event where the increased provision of
succinyl-coenzyme A 1in the cell takes place by means of the
above-described pathway
(oxaloacetate—malate—Tumarate—succinyl-coenzyme A),
the provision of reduction equivalents in the cell 1s also
increased 1n a targeted manner.

[0133] One possibility of increasing the reduction equiva-
lents consists 1n increasing the oxidative pentose phosphate
pathway. In this context, 1t 1s especially preferred that the
activities ol glucose 6-phosphate dehydrogenase (EC 1.1.1.
49) and/or of 6-phospho-gluconate dehydrogenase (EC 1.1.
1.44), which 1s preferably encoded by the gnd gene, are
increased while, 1f appropriate, simultaneously nhibiting
glycolysis, for example by lowering the activity of glucose
6-phosphate 1somerase, as described in WO-A-01/07626. In
addition to, or instead of, the directed promotion of the pen-
tose phosphate pathway, it may furthermore be preferred to
provide reduction equivalents by supplying, to the cells, etha-
nol as the carbon source and by promoting, 1n the cells, the
conversion ol the ethanol into acetaldehyde by means of
alcohol dehydrogenases (EC1.1.1.1,EC1.1.1.2,EC1.1.1.71
or EC 1.1.99.8) and the further conversion of the acetalde-
hyde into acetyl coenzyme A by means of acetaldehyde dehy-
drogenases (EC 1.2.1.10). Again, suitable genes for alcohol
dehydrogenases and acetaldehyde dehydrogenases, can be
found 1n gene databases which are known to the skilled
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worker, such as, for example, the KEGG database, the NCBI
database or the EMBL database.
[0134] A second pathway from oxaloacetate to succinyl-
coenzyme A leads via citrate as intermediate. In this case, 1t 1s
preferred 1n accordance with a second special embodiment of
the above-described first, second or third alternative of the
cell according to the invention that the cell, if appropriate 1n
addition to an increased activity of the enzyme E,, or E,;,
features an activity of at least one of the following enzymes
E,;to E, s and E,_ to E,. which 1s increased 1in comparison
with 1ts wild type (see FI1G. 8):
[0135] ofanenzymeE, ., which catalyzes the conversion
of oxaloacetate 1nto citrate;
[0136] ofanenzymeE,,, which catalyzes the conversion
of citrate 1nto 1socitrate;
[0137] ofanenzymeE,., which catalyzes the conversion
of 1socitrate mto glyoxalate and succinate;
[0138] ofanenzymeE,,, which catalyzes the conversion
of glyoxalate into malate;
[0139] ofanenzymeE,,, which catalyzes the conversion
of malate into fumarate;
[0140] ofanenzymeE, ,, which catalyzesthe conversion
of fumarate into succinate;
[0141] ofanenzymeE, ., which catalyzesthe conversion
ol succinate into succinyl-coenzyme A.
[0142] In this context, cells which are especially preferred
in accordance with the invention are those 1n which the activ-
ity of the following enzymes Or enzyme combinations 1s

_'1

increased: E133 14 -?15: -—#15: Eorgy Ess, -—"26: E13E14: :—*13315:

_'1 _'1 _'1 _'1

EsE s EIS 24 BsBos, Eysbag Eigbys, Bigbg BB,
EyaEos. F1abass EisEie EisBay, Bisbos, EisHsg and
BB 4B B gEyuBosEyg, where B JE, B B, By By sEo g 1s

most preferred.

k.

[0143] In this context, it 1s especially preferred that the

enzyme

[0144] E,; i1s a fumarate hydratase (EC 4.2.1.2),

[0145] E,. 1s a succinate dehydrogenase (EC 1.3.99.1 or
EC 1.3.5.1) or a succinate quinone oxidoreductase (1.3.5.
1),

[0146] E, 1s asuccinate coenzyme A ligase (EC 6.2.1.4 or

BC 6.2.1.5),

[0147] E,, 1s a citrate synthase (EC 2.3.3.1 or EC 2.3.3.8),
[0148] E._ 1s an aconitate hydratase (EC 4.2.1.3),

[0149] E,. 1s an 1socitrate lyase (EC 4.1.3.1) and

[0150] E,.1s a malate synthase (EC 2.3.3.9).

[0151] Preferred genes for the enzymes E, ; to E, < are those

which have already been described above 1n connection with
the first pathway from oxaloacetate to succinyl-coenzyme A.
[0152] The enzyme E,, 1s preferably encoded by genes

selected from the group consisting ol acol, aco2, ratireb,
dmel-CG4706, dmel-CG4900, dmel-cg6342, cg9244, 13p4.

5, 110 m23.310, 14b14.100, adlO32Wp, alr629wp, acnA,
acnB, acnC, acnD, rpfA, acnAl, acnA2, acnM, citB, leuC,
cgl1340, sacA, can and aco, where acnA and acnB are espe-
cially preterred.

[0153] The enzyme E,. 1s preferably encoded by genes

selected from the group consisting of msd21.4, icll, 1cl2,
adlO66 cp, aglO57wp, aceA, icl, aceAa, aceAb, cgl0097 and

cgl2331, where aceA 1s especially preferred. In accordance
with a particular embodiment, genes which are preferred are
those which code for an 1socitrate lyase which 1s deregulated
at the gene level or protein level.

[0154] The enzyme E,. 1s preferably encoded by genes
selected from the group consisting ot med24.5, mlsS1, acr268
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cp, masA, glcB, aceB, mls, glcB-1, glcB-2, cgl2329, masZ,
aceB1, aceB2 and mas, where the aceB gene 1s especially
preferred.
[0155] Again,, the nucleotide sequences of suitable genes of
the enzymes E, to E, . can be found 1n the KEGG database,
the NCBI database or the EMBL database.
[0156] When the provision of oxaloacetate from phospho-
enol-pyruvate or from pyruvate 1s promoted by increasing the
activity of the enzyme E,, or E,,, the succinate which 1s
formed, besides glyoxalate, upon cleavage of the 1socitrate by
the 1socitrate lyase may also be utilized for the formation of
succinyl-coenzyme A. Furthermore, 1t may be advantageous
in this second pathway from the oxaloacetate to the succinate
to reduce the activity of an enzyme E, -, which catalyzes the
conversion of 1socitrate into 2-oxoglutarate and which pret-
crably takes the form of an 1socitrate dehydrogenase (EC
1.1.1.41 or EC 1.1.1.42). Preferably, the 1socitrate dehydro-
genase takes the form of an enzyme which 1s encoded by a
gene selected from the group consisting of idhl, 1dh2,
cg7176, cg7176, cg7176, 120d21.16, 112p19.10, t15n1.80,
idp1, 1dp2, 1dp3, aal022Wp, acr061 Cp, 1dhC, 1dhM, 1cdA,
icd, 1dh, 1cdl, 1cd2, leuB, citC, citC, cgl0664, leuB2, 1dh3 A,
1dg3B, 1dh3G, cgl2233, dmel-CG5028, dmel-CG6439,
16p23.14, 123e12.180, 18d20.160, 112¢4.20, adl223wp and
alr13’/ cp, where 1cdA and citC are especially preferred.
[0157] A thard pathway from the oxaloacetate to the succi-
nyl-coenzyme A leads via 2-oxoglutarate as intermediate. In
this case, 1t 1s preferred in accordance with a third special
embodiment of the above-described first, second or third
alternative of the cell according to the invention that the cell
features an activity of at least one of the following enzymes
E,« E,., E,, and E,, which 1s increased in comparison with
its wild type, 1f appropnate in addition to an increased activity
of the enzyme E,, or E,; (see FIG. 9):
[0158] ofanenzymeE, ., which catalyzes the conversion
of oxaloacetate into citrate;
[0159] ofanenzymeE,,, which catalyzes the conversion
of citrate 1nto 1socitrate;
[0160] ofanenzyme E,-, which catalyzes the conversion
of 1socitrate mnto 2-oxoglutarate;
[0161] ofanenzyme E., which catalyzes the conversion
of 2-oxoglutarate into succinyl-coenzyme A.
[0162] In this context, cells which are especially preferred
in accordance with the invention are those 1n which the activ-
ity of the followmg enzymes or enzyme combinations 1s

mCl_'eased 65 Eoas ~':27: Eos. E16E24: B eboy Byl 283 EoqEos,
Eoglog, Eosbog, BigbyBos, -—*1 6E24 Hoss HogkosHog and
E,E-.E.-E.s, where E, .E, E,-E,. 1s most preferred.

[0163] In this context, 1t 1s especially preferred that the
enzyme

[0164] E, . is a citrate synthase (EC 2.3.3.1 or EC 2.3.3.8),
[0165] E,. is an aconitate hydratase (EC 4.2.1.3),

[0166] E,- 1s an 1socitrate dehydrogenase (EC 1.1.1.41 or

EC 1.1.1.42) and
[0167] E..1s a 2-oxoglutarate synthase (EC 1.2.7.3).

[0168] Preferred genes forthe enzymesE, ., E,,andE,- are
those which have already been described above in connection
with the first and second pathway from the oxaloacetate to the
succinyl-coenzyme A.

[0169] The enzyme E,, 1s preferably encoded by genes
selected from the group consisting of korA, korB, kor D,
korAl, korA2, korBl, korB2, oorA, oorB, oorC, oorD,
oforA, oforB, porA, porB, porAl, porA2, porA3, porA4,
porQ, porGl, porG2, porBl, porB2, porB3, SCD20.12c,
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SCD20.13¢c, SCAH10.34c, SCAH10.35¢, korG, or A, orB,
korG1 and korG2. Furthermore, E, . may also take the form of
a dehydrogenase complex consisting of a plurality of subunaits
which have different enzymatic activities. In particular, it
may take the form of a dehydrogenase complex comprising,
an oxoglutarate dehydrogenase (EC 1.2.4.2), a dihydrolipoyl
dehydrogenase (EC 1.8.1.4) and a dihydrolipoyllysine-resi-
due succinyl transterase (EC 2.3.1.61). In this context, the
oxoglutarate dehydrogenase (EC 1.2.4.2) 1s preferably

encoded by genes selected from the group consisting of ogdh,
ghdhl, 10c239017, mgc68800, mgc80496, cgl1661, t22¢16.

70, mpA24.10, kgdl, aer374 cp, sucA, odhA, kgdA and
cgll1129, where sucA and odhA are especially preferred. The
dihydrolipoyl dehydrogenase (EC 1.8.1.4) 1s preferably

encoded by genes selected from the group consisting of dld,
dld-prov, dldh, cg7430,t2115.6,k14al17.6, at3gl1’7240, mgds.

T1pdl, air512wp, dld1, lpd, th03.2677.6350, th04.3 m17.430,
th927.8.7380, th08.10 k10.200, lpdA, lpdG, 1lpdV, Ipd3,
acoD, IpdAl, lpdA2, 1pdA3, odhL, pdhD, pdhD1, pdhD2,
pdhD3, pdhD42, IpdAchll, lpdAch2, lpdAc, acolL, bimbC,
bkdD, cgl0366, cglO688, scm1.17¢c, pdhl, sckl13.11, lpdB2
and dld1, where lpd is especially preferred. In this context, the
dihydrolipoyllysine-residue succinyl transterase (EC 2.3.1.

61) 1s preferably encoded by genes selected from the group
consisting of dlst, dlst-prov, mgc891235, dmel_CG5214, 110

m23.250, k13p22.8, kgd2agl200wp, kgd2, odhB, sucB, aceF,
kgdB, sucB1, sucB2, pdh(C, dlaT, kgd, sc5F7.20 and sc4B10.
24c, where sucB and odhB are especially preferred.

[0170] The nucleotide sequences of suitable genes of the
enzyme E.. or of the abovementioned subunits of the enzyme

E,., can, again, be found in the KEGG database, the NCBI
database or the EMBL database.

[0171] The above-described pathways from the oxaloac-
ctate to the succinyl-coenzyme A depart from phospho-
enolpyruvate or from pyruvate as substrate precursors. In this
context, it may furthermore be preferred to genetically
modily the cells 1n such a way that they are capable of pro-
viding especially large amounts of pyruvate or phospho-
enolpyruvate starting from carbohydrates and/or from glyc-
erol.

[0172] In the event that the cells are capable of utilizing
glycerol as nutrient source, it 1s preferred that the cell accord-
ing to the invention displays an activity of at least one, pret-
crably all, of the following enzymes E., to E,, which 1is
increased 1n comparison with 1ts wild type:

[0173] of an enzyme E, ., which facilitates the diffusion
of glycerol 1nto the cell,

[0174] ofanenzyme E;,, which catalyzes the conversion
of glycerol into glycerol 3-phosphate,

[0175] ofanenzyme E;,, which catalyzes the conversion
of glycerol 3-phosphate into dihydroxyacetone phos-
phate,

[0176] of an enzyme E,,, which catalyzes the transter of
sulfur to the sulfur acceptor thioredoxin 1,

[0177] of anenzyme E;,, which catalyzes the hydrolysis
of phospholipids with formation of alcohols and glyc-
erol,

[0178] of an enzyme E,,, which catalyzes the transport
of glycerol 3-phosphate into the cell in exchange for
phosphate;

[0179] ofanenzyme E;<, which catalyzes the conversion

of dihydroxyacetone phosphate into glyceraldehyde
3-phosphate,
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[0180] ofanenzyme E,., which catalyzes the conversion
of glyceraldehyde 3-phosphate into 1,3-biphosphoglyc-
grate,

[0181] ofanenzyme E,,, which catalyzes the conversion
of 1,3-biphosphoglycerate into 3-phosphoglycerate,

[0182] ofanenzyme E,,, which catalyzes the conversion
of 3-phosphoglycerate into 2-phosphoglycerate,

[0183] ofanenzyme E,,, which catalyzes the conversion
of 2-phosphoglycerate into phosphoenolpyruvate,

[0184] ofanenzyme E,,, which catalyzes the conversion
of phosphoenolpyruvate into pyruvate,

[0185] ofanenzymeE,,, which catalyzes the conversion
of glycerol into dihydroxyacetone,

[0186] ofanenzyme E,_,, which catalyzes the conversion
of dihydroxyacetone 1into dihydroxyacetone phosphate.

[0187] In this context, cells which are especially preferred
in accordance with the invention are those 1n which the activ-
ity of the following enzymes or enzyme combinations 1s

reduced: E,q, E;q, E31, Fsa, Ess, Esy, Ess, Esg, Bsq, Eag, Fao,
Faos Ears Bass Boolag, Eoobsy, Eoolas, Haglas, EogEay,
Eoolss, Eaglizs, Eaglizg, Haglag, Haglag, Haogbag, Eagly,,
Foolan, Esglay, Faglas, Eiglas, Esplas, FEaglas, Figlse,
Esols7, Esplass Esglaes Hiolao, Eiolars Eiolap, Ei s,
FiyFasz, BsBag, BaFas, By Fag, Es Esp i BEag, By Fao,
Bs Faos BsyBayy By Bys, BioHas, EioHa,, EipHis, EipEHse,
Esolag, Baolag, Esolag, Haobao, Eaobyy, EapHay, EisHa,,
Fislas, EasBag, Faslas, BisBag, EisFse, FasBag, FigBa,
Es3Ban, Esgbas, BagBse BiBag BigBag, Bagbao, Eigby,,
EaglBar BagBas, BasEie EisBag, BisEag, FEasBag, EasEy,
BasBays BaysBay, Bagbiag, Biglag, Biglse, Bsgliag, Esgliy,
Fislas. Basbag, Baslse, Easbag, Basbyy, Easbas, Eaglis.
Eyolao, Esoliy, Esoliys, Bagbay, Eioba,, Baibls and
Eooliagla  BasbasagBasbaghiay Bagliso-Eagbs, Bys.

[0188] In this context, it 1s especially preferred that the
eNnzyme
[0189] E,; 1s an aquaglyceroporin (glycerol facilitator)

which 1s preferably encoded by the glpF gene,

[0190] E,,1sa glycerol kinase (EC 2.7.1.30) which 1s pret-
erably encoded by the glpK gene,

[0191] E,;, 1s a glycerol 3-phosphate dehydrogenase (EC
1.1.99.5), preferably an FAD-dependent glycerol 3-phos-
phate dehydrogenase, where the glycerol 3-phosphate
dehydrogenase 1s preferably encoded by the glp A gene, the
glpB gene, the glpC gene or the glpD gene, especially
preferably by the glpD gene,

[0192] E,;, 1s a sulfur transferase which 1s encoded by the
glpE gene,
[0193] E;; 1s a glycerol phosphodiesterase (EC 3.1.4.46)

which 1s preferably encoded by the glpQ gene,

[0194] E,. 1s a glycerol 3-phosphate permease which 1s
preferably encoded by the glp'T gene,

[0195] E,; 1s a triose phosphate isomerase (EC 5.3.1.1),

[0196] E,.1saglyceraldehyde 3-phosphate dehydrogenase
(EC 1.2.1.12),

[0197] E;- i1s a phosphoglycerate kinase (EC 2.7.2.3),
[0198] E;. 1s a phosphoglycerate mutase (EC 5.4.2.1),
[0199] E,;1s anenolase (EC4.2.1.11),

[0200] E., is a pyruvate kinase (EC 2.7.1.40),

[0201] E., 1s a glycerol dehydrogenase (EC 1.1.1.6) which

1s preferably encoded by the gldA gene, and
[0202] E., 1s a dihydroxyacetone kinase (EC 2.7.1.29)
which 1s preferably encoded by the dhaK gene.
[0203] The gene sequences of the abovementioned
enzymes can, again, be found in the gene databases which are
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known to the skilled worker, 1n particular the KEGG data-
base, the NCBI database or the EMBL database.

[0204] Furthermore, the gap gene, which codes for glycer-
aldehyde 3-phosphate dehydrogenase (Eikmanns (1992),
Journal of Bacteriology 174: 6076-6086), the tp1 gene, which
codes for triose phosphate 1somerase (Eikmanns (1992),
Journal of Bacteriology 174: 6076-6086), and the pgk gene,

which codes for 3-phospho-glycerate kinase (Eikmanns
(1992), Journal of Bacteriology 174: 6076-6086), are also

known from other sources.
[0205] Using the known genes of the enzymes E,,toE ., 1t
1s possible to prepare genetically modified cells in which at
least one, preferably at least two, more preferably at least
three and most preterably all activities of the enzymes E, to
E., has been increased by means of the techniques (mutation
of the enzyme or increase i the expression of the enzyme)
described at the outset 1n connection with the enzyme E,.
These cells are capable of being cultured in the presence of
glycerol as the only carbon source (or else together with
carbohydrates as further carbon source).
[0206] In addition to increasing one or more of the enzy-
matic activities E,, to E_,, 1t may, in the event that the cell 1s
capable of utilizing glycerol as carbon source, also be advan-
tageous when the following genes are expressed, preferably
heterologously expressed, 1n the cells according to the inven-
tion:

[0207] the glpG gene or the 3925 gene,

[0208] the glpX gene,
[0209] the dhaR gene, the ycgU gene or the b1201 gene,
[0210] the fsa gene, the mipB gene, the yb1Z gene or the

B0825 gene,

[0211] the talC gene, the fsaB gene, the y11G gene or the
b3946 gene.

[0212] Again, the nucleotide sequences of these genes can
be found in the KEGG database, the NCBI database or the

EMBIL database.

[0213] In the event that the cells are capable of utilizing
carbohydrates as nutrient source, it 1s preferred that the cell
according to the mvention features an activity of at least one,
preferably of all, of the following enzymes E_; to E, - and E,
to E,, which 1s increased 1in comparison with 1ts wild type:

[0214] ofanenzymeE,,, which catalyzes the conversion
ol a-D-glucose 6-phosphate into 3-D-fructose 6-phos-
phate,

[0215] ofanenzymeFE,,, which catalyzes the conversion
of [3-D-fructose 6-phosphate into 3-D-fructose 1,6-bi-
phosphate,

[0216] ofanenzymeE, ., which catalyzesthe conversion

of P-D-fructose 1,6-biphosphate to glyceraldehyde
3-phosphate and dihydroxyacetone phosphate,

[0217] ofanenzyme E;, which catalyzes the conversion
of glyceraldehyde 3-phosphate into 1,3-biphospho-
glycerate,

[0218] ofanenzyme E;-, which catalyzes the conversion
of 1,3-biphosphoglycerate into 3-phosphoglycerate,

[0219] ofanenzyme E,,, which catalyzes the conversion
of 3-phosphoglycerate into 2-phosphoglycerate,

[0220] ofanenzyme E;,, which catalyzes the conversion
of 2-phosphoglycerate into phosphoenolpyruvate, and

[0221] ofanenzymeE,,, which catalyzes the conversion
of phosphoenolpyruvate into pyruvate.

[0222] In this context genetically modified cells which are
especially preferred 1n accordance with the mvention are
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those 1n which the activity of the following enzymes or
enzyme combinations 1s increased:

[0223] Eis, Ei7, Eag, E39: E_4.;;.,, Eis, Eag Eays, E36:137:
:136E385 F;6E 0, E36:140ﬂ :136E435 D S E36:145ﬂ
:jBTESB: F37H 50, E37:140: :13’7E43: By7E4, E37:145:
:138E39: EigE40, E38:143ﬂ :138E445 EigE s, E39:140:
:139E43: E39E44: E39:145: EaoE 43, E4DE4_4: _E40-145:
FEa3E 4, | EisBys,  EguBys and BB EsgEso-
EaobasEasbys.

[0224] In this context, it 1s especially preferred that the

enzyme

[0225] E.; 1s a glucose 6-phosphate 1somerase (EC 5.3.1.
9),

[0226] E._. 1s a 6-phosphoiructo kinase (EC 2.7.1.11),

[0227] E.- 1s a fructose bisphosphate aldolase (EC 4.1.2.
13),

[0228] E;.1saglyceraldehyde 3-phosphate dehydrogenase
(EC 1.2.1.12),

[0229] E,, 1s a phosphoglycerate kinase (EC 2.7.2.3),
[0230] E,. 1s a phosphoglycerate mutase (EC 5.4.2.1),
[0231] E;,1s anenolase (EC 4.2.1.11) and

[0232] E_,1s a pyruvate kinase (EC 2.7.1.40).

[0233] Again, the nucleotide sequences of these genes can

be found be found 1n the KEGG database, the NCBI database
or the EMBL database.

[0234] In the event that the cell 1s capable of utilizing car-
bohydrates as carbon source, 1t 1s furthermore preferred to
promote notonly the abovementioned enzymes E,; to E - and
E.4 to E.,, but also the uptake of glucose 1nto the cells, for
example by increasing the activity of enzymes of the phos-
photransierase system, in particular those enzymes which are
encoded by ptsl, ptsH and ptsM genes, or by enhancing glu-
cokinase (EC 2.7.1.2), which 1s preferably encoded by the glk
gene. In this context, reference 1s made in particular to U.S.
Pat. No. 6,680,187, U.S. Pat. No. 6,818,432, U.S. Pat. No.
6,913,910 and U.S. Pat. No. 6,884,614, whose disclosure
content with regard to the possibilities for overexpressing the
ptsl, ptsH, ptsM and glk genes i1s hereby incorporated by
reference and forms part of the disclosure of the present
invention. In the event that carbohydrates act as carbon
source, 1t may also be advantageous to promote the pentose
phosphate pathway 1n a targeted manner, for example by
increasing the activity of glucose 6-phosphate dehydrogenase
(EC 1.1.1.49) and of 6-phosphogluconate dehydrogenase
(EC 1.1.1.44), which 1s preferably encoded by the gnd gene,
while, 1 appropriate, simultaneously inhibiting glycolysis,
for example by weakening the activity of glucose 6-phos-
phate 1somerase, as 1s described 1n WO-A-01/07626.
[0235] In the event that, according to the special embodi-
ment of the cell according to the invention where methylma-
lonate semialdehyde i1s formed as precursor and succinyl-
coenzyme A as intermediate, the cells form
3-hydroxyisobutyric acid or polyhydroxyalkanoates based on
3-hydroxyisobutyric acid via oxaloacetate and pyruvate as
intermediates, 1t may furthermore be preferred to reduce the
activity of at least one, preferably of all, of the following
enzymatic activities in the cell:
[0236] of an enzyme which catalyzes the conversion of
oxaloacetate into phosphoenolpyruvate, such as, for

example, phosphoenylpyruvate carboxykinase (EC 4.1.
1.49) (see also DE-A-199 50 409),

[0237] of an enzyme which catalyzes the conversion of
y Y
pyruvate into acetate such as, for example, pyruvate

oxidase (EC 1.2.2.2) (see also DE-A-199 51 975),
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[0238] of an enzyme which catalyzes the conversion of
a.-D-glucose 6-phosphate into p-D-fructose 6-phos-
phate (see also U.S. Ser. No. 09/396,478),

of an enzyme which catalyzes the conversion o
[0239] of y hich ly h ' f
pyruvate nto lactate such as, for example, l-lactate

dehydrogenase (EC 1.1.1.27) or lactate-malate transhy-
drogenase (EC 1.1.99.7),

[0240] of an enzyme which catalyzes the conversion of
pyruvate 1nto acetyl-coenzyme A such as, for example,
pyruvate dehydrogenase (EC 1.2.1.51),

[0241] of an enzyme which catalyzes the conversion of

pyruvate mnto acetyl phosphate such as, for example,
pyruvate oxidase (EC 1.2.3.3),

[0242] of an enzyme which catalyzes the conversion of

pyruvate into acetate, such as, for example, pyruvate
dehydrogenase (EC 1.2.2.2),

[0243] of an enzyme which catalyzes the conversion of
pyruvate 1to phosphoenolpyruvate such as, ifor
example, phosphoenolpyruvate synthase (EC 2.7.9.2) or
pyruvate, phosphate dikinase (EC 2.7.9.1),

[0244] of an enzyme which catalyzes the conversion of
Y Y
pyruvate into alamine such as, for example, alanine tran-

saminase (2.6.1.2) or alanine-oxo-acid transaminase
(EC 2.6.1.12), and/or

[0245] of an enzyme which converts pyruvate 1nto aceto-

lactate such as, for example, acetohydroxy acid synthase
(EC 2.2.1.6).

[0246] Cells which are especially preferred 1n accordance
with the mvention and which are capable of forming 3-hy-
droxyisobutyric acid or polyhydroxyalkanoates based on
3-hydroxybutyric acid from carbohydrates as carbon source
via succinyl-coenzyme A as intermediate and 1n which one or
more of the abovementioned enzymatic activities, 1n particu-
lar one of the enzymatic activities E, to E_ ., more preterably
the enzymatic activities E,, E,E,E E., E,E _E.E.E- or and
E,E,E.E-, can be increased are those microorganisms which
have been described by Bennett et al., Metab. Eng. (2005), 7
(3), pages 229 to 239, Bennett et al., Biotechnol. Bioeng.
(2003), 90 (6), pages 775 to 779, Bennett et al., Biotechnol.
Prog. (2003), 21 (2), pages 358 to 365, Bennett et al. (2003),
Appl. Microbiol. Biotechnol., 67 (4), pages 515 to 523,
Vemurn et al. (2002), Applied and Envivonmental Microbiol-
ogy 68 (4),pages 1715101727 and in U.S. Pat. No. 6,455,284

[0247] I, according to the first special embodiment of the
cell according to the mvention, the formation of 3-hydroxy-
1sobutyric acid or of the polyhydroxy-alkanoates based on
3-hydroxyisobutyric acid starting from L-glutamate as car-
bon source takes place via succinyl-coenzyme A as interme-
diate, 1t 15, 1n a further special embodiment of the cell accord-
ing to the invention, 1n which methylmalonat semialdehyde 1s
formed as precursor and succinyl-coenzyme A as intermedi-
ate, Turthermore preferred 1n accordance with the invention
that i1t features an activity of at least one of the, preferably of
the two, following enzymes E,; and E . which 1s increased in
comparison with 1ts wild type (see FIG. 10):

[0248] ofanenzymeE ., which catalyzes the conversion
of L-glutamate into 2-oxoglutarate;

[0249] ofanenzyme E,., which catalyzes the conversion
of 2-oxoglutarate mto succinyl-coenzyme A.
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[0250] In this context, it 1s especially preferred that the
enzyme
[0251] E.. 1s a glutamate synthase (EC 1.4.1.13 or EC

1.4.1.14), a glutamate dehydrogenase (EC 1.4.1.2, EC 1 4.
1.3 or EC 1.4.1.4) or an aspartate transaminase (EC 2.6.1.1
or EC 2.6.1.2) and

[0252] E.,, 1s a 2-oxoglutarate synthase (EC 1.2.7.3).
[0253] Preferred as enzyme E.; are those which have

already been mentioned at the outset as preferred enzymes
E

28

[0254] The enzyme E_ 1s preferably encoded by the genes
selected from the group consisting of: mynS., gltl, adr290wp,
gltB, gltD, yeiTl, acgA, yelT, gltD-1, gltD-2, gltl, glt2, glsl,
gltA, glt, glxD, gltA, vyerD, cgl0184, cgl0185, sc3¢9.12,
gdhl, gdh2, agl140 cp, gdhA, gdhAl, gdhA2, gluD, rocG,
ypcA, gudB, gluD, gdhA, gdhA2, gdh, gdhA-1, gdhA2-2,
gdhA-3, gluDl1, gluD2, gludl-prov, gludla, t11118.2, t211.
150, mrg7.13, gotl, got2, caspat, got2-prov, xr406-prov, 406-
prov, cg4233, cgd4233, cg8430, cg8430, 123n19.17, 113711.
16, t26¢19.9, 1711.18, 110n7.200, t1611.170, 115n18.110,
t20d1.70, aat, aatl, aat2, ab1038wp, afr211cp, agx1l, bnA4,
aatA, aatB, ybdL, aspC, yibQ, ydcR, avtA2, aspC-1, aspC-2,
aspC-3, aspC-4, aspB, aspB-1, aspB-2, aspB-3, aspB-4,
argD1, argD2, aatAc, ywiG, mtnV, alal, avtAl, avtA2,
avtA3, cgl0240, cgl1103, cgl2599, cgl2844, dap(C, 2sck36.
07c, sc9e12.21, sc2h4.04c, aspBl1, aspB2, aspB3, tyrB, gpt,
optl, gpt2, mgc82097, cgl640, c32110.8, 120d23 .34, 126124.
16, 124113.15, t10d10.20 or agrwp.

[0255] Again, the nucleotide sequences of these genes can

be found be found 1n the KEGG database, the NCBI database
or the EMBL database.

[0256] In accordance with a second special embodiment of
the cell according to the mvention, where the formation of
3-hydroxyisobutyric acid or of polyhydroxyalkanoates based
on 3-hydroxyisobutyric acid takes place via methylmalonate
semialdehyde as precursor, 1t 1s preferred that the formation
of 3-hydroxyisobutyric acid or of the polyhydroxyalkanoate
based on 3-hydroxyisobutyric acid takes place via propionyl-
coenzyme A as intermediate, where the cell 1s capable of
preferentially utilizing carbohydrates, glycerol, methane or
methanol as carbon source. In this context, a variety of path-
ways exist for arnving at 3-hydroxy-isobutyric acid or poly-
hydroxvyalkanoates based on 3-hydroxyisobutyric acid,
departing from propionyl-coenzyme A.

[0257] In accordance with a first alternative of this second
special embodiment of the cell according to the invention, the
formation of intermediate propionyl-coenzyme A takes place
via acetyl-coenzyme A as further intermediate. In this con-
text, 1t 1s especially preferred that the cell features an activity
of at least one of the following enzymes E, Ecand E_, to E.,
which 1s increased 1n comparison with its wild type (see FIG.
11):

[0258] ofanenzymeE, ., which catalyzes the conversion
of acetyl-coenzyme A into malonyl-coenzyme A;

[0259] ofanenzymeE ., which catalyzes the conversion
of malonyl-coenzyme A into malonate semialdehyde;

[0260] ofanenzymeE,,, which catalyzes the conversion
of malonate semialdehyde into 3-hydroxypropionate;

[0261] ofanenzyme E.,, which catalyzes the conversion
of 3-hydroxypropionate into 3-hydroxypropionyl-coen-
zyme A;

[0262] ofanenzyme E,, which catalyzes the conversion
of 3-hydroxypropionyl-coenzyme A 1nto acryloyl-coen-
zyme A;

[0263] ofanenzyme E.,, which catalyzes the conversion
of acryloyl-coenzyme A 1nto propionyl-coenzyme A;
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[0264] of an enzyme E., which catalyzes the conversion
of propionyl-coenzyme A into methylmalonate semial-
dehyde;

[0265] of an enzyme E_,, which catalyzes the conversion
of methylmalonate semialdehyde into 3-hydroxy-1sobu-
tyrate.

[0266] Inthis context, genetically modified cells which are

especially preferred 1 accordance with the mvention are

those 1 which the actlwty of the following enzymes or

enzyme combinations 1s increased: E_ -, E.q, E. o, E<,, Es;.

Es,, B4 Esand By B E

[0267] Furthermore, 1t 1s particularly preferred 1n this con-

text that the enzyme

[0268] E. 1s a 3-hydroxyisobutyrate dehydrogenase (EC
1.1.1.31) or a 3-hydroxyacyl-coenzyme A dehydrogenase
(EC 1.1.1.33),

[0269] E. 1s a methylmalonate-semialdehyde dehydroge-
nase (EC 1.2.1.27),
EC

[0270] E.- 1s a malonyl-coenzyme A decarboxylase (.
4.1.1.9), a malonate-coenzyme A transferase (EC 2.8.3.3),
a methylmalonyl-coenzyme A carboxy-transierase (EC
2.1.3.1) or an acetyl-coenzyme A carboxylase (EC 6.4.1.
2),

[0271] E..1samalonate-semialdehyde dehydrogenase (EC
1.2.1.18),

[0272] E_, 1s a 3-hydroxypropionate dehydrogenase (EC
1.1.1.59),

[0273] E., 1s a 3-hydroxyisobutyryl-coenzyme A hydro-
lase (EC 3.1.2.4),

HaoBsoE s EsoE s,

[0274] E.,i1sanenoyl-coenzyme A hydratase (EC4.2.1.17)
and

[0275] E.,1s an acyl-coenzyme A dehydrogenase (EC 1.3.
99.3).

[0276] Preferred genes for the enzymes E, and E are those

which have already been described above 1n connection with
the first special embodiment of the cell according to the
invention.

[0277] The enzyme E_- 1s preferably encoded by genes
selected from the group consisting of mlycd, t19b17.4, thO8.
2904.110, matA, acac, acaca, acacb, 1515.21,115¢21.2, t8p21.
J, accl, aarO71wp, accA, accB, accC, accD, accCl1, accC2,
mmdA, fabG, accD1, accD2, accD3, cglO831, accBC, dtsR1,

accDA, scc24.16¢ and cgl1327, where accA, accC and accD
are most preferred.

[0278] The enzyme E_, 1s preferably encoded by the 101D
gene.
[0279] The enzyme E, 1s preferably encoded by genes

selected from the group consisting of echs1, ehhadh, hadha,
echs1-prov, cg4389, cgd389, cg6543, cg6984, cgl778, ech-1,
ech-2, ech-3, ech-4, ech-5, ech-6, ech-7, FCAALL.314,
fcaall.21, fox2, ecil, eci2, paaF, paaG, yicX, fadB, faoA,
rpiF, phaA, phaB, echAl, echA2, echA3, echA4, echAS5,
echA6, echA7, echAR, echA9, echA9, echAl10, echAll,
echAl2, echAl3, echAl4, echAl5, echAl6, echAl7,
echA18, echA19, echA20, echA21, fad-1, fad-2, fad-3, dcaE,
hcaA, fadl, rsp0671, rsp0033, rsp0648, rsp0647, rs03234,
rs03271,rs04421,rs04419, rs02820, rs02946, paas1, paaGG2,
paaG3, ech, pksH, ydbS, eccH1, eccH2, pimF, fabll, fabl2,
caiD2, ysiB, yngF, yusL, fucA, cgl0919, sci41.23, scd10.16,
sck13.22, scp8.07¢c, stbac16h6.14, sc312a.15, sc6a5.38, hbd-
1, hbd-2, hdb-3, hdb-4, hdb-5, hdb-6, hdb-7, hdb-&8, hdb-9,
hdb-10, fad-1, fad-2, fad-3, fad-4, fad-5, paaF-1, paaF-2,
paal-3, paaF-4, paaF-3, paaF-6, paaF-7 and crt.

12
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[0280] The enzyme E., 1s preferably encoded by genes
selected from the group consisting of acadl, acadm, acadlo,

acadll, acadm-prov, acadl-prov, mgc81873, cgl2262,
cgd’703, cgd860, 13¢22.5, all213wp, acdC, fadE13, acd-1,

acd-2, acd-3, acd-4, acd-5, acd-6, acd-7, acd-8, acd-9, acd-10,
acd-11, acd-12, acd fadEl fadE2, fadE3, fadE4, fadES5,
fadE6, fadE7, fadE13, fadE14 fadE15, fadJ16 fadE17,
fadE18, fadFE19, fad_J2O,, fadE21, fad_J22, fadBE23, fadE26,
fadB27, fadE30, fadE31, fadE33, fadE35, fadE38, fadE45,
fadE, caiA, aidB, RSp0036, RS03588, mmgC, acdA-3, bed.,
acdA, acdH1, acdH2, acdH3, aidB, acdl and acdH.

[0281] The nucleotide sequences of suitable genes for the

enzymes E_- to E.,, in particular also of the enzymes E_, and
E.,, can be found in the KEGG database, the NCBI database

or the EMBL database.

[0282] According to a second alternative of this second
special embodiment of the cell according to the invention, the
formation of the intermediate propionyl-coenzyme A also
takes place via acetyl-coenzyme A as further mtermediate,
where, according to this alternative, the propionyl-coenzyme
A 1s not converted directly into the methylmalonate semial-
dehyde but via methylmalonyl-coenzyme A. In this context,
it 1s especially preferred that the cell features an activity of at
least one of the following, enzymes E,toE,,E., E;andE,_- to
E., which 1s increased 1n comparison with 1ts wild type (see

FIG. 12):
[0283] ofanenzyme E_ -, which catalyzes the conversion
of acetyl-coenzyme A 1nto malonyl-coenzyme A;
[0284] ofanenzymeE,,, which catalyzes the conversion

of malonyl-coenzyme A into malonate semialdehyde;

[0285] ofanenzymeE,,, which catalyzes the conversion
of malonate semialdehyde into 3-hydroxypropionate;

[0286] ofanenzyme E.,, which catalyzes the conversion
of 3-hydroxypropionate into 3-hydroxypropionyl-coen-
zyme A;

[0287] ofanenzyme E.,, which catalyzes the conversion
of 3-hydroxypropionyl-coenzyme A 1nto acryloyl-coen-
zyme A;

[0288] ofanenzyme E.,, which catalyzes the conversion
of acryloyl-coenzyme A 1nto propionyl-coenzyme A;
[0289] of an enzyme E-, which catalyzes the conversion
of propionyl-coenzyme A into (S)-methylmalonyl-co-

enzyme A;

[0290] of an enzyme E., which catalyzes the conversion
of (S)-methylmalonyl-coenzyme A 1nto (R)-methylma-
lonyl-coenzyme A;

[0291] of anenzyme E,, which catalyzes the conversion
of (R)-methylmalonyl-coenzyme A into methyl mal-
onate;

[0292] of an enzyme E,, which catalyzes the conversion
of methyl malonate into methylmalonate semialdehyde;

[0293] of anenzyme E,, which catalyzes the conversion
of methylmelonate-semialdehyde into 3-hydroxy-
1sobutyrate.

[0294] Inthis context, genetically modified cells which are
especially preferred according to the invention are those 1n
which the activity of the followmg €NZymes Or enzyme com-
binations 1s increased: E,, E,, E., Eﬁj

ESl > '—"3'—"4E 2 —"4’7E48 —49 —"5 DES 1-

_'1 _'1

=7 E47: E48:

=49 -—’50:

[0295] Preferred enzymes and genes of these eNzZymes are
those genes and enzymes which have already been mentioned
abovein connection with the enzymes E,toE,, E<, E;and E

T 1

to Fs,.
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[0296] According to a third alternative of this first alterna-
tive of the second special embodiment of the cell according to
the mvention, the formation of the intermediate propionyl-
coenzyme A also takes place via acetyl-coenzyme A as fur-
ther intermediate, where, according to this alternative, the
propionyl-coenzyme A 1s, again, not converted directly into
methylmalonate-semialdehyde, but via (R)-methylmalonyl-
coenzyme A (and not via (S)-methylmalonyl-coenzyme A).
In this context, 1t 1s especially preferred that the cell features
an actwﬂy of at least one of the following enzymes E, to E_,
E. and E,, to E., which 1s increased 1n comparison Wlth 1ts
Wlld type (see FIG. 13):

[0297] ofanenzymeFE,,, which catalyzes the conversion
of acetyl-coenzyme A 1nto malonyl-coenzyme A;

[0298] ofanenzymeE,, which catalyzes the conversion
of malonyl-coenzyme A into malonate semialdehyde;

[0299] ofanenzymeFE,,, which catalyzes the conversion
of malonate semialdehyde into 3-hydroxypropionate;

[0300] ofanenzyme E.,, which catalyzes the conversion
ol 3-hydroxypropionate into 3-hydroxypropionyl-coen-
zyme A;

[0301] ofanenzyme E.,, which catalyzesthe conversion
of 3-hydroxypropionyl-coenzyme A 1nto acryloyl-coen-
zyme A;

[0302] ofanenzyme E.,, which catalyzes the conversion
of acryloyl-coenzyme A 1nto propionyl-coenzyme A;

[0303] of an enzyme E-, which catalyzes the conversion
of propionyl-coenzyme A into methylmalonyl-coen-
zyme A;

[0304] of an enzyme E,, which catalyzes the conversion
of methylmalonyl-coenzyme A into methylmalonate;

[0305] of an enzyme E,, which catalyzes the conversion
of methyl malonate into methylmalonate-semialdehyde;

[0306] of an enzyme E,, which catalyzes the conversion
of methylmalonate-semialdehyde into 3-hydroxy-
1sobutyrate.

[0307] Inthis context, genetically modified cells which are
especially preferred according to the invention are those 1n
which the activity of the following ENZyMES Or ENZyme com-
binations 1s increased: E., E,, E_, ET, E.., E.qs Eios E<q, B
Es, and E,E B ESE 7B gEaobsoEs Eso.

[03 08] Preferred enzymes and genes of these enzymes are,

again, those genes and enzymes which have already been

_"I _"I

mentioned above 1n connection with the enzymes E, to E, E-

B _"I

and E_- to E...

[0309] According to a fourth alternative of the second spe-
cial embodiment of the cell according to the imnvention, the
formation of the intermediate propionyl-coenzyme A also
takes place via acetyl-coenzyme A as further intermediate,
where, according to this alternative, acetoacetyl-coenzyme A
1s formed as imntermediate. In this context, it may be preferred
that the cell features an activity of at least one of the following
enzymes E, and E-; to E., which is increased 1n comparison
with 1ts wild type:

[0310] ofanenzyme E.,, which catalyzes the conversion
of acetyl-coenzyme A 1nto acetoacetyl-coenzyme A;

[0311] ofanenzyme E.,, which catalyzes the conversion
ol acetoacetyl-coenzyme A mto 3-hydroxybutanoyl-co-
enzyme A;

[0312] ofanenzyme E.., which catalyzes the conversion
of 3-hydroxybutanoyl-coenzyme A into crotonyl-coen-
zyme A;

[0313] ofanenzyme E.., which catalyzes the conversion
of crotonyl-coenzyme A into butyryl-coenzyme A;
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[0314] ofanenzyme E.-, which catalyzes the conversion
of butyryl-coenzyme A 1nto ethylmalonyl-coenzyme A;

[0315] ofanenzyme E., which catalyzes the conversion
of ethylmalonyl-coenzyme A into methylsuccinyl-coen-
zyme A;

[0316] ofanenzyme E.,, which catalyzes the conversion
of methylsuccinyl-coenzyme A 1sobutyryl-coenzyme A ;

[0317] ofanenzyme E,, which catalyzes the conversion
of 1sobutyryl-coenzyme A into methacrylyl-coenzyme
A;

[0318] ofanenzyme E,, which catalyzes the conversion
of methacrylyl-coenzyme A 1nto 3-hydroxyisobutyryl-
coenzyme A;

[0319] of an enzyme E, which catalyzes the conversion
of 3-hydroxyisobutyryl-coenzyme A into 3-hydroxy-
1sobutyrate.

[0320] In this context, genetically modified cells which are
especially preferred according to the invention are those 1n
which the actwlty of the followmg €NZymes Or enzyme com-

_'1 _'1 _'1

binations 1s increased: Eg, E<5, Eo., Eco, E<, E<5, Eqq, Eco,

[ 1 [ 1

EGD! :—"61 Ellld ES'—’SSE54E55'—’5 GEST — 38 —"SQEGD —01°
[0321] This metabolic pathway and the enzymes which

play a role in this metabolic pathway are described, for

example, in Korotkova et al., Journal of Bacteriology (2002),
pages 1750 to 1758.

[0322] According to a fifth alternative of the second special
embodiment of the cell according to the invention, the forma-
tion of the mtermediate propionyl-coenzyme A takes place
via, again, acetyl-coenzyme A as further intermediate, where,
according to this alternative, acetoacetyl-coenzyme A 1s
formed as further intermediate but where, 1n this case, ethyl-
malonyl-coenzyme A 1s formed directly from crotonyl-coen-
zvme A. In this context, 1t may be pretferred that the cell
features an activity of at least one of the following enzymes Eq
andE. toE..and E, to E.. which s increased in comparison
with 1ts wild type (see FIG. 14):

[0323] ofanenzyme E.;, which catalyzes the conversion
of two acetyl-coenzyme A units 1nto acetoacetyl-coen-

zyme A;

[0324] ofanenzyme E.,, which catalyzes the conversion
ol acetoacetyl-coenzyme A 1nto 3-hydroxybutyryl-co-
enzyme A;

[0325] ofanenzyme E.., which catalyzes the conversion
of 3-hydroxybutyryl-coenzyme A 1into crotonyl-coen-
zyme A;

[0326] ofanenzyme E.., which catalyzes the conversion
of crotonyl-coenzyme A into ethylmalonyl-coenzyme
A,

[0327] ofanenzyme E,, which catalyzes the conversion
of ethylmalonyl-coenzyme A into methylsuccinyl-coen-
zyme A;

[0328] ofanenzyme E.;, which catalyzes the conversion
of methylsuccinyl-coenzyme A 1nto mesaconyl-coen-
zyme A;

[0329] ofanenzyme E.,, which catalyzes the conversion
of mesaconyl-coenzyme A into [-methylmalyl-coen-
zyme A;

[0330] ofanenzyme E ., which catalyzes the conversion
of p-methylmalyl-coenzyme A 1nto glyoxylate and pro-
pionyl-coenzyme A.

[0331] Then, from propionyl-coenzyme A can in the above-
described manner (mcreasmg the actlwty of one or more of

_'1

the enzymes E-, E,, E; and E_, increasing the activity of one
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ormoreofthe enzymesE-, E, E,, E; and E_, orincreasing the
activity of one of the, or of both, enzymes E, and E.).

[0332] In this context, it 1s especially preferred that the

enzyme

[0333] E.;i1sa p-ketothiolase (EC 2.3.1.9),

[0334] E., 1s an acetoacetyl-coenzyme A reductase (an EC
1.1.1.36),

[0335] E-.: 1s an enoyl-coenzyme A hydratase (EC 4.2.1.
17),

[0336] E..1isa crotonyl-coenzyme A decarboxylase,

[0337] E., 1s an ethylmalonyl-coenzyme A mutase (EC
5.4.99.2),

[0338] E.; 1s a methylsuccinyl-coenzyme A dehydroge-
nase,

[0339] E..,1s a mesaconyl-coenzyme A hydratase, and

[0340] E..1s a fj-methylmalyl/L-malyl-coenzyme A lyase.

[0341] The enzyme E., 1s preferably encoded by genes

selected from the group consisting of acatl, acat2, 1oc484063,
loc489-421, mgc69098, mgc81403, mge81256, mgc83664,

kat-1, erglO, ygeF, atoB, fadAx, phbA-1, phbA-2, atoB-2,
pcak, pcaF-2, phb-A, bktB, phaA, tiol, thlA, fadA, paal,
phbAf, pimB, mmgA, yhiS, thl, vraB, thl, mvaC, thil, paal,
tadA3, fadA4, fadA5, fad A6, cgl12392, catF, sc814.03, thil 1,
thil.2, acaB1, acaB2, acaB3, acaB4 or, where acatl, acat2,
atoB and phbA and the corresponding gene from RiZodo-
bacter sphaeroides are especially pretferred.

[0342] The enzyme E., 1s preferably encoded by genes
selected from the group consisting of phbB, fabG, phbN1,
phbB2 or cgl12444, where phbB 1s especially preferred and
the corresponding gene from Rhodobacter sphaeroides 1s
especially preferred.

[0343] The enzyme E.. 1s preferably encoded by genes
selected from the group consisting of echS1, ehhadh, hadha,
echs1-prov, Das Enzym E.. wird vorzugsweise von Genen
ausgewahlt aus der Gruppe bestehend aus echS1, ehhadh,
hadha, echsl-prov, cg4389, cg4389, cgb543, cg6b984,
cgl778, ech-1, ech-2, ech-3, ech-4, ech-5, ech-6, ech-7,
FCAALL.314, fcaall.21, fox2, ecil, eci2, paaF, paaG, yicX,
fadB, fao A, rpiF, phaA, phaB, echAl, echA2, echA3, echA4,
echAS5, echA6, echA7, echA8, echA9, echA9, echAlO,
echAll, echAl2, echAl3, echAl4, echAl5, echAl®6,
echAl7, echAlS8, echAl19, echA20, echA21, fad-1, fad-2,
tad-3, dcaE, hcaA, fadl, rsp0671, rsp00335, rsp0648, rsp0647,
rs03234, rs03271, rs04421, rs04419, rs02820, rs02946,
paaGl, paaG2, paaG3, ech, pksH, yvdbS, eccH1, ecCH2,
pimFE, fabJ1, fablJ2, caiD2, ysiB, yngF, yusL, fucA, cgl0919,
sci41.23, scdl10.16, sck13.22, scp8.07c, stbacl6h6.14,
sc512a.15, sc6a5.38, hbd-1, hbd-2, hdb-3, hdb-4, hdb-35, hdb-
6, hdb-7, hdb-8, hdb-9, hdb-10, fad-1, fad-2, fad-3, fad-4,
tad-5, paaF-1, paaF-2, paaF-3, paakF-4, paaF-5, paaF-6,
paaF-7 and crt

where the corresponding gene from Rhodobacter sphaeroi-
des 1s especially pretferred.

[0344] The enzyme which 1s preferably employed as
enzyme E.. 1s an enzyme from Rhodobacter sphaeroides

which 1s encoded by the DNA sequence with the SEQ ID No
05 and which has the amino acid sequence as shown in SEQ
ID No 06.

[0345] Suitable genes for the enzyme E ., are selected from
the group consisting of mut, mutA, mutB, sbm, sbmA, sbmB,
sbhmS, bhbA, mcmA, mcmAl, mcmA2, mcmB, mcml,
mcm2, mcm3, icmA, meaAl and meaA2, where, again, the
corresponding gene from Rhodobacter sphaervoides 15 espe-
cially preferred.
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[0346] Preferred genes for the enzymes E.;, E., and E.
are, 1n particular, the genes for these enzymes from Riodo-
bacter sphaeroides.
[0347] Further examples of nucleotide sequences of the
abovementioned genes can also be found in the KEGG data-
base, the NCBI database or the EMBL database, inter alia.
[0348] As has already been explained above, the first alter-
native of the second preferred embodiment cell according to
the mvention generates 3-hydroxyisobutyric acid or the poly-
hydroxvyalkanoates based on 3-hydroxyisobutyric acid via
propionyl-coenzyme A and acetyl-coenzyme A as intermedi-
ates. In this context, it may be meaningtul, in principle, to
influence not only one or more of the abovementioned enzy-
matic activities E, to E, and E_ - to E.., but also those enzy-
matic activities which bring about an increase in the forma-
tion of acetyl-coenzyme A 1n the cell.
[0349] Inthe event that 3-hydroxyisobutyric acid 1s formed
from carbohydrates or glycerol as carbon source, 1t may be
preferred that the cell features an increased activity 1n an
enzyme E., which catalyzes the conversion of pyruvate into
acetyl-coenzyme A. This enzyme E. . preferably takes the
form of a pyruvate dehydrogenase (EC 1.2.1.51).
[0350] Inthe event that 3-hydroxyisobutyric acid 1s formed
from C,-carbon sources such as, for example, methane or
methanol, 1t may be preferred that the cell features an activity
of at least one of the enzymes E - to E-, which 1s increased 1n
comparison with 1ts wild type:
[0351] ofanenzyme E-, which catalyzes the conversion
of methane into methanol;
[0352] ofanenzyme E ., which catalyzes the conversion
of methanol into formaldehyde;
[0353] ofanenzymeE,,, which catalyzes the conversion
of formaldehyde 1nto 5,10-methylenetetrahydrofolate;
[0354] ofanenzyme E-,, which catalyzes the conversion
of 5,10-methylenetetrahydrofolate into S-methyltet-
rahydrofolate;
[0355] ofanenzyme E-,, which catalyzes the conversion
of 5-methyltetrahydrofolate into acetyl-coenzyme A.

[0356] In this context, it 1s especially preferred that the
enzyme

[0357] E- i1s a methane monooxygenase (EC 1.14.13.25),
[0358] E.,i1s a methanol dehydrogenase (EC 1.1.1.244),
[0359] E,, 1s a methylmalonate-semialdehyde dehydroge-

nase (EC 1.2.1.27),

[0360] E-, 1s a methylenetetrahydrofolate reductase (EC
1.5.1.20),

[0361] E-, 1s a carbon monoxide dehydrogenase (EC 1.2.
99.2).

[0362] The nucleotide sequences of suitable genes for the
enzymes E., to E.- can be found 1n the KEGG database, the
NCBI database or the EMBL database.

[0363] According to a third special embodiment of the cell
according to the invention, where the formation of 3-hy-
droxyisobutyric acid or of polyhydroxyalkanoates based on
3-hydroxyisobutyric acid takes place via methylmalonate-
semialdehyde as precursor, 1t 1s preferred that the formation
of 3-hydroxyisobutyric acid or of the polyhydroxyalkanoate
based on 3-hydroxyisobutyric acid takes place via acryloyl-
coenzyme A as intermediate, where the cell 1s capable of
preferentially utilizing carbohydrates, glycerol or glutamate
as carbon source.

[0364] In connection with the third special embodiment of
the cell according to the mvention, 1t 1s especially preferred
when this cell features an activity of at least one of the fol-
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lowing enzymes E,, to E,,, E<., E-, and E-.; which is
increased 1n comparison with 1ts wild type (see FI1G. 15):
[0365] ofanenzyme E-,, which catalyzes the conversion
ol beta-alanine to beta-alanyl-coenzyme A,
[0366] ofanenzyme E-,, which catalyzes the conversion
of beta-alanyl-coenzyme A into acrylyl-coenzyme A,
[0367] ofanenzyme E.., which catalyzes the conversion
of acrylyl-coenzyme A into methylmalonyl-coenzyme
A,
[0368] ofanenzymekE,,, which catalyzesthe conversion
of methylmalonyl-coenzyme A into methyl malonate;
[0369] ofanenzymekE,,, which catalyzesthe conversion
of methyl malonate into methylmalonate-semialdehyde;
[0370] ofanenzymeE,,, which catalyzes the conversion
of methylmalonate-semialdehyde into 3-hydroxyisobu-
tyric acid.
[0371] In this context, cells which are especially preferred
according to the invention are those 1n which the activity of
the following enzymes or enzyme combinations 1s increased:
EseE10: EsgEq1s Esglyn, Esgli ol and Eo B BB By By 5.
In connection with the fourth special embodiment, too, of the
cell according to the invention 1t may be advantageous to
overexpress an enzyme which 1s capable of catalyzing at least
two of the above-described reaction steps. Here too, it 1s
possible for example to employ an enzyme which features
both the activity of the enzyme E,, and the activity of the
enzyme E,,, such as, for example, the malonyl-coenzyme A
reductase from Sulfolobus tokodaii, which 1s encoded by the
DNA sequence with the SEQ ID No 03 and which features the
amino acid sequence as shown i SEQ ID No 04. Further-
more, 1t 1s, 1 principle, also possible 1n the context of the
tourth special embodiment of the cell according to the mnven-
tion to employ a cell which is already capable of forming

especially large amounts of acrylyl-coenzyme A.

[0372] In this context, it 1s especially preferred that the
enzyme
[0373] E-, i1s a coenzyme A transierase (EC 2.8.3.1) or a

coenzyme A synthetase, preferably a coenzyme A trans-
ferase,

[0374] E., 1s a beta-alanyl-coenzyme A ammonia-lyase
(EC 4.3.1.6),

[0375] E..1s a crotonyl-coenzyme A decarboxylase

[0376] E,,1s amethylmalonyl-coenzyme A hydrolase (EC
3.1.2.17),

[0377] E,,i1sanaldehydedehydrogenase (EC1.2.1.3)oran

aldehyde oxidase (EC 1.2.3.1) and

[0378] E,, 1s a 3-hydroxyisobutyrate dehydrogenase (EC
1.1.1.31) or a 3-hydroxyacyl-coenzyme A dehydrogenase
(EC 1.1.1.33).

[0379] Preferred enzymes E-, with a CoA transferase activ-
ity are those from Megasphaera elsdenii, Clostridium propi-
onicum, Clostridium kluyveri and also from Escherichia coli.
Examples which may be mentioned at this point of a DNA

sequence coding for a CoA transierase 1s the sequence from
Megasphaera elsdenii refterred to as SEQ ID No: 24 1n

WO-A-03/062173. Enzymes which are furthermore pre-

ferred are those variants of the CoA transterase which are
described in WO-A-03/062173.

[0380] Suitable enzymes E-; with a beta-alanyl-coenzyme
A ammomnia-lyase activity are, for example, those from

Clostridium propionicum. DNA sequences which code for
such an enzyme can be obtamned for example from
Clostridium propionicum as described i Example 10 1n

WO-A-03/062173. The DNA sequence which codes for the

15
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beta-alanyl-coenzyme A ammomnia-lyase from Clostridium
propionicum 1s specified in WO-A-03/0621773 as SEQ ID No:

22.

[0381] An enzyme E.. which 1s preferably employed is,
again, the crotonyl-coenzyme A decarboxylase from Rizodo-
bacter sphaeroides, which 1s encoded by the DNA sequence
with the SEQ ID No 05 and which features the amino acid
sequence as shown 1n SEQ ID No 06. This enzyme 1s not only
capable of converting crotonyl-coenzyme A 1nto ethylmalo-
nyl-coenzyme A, but also of converting acrylyl-coenzyme A
into methylmalonyl-coenzyme A.

[0382] Suitable genes for the enzymes E,, to E,, have
already been mentioned 1n connection with the first variant of
the cell according to the mvention, where 1t 1s also preferred
in connection with the second variant, the above-described
gene from Sulfolobus tokodaii 1s especially preferred as gene
for the enzyme E ;.

[0383] According to an especially preferred variant of the
third special embodiment of the cell according to the mnven-
tion, this cell features at least one activity of the enzyme E
and E. . oroftheenzymes E,,, E,, and E. . which 1s increased
in comparison with 1ts wild type, where the E,, or the
enzymes E, ,and E, | 1s encoded by a DNA sequence as shown
in SEQ ID No 03 and the enzyme E- 1s encoded by a DNA
sequence as shown i SEQ ID No 05.

[0384] In this context, it 1s preferred when the increased
activity of these two enzymes 1s achieved by overexpressing,
in the cell, the polypeptides with SEQ ID No 04 and SEQ 1D
No 06 or else that amino acid sequences with at least 50%,
preferably at least 55%, more preferably at least 60%, more
preferably at least 65% and most preferably at least 70%
identity with the amino acid sequence as shown 1in SEQ ID No
04 and SEQ ID No 06, respectively. In this context, these two
DNA sequences may be integrated into the genome of the cell
or else be present on a vector inside the cell.

[0385] Inconnection withthe above-described third special
embodiment of the cell according to the invention, 1t may
turthermore be advantageous when the cell features not only
an increase 1n the activity of the enzyme E. . and/or of the
activity of the enzyme E, , or of the enzymes E,,and E, |, but
at least one, preferably both, of the following properties:

[0386] an activity of an enzyme E,_, which catalyzes the
conversion ol pyruvate into oxaloacetate or of an
enzyme E-,, which catalyzes the conversion of phos-
phoenolpyruvate into oxaloacetate, but preferably of an
enzyme E ,, which catalyzes the conversion of pyruvate
into oxaloacetate, which 1s increased 1n comparison with
its wild type, and

[0387] an increased activity of an enzyme E-., which
catalyzes the conversion of aspartate into beta-alanine.

[0388] The enzyme E,, preterably takes the form of a car-
boxylase, especially preferably of a pyruvate carboxylase
(EC number 6.4.1.1), which catalyzes the conversion of pyru-
vate into oxaloacetate. A pyruvate carboxylase which 1s espe-
cially preferred in this context 1s the mutant which 1is
described 1n “A novel methodology employving Corynebacte-
rium glutamicum genome information to genervate a new
L-lysine-producing mutant.”” Ohnishi J et al., Applied Micro-
biology and Biotechnology, Vol. 58 (2), pages 217-223
(2002). In this mutation, the amino acid proline at position
458 has been substituted by serine. The disclosure of this
publication with regard to the possibilities of preparing pyru-
vate carboxylate mutants 1s hereby incorporated by referent
and forms part of the disclosure of the present invention.
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[0389] The enzyme E-. preferably takes the form of a
decarboxylase, especially preferably of a glutamate decar-
boxylate or of an aspartate decarboxylase, with a 1-aspartate
1-decarboxylase (EC number 4.1.1.11) which 1s encoded by
the panD gene being most preferred. Aspartate decarboxylase
catalyzes the conversion of aspartate into beta-alanine. Genes
for aspartate decarboxylase (panD genes) from, inter alia,
Escherichia coli (FEMS Microbiology Letters, 143, pages
247-252 (1996)), “Photorhabdus luminescens subsp. Lau-
mondii, Mycobacterium bovis subsp. Bovis”)and from a large
number of other microorganisms have already been cloned
and sequenced. DE-A-198 55 313 describes 1n particular the
nucleotide sequence of the panD gene from Corynebacterium
glutamicum. In principle, it 1s possible to use panD genes of
any feasible origin, no matter whether from bacteria, yeasts or
tungi. Furthermore, 1t 1s possible to employ all alleles of the
panD gene, in particular also those which are the result of the
degeneracy of the genetic code or of function-neutral sense
mutations. An aspartate decarboxylase which 1s especially
preferred according to the invention, besides the aspartate
decarboxylase from Coryrebacterium glutamicum, 1s the
Escherichia coli mutant DV9 (Vallar1 and Rock, Journal of
Bacteriology, 164, pages 136-142 (1985)). The disclosure of
this publication with regard to the abovementioned mutant 1s
hereby incorporated by reference and forms part of the dis-
closure of the present invention. The preparation of recombi-
nant cells in which both the activity of the pyruvate carboxy-
lase and the activity of the aspartate decarboxylase 1is

increased 1s described 1n DE-A-10 2005 048 818.

[0390] According to a second variant of the cell according
to the invention, the formation of 3-hydroxyisobutyric acid or
of polyhydroxyalkanoates based on 3-hydroxy-isobutyric
acid takes place via 3-hydroxyisobutyryl-coenzyme A as pre-
CUursor.

[0391] In the event that, in the cell according to the mven-
tion, the formation of 3-hydroxyisobutyric acid or of polyhy-
droxyalkanoates based on 3-hydroxyisobutyric acid takes
place via 3-hydroxyisobutyryl-coenzyme A as precursor, as
specified 1n the second variant, 1t 1s preferred according to a
first special embodiment that the formation of 3-hydroxy-
isobutyric acid or of the polyhydroxyalkanoate based on
3-hydroxyisobutyric acid takes place via 1sobutyryl-coen-
zyvme A as itermediate, where the cell 1s capable of prefer-
entially utilizing carbohydrates, glycerol or L-valine as car-
bon source.

[0392] Inthe event that carbohydrates or glycerol act as the
carbon source, 1t 1s preferred, according to a first alternative of
this first special embodiment of the second variant of the cell
according to the invention that this cell features an actNlty of

at least one of the following enzymes E-.to E-o, Esy, B and
E, which 1s increased 1in comparison with 1ts wild type (see

FIG. 16):

[0393] ofanenzyme E-, which catalyzes the conversion
of pyruvate 1nto 2-acetolactate;

[0394] ofanenzyme E-., which catalyzes the conversion
of 2-acetolactate into 2,3-dihydroxyisovalerate;

[0395] ofanenzyme E-., which catalyzes the conversion
of 2,3-dihydroxyisovalerate into 2-oxo1sovalerate;

[0396] ofanenzyme E-, which catalyzes the conversion
ol 2-oxoisovalerate into 1sobutyryl-coenzyme A ;

[0397] ofanenzyme E.,, which catalyzes the conversion
of 1sobutyryl-coenzyme A into methacrylyl-coenzyme

A;
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[0398] ofanenzyme E,, which catalyzes the conversion
of methacrylyl-coenzyme A 1nto 3-hydroxyisobutyryl-
coenzyme A;

[0399] of an enzyme E., which catalyzes the conversion
of 3-hydroxyisobutyryl-coenzyme A into 3-hydroxy-
1sobutyrate.

[0400] Inthis context, genetically modified cells which are
especially preferred 1n accordance with the mvention are
those 1n which the actlwty of the followmg enzymes or

_"I

enzyme combinations 1s increased: Eq, Eqy, Ec;, E-5, E-,

_'1

E-q, Eqg and E sEsols1 E76E77E75E7o.

[0401] In thls context, i1t 1s especially pretferred that the
Cnzyme
[0402] E, 1s a 3-hydroxyisobutyryl-coenzyme A hydrolase

(JC3124)

[0403] E-.1is an acetolactate synthase (EC 2.2.1.6),

[0404] E-, 1s a dihydroxyisovalerate dehydrogenase (EC
1.1.1.86),

[0405] E. . 1s a 2,3-dihydroxyisovalerate dehydratase (EC
4.2.1.9),

[0406] E-, is a 2-oxo1sovalerate dehydrogenase (EC 1.2.1.

250rEC 1.24.4),

[0407] E,,1s an acyl-coenzyme A dehydrogenase (EC 1.3.
99.3), a butyryl-coenzyme A dehydrogenase (EC 1.3.99.2)
or a 2-methylacyl-coenzyme A dehydrogenase (EC 1.3.99.

12), and

[0408] E, 1s an enoyl-coenzyme A hydratase (EC 4.2.1.
17).

[0409] Preferred enzymes E,, E., and E, are those which

have already been described above.
[0410] The enzyme E,. 1s preferably encoded by genes

selected from the group consisting of ilvbl, t8p19.70, 1lv1,
11v2, 1lv6, aal021wp, ael305 cp, 1lvl, 11vH, 11VN 11vB, IIVM

1] VG 11VN budB, 1lvN-1, 1lvN-2, atrC 11VX 101D budB alsS,
11vK, 11VBI 11VB2 11VB3 ﬂVNl 11VN2 cgll27l cgll272
101D and scc57A 40c

[0411] The enzyme E., 1s preferably encoded by genes
selected from the group consisting of 114p22.200, 1lv3,
acl198Wp, 1lvC, 1lvY, 1lv(C-1, 1lv(C-2, 1lvC-3 and cgll1273,
where the 11vC gene 1s most preferred.

[0412] The enzyme E., 1s preferably encoded by genes

selected from the group consisting of 114013.18, 1lv3,
acll17wp, 1lvD, cgl1268, 1lvD1 and i1lvD2, where 1lvD 1s

most preferred.
[0413] Inthe event that L-valine acts as carbon source, 1t 1S
preferred according to a second modification of the first spe-
cial embodiment of the second alternative of the cell accord-
ing to the imnvention, where the formation of 3-hydroxyisobu-
tyric acid or of poly-hydroxyalkanoates based on
3-hydroxyisobutyric acid takes place via 3-hydroxyisobu-
tyryl-coenzyme A as precursor and 1sobutyryl-coenzyme A as
intermediate, that this cell features an activity of at least one
of the following enzymes E-, Eqq, E«y, B4, and E; which 1s
increased 1n comparison with 1ts wild type (see FIG. 17):
[0414] ofanenzyme E,, which catalyzes the conversion
of L-valine into 2-oxoisovalerate;
[0415] ofanenzyme E-,, which catalyzes the conversion
of 2-oxoisovalerate into 1sobutyryl-coenzyme A;
[0416] ofanenzyme E.,, which catalyzes the conversion
of 1sobutyryl-coenzyme A into methacrylyl-coenzyme
Aj
[0417] ofanenzyme E,, which catalyzes the conversion
of methacrylyl-coenzyme A 1nto 3-hydroxyisobutyryl-
coenzyme A;
[0418] of an enzyme E., which catalyzes the conversion
of 3-hydroxyisobutyryl-coenzyme A into 3-hydroxy-
1sobutyrate.
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[0419] Inthis context, genetically modified cells which are
especially preferred 1 accordance with the mvention are
those 1n which the activity of the following enzymes or

enzyme combinations is increased: Eq, E.., B, E-o, Eq, and
EgEgoEsiE7oEzq.

[0420] In this context, it 1s especially preferred that the
enzyme
[0421] Ei i1s a 3-hydroxyisobutyryl-coenzyme A hydrolase

(EC 3.1.2.4),

[0422] E,1s an acyl-coenzyme A dehydrogenase (EC 1.3.
99.3), a butyryl-coenzyme A dehydrogenase (EC 1.3.99.2)

or a 2-methylacyl-coenzyme A dehydrogenase (EC 1.3.99.
12),

[0423] E,, 1s an enoyl-coenzyme A hydratase (EC 4.2.1.
17),
[0424] E-, 1s a 2-oxo1sovalerate dehydrogenase (EC 1.2.1.

250rEC1.2.44), and
[0425]

[0426] Preferred enzymes Eq, E.,, B, and E-, are those
which have already been described above.

[0427] The enzyme E., 1s preferably encoded by genes

selected from the group consisting of bcatl, becat2, t2711.8,
t2711.9, 12710.5, 12710.4, t12h1.16, mmbl2.20, 1t9c5.3,

mpa24.13, batl, bat2, ad1384wp, eca39, bcaA, 1lvE, 1lvE]L,

1lvE2, 1lvE3, ywaA, ybgE, bcaT and cgl2204, where 1lvE 1s
espeelally preferred

[0428] The nucleotide sequences of suitable genes the

enzyme E., can, again, be found in the KEGG database, the
NCBI database or the EMBL database.

[0429] In connection with this second alternative of the first
special embodiment of the second variant of the cell accord-
ing to the ivention, 1t may furthermore be advantageous to
reduce the activity of an enzyme E, which catalyzes the
conversion of methylmalonate-semialdehyde into 3-hy-
droxyisobutyric acid, where this enzyme E, preferably takes
the form of a 3-hydroxyisobutyrate dehydrogenase (EC 1.1.
1.31) or of a 3-hydroxy-acyl-coenzyme A dehydrogenase
(EC 1.1.1.35).

[0430] According to the second modification of the first
special embodiment of the second variant of the cell accord-
ing to the invention, where the formation of 3-hydroxyisobu-
tyric acid or of polyhydroxyalkanoates based on 3-hydroxy-
isobutyric acid takes place wvia 3-hydroxyisobutyryl-
coenzyme A as precursor and isobutyryl-coenzyme A as
intermediate and starting from L-valine as carbon source, 1t
may furthermore be preterred to employ those cells which are
already capable of forming large amounts of L-valine. In this
context, suitable cells are 1n particular those which have been

described by Blombach et al. in Applied Environmental
Microbiology, Vol. 73 (7) (2007), pages 2079-2084.

[0431] In the event that C,-compounds such as, for
example, methane or methanol act as carbon source, 1t 1s
preferred 1n a second special embodiment of the second vari-
ant of the cell according to the invention, where the formation
of 3-hydroxyisobutyric acid or of poly-hydroxyalkanoates
based on 3-hydroxyisobutyric acid takes place via 3-hydroxy-
1sobutyryl-coenzyme A as precursor, that the formation takes
place via 3-hydroxyisobutyryl-coenzyme A as mtermediate.
In this context, 1t 1s preferred that the cell features an activity
of at least one of the following enzymes E,, E- 5, E<, and E,,
which 1s increased 1n comparison with its wild type:

E.q 1s an amino acid transierase (EC 2.6.1.42).
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[0432] ofanenzyme E.;, which catalyzes the conversion
of acetyl-coenzyme A 1nto acetoacetyl-coenzyme A;

[0433] ofanenzyme E.,, which catalyzes the conversion
of acetoacetyl-coenzyme A 1nto 3-hydroxybutyryl-co-
enzyme A;

[0434] ofanenzyme E,,, which catalyzes the conversion
of 3-hydroxybutyryl-coenzyme A 1nto 3-hydroxy-
1sobutyryl-coenzyme A;

[0435] of an enzyme E., which catalyzes the conversion
of 3-hydroxyisobutyryl-coenzyme A into 3-hydroxy-
1sobutyrate.

[0436] In this context, genetically modified cells which are
espeeially preferred 1n accordance with the mvention are
those 1n which the aetlwty of the fellewmg enzymes or

_"I

enzyme combinations 1s increased: Eo, E<;, E-,, Eq, and
E E53E54 —81°

[0437] In this context, it 1s especially preferred that the
enzyme
[0438] E, 1s a 3-hydroxyisobutyryl-coenzyme A hydrolase

(EC3.1 2 4)
[0439] E-.; is a f-ketothiolase (EC 2.3.1.9),
[0440] E.,1s an acetoacetyl-coenzyme A reductase (an EC

1.1.1.36), and

[0441] E., 1s an 1sobutyryl-coenzyme mutase (EC 5.4.99.
13).
[0442] Preferred enzymes Eg, E<; and E., are those which

have already been described hereimnabove. A preferred
enzyme Eg, 1s the 1sobutyryl-coenzyme mutase from [3-pro-
teo-bactertum strain LL108 which 1s described in Applied And

Environmental Microbiology, Vol. 72 (6), 2006, pages 4128-
4135.

[0443] According to a special embodiment of the cell
according to the mnvention, it 1s furthermore preferred that this
cell features an expression of the glb0 gene which 1s increased
in comparison with 1ts wild type. Furthermore, 1t may under
certain circumstances be preferred that the cell according to
the mvention features an activity of the citrate transport pro-
tein which 1s encoded by the dctA gene or the citP gene, which
activity 1s reduced 1n comparison with its wild type.

[0444] A contribution to the solution of the problems men-
tioned at the outset 1s furthermore provided by a method of
preparing a genetically modified cell which 1s capable of
forming 3-hydroxyisobutyric acid or polyhydroxyalkanoates
based on 3-hydroxyisobutyric acid via methylmalonate-
semialdehyde or 1sobutyryl-coenzyme A, as precursors, com-
prising the method step of increasing, 1n the cell, the activity
of at least one of the above-described enzymes, preferably of
one or more of the enzymes

[0445] E, to E4,,

[0446] E,,E..E., E.and E-,

[0447] E ,E,, E- and E-.

[0448] E,, E.andE _]47 to B,

[0449] E2 toE,, E,, E,and F Ea7. to E.,,
[0450] E,toE, E-and E_, to E.,,
[0451] E,and E., to E,,

[0452] ES, E<o, E«; and E- to E-,
[0453] E,, E.., E«;, E-c and Eg, or
[0454] E,, :53, E., and E,,

in the cell, where increasing the enzymatic activity 1s prefer-
ably carried out by the methods described at the outset.
[0455] Another contribution to the solution of the problems
mentioned at the outset 1s provided by the cells obtainable by
the above-described method.

[0456] Another contribution to the solution of the problems
mentioned at the outset 1s provided by a method of producing
3-hydroxyisobutyric acid or polyhydroxyalkanoates based on
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3-hydroxyisobutyric acid, comprising the method step of
bringing a cell according to the mvention into contact with a
nutrient medium comprising, as carbon source, carbohy-
drates, glycerol, carbon dioxide, methane, methanol, L-va-
line or L-glutamate under conditions under which 3-hydroxy-
isobutyric acid or polyhydroxyalkanoates based on
3-hydroxyisobutyric acid are formed from the carbon source,
and, if appropriate, 1solation of the 3-hydroxyisobutyric acid
from the nutrient medium.

[0457] The genetically modified cells according to the
invention can be into contact with the nutrient medium, and
thus cultured, either continuously or batchwise 1n the batch
method or in the fed-batch method or 1n the repeated-fed-
batch method 1n order to produce 3-hydroxyisobutyrate or
polyhydroxyalkanoates based on 3-hydroxyisobutyrate. A
semicontinuous method as described in GB-A-10093770 1s
also feasible. An overview over known culture methods are
described 1n the textbook by Chmiel (“Bioprozesstechnik 1.
Einfiihrung in die Bioverfahvenstechnik” [Bioprocess tech-
nology 1. mtroduction to bioprocess technology] (Gustav
Fischer Verlag, Stuttgart, 1991)) or 1n the textbook by Storhas
(“Bioreaktoren and periphere Einvichtungen”, |Bioreactors
and peripheral equipment] Vieweg Verlag, Braunschweig/

Wiesbaden, 1994).

[0458] The culture medium to be used must suitably meet
the requirements of the strains in question. Descriptions of
culture media for various microorganisms can be found in the
textbook “Manual of Methods for General Bacteriology™ of
the American Society for Bacteriology (Washington D.C.,
USA, 1981).

[0459] Carbon sources which may be used are carbohy-
drates such as, for example, glucose, sucrose, lactose, fruc-
tose, maltose, molasses, starch and cellulose, o1ls and {fats
such as, for example, soy oil, sunflower o1l, peanut o1l and
coconut fat, fatty acids such as, for example, palmitic acid,
stearic acid and linolic acid, alcohols such as, for example,
glycerol and methanol, hydrocarbons such as methane, amino
acids such as L-glutamate or L-valine, or organic acids such
as, for example, acetic acid. These substances may be used
singularly or as a mixture. It 1s especially preferred to employ
carbohydrates, 1n particular monosaccharides, oligosaccha-

rides or polysaccharides, as described 1mn U.S. Pat. No. 601,
494 and U.S. Pat. No. 6,136,576, or C.-sugars, or glycerol.

[0460] Nitrogen sources which can be used are organic
nitrogen-comprising compounds such as peptones, yeast
extract, meat extract, malt extract, cornsteep liquor, soya mill
and urea, or inorganic compounds such as ammonium sulfate,
ammonium chloride, ammonium phosphate, ammonium car-
bonate and ammonium nitrate. The nitrogen sources can be
used singularly or as a mixture.

[0461] Phosphoric acid, potassium dihydrogen phosphate
or dipotassium hydrogen phosphate or the corresponding
sodium-comprising salts can be used as sources of phospho-
rus. The culture medium must furthermore comprise salts of
metals such as, for example, magnesium sulfate or 1ron sul-
fate, which are required for growth. Finally, essential growth
factors such as amino acids and vitamins may be employed 1n
addition to the abovementioned substances. Moreover, suit-
able precursors may be added to the culture medium. The
abovementioned input materials may be added to the culture
in the form of a single batch or else fed 1n a suitable manner
during culturing.

[0462] The pH for the culture can be controlled by employ-
ing, 1 an appropriate manner, basic compounds such as
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sodium hydroxide, potassium hydroxide, ammonia and aque-
ous ammonia, or acidic compounds such as phosphoric acid
or sulfuric acid. Foaming can be controlled by employing
antifoams such as, for example, fatty acid polyglycol esters.
To maintain the stability of plasmids, 1t 1s possible to add to
the medium suitable substances which have a selective effect,
such as, for example, antibiotics. Aerobic conditions are
maintained by introducing, into the culture, oxygen or oxy-
gen-containing gas mixtures such as, for example, ambient
air. The culture temperature 1s normally 20° C. to 45° C. and
preferably 25° C. to 40° C. It may be preferred to employ, as
cells, those cells which are described 1n U.S. Pat. No. 6,803,
218, 1 particular when using cells which are capable of
converting glycerol as the substrate. In this case, the cells can
be cultured at temperatures in the range of from 40 to 100° C.

[0463] The 1solation of 3-hydroxyisobutyric acid from the
nutrient solution 1s preferably carried out continuously, 1t
being furthermore preferred 1n this context also to produce
3-hydroxyisobutyric acid by fermentation in a continuous
manner, so that the entire process from the production of
3-hydroxyisobutyric acid up to its 1solation from the fermen-
tation liquor can be carried out continuously. For the continu-
ous 1solation of the production of 3-hydroxyisobutyric acid
from the fermentation liquor, the former 1s continuously
passed over a device for removing the microorganisms
employed during fermentation, preferably through a filter
with an exclusion level 1n the range of from 20 to 200 kDa,
where a solid/liquid separation takes place. It 1s also feasible
to employ a centrifuge, a suitable sedimentation device or a
combination of these devices, it being especially preferred to
first separate at least part of the microorganisms by sedimen-
tation and subsequently to feed the fermentation liquor,
which has been freed from part of the microorganisms, to
ultrafiltration or to a centrifugation device.

[0464] Adfter the microorganisms have been removed, the
fermentation product, which 1s enriched with regard to 1ts
3-hydroxyisobutyric acid fraction, 1s fed to a separation sys-
tem, preferably a multistep separation system. This separa-
tion system provides a plurality of separation steps which are
connected 1n series, from which steps 1n each case return lines
lead away and back to the fermentation tank. Furthermore,
exit pipes lead out of the respective separation steps. The
individual separation steps may operate by the electrodialy-
s1s, the reverse osmosis, the ultrafiltration or the nanofiltration
principle. As arule, these are membrane separation devices in
the individual separation steps. The selection of the individual
separation steps 1s a function of the nature and the extent of
the fermentation by-products and substrate residues.

[0465] Besides the 3-hydroxyisobutyric acid being sepa-
rated off by means of electrodialysis, reverse osmosis, ultra-
filtration or nanofiltration, in the course of which an aqueous
3-hydroxyisobutyric acid solution 1s obtained as the end prod-
uct, the 3-hydroxyisobutyric acid can also be separated oif by
extractive methods from the fermentation solution which has
been freed from microorganisms, in which case, finally, the
pure 3-hydroxyisobutyric acid can be obtained. To separate
the 3-hydroxyisobutryic acid by extraction, 1t 1s possible to
add, to the fermentation solution, for example ammonium
compounds or amines in order to form an ammonium salt of
3-hydroxyisobutyric acid. This ammonium salt can then be
separated from the fermentation solution by adding an
organic extractant and subsequently heating the resulting
mixture, whereby the ammonium salt 1s concentrated 1n the
organic phase. Then, the 3-hydroxyisobutyric acid can be
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1solated from this phase for example by further extraction
steps, giving the pure 3-hydroxyisobutyric acid. More details
regarding the separation method can be found 1n WO-A-02/
090312, whose disclosure regarding the separation of
hydroxycarboxylic acids from fermentation solutions 1s
hereby incorporated by reference and forms part of the dis-
closure of the present application.
[0466] Depending on the way in which the 3-hydroxy-
1sobutyric acid 1s separated from the fermentation solution,
either an aqueous solution of 3-hydroxyisobutyric acid com-
prising 2 to 90% by weight, preferably 7.5 to 50% by weight
and especially preferably 10 to 25% by weight of 3-hydroxy-
1sobutyric acid, or else pure 3-hydroxyisobutyric acid 1is
obtained.
[0467] Furthermore, the 3-hydroxyisobutyric acid pre-
pared by the method according to the invention can also be
neutralized, either before, during or after the purification, for
which purpose bases such as, for example, calcium hydroxide
or sodium hydroxide can be employed.
[0468] A contribution to solving the problems mentioned at
the outset 1s provided 1n particular also by a method of pre-
paring methacrylic acid or methacrylic esters, comprising the
method steps
[0469] IA) preparation of 3-hydroxyisobutyric acid by the
method described above and, if appropriate, 1solation and/
or neutralization of the 3-hydroxyisobutyric acid of the
3-hydroxyisobutyric acid,
[0470] IB) dehydration of the 3-hydroxyisobutyric acid
with formation of methacrylic acid and, 1f appropriate,

esterification of the methacrylate or of the methacrylic
acid.

[0471] According to method step IB), the 3-hydroxyisobu-
tyric acid 1s dehydrated with formation of methacrylic acid,
for which purpose it 1s possible either to employ the pure
3-hydroxyisobutyric acid isolated from the fermentation
solution or else the aqueous solution of 3-hydroxyisobutryic
acid, which has been 1solated when working up the fermen-
tation solution, 1t also being possible to concentrate the aque-
ous solution of 3-hydroxyisobutyric acid, i1f appropriate,
betore the dehydration step, for example by means of distil-
lation, 1f appropriate 1n the presence of a suitable entrainer.

[0472] The dehydration reaction can, 1n principle, be car-
ried out 1n liquid phase or in the gas phase. Furthermore, 1t 1s
preferred 1n accordance with the invention that the dehydra-
tion reaction 1s carried out in the presence of a catalyst, with
the nature of the catalyst employed depending on whether a
gas-phase or a liquid-phase reaction 1s carried out.

[0473] Suitable dehydration catalysts are both acidic cata-
lysts and alkaline catalysts. Acidic catalysts are preferred, in
particular because they show less tendency to form oligo-
mers. The dehydration catalyst may be employed both as a
homogeneous and as a heterogeneous catalyst. If the dehy-
dration catalyst 1s present in the form of a heterogeneous
catalyst, i1t 1s preferred that the dehydration catalyst 1s 1n
contact with a support x. Suitable supports x are all solids
believed by the skilled worker to be suitable. In the present
context, it 1s preferred that the solids have suitable pore vol-
umes which are suitable for good binding and absorption of
the dehydration catalyst. Furthermore, total pore volumes as
specified by DIN 66133 1n a range of from 0.01 to 3 ml/g are
preferred, and total pore volumes in the range of from 0.1 to
1.5 ml/g are especially preferred. Moreover, it 1s preferred
that the solids which are suitable as support x have a surface
area in the range of from 0.001 to 1000 m*/g, preferably in the
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range of from 0.005 to 450 m*/g and furthermore preferred in
the range of from 0.01 to 300 m*/g as determined by BET test
as specified in DIN 6613 1. A support which may be employed
for the dehydration catalyst can firstly be bulk material with a
mean particle diameter 1 the range of from 0.1 to 40 mm,
preferably in the range of from 1 to 10 mm, and furthermore
preferably 1n the range from 1.5 to 5 mm. The wall of the
dehydration reactor may furthermore act as support. Further-
more, the support may be acidic or alkaline per se, or else an
acidic or alkaline dehydration catalyst may be applied to an
iert support. Application techniques which may be men-
tioned 1n particular are immersion or impregnation or else
incorporation into a support matrix.

[0474] Suitable supports x, which may also feature dehy-
dration catalyst properties, are, 1n particular, natural or syn-
thetic silicates such as, 1n particular, mordenite, montmoril-
lonite, acidic zeolites; supports which are coated with
monobasic, dibasic or polybasic morganic acids, 1n particular
phosphoric acid, or with acidic salts of 1norganic acids, such
as substances of the oxide or silicate type, for example Al,O;,
T10,; oxides and mixed oxides such as, for example, y-Al,O,
and ZnO—Al, O, mixed oxides of the heteropolyacids.

[0475] Inaccordance with an embodiment according to the
invention, the support x consists at least 1n part of a compound
of the oxide type. Such compounds of the oxide type should
feature at least one of the elements selected from among Si,
11, Zr, Al, P or a combination of at least two of these. Such
supports may also act as dehydration catalyst themselves,
owing to their acidic or alkaline properties. A preferred class
of compounds, both as support by way of x and by way of
dehydration catalyst comprise silicon/aluminum/phosphorus
oxides. Preferred alkaline substances which act both as dehy-
dration catalyst and also as support x comprise alkali, alkaline
earth, lanthanum, lanthoids or a combination of at least two of
these 1n the form of their oxides. Such acidic or alkaline
dehydration catalysts are commercially available both from
Degussa AG and from Stidchemie AG. A further class are 10n
exchangers. Again, these may be present both in alkaline and
in acidic form.

[0476] Suitable homogeneous dehydration catalysts are, 1n
particular, inorganic acids, preferably phosphorus-containing
acids and furthermore preferably phosphoric acid. These
inorganic acids can be immobilized on the support x by
Immersion or impregnation.

[0477] The use of heterogeneous catalysts has proved par-
ticularly advantageous in particular in the case of gas phase
dehydration. In the case of liquid-phase dehydration, how-
ever, both homogeneous and heterogeneous dehydration
catalysts are employed.

[0478] Furthermore, 1t 1s preferred that the method accord-
ing to the invention involves the use of a dehydration catalyst
with an H, value in the range of from +1 to —10, preferably in
the range of from +2 to —8.2 and furthermore preferably, in
the case of liguid-phase dehydration, 1n the range of from +2
to —3 and 1n gas-phase dehydration 1n the range of from -3 to
-8.2. The H, value corresponds to the acid function as defined
by Hammert and can be determined by what 1s known as
amine titration and the use of indicators, or by the absorption
ol a gaseous base (see “Studies in Surface Science and Cata-
Ivtics”, vol. 51, 1989: “New solid Acids and Bases, their

catalytic Properties”, K. Tannabe et al).

[0479] According to a special embodiment of the method
according to the mnvention, the acidic solid catalyst employed
1s a porous support structure which has been brought into
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contact with an 1morganic acid, preferably with phosphoric
acid or with superacids such as, for example, sulfated or
phosphated zircontum oxide and which 1s based preferably on
at least 90% by weight, furthermore preferably at least 95%
by weight and most preferably at least 99% by weight of a
silicon oxide, preterably an S10,. The bringing into contact of
the porous support structure with the inorganic acid 1s pret-
erably carried out by impregnating the support structure with
the acid, with the latter preferably being brought into contact
with the former 1n an amount 1n a range of from 10 to 70% by
weight, especially preferably 1n the range of from 20 to 60%
by weight and more preferably 1n a range of from 30 to 50%
by weight, based on the weight of the support structure,
followed by drying. After drying, the support structure is
heated 1n order to fix the mnorganic acid, preferably at a tem-
perature 1n a range of from 300 to 600° C., more preferably in

a range of from 400 to 500° C.

[0480] According to a special embodiment of the method
according to the invention, the dehydration reaction 1s carried
out 1n the gas phase. Here, 1t 1s possible to employ conven-
tional apparatuses as are known to the skilled worker in the
field of gas phase reaction, for example tubular reactors. It 1s
especially preferred to employ shell-and-tube heat exchang-
ers and reactors which comprise thermoplates as heat
exchangers.

[0481] According to an embodiment of the gas-phase dehy-
dration reaction, pure 3-hydroxyisobutyric acid 1s introduced
into a reactor comprising one of the abovementioned fixed-
bed catalysts. According to another embodiment, the 3-hy-
droxyisobutyric acid 1s introduced into the reactor 1n the form
of an aqueous solution comprising 2 to 80% by weight, espe-
cially preferably 5 to 50% by weight and more preferably 10
to 25% by weight of 3-hydroxyisobutyric acid, in each case
based on the total weight of the aqueous solution. The pres-
sure and temperature conditions 1nside the reactor are chosen
such that the 3-hydroxyisobutyric acid, or the aqueous solu-
tion, 1s present 1n gaseous form when entering the reactor. The
dehydration in the gas phase 1s preferably carried out in the
temperature range of between 200 and 400° C., especially
preferably between 250 and 350° C. The pressure inside the
reactor during the gas-phase dehydration reaction 1s prefer-
ably 1n a range of from 0.1 to 30 bar, especially preferably 1n
arange of from 0.2 to 10 bar and most preferably in a range of
from 0.5 to 5 bar.

[0482] The amount of 3-hydroxyisobutyric acid introduced
into the reactor 1n the gas-phase dehydration reaction 1s pret-
erably 1n a range of from 10 to 100% by volume, especially
preferably in arange of from 20 to 100% by volume and most
preferably 1n a range of from 30 to 100% by volume.

[0483] According to another special embodiment of the
method according to the invention, the dehydration reaction 1s
performed 1n the liquid phase. The liquid-phase dehydration
reaction can also be carried out 1n all apparatuses which are
known to the skilled worker and 1n which a fluid can be heated
to a desired reaction temperature, during which process a
pressure can be applied to the apparatus which is suilicient for
maintaining the reaction components in the liquid state under
the desired temperature conditions.

[0484] According to a special embodiment of the method
according to the invention, the liquid-phase dehydration
method comprises a first method step, 1n which pure 3-hy-
droxyisobutyric acid or an aqueous solution comprising 5 to
100% by weight, especially preferably 20 to 100% by weight
and most preferably 50 to 100% by weight of 3-hydroxy-
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1sobutyric acid, based on the total weight of the aqueous
solution, 1s introduced into a reactor. The pressure and tem-
perature conditions inside the reactor are chosen such that the
3-hydroxyisobutyric acid, or the aqueous solution, 1s present
in liquid form when entering the reactor. According to a
special embodiment of the method according to the invention
in which the dehydration reaction 1s carried out in the liquid
phase, the 3-hydroxyisobutyric acid, or the aqueous solution,
1s passed 1n such a way over a fixed catalyst bed 1nside the
dehydration reactor that the liquid phase trickles over the
surface of the catalyst particles. Such a procedure may be
carried out for example 1n a trickle-bed reactor.

[0485] The dehydration in the liquid phase i1s preferably
carried out 1n a temperature range ol between 200 and 350°
C., especially preterably between 250 and 300° C. The pres-
sure 1nside the reactor in the case of liquid-phase dehydration
1s preferably 1n a range of from 1 to 50 bar, especially pret-
erably 1n a range of from 2 to 25 bar and most preferably in a
range of from 3 to 10 bar.

[0486] The catalysis of the dehydration reaction may be
homogeneous or heterogeneous, both 1n the case of gas-phase
dehydration and 1n the case of liquid-phase dehydration.

[0487] In the case of homogeneous catalysis, the catalyst,
which 1n this case preferably takes the form of an 1norganic
acid such as, for example, phosphoric acid or sulturic acid, 1s
first brought 1nto contact with the pure 3-hydroxyisobutyric
acid or with the aqueous solution comprising the 3-hydroxy-
1sobutyric acid. Thereatfter, the resulting composition 1s 1ntro-
duced into the reactor and converted into methacrylic acid
under the desired pressure and temperature conditions. It 1s
also feasible to mtroduce the morganic acid independently of
the 3-hydroxyisobutyric acid or the aqueous solution 1nto the
reactor. In this case, the reactor features at least two feed lines,
one for the 3-hydroxyisobutyric acid, or the aqueous solution
comprising 3-hydroxyisobutyric acid, and one for the cata-
lyst. If the dehydration reaction is carried out in liquid phase
in a trickle-bed reactor, it 1s preferred to introduce the catalyst
together with the 3-hydroxyisobutyric acid, or the aqueous
solution comprising the 3-hydroxyisobutyric acid, at the top
of the reactor.

[0488] Inthecase of heterogeneous catalysis, the catalystis
in the form of a solid substrate located 1n the reaction space,
for example 1n the form of a fixed bed, 1n the form of catalyst-
coated plates, preferably thermoplates, which are arranged
inside the reactor, or else in the form of catalyst-coated reac-
tor walls. Reactors which are possible are described for
example 1n DE-A-198 48 208, DE-A-100 19 381 and EP-A-I
234 612. In the case of heterogeneous catalysis, preferred
catalysts are support structures which have been brought into
contact with mmorganic acids, preferably impregnated porous
support structures. The 3-hydroxyisobutyric acid, or the
aqueous solution comprising the 3-hydroxyisobutyric acid, 1s
then brought into contact with the surface of the solid catalyst
material 1 the form of a vapor, or 1n liquid form.

[0489] According to an especially preferred embodiment of
the method according to the invention, the dehydration of the
3-hydroxyisobutyric acid 1s carried out 1n liquid phase at a
pressure 1n the range of from 200 to 500 mbar, at a tempera-
ture 1n a range of from 200 to 230° C. and in the presence of
alkal1 metal 10ns as the catalyst.

[0490] The reaction mixture which 1s obtamed after the

dehydration reaction 1s either an aqueous methacrylic acid
solution which does not contain any catalyst components
(such a solution 1s obtained in the case of heterogeneously
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catalyzed dehydration) or else an aqueous methacrylic acid
solution which comprises catalysts (such a solution 1s
obtained 1n the case of homogeneously catalyzed dehydra-
tion). Furthermore, the aqueous methacrylic acid solution
may be 1n liquid form (if the dehydration reaction has been
cifected 1n the liguid phase) or 1n gaseous form (1f the dehy-
dration reaction has been carried out in the gas phase).

[0491] If appropriate, the resulting methacrylic acid solu-

tion can, according to a special embodiment of the method
according to the mvention, be esterified without further pro-
cessing. In such a case, the methacrylic acid solution 1s
brought into contact with suitable alcohols such as, for
example, methanol, ethanol, 1-propanol, 2-propanol or 1-bu-
tanol and suitable esterification catalysts known to the skilled
worker such as, for example, concentrated acids, with heat-
ing, and the methacrylic acid 1s so converted into the corre-
sponding esters. However, 1t may be advantageous addition-
ally to purily the methacrylic acid before esterification, 1t
being possible to employ, 1 principle, any purification
method which 1s known to the skilled worker and which 1s
conventionally employed for the purification of contaminated
(meth)acrylic acid obtained by catalytic gas-phase oxidation
of propylene.

[0492] If the dehydration reaction has been carried out 1n
the gas phase, it 1s preferred that the methacrylic acid 1s first
condensed, generating an aqueous methacrylic acid solution.
Here, any condensation method known to the skilled worker
may be employed 1n principle, for example a fractional con-

densation as described in WO-A-2004/035514, WO-A-03/
014172 or EP-A-EP 1 163 201 or by total condensation as
described in EP-A-0 695 736. It 1s also feasible to add addi-
tional solvents, 1n particular water, during the condensation
process 1 order to absorb the methacrylic acid as completely
as possible.

[0493] The aqueous methacrylic acid solution obtained
aiter condensation, or else the aqueous methacrylic acid solu-
tion obtained 1n the event of liquid-phase dehydration, can
then be freed from water and other contaminants 1n further
purification steps. Here, 1t1s possible first to remove the water
by azeotrope distillation 1n the presence of an entrainer as
described, for example, 1n DE-A-198 53 064. It 15 also fea-
sible to employ high-boiling organic solvents for absorbing
the methacrylic acid, as 1s disclosed for example 1n EP-A-0
974 574. In addition to these distillation methods, membranes
for dewatering may also be employed, as proposed for
example in DE-A-44 01 405. Employing crystallization
methods for puritying the aqueous methacrylic acid solution,
which has been generated 1n the case of liquid-phase dehy-
dration or which has been obtained by condensation, 1s fur-
thermore feasible.

[0494] Themethacrylic acid obtained after dehydration can
be purified even further 1n further method steps. Thus, high-
boiling contaminants which are still present can be removed
by further distillation steps. However, 1t 1s especially pre-
terred to further purily the methacrylic acid obtained by dehy-
dration using crystallization methods as described {for
example 1n DE-A-101 49 353,

[0495] The resulting purified methacrylic acid can then be
esterified, 11 appropriate.

[0496] A contribution to solving the problems mentioned at
the outset 1s furthermore provided by a method of preparing,
methacrylic acid or methacrylic esters, comprising the
method steps
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[0497] IIA) preparation of polyhydroxyalkanoates based
on 3-hydroxyisobutyric acid by the method described
above,

[0498] IB) cleavage of the polyhydroxyalkanoates based
on 3-hydroxyisobutyric acid with formation of 3-hydroxy-
1sobutyric acid and, i1f appropriate, neutralization of the
3-hydroxyisobutyric acid and/or isolation of the 3-hy-
droxyisobutyric acid,

[0499] 1IC) dehydration of the 3-hydroxyisobutyric acid
with formation of methacrylic acid and, 1 appropriate,
esterification of the methacrylate or methacrylic acid.

[0500] A contributionto solving the problems mentioned at
the outset 1s also provided by a method of preparing poly-
methacrylic acid or polymethacrylic esters, comprising the
method steps

[0501] IIIA)preparation of methacrylic acid by the method
described above,

[0502] IIIB) free-radical polymerization of the methacrylic
acid,

it being possible, 1f appropriate, to esterify at least 1n part the

carboxyl groups of the methacrylic acid before or after the

free-radical polymerization reaction.

[0503] A contribution to solving the problem mentioned at
the outset 1s furthermore provided by an 1solated DNA, which
1s selected from the following sequences:

[0504]

[0505] b) an intron-iree sequence which 1s derived from a
sequence as specified 1n a) and which codes for the same
protein or peptide as the sequence as shown 1n SEQ ID No

03,

[0506] c¢) a sequence which codes for a protein or peptide
which comprises the amino acid sequence as shown in SEQ

ID No 04,

[0507] d) a sequence with at least 80%, especially prefer-
ably at least 90%, more preferably at least 95% and most
preferably 99% identity with a sequence as specified 1in one
of groups a) to ¢), especially preferably as specified 1n
group a), this sequence preferably coding for a protein or
peptide which 1s capable of converting both S- or R-meth-
ylmalonyl-coenzyme A and malonyl-coenzyme A into the
corresponding semialdehydes ((S)- or (R)-methylma-
lonate semialdehyde and malonate semialdehyde, respec-
tively),

[0508] ¢)a sequence which hybridizes, or, taking into con-
sideration the degeneration of the genetic code, would
hybridize, with the counter strain of a sequence as specified
in any of groups a) to d), especially preferably as specified
in group a), this sequence preferably coding for a protein or
peptide which 1s capable of converting both S- or R-meth-
ylmalonyl-coenzyme A and malonyl-coenzyme A 1nto the
corresponding semialdehydes ((S)- or (R)-methylma-
lonate semialdehyde and malonate semialdehyde, respec-
tively),

[0509] 1) a denvative of a sequence as specified 1n any of
groups a) to e), especially preferably as specified 1n group
a), this derivative preferably coding for a protein or peptide
which 1s capable of converting both S- or R-methylmalo-
nyl-coenzyme A and malonyl-coenzyme A 1nto the corre-
sponding semialdehydes ((S)- or (R)-methylmalonate
semialdehyde and malonate semialdehyde, respectively),
obtained by substitution, addition, mversion and/or dele-
tion of at least one base, preferably of at least 2 bases, more
preferably of at least 5 bases and most preferably atleast 10

a) a sequence as shown i SEQ 1D No 03,
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bases, but preferably of no more than 100 bases, especially
preferably of no more than 50 bases and most preferably of
no more than 25 bases, and
[0510] g) a sequence which 1s complementary to a
sequence as specified 1n any of groups a) to 1), especially
preferably as specified 1n group a).
[0511] Surprisingly, 1t has been found that a DNA which
has been 1solated from bacteria of the strain Sulfolobus toko-
daii (at the Deutsche Sammlung von Mikroorganismen [ Ger-

man collection of microorganisms]|, deposit number DSM
16993) and which has a DNA sequence as shown in SEQ ID

No 03 codes for a polypeptide (SEQ ID No 04) which 1s
capable even at temperatures of up to 73° C. of converting
both S- or R-methylmalonyl-coenzyme A and malonyl-coen-
zyvme A 1nto the corresponding semialdehydes ((S)- or (R)-
methylmalonate semialdehyde and malonate semialdehyde,
respectively). Since (S)- or (R)-methylmalonate semialde-
hyde and malonate semialdehyde are natural metabolites
which are formed for example during the degradation of
valine, of leucin or of 1soleucin, during the propanoate
metabolism or during the pyruvate metabolism, and because
the formed semialdehydes are capable of being reduced fur-
ther 1n the course of the abovementioned metabolic pathways
to give the corresponding 3-hydroxyalkanoates, the 1solated
DNA according to the invention can be utilized for generating
recombinant bacteria which are capable of directly forming
large amounts of 3-hydroxy-isobutyric acid (or 3-hydrox-
ypropionic acid). If the cells are furthermore capable of poly-
merizing the formed 3-hydroxyalkanoates with formation of
polyhydroxyalkanoates, this DNA would furthermore be
suitable for generating recombinant bacteria capable of pro-
ducing polyhydroxyalkanoates based on 3-hydroxy-
1sobuytric acid (or on 3-hydroxypropionic acid).
[0512] The “nucleotide 1dentity” 1n relation to SEQ ID No
03, which 1s defined 1n alternative d), 1s determined with the
aid of known methods here. In general, specialist computer
programs with algorithms taking into consideration specific
requirements are used.
[0513] Preferred methods of determining the 1dentity first
generate the maximum agreement between the sequences to
be compared. Computer programs for determining the iden-
tity comprise the GCG program package, including but not
limited thereto
[0514] GAP (Deveroy, I. et al., Nucleic Acid Research
12 (1984), page 387, Genetics Computer Group Univer-
sity of Wisconsin, Medicine (W1)), and
[0515] BLASTP, BLASTN and FASTA (Altschul. S. et
al., Journal of Molecular Biology 215 (1990), pages
403-410). The BLAST program may be obtained from
the Center For Biotechnology Information (NCBI) and
from other sources (BLAST Manual, Altschul S. et al.,
NCBINLM NIH Bethesda Md. 22894 Altschul S. et al.,
above).
[0516] The Smith-Waterman algorithm, which 1s known,

can also be used for determining the nucleotide identity.

[0517] Preferred parameters for the nucleotide alignment
comprise the following:

[0518] Algorithmus Needleman and Wunsch, Journal of
Molecular Biology 48 (1970), pages 443-453

[0519] alignment matrix
[0520] Matches=+10
[0521] Mismatches=0
[0522] Gap penalty=50
[0523] Gap length penalty=3
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[0524] The GAP program 1s also suitable for use with the
above parameters. The above parameters are the default
parameters in the nucleotide sequence alignment.

[0525] Anidentity o1 80% according to the above algorithm
means 80% i1dentity in the context of the present invention.
The same applies to greater 1dentities.

[0526] The feature “sequence which hybridizes, or, taking
into consideration the degeneracy of the genetic code, would
hybridize, with the counter strain of a sequence as specified in
one of groups a) to d), especially preferably as specified 1n
group a),” according to alternative e) indicates a sequence
which hybridizes, or would hybridize taking into consider-
ation the degeneracy of the genetic code, with the counter
strand ol a sequence as specified 1n one of groups a) to d),
especially preferably as specified 1n group a), under prefer-
ably stringent conditions. For example, the hybridization
reactions can be carried out at 68° C. 1n 2xSSC, or as
described in the protocol of the dioxygemn labeling kit from
Boehringer (Mannheim). Examples of preferred hybridiza-

tion conditions are incubation overnight at 65° C. 1n 7% SDS,
1% BSA, 1 mM EDTA, 250 mM sodium phosphate buifer

(pH 7.2), followed by washing at 65° C. with 2xSSC; 0.1%
SDS.

[0527] The dervatives, of the 1solated DNA according to
the invention, which can be obtained according to alternative
) by substitution, addition, inversion and/or deletion of one
or more bases of a sequence as specified in any of groups a) to
¢) include 1n particular those sequences which, 1n the protein
which they encode, lead to conservative amino acid substitu-
tions such as, for example, the substitution of glycine for
alamine or of aspartate for glutamic acid. Such function-neu-
tral mutations are referred to as sense mutations and do not
lead to any principle modification of the activity of the
polypeptide. It 1s furthermore known that modifications at the
N and/or C terminus of a polypeptide do not have a consid-
erable adverse effect on 1ts function; indeed, they are even
capable of stabilizing 1t, so that, as a consequence, the present
invention also comprises DNA sequences where bases are
added at the 3' terminus or at the 5' terminus of the sequence
with the SEQ ID No 03. The skilled worker will find infor-
mation on this subject in Ben Bassat et al. (Journal of Bacte-
riology 169:751-757 (1987)), mn O’Regan et al. (Gene
7°7:23°7-251 (1989)), in Sahin-Toth et al. (Protein Sciences
3:240-247 (1994)), mn Hochuli et al. (Bio/Technology 6:
1321-1325 (1988)) inter alia, and in known textbooks of

Genetics and Molecular Biology.

[0528] To 1solate the DNA according to the mvention, an
NADPH-dependant malonyl-coenzyme A reductase was first
1solated from a cell extract of Metallosphaera sedula and
purified. The first 20 amino acids of the N terminus of the
polypeptide of the resulting purified enzyme were sequenced.
The gene for the malonyl-coenzyme A reductase was subse-
quently determined in the genome of Sulfolobus tokodaii,
which has already been fully sequenced (Kawarabayasi et al.,
“Complete genome sequence of an aevobic thermoacido-
philic crenarchaeon, Sulfolobus tokodaii strain7””, DNA
Research 8:123-40), by i1dentifying the derived protein
sequence which 1s 1dentical with the first 20 amino acids of
the polypeptide i1solated from Metallosphaera sedula. The
DNA sequence according to the invention was then amplified
by means of PCR, using suitable primers (see example 2).

[0529] A contribution to solving the problems mentioned at
the outset 1s Turthermore contributed by a vector, preferably
an expression vector, comprising a DNA with a sequence as
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specified 1n one of groups a) to 1) as defined above. Suitable
vectors are all vectors which are known to the skilled worker
and which are traditionally employed for introducing DNA
into a host cell. Preterred vectors are selected from the group
consisting of plasmids, such as, for example, the E. coli
plasmids pTrc99A, pBR345 and pBR322, viruses such as, for
example, bacteriophages, adenoviruses, vaccinia viruses,
baculoviruses, measles viruses and retroviruses, cosmids or
YACs, with plasmids being most preferred as vectors.

[0530] According to a preferred embodiment of the vector
according to the invention, the DNA with a sequence as
speciflied 1n any of groups a) to 1) 1s under the control of a
promoter capable of being regulated, which promoter 1s suit-
able for expressing the polypeptide encoded by these DNA
sequences 1n the cell of a microorganism, preferably in a
bacterial cell, a yeast cell or a fungal cell, especially prefer-
ably 1n a bacterial cell, most preferably in an E. Coli cell.
Examples of such promoters are the trp promoter or the tac
promoter.

[0531] Besides a promoter, the vector according to the
invention should preferably comprise a ribosomal binding
site and terminator. Here, 1t 1s especially preferred that the
DNA according to the mvention 1s incorporated into an
expression cassette of the vector comprising the promoter, the
ribosomal binding site and terminator. Besides the above-
mentioned structural elements, the vector may furthermore
comprise selection genes known to the skilled worker.

[0532] A contribution to solving the problems mentioned at
the outset 1s furthermore provided by the use of the above-
described vector for transforming a cell and by the cell
obtained by transformation of this vector. The cells which can
be transformed with the vector according to the invention may
be prokaryotes or eukaryotes. They may take the form of
mammalian cells (such as, for example, cells from humans),
of plant cells or of microorganisms such as yeasts, fungi or
bacteria, with microorganisms being especially preferred and
bacteria and yeasts being most preferred.

[0533] A contribution to solving the problems mentioned at
the outset1s also provided by a polypeptide which features the
amino acid sequence with the SEQ ID No 04 or an amino acid
sequence which 1s obtained when no more than 40 amino
acids, preferably no more than 20 amino acids, even more
preferably no more than 10 amino acids and most preferably
no more than 5 amino acids in SEQ ID No 04 are deleted,
iserted, substituted or else added to the C and/or N terminus
of the amino acid sequence with the SEQ ID No 04. The
polypeptide takes the form of an enzyme which 1s capable of
catalyzing both the conversion of (S)- or (R)-methylmalonyl-
coenzyme A 1nto (S)- or (R)-methylmalonate semialdehyde
and the conversion of malonyl-coenzyme A into malonate
semialdehyde. Such a polypeptide can be obtained for
example via the synthetic route, starting from the DNA
sequence with the SEQ ID No 03, or by transformation of a
suitable cell with a suitable vector comprising this nucleic
acid sequence, expression, in the cell, of the protein encoded
by this nucleic acid sequence, lysis of the cell, generating a
cell extract, and subsequent purification of the enzyme by
means ol purification techniques known to the skilled worker,
for example by means of HPLC or other chromatographic
methods. Besides chromatographic purification of the
polypeptide from cell extracts, one can also exploit the advan-
tage that the polypeptide with the amino acid sequence SEQ)
ID No 04 1s heat-resistant up to a temperature of at least 75°
C. The cell extract can therefore be heated to a temperature of,
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forexample, 75° C., which results in the coagulation, and thus
precipitation, 1n the cell extract of those polypeptides which
are not heat resistant. The polypeptide with the amino acid
sequence SEQ ID No 04 1s retained in the cell extract in
nondenatured form.

[0534] The present mvention will now be illustrated 1n
greater detail with reference to nonlimiting figures and
examples.

[0535] FIG. 1 shows the conversion of succinyl-coenzyme
A 1to methylmalonyl-coenzyme A with catalysis by the
enzyme k.

[0536] FIG. 2 shows the conversion of methylmalonyl-co-
enzyme A 1nto 3-hydroxyisobutyric acid with catalysis by the
enzymes E, to E 1n accordance with the first alternative of the
cell according to the invention, where succinyl-coenzyme A
1s formed as intermediate and methylmalonate semialdehyde
as precursor 1n the production of 3-hydroxyisobutyric acid or
of polyhydroxyalkanoates based on 3-hydroxyisobutyric
acid.

[0537] FIG. 3 shows the conversion of (R)-methylmalonyl-
coenzyme A into 3-hydroxyisobutyric acid with catalysis by
the enzymes E,, E. and E- 1 accordance with the second
alternative of the cell according to the mnvention, where suc-
cinyl-coenzyme A 1s formed as intermediate and methylma-
lonate semialdehyde as precursor 1n the production of 3-hy-
droxyisobutyric acid or of polyhydroxyalkanoates based on
3-hydroxyisobutyric acid.

[0538] FIG. 4 shows the conversion of methylmalonyl-co-
enzyme A 1nto 3-hydroxyisobutyric acid with catalysis by the
enzymes E 4, E. and E- 1n accordance with the third alternative
of the cell according to the invention, where succinyl-coen-
zyme A 1s formed as intermediate and methylmalonate semi-
aldehyde as precursor 1n the production of 3-hydroxyisobu-
tyric acid or of polyhydroxyalkanoates based on
3-hydroxyisobutyric acid.

[0539] FIG. S showsthe conversion of 3-hydroxyisobutyric
acid mto a polyhydroxyalkanoate with catalysis by the
enzymes E. and E,,.

[0540] FIG. 6 shows the conversion of phosphoenolpyru-
vate or pyruvate into oxalacetate with catalysis by the
enzymes E,, or E, ; according to a special embodiment of the
first, second or third alternative of the cell according to the
invention, where succinyl-coenzyme A 1s formed as interme-
diate and methylmalonate semialdehyde as precursor in the
production of 3-hydroxyisobutyric acid or of polyhydroxyal-
kanoates based on 3-hydroxyisobutyric acid.

[0541] FIG. 7 shows the conversion of oxalacetate into
succinyl-coenzyme A with catalysis by the enzymes E, , to
E, . according to a first special embodiment of the first, second
or third alternative of the cell according to the invention,
where succinyl-coenzyme A 1s formed as intermediate and
methylmalonate semialdehyde as precursor in the production
of 3-hydroxyisobutyric acid or of polyhydroxyalkanoates
based on 3-hydroxyisobutyric acid.

[0542] FIG. 8 shows the conversion of oxalacetate ito
succinyl-coenzyme A with catalysis by the enzymes E, ; to
E,.and E,, to E, . according to a second special embodiment
of the first, second or third alternative of the cell according to
the mvention, where succinyl-coenzyme A 1s formed as inter-
mediate and methylmalonate semialdehyde as precursor in
the production of 3-hydroxyisobutyric acid or of polyhy-
droxyalkanoates based on 3-hydroxyisobutyric acid.

[0543] FIG. 9 shows the conversion of oxalacetate into

[

succinyl-coenzyme A with catalysis by the enzymes E, 4, E .,
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E,- and E,, according to a third special embodiment of the
first, second or third alternative of the cell according to the
invention, where succinyl-coenzyme A 1s formed as interme-
diate and methylmalonate semialdehyde as precursor 1n the
production of 3-hydroxyisobutyric acid or of polyhydroxyal-
kanoates based on 3-hydroxyisobutyric acid.

[0544] FIG. 10 shows the conversion of L-glutamate into
succinyl-coenzyme A with catalysis by the enzymes E, . and
E,. 1n accordance with a further special embodiment of the
first, second or third alternative of the cell according to the
invention, where succinyl-coenzyme A 1s formed as interme-
diate and methylmalonate semialdehyde as precursor in the
production of 3-hydroxyisobutyric acid or of polyhydroxyal-
kanoates based on 3-hydroxyisobutyric acid.

[0545] FIG. 11 shows the conversion of acetyl-coenzyme A
into 3-hydroxyisobutyric acid with catalysis by the enzymes
E.,E. and E_- to E., 1n accordance with a first alternative of
the second special embodiment of the cell according to the
invention, where propionyl-coenzyme A 1s formed as inter-
mediate and methylmalonate semialdehyde as precursor in
the production of 3-hydroxyisobutyric acid or of polyhy-
droxyalkanoates based on 3-hydroxyisobutyric acid.

[0546] FIG. 12 shows the conversion of propionyl-coen-
zyme A 1nto 3-hydroxyisobutyric acid with catalysis by the
enzymes E, toE,, E., E, and E,- to E., in accordance with a
second alternative of the second special embodiment of the
cell according to the invention, where propionyl-coenzyme A
1s formed as intermediate and methylmalonate semialdehyde
as precursor 1n the production of 3-hydroxyisobutyric acid or
of polyhydroxyalkanoates based on 3-hydroxyisobutyric
acid.

[0547] FIG. 13 shows the conversion ol propionyl-coen-
zyme A 1nto 3-hydroxyisobutyric acid with catalysis by the
enzymes E,toE,, E- and E_- to E., 1n accordance with a third
alternative of the second special embodiment of the cell
according to the invention, where propionyl-coenzyme A 1s
formed as intermediate and methylmalonate semialdehyde as
precursor 1n the production of 3-hydroxyisobutyric acid or of
polyhydroxyalkanoates based on 3-hydroxyisobutyric acid.

[0548] FIG. 14 shows the conversion ol propionyl-coen-
zyvme A 1nto 3-hydroxyisobutyric acid with catalysis by the
enzymes E, to E,, E-, and E,- to E., 1n accordance with a
tourth, fifth alternative of the second special embodiment of
the cell according to the invention, where propionyl-coen-
zyvme A 1s formed as intermediate and methylmalonate semi-
aldehyde as precursor 1n the production of 3-hydroxyisobu-
tyric acid or of polyhydroxyalkanoates based on
3-hydroxyisobutyric acid.

[0549] FIG. 15 shows the conversion of p-alanine into
3-hydroxyisobutyric acid with catalysis by the enzymes E, ,
to E,,, E<«, E-, and E-; according to a third special embodi-
ment of the cell according to the mvention, where acrylyl-
coenzyme A 1s formed as intermediate and methylmalonate
semialdehyde as precursor 1n the production of 3-hydroxy-
1sobutyric acid or of polyhydroxyalkanoates based on 3-hy-
droxyisobutyric acid.

[0550] FIG. 16 shows the conversion of pyruvate into 3-hy-
droxyisobuytric acid with catalysis by the enzymes E. . to
E-o, E«o, E«; and E4 according to a first alternative of the first
special embodiment of the second variant of the cell accord-
ing to the invention, where isobutyryl-coenzyme A 1s formed
as intermediate and 3-hydroxyisobutyryl-coenzyme A as pre-

cursor 1n the production of 3-hydroxyisobutyric acid or of

polyhydroxyalkanoates based on 3-hydroxyisobutyric acid.
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[0551] FIG. 17 shows the conversion of L-valine into 3-hy-
droxyisobutyric acid with catalysis by the enzymes E, E,.
E.., E-c and Eg, according to a second alternative of the first
special embodiment of the second variant of the cell accord-
ing to the imnvention, where 1sobutyryl-coenzyme A 1s formed
as intermediate and 3-hydroxyisobutyryl-coenzyme A as pre-
cursor 1n the production of 3-hydroxyisobutyric acid or of
polyhydroxyalkanoates based on 3-hydroxyisobutyric acid.

EXAMPLES

Example 1

[0552] The present invention 1s now illustrated 1n Example
1 with reference to a recombinant cell which 1s capable of
producing 3-hydroxyisobutyric acid via 3-hydroxyisobu-
tyryl-coenzyme A as precursor and 1sobutyryl-coenzyme A as
intermediate, starting from L-valine as carbon source. To this
end, the enzymes EC 2.6.1.42 and EC 1.2.4.4 (in each case
from Pseudomonas aeruginosa) and a cluster comprising the
three enzymes EC 1.3.99.12, EC 4.2.1.17 and EC 3.1.2.4
(from Acinetobacter calcoaceticus) were overexpressed in E.
coli BL21 (DE3).

[0553] Here, the enzyme EC 1.2.4.4 1s encoded by a gene
with the DNA sequence as shown in SEQ ID No 07 and 08 («
and p subunit), while the enzyme EC 2.6.1.42 1s encoded by
a gene with the DNA sequence as shown 1n SEQ ID No 09.
Theenzyme EC 1.3.99.12 1s encoded by a gene with the DNA
sequence with the SEQ ID No 10, the enzyme EC 4.2.1.17 by
a gene with the DNA sequence as shown in SEQ ID No 11,
and the enzyme EC 3.1.2.4 by a gene with the DNA sequence
as shown i SEQ ID No 12.

1. Organisms, Plasmids and Oligonucleotides

[0554] The following bacterial strains, vectors, genomic
DNA and oligonucleotides were used for preparing this
recombinant cell:

TABL.

(Ll

1

Bacterial strains used

Reference
Strain (manufacturer)
E. coli DH53 NEB
E. coli BL21 (DE3) Invitrogen
TABLE 2
Vectors used
Reference
Vector (manufacturer)
pCDFEFDuet-1 Novagen
pET101/D-TOPO Invitrogen
pCR2.1-TOPO Invitrogen
TABLE 3
Genomic DNA used
Strain

Pseudomonas aeruginosa PAO1
Acinetobacter calcoaceticus ADP1
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TABLE 4

Oligonucleotides used

Name sequence

Aca VClus fw 5'-ATGCAATTTAATGAAGAACAGCTATTAATTC-3!
(SEQ ID No. 13)

Aca VClus rev 5'-CAGTCTGAAATGACTAACCTAATTGGC -3
(SEQ ID No. 14)

Pae 26142 fw b5'-ACGGAATTCTGAAGGAGCTGGCAACTATG-3"!
(SEQ ID No. 15)

Pae 26142 rev 5'-TTGTCGACTTACTTCACCAGGGTACGCC-3"
(SEQ ID No. 16)

Pae 1244 fw 5' - ACAGATCTGGAGGCCTGTCATGAGTGATTAC -3

(SEQ ID No. 17)

Pae 1244 rev b5'-ATGGGTACCCATTCAGACCTCCATC-3"
(SEQ ID No. 18)

2. Amplification of the PCR Fragments 1.2.4.4 (2313 kb) and
2.6.1.42 (958 bp)

[0555] First, the fragments of 1.2.4.4 and 2.6.1.42 were
amplified by means of PCR starting from the total DNA
from Pseudomonas aeruginosa, using the primers as

EQ ID No 15 to SEQ ID No 18, which are

shown 1n S]
detailed 1n Table 4.

3. Digestion of the Vector pCDF-Duet-1 and of the PCR
Fragment 2.6.1.42 (958 bp)

[0556] The vector pCDFDuet-1 (featuring a streptomy-

cin-/spectinomycin resistance) 1s cleaved by means of
EcoRI/Sall, as 1s the PCR fragment 2.6.1.42, and the
restrictions thus obtained are ligated overnight with T4
ligase. This gives rise to the vector pCDFDuet::2.6.1.42.

4. Cloning of the PCR Fragments into the Vector pCR2.1-
TOPO

[0557] The preparation of a cloning vector comprising
the fragment 2.6.1.42 or the fragment 1.2.4 .4, using the
vector pCR2.1-TOPO, was performed as specified 1in the
manufacturer’s instructions. £. coli DH3a. cells were
transtormed with the resulting cloning vectors pCR2.1-
TOPO::1.2.4.4 and pCR2.1-TOPO::2.6.1.42. Since the
pCR2.1-TOPO vectors feature a kanamycin resistance
and an ampicillin resistance, the transformants were

lated onto 2 AXI and KXI plates (20 and 40 ul). The

D.
plasmids of the resulting clones were 1solated and
digested:

pCR2.1-TOPO::1.2.44

fragment size 2313 bp
pCR2.1-TOPO::2.6.1.42

fragment size 958 bp

Bglll + Kpnl

EcoRI + Sall

[0558] Each of the fragments was eluted from the gel and
purified with the QIAquick kit from (Qiagen (following
instructions).
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5. Preparation of the Vector pCDFDuet:2.6.1.42-1.2.4.4

[0559] The vector pCDFDuet::2.6.1.42 and the vector
pCR2.1-TOPO::1.2.4.4 are digested with BglIl/Kpnl.

[0560] This s followed by the ligation of pCDFDuet::2.
6.1.42 (Bglll/Kpnl) with pCR2.1-TOPO::1.2.4.4, g1v-
ing rise to the vector pCDFDuet::2.6.1.42-1.2.4.4.
Again, F. coli DH5a cells were transformed by means of
this cloning vector. The plasmids were 1solated. The
plasmid pCDFDuet::2.6.1.42-1.2.4.4 features the DNA
sequence as shown in SEQ 1D No 19.

6. Cloming the Valine Cluster from Acinetobacter calcoace-
ticus (V-Clus ,_ )

[0561] Stramn ATCC 33304 Acinetobacter calcoaceticus
was cultured for the 1solation of total DNA (HH agar or
medium). Total DNA was 1solated by means of the
DNEasy kit from Qiagen (L1 and L.2) and by a method
comprising the method steps 1) centrifugation of 1 ml of
culture, 1) addition of 200 ul of H,O to the pellet, 111)
heating for 10 min at 95° C., 1v) centrifugation (10 min,
13 000 rpm), and v) removing the supernatant for a PCR.

[0562] To amplity the valine cluster from A. calcoaceti-
cus,a PCR was carried out using the primers as shown in
SEQ ID No 13 and SEQ ID No 14, which have been
detailled in Table 4 (following the manufacturer’s
istructions using the polymerases Piu and Taq, respec-
tively).

[0563] The PCR products were purified and, following
the 1instructions, ligated to the plasmid pET101/D-
TOPO and transiferred into £. coli DH3a.. This gives rise
to the plasmid pE'T101/D-TOPO::V-Cluster , .. Plasmid
pET101/D-TOPO::V-Cluster , .. features the DNA
sequence as shown in SEQ 1D No 20.

7. Preparation of a Recombinant Cell which 1s Capable of
Forming 3-Hydroxyisobutyric Acid from L-Valine

[0564] [E. coli BL21 (DE3) was transformed with the
plasmids pET101/D-TOPO::V-Cluster,_, and pCDF-
Duet::2.6.1.42-1.2.4.4 (plated onto LB spec./amp

medium). The resulting cells were capable of convert-
ing, in a nutrient medium comprising L-valine, the L-va-
line 1into 3-hydroxyisobutyric acid. In contrast, the wild
type of the cells (£. coli BL21 (DE3)) was not capable of
forming detectable amounts of 3-hydroxyisobutyric

acid 1n such a nutrient medium.

Example 2
[0565] Inthis example, the DNA according to the invention
1s 1solated and the gene 1s overexpressed 1 E. coli.
1. Culturing and Harvesting Sulfolobus tokodaii
[0566] Sulfolobus tokodaii was grown 1n a small culture
volume (40-200 ml) at 75° C. and a pH of 3.0, with
shaking (150 rpm). The growth was monitored photo-
metrically via measuring the optical density at 378 nm
(OD<-¢ ... ). A modified Sulfolobus medium was used
(modified as described by Brock et al., Archives of
Microbiology 84, pages 54-68, 1972; Suzuki et al.,
Extremophiles, 6, pages 39-44, 2002). The energy and
carbohydrate source used were yeast extract, casamino
acids and glucose. The medium consisted of the follow-
ing components: basal medium, glucose stock solution,
iron stock solution and trace element stock solution. At
an OD.,, . of 0.3-0.5 (exponential phase), the cells
were harvested. The centrifugation was carried out 1n a
Sorvall centrifuge (SS34 rotor) for 15 min at 9000 rpm.
The cell pellet was employed directly for the DNA
extraction.
[0567] Basalmedium. KH,PO, (0.28 g/1), (NH,),SO,
(1.3 g/1), MgSO,x7 H,O (0.25 g/l), CaCl,x6 H,O



US 2010/0068773 Al Mar. 18, 2010

26

[0575] The following primers were used:

(0.07 g/1), yeast extract (1g/]) and casamino acids
(1g/1). Belore autoclaving, the pH was brought to 3.0

using H,SO,,.
_ Y- ATTATCCCATGGGGAGAACATTAAAAGC -3
[0568] GIUCOSB StOCk SO]U.thIl (100)() GIUCOSQ (lOOg/ (“forward primer" ; Ncol cleavage aite g9
1) underlined; (SEQ ID No 21)
and
[0569] The solution was filter-sterilized.

5'-CGGGATCCTTACTTTTCAATATATCC-3"

[0570] Iron stock solution (1000x). FeCl,x6 H,O . . . .
_ 7 (“reverse primer”; BamHI cleavage site 1is
(20g/1). The solution was filter-sterilized. underlined; SEQ ID No 22)
0571] ‘lrace element stock solution (1000x). [0576] The reaction mixture detailed i Table 1 herein-

MnCl,x4 H,O (1.8 g/l), Na,B,0,x10 H,O (4.5 g/1),
/nSO, x7H,0 (220 mg/l), CuCl,x2 H,O (50 mg/l),
Na,MoO_,x2 H,O (30 mg/l), VOSSO, x5 H,O (30
mg/1), CoCl,x6 H,O (8.4 mg/l). The individual com-
ponents were dissolved in succession in distilled
H,O, the pH was brought to 3.0 using HCI, and the
solution was filter-sterilized.

2. Isolation of Genomic DNA from S. rtokodaii

[0572] Genomic DNA was 1solated by the method of
Murray and Thompson (Nucleic Acid Research, 8, pages
4321-4325, 1980). To this end, 10-50 mg (fresh weight)

of freshly harvested cells are weighed mto a 1.5 ml

Eppendort reaction vessel and resuspended 1n 570 ml of
TE builer (10 mM Tris/HCI1 (pH 8.0), 1 mM NaEDTA).

below was employed for the PCR reactions. The PCR
was carried out as a hot start PCR, 1.e. the reaction
mixture was incubated for 2 min at 95° C. before adding
the Piu polymerase. This was followed by 30 cycles ol 1n
each case 1 minute at 95° C., 1 minute at 45° C. and 5
minutes at 72° C., followed by a last step of 30 seconds
at 45° C., 15 minutes at 72° C. and, finally, a pause at 6°
C.

TABL.

L1l

1

Standard reaction mixtures (50 ul) for
proofreading PCR with Pfu polymerase

wl/50 pl batch

Composition

10 x Pfu PCR 5
30 ul of a 10% (w/v) SDS solution (sodium dodecyl reaction buffer
sulfate solution) and 3 ul of Proteinase K (20 ng/ul) were iifﬂﬁli)@ mM per >
added and the mixture was incubated for 1 h at 52° C. Forward primer (2 M) 175
Thereatter, 100 ul of 5 M NaCl solution and 80 ul of Reverse primer (2 pM) 12.5
0 : : Chromosomal DNA 1 (10-50 ng)

pre-warmed 10% (w/v) cetyltrimethylammonium bro- Bt 1ol 5

_ _ ' polymerase
mide (CTAB) solution (10% (w/v) CTAB m 0.7 M (2.5 U/pl)
NaCl) were added. After incubation for 10 min at 65° C., dd-H,0 12
the complexes of CTAB, cell wall fragments and pro-
teins were extracted with 780 ul of chloroform/iso-amyl [0577] A gene fragment with a length of 1.1 kb was

alcohol (24:1 (v/v)) and spun down for 15 min at 14 000 obtained.

rpm. The aqueous top phase was transferred into a fresh
Eppendort reaction vessel and the extraction was
repeated. After the aqueous phase was free from pig-
ments, 1t was covered with a layer of 400 ul of 100%

isopropanol. By carefully mixing the two phases, the 3 was cloned unspecifically with the vector pCR T7/C'T-
chromosomal DNA precipitated at the interface. Then, 1t Topo (Imfltrogen Karlsruhe), using the “pCR T7 Topo
was possible to fish out the DNA with a drawn-out TA Expression Kit” (Invitrogen, Karlsruhe). This was
Pasteur pipette and washed 1n 200 ul of 70% ethanol. done following the manufacturer’s instructions.

After recentnfugatlon (5 min, 14 000 rpm), the super- [0579] To 1solate the plasmid DNA, the plasmid DNA
natant was pipetted ol and the DNA was dried for 2 h at was prepared using the “QIAprep Spin Plasmid Mini-
room temperature and finally dissolved 1n 100 pl of TE prep Kit” from Qiagen (Hilden) following the manufac-

buifer. turer’s imstructions, starting from 5 ml overnight cultures
of transformed E. coli TOP10F' cells.

4. Cloning the Malonyl-Coenzyme A Reductase Gene

[0578] 'loclone the malonyl-coenzyme A reductase gene
trom Sulfolobus tokodaii, the gene amplified in Example

3. Amplification of the Malonyl-Coenzyme A Reductase
Gene

5. Generation of an Expression Vector

[0580] 'lo generate an expression vector comprising the
malonyl-coenzyme A reductase gene, the 1solated clon-
ing vector obtained 1n Example 4 1s subjected to restric-
tion digestion with the restriction enzymes NCol and
BamHI. To this end, 235-27 ul of plasmid DNA (expres-
ston vector pIrc99A and pCR T7/Cl-Topo vector,
respectively, with the incorporated malonyl-coenzyme
A reductase gene) are mixed thoroughly with 5 ul of a

[0573] The polymer chain reaction (PCR) (Mullis et al.,
Cold Spring Harbor Symp. Quant. Biol., 51, pages 263-
2’73, 1986) was employed to amplity the malonyl-CoA
reductase gene 1n a targeted fashion, from the genomic
Sulfolobus tokodaii DNA obtained 1n Example 2. It was
carried out 1n a thermocycler (Biometra, Gottingen).

[0574] A preparative PCR 1n which Piu polymerase

(Piunds, Genaxxon) was used, was employed. The Piu
polymerase contains a 3'-3' exonuclease (“prooiread-
ing’’) function.

reaction buifer (10x) and 2-3 ul of restriction enzyme
(10 U/ul; Fermentas, St. Leon-Rot). The reaction mix-
ture was made up to 50 ul with distilled H,O and incu-
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bated for 5 h at the temperature specified by the manu-

facturer. An ethanol precipitation was carried out before

further use. To this end, the DNA was mixed with 3
volumes of 100% ethanol and 0.1 volumes of 3 M
sodium acetate butler (pH 5.3) and incubated for 2 h or
overnight at —80° C. After a centrifugation step (20 min,
14 000 rpm, 4° C., Eppendort table-top centrifuge), the
supernatant 1s removed carefully, and the DNA was
washed with 3 volumes of 70% (v/v) ethanol. After 10
min incubation at room temperature, the mixture was
recentrifuged (10 min, 14 000 rpm, 4° C., Eppendort
table-top centrifuge) and the supernatant was discarded.
The DNA was then dried for 1 hour at room temperature
and subsequently taken up 1n the desired volume of H,O
or TE bufler (10 mM Tns/HCl (pH 8.0), 1 mM
NaEDTA).

[0581] Then, alkaline phosphatase 1s used for removing
the S'-phosphate groups of the linearized double-
stranded vector. In this manner, the cloning efficiency 1s
increased since religation o the vector 1s prevented. Calf
intestinal alkaline phosphatase was used for dephospho-
rylating the digested vector.

[0582] The dephosphorylation was carried out in the
same bulfer as the restriction digestion. 50 ul of restric-
tion mixture were mixed with 1.5 ul of CIAP (Calf

Intestine Alkaline Phosphatase (1 U/ul; Fermentas, St.

Leon-Rot) and the mixture was incubated for 30 min at
3°7° C. Betore further use of the cleaved and dephospho-
rylated vector, an ethanol precipitation was carried out
as described above.

[0583] T4 DNA ligase was used the ligation of the insert
DNA with the expression vector, plasmid DNA and
isert DNA being employed 1n a molar ratio of from

1:3-1:6.
[0584] Stock Solutions:
[0585] Ligation buifer (10x): 0.5 M Tris/HCIL, pH 7.6
[0586] 100 mM Mg(Cl,
[0587] 0.5 mg/ml BSA
[0588] filter-sterilized, storage at room temperature
[0589] 5 mM ATP (adenosine triphosphate) Always

make up freshly 1n sterile distilled H,O

[0590] 350 mM DTE (dithioerythritol) Always make
up freshly 1n ligation butier
[0591] The ligation mixtures had a volume of 50 ul.
Plasmid DNA (2-10 ul), insert DNA (2-20 ul), 5 ul of
ligation buffer with DTE (50 mM) and the correspond-
ing amount of sterile distilled H,O were pipetted
together, vortexed, spun down brietly and subsequently
incubated for S min at 45° C. The mixture was cooled on
ice. S ul of 5 mM ATP and 1.5 ul of T4 DNA ligase (1
U/ul; Fermentas; St. Leon-Rot) were added, and every-
thing was mixed. Ligation was performed overnight at
16° C.
[0592] The ligation mixture was employed directly for
transforming chemically competent cells.
6. Transformation of £. coli Cells with the Expression Vector
[0593] A 5mlovernight culture was grown starting from
a single colony of E. coli Rosetta 2 cells. On the next
morning, 50 ml of LB medium (Sambrook et al.,
“Molecular Cloning: A Laboratory Manual”, Cold
Spring Harbor Laboratory Press, Cold Spring Harbor,
N.Y., 1989) were inoculated with 0.5-1.0 ml of this
culture. After incubation for 1.5-2 h (37° C., shaking

(180 rpm)), an OD .-, 01 0.6 was reached. The cells were
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cooled onice for 10 min and subsequently spun down for
5> min at 5000 rpm and 4° C. (GSA rotor, Sorvall centri-
fuge). The supernatant was discarded and the cell pellet
was resuspended in 2.7 ml of cold 0.1 M Ca(l, solution.
After addition of 2.3 ml of sterile 50% (v/v) glycerol, the
cell suspension was divided 1nto portions (1n each case
300 pl) 1n 1.5-ml Eppendort reaction vessels. The com-
petent cells were immediately frozen in liquid nitrogen
and subsequently stored at —80° C.
[0594] To transform the cells, an aliquot of the chemically
competent cells (300 ul) was defrosted on 1ce and treated with
25 ul of a ligation mixture. Everything was mixed caretully
and 1incubated for 30 min on 1ce. After a heat shock (42° C., 1
min) the mixture was reincubated on 1ce for 5 min. Thereafter,

800 ul of LB medium (Sambrook et al., 1989) were added,
and the cells were shaken for 1 h at 37° C. (Thermomixer,
Eppendort 5436). The mixture was concentrated and finally
streaked onto LB medium. To this end, the mixture was spun
down for 1 min at 10 000 rpm, 750 um of the supernatant were
discarded, and the cell pellet was resuspended. 50 ul, 100 ul
and 200 ul of this concentrated mixture were streaked onto
LB plates (Sambrook et al., 1989) supplemented with 100
ug/ml ampicillin and incubated overnight in the incubator at
3°7° C. The plates were washed with 1 ml LB medium. This
cell suspension was used for subsequently inoculating 150 ml
LB medium (supplemented with 100 pug/ml ampicillin) in 500
ml Erlenmeyer flasks with batiles. The cultures grew at 37° C.
and 180 rpm. Overexpression was performed by inducing the
promoter 1n pIrc99A by adding 0.5 M IPTG (1sopropyl-3-D-
thiogalactopyranoside) at an OD.-,, of 0.6. The mduced
cultures were incubated for 3 h under the abovementioned

conditions and subsequently harvested at an OD..,, =2.7.

7. Detection of the Enzymatic Activity

[0595] The E. coli strain obtained in Example 6 was
disrupted by means of a cell mill. The disrupted cells
were heated for 15 min at 85° C. During this heat pre-
cipitation, nonheat resistant enzymes coagulate and are
precipitated. Since the target protein is heat resistant, 1t 1s
retained 1n the supernatant. To measure the malonyl-
coenzyme A reductase activity, the supernatant was
diluted 1:501n TM butter (50 mM Tris/Cl, 1 mM Mg(l,,
pH 8.1). 30 ul of the diluted or undiluted (for detecting
the methylmalonyl-coenzyme A reductase activity)
supernatant were pipetted to 500 ul of HIPS butfer (100
mM HEPES/NaOH, 5 mM MgCl,, 1 mM dithioerythri-
tol, containing 0.5 mM NADPH).

[0596] In a first batch, the reaction was started by adding
malonyl-coenzyme A, the final concentration being 0.5
mM. The drop 1n the NADPH absorption at 365 nm was
determined. The enzyme activity determined was 13.5
umol/min/mg protein (135.5 U/mg).

[0597] In a second batch, the reaction was started by
adding methylmalonyl-coenzyme A (from Fluka,
Article No.: 67767), the final concentration being 2.0
mM. The drop 1n the NADPH absorption at 365 nm was
determined. The enzyme activity determined was 0.24
umol/min/mg protein (0.24 U/mg).

[0598] It can be seen from these results that the polypep-
tide which codes for the DNA sequence with the SEQ ID
No 03 catalyzes both the conversion of malonyl-CoA
and of methylmalonyl-coenzyme A.

[0599] 1 mol of NADPH was oxidized per mole of malo-
nyl-CoA or methylmalonyl-Coa employed. From this 1t
can be concluded that the enzymatic reaction leads to the
corresponding semialdehyde.
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SEQUENCE LISTING

<1l60> NUMBER OF SEQ ID NOS: 22

<210> SEQ ID NO 1
<211> LENGTH: 2214

«212> TYPERE:

DNA

<213> ORGANISM: Corynebacterium glutamicum ATCC 13032

<400> SEQUENCE: 1

atgacgtcga

tcacacaacg

gtattcacgc

ccaggtcaaa

acgattcgcec

aaccttgctyg

tatgactcgy

tcgattttygg

atgaccatga

caaggtgtgg

atggtgcgca

tttgagtaca

atccaggaag

gaatacatcc

CcCcttcttct

cgactgctgt

ctgcgcacgc

gtcgcccogca

accaatgcac

daCcacCccadgcC

ggctcctatt

gatgaggdtgg

cgcattgagy

atcggcecgtga

aacaccaagg

gatgcggaag

gagccagygydy

gctaccattyg

atcaggacgc

gtcgaacgcyg

atctttattg

gcctatgety

tccctaattt

ttgacgccgy

aggctgaccyg

agccatttat

agtacgcagyg

cgggtcaaaa

ataatgagcy

atatgcgtca

atggcgcetgt

gtccggagca

acacctatat

cctccttgaa

cagygagcygac

gtgcaggtaa

ggggtatttc

ggagcgagtt

actcgcagac

ccgcgattga

ttgatgaggc

tgttgctgca

acgtggagtyg

addaagccdy

aatcagcggc

atcgctacgt

ttcgcgcaga

tcaaggctgc

atttggatca

gagagatctc

tgtctggcgt

cgatcgcecct

ccaagatggy

acctgggcat

ttcagacatc

caaggtgtgg

cgacgaggygcy

gcegcygyggcecy

CLCCtcaacc

aggtttgtcyg

cgtggteggce

gctgtttgat

gctgccgatt

gcttgcgggc

ttatccgcecy

gatgccacgt

tgccgatttyg

agaggtaggc

tatgtacacc

ggtggcaaaa

ctctggttgy

ggcgatggct

gttggcgctg

gcaggaatct

gttgaccaat

cggaatggcg

acgcacccag

gycdyaayaa

acagttggct

gctggatgcg

gaacctgctc

cgatgctttyg

gtacaaggat

ggctgacgcc

ccaggatgga

ggacgtggat

ccattgactyg

aacactcccg

cadygcgygeygy

tacccaacta

gccgceggaat

gttgcgttcy

gatgtgggta

ggcattgatt

cttgegttet

acgatccaga

aagccgtcga

Cttaactcca

gagctggcct

cttgacgtgy

ttcatggaga

ttcgatccga

tcgttgaccy

gcaacccagg

cccaccgatt

ggcacggtgc

gagctggcta

caggccaccy

gctcgcattyg

gatgaggaaa

aaactcgcgc

ttgacagctyg

aaacttgccyg

gaagttgtct

gaggttggaa

tttgaggcty

catgaccgtyg

gttggaccgc

ctgagacacg

aaggcattga

gacatccggt

tgtacaccaa

ccaatgcgtt

atctagcgac

tggccggcgt

tgtccagcgt

atatcgtggce

atgacatctt

tgcgcatcat

tttcegattte

acactctggce

ataagttcgc

tcgcaaagcet

daadacygccaa

cgcaggatgt

gccacaccca

tctectgeteg

gtccagttga

accgegegey

cgcagggaat

attccggcecyg

ttgaagtcct

aactgaaagc

ctgcccgcaa

tcgatgcetge

ttggccgceca

aggaaggcac

agdaadqdqccd

gacagaaggt

tgtttcaaac

tgcatcggag
tgtcaagcgc
ggattecttty
tcagccgtygy
ttatcggagyg
ccaccgceggt
ggcgattgat
gtcggtgtceg
ggctgaggaa
gaaagaattt
ttccaacatc
tggctatcac
ggatggtatt
gcctegtcetyg
gcgtgceggga
gtcccagtcyg
gtacaacaac
gtcgctgcac
tatcgcccga
tccatgggceyg
caagcacatc
tcctaagcetyg
ccaggcgcetyg
caaggttgac
agagcgcaac
cgagcataaa
gcgcgcaaaa
cgaagcagaa
agtgagcaac
ccgceccacgt
tgtcgegtcet

tccageccgaa

60

120

180

240

300

360

420

480

540

600

660

720

780

840

500

560

1020

1080

1140

1200

1260

1320

1380

1440

1500

1560

1620

1680

1740

1800

1860

1920
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-continued

gctgccececgeyg ccgceccecgtgga cgccecgatgtt cacgtggtgg gtatgtcecttce gcectggcagcea 1980

ggccacctca ccttgectgcecce cgagctgaag aaagaacttg cagctcecttgg ccecgcgatgac 2040

attctggtca cgtcatteccyg tccaggatct ctacgatatg 2100

Cﬂgtgggﬂgg ccgggcgatt

ggtgccgcecyg cgatttaccce tceccaggaacce gtcatcegcegg agtcecggcgat cgatctgatce 2160

acccgactcecg ccgcacacct gggctttgac ctggatgtgg atgtgaatga gtga 2214

<210> SEQ ID NO 2
<«211> LENGTH: 737
<212> TYPRE: PRT
«213> ORGANISM: 13032

Corynebacterium glutamicum ATCC

<400> SEQUENCE: 2

Met Thr Ser Ile

1

ATg

Pro

Glu

Pro

65

Thr

Phe

Phe

Val

Met

145

Met

Ala

Gln

Pro

Ser

225

ITle

Ala

Val

Ser

2la

Glu

Ala

50

Phe

Tle

ASpP

Gly

130

Arg

Thr

2la

Agn

Pro
210

Leu

Gln

ASp

ASpP

Thr

290

Glu

Ser

Gly

35

Gln

Met

Arg

ATrg

Leu

115

ASP

Gln

Met

Glu

ASP
195

Glu

Gly

Lys

275

Phe

Leu

Glu

20

Tle

Ala

ATJg

Gln

ATg

100

Ala

Val

Leu

Agnh

Glu

180

Ile

Pro

Met

Ala

Tle

260

Phe

Met

Val

Pro

Ser

AsSp

2la

Gly

Tyr

85

AsSn

Thr

Gly

Phe

Gly

165

Gln

Leu

Ser

Pro

Gly

245

Glu

2la

Glu

Ala

Agn

His

Val

Gly

Pro

70

Ala

Leu

Hig

Met

ASpP

150

Ala

Gly

Met
ATrg
230

Ala

Pro

Tle

Phe

Asn

Gly

Ala

Arg

bAla

135

Gly

Val

Val

Glu

Arg

215

Phe

Thr

Tle

Arg

Ala

295

Phe

Ser

Val

Arg

40

Pro

Pro

Phe

Ala

Gly

120

Gly

Ile

Leu

Gly

Phe

200

Tle

Agn

Ala

Arg

Leu

280

ASP

ASDP

ASP

25

Val

Val

Thr

Ser

Gly

105

Val

ASP

Pro

Pro

185

Met

Tle

Ser

ASP

Ala

265

Ser

Leu

Pro

Tle

10

2la

Phe

ASp

Met

Thr

90

Gln

ASpP

2la

Leu

Tle

170

Glu

Val

Ser

Tle

Leu

250

Gly

Phe

Pro

Gly

Thr

Ser

Tyr

75

Ala

Ser

Tle

Ser

155

Leu

Gln

ATYg

Asnh

Ser

235

Glu

Phe

Ala

Agnh

Leu

Gln

Leu

60

Thr

Ala

Gly

ASP

ASD

140

Ser

Ala

Leu

Asn

Tle

220

Tle

Leu

Glu

Trp

Gly

300

Ala

Thr

Val

Ala

45

Pro

Asn

Glu

Leu

Asn

125

Ser

Val

Phe

Ala

Thr

205

Phe

Ser

Ala

val

Gly

285

Arg

Ala

Trp

30

ASP

Gly

Gln

Ser

Ser

110

Glu

Tle

Ser

Gly

120

Glu

Gly

Gly
270
Ile

Leu

Ser

Glu

15

Agn

Arg

Gln

Pro

Agn

o5

Val

ATrg

Leu

Val

Tle

175

Thr

Ile

Thr

255

Leu

Ser

Leu

Gln

Thr

Thr

ASp

Trp

80

Ala

b2la

Val

ASp

Ser

160

Val

Tle

Thr

His

240

Leu

ASp

Met

Trp

Ser
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305

Leu

Val

Gln

Ala

Leu

385

Gly

Arg

Thr

Thr

ATrg

465

Asn

Ala

Ala

Leu

Glu

545

Tle

Thr

Ala

ASP

Leu

625

Ala

Ser

Leu

Tle

ITle
705

ATrg

Gly
Leu
370

Leu

Ser

2la

Gln

450

Thr

Glu

2la

Leu

530

Tle

Arg

Val

Glu

Gly

610

Gly

2la

Leu

2la

Pro
690

Thr

Agn

His

355

Pro

Gln

His
Gln
435

Ala

Val

Arg

Ala

515

Ser

Thr

Ser

Glu

5905

His

Met

ATrg

Ala

Ala

675

Pro

Pro

Hisg

Agn

340

Thr

Thr

Gln

Tle

420

Gly

ATy

Ala

Val

Agnh

500

ATrg

Leu

ASDP

Leu

Agn

580

Gly

ASP

ASP

Ala

Ala

660

Leu

Gly

Pro

Ser

325

Val

Gln

AsSp

Glu

Val

405

Asp

Tle

ITle

Glu

Arg

485

AsSp

AsSn

Ala

2la

Ser

565

Val

Arg

Val

Ala

645

Gly

Gly

AsSp

Gly

310

Gln

Ala

Ser

Phe

Ser

390

Glu

Glu

Pro

ASP

Glu

470

Ala

Ala

Glu

Val

Leu

550

Gly

Glu

ATrg

Gly

ASP

630

Val

His

ATrg

Phe

Thr
710

Thr

Arg

Leu

Ser

375

Gly

Trp

Val

Ser

455

AsSp

Glu

Glu

Hig

Asp

535

Glu

Val

Arg

Pro

Gln

615

Val

AsSp

Leu

Asp

Gln

695

Val

Ser

Thr

His

360

Ala

Thr

Leu

Glu

Leu

440

Gly

Glu

Gln

Val

Lys

520

Ala

Val

Ala

ATrg

600

Gly

2la

Thr

ASDP

680

ASP

Ile

Gly
Ala
345

Thr

Val

Thr

Glu

425

Arg

Glu

Leu

Lys

505

Glu

Ala

Val

Ile

585

Tle

Val

Pro

ASDP

Leu

665

Tle

Leu

Ala

Trp

330

Tle

Agn

Tle

Arg

Agn

410

2la

Tle

Gln

Tle

2la

490

Ala

Pro

Arg

Phe

ASp

570

ala

Phe

Val

Leu

Val

650

Leu

Leu

Glu

315

Ser

Glu

Ala

Ala

Pro

395

Glu

Gly

Glu

Ala

Glu

4775

Ala

Gly

Ala

Gly

555

Glu

Leu

ITle

Ala

Phe

635

His

Pro

Val

ASpP

Ser
715

30

-continued

Leu

Ala

Leu

ATrg

380

Val

Leu

Gly

Glu

Leu

460

Val

Leu

Leu

ASpP

Lys

540

ATYg

Val

Ala

Ala

Ser

620

Gln

Val

Glu

Thr

Met

700

Ala

Thr

Met

Asp

365

Agh

Asp

Ala

Met

Ser

445

ITle

Leu

Ala

Asp

Leu

525

Ala

His

Gly

Asp

Lys

605

Ala

Thr

Vval

Leu

val
685

Gly

Ile

Ala

Ala

350

Glu

Thr

Pro

Agn

Ala

430

Ala

Gly

Gln

Ala

510

ASP

Thr

Glu

Ala
590

Met

Pro

Gly

Lys

670

Gly

Ala

ASP

Gln

335

2la

2la

Gln

Trp

Arg

415

Gln

2la

Val

Val

Leu

495

Leu

Gln

Ile

2la

Glu

575

Phe

Gly

2la

Ala

Met

655

Gly

2la

Leu

320

ASP

Thr

Leu

Leu

Ala

400

Ala

Ala

Arg

Agh

ASDP

480

Thr

Agn

Gly

Glu

560

Gly

Glu

Gln

ASpP

Glu

640

Ser

Glu

Val

b2la

Ile
720

Mar. 18, 2010
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31

-continued

Thr Arg Leu Ala Ala His Leu Gly Phe Asp Leu Asp Val Asp Val Asn

Glu

725

<«210> SEQ ID NO 3

<211> LENGTH:
<212> TYPERE:

1071
DNA

730

<2123> ORGANISM: Sulfolobus tokodail

<400> SEQUENCE: 3

atgaggagaa

gtaagaatgc

gtgggtaaac

atagctgata

CCCttctccat

ttcecctgtga

cctgaactaa

aaaggattta

gctatattta

ggtgﬂﬂggtt

gatggatacg

aatgtagatyg

actatacatg

aaagttaagy

gcaccttcaa

agatgggctg

aagagaatga

ggtatattag

<210>
<211>

cattaaaagc

tatcaaatca

cgtatggtga

tggaaataaa

tacctcaagy

ttagtaattc

atcctcatac

tagtaactac

aagattataa

atccaggaat

atgccaagac

aacctaaatt

gtcattatga

agactttaga

agccaattat

gggatattcc

taaggttagt

cagctgaatt

SEQ ID NO 4
LENGTH:

356

cgcaatatta
tcecttatatt
ggtagtaaga
accaactgat
tgctgctgygc
accagatcat
tattagctta
accactatgc
gatggatgga
accatcatta
gataaaagag
agaagatgta
agtactatat
aaactttaga
cgttatgaat
aggaatgagt
atcattaatt

acttgtcgaa

ggtgctactg

aaaccagcat

tggcaaacag

cctaagttaa

ccagtagaag

agatttgatc

attgatgagc

acagcccagy

gcatttataa

gatgtagtag

atcttcagaa

agcttagcag

gtatcgttca

ggggaaccac

gaggatacaa

gtagttgtag

cataacacgyg

aaaggatata

gtttagtagyg

atttagctgyg

taggacaagt

tggatgatgt

aacaatttgc

ctgatgttcce

aaagaaaaag

gtgcagcaat

ctactattca

ataatatctt

ttttaagcga

caacaactca

aagaggaaac

aagatctaaa

gacctcaagt

gtagattaaa

t cagaggagc

ttgaaaagta

735

aatcgaatac

aaaaggttca

tcctaaggaa

agacataata

aaaagaagga

cttattggtt

aagagaatgg

accattaggt

atcgctatcet

gcctttaggt

agttaagaga

tagaatagct

tgctgctgaa

attaccaact

ctattttgat

gcaagtgaat

cgcagdgadda

a

<212 >
<213>

<400>

TYPE :
ORGANISM: Sulfolobus tokodaii

Met Arg ATrg

1

Gly Ile

Ala Tyr

Val Arg
50

Glu Ile
65

Phe Ser

Glu

Leu
35

Trp

Pro

PRT

SEQUENCE :

Thr

Tyr

20

Ala

Gln

Pro

Leu

4

Leu

5

Val

Gly

Thr

Thr

Pro
85

Val

ASP
70

Gln

Ala

Met

Gly

Gly

55

Pro

Gly

Ala

Leu

Ser

40

Gln

2la

Tle

Ser

25

Val

Val

Leu

Ala

Leu
10

AgSh

Gly

Pro

Met

Gly
90

Gly

His

ASpP
75

Pro

Ala

Pro

Pro

Glu

60

ASDP

Val

Thr

Tyr
45
Ile

Val

Glu

Gly

Tle

30

Gly

Ala

ASP

Glu

Leu

15

Glu

ASP

Tle

Gln
o5

Val

Pro

Val

Met

ITle

80

Phe

60

120

180

240

300

360

420

480

540

600

660

720

780

840

500

560

1020

1071

Mar. 18, 2010
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Ala

ASpP

Ser

Val

145

Ala

Gln

Val

Pro

225

Thr

Thr

Pro

Met

ASP

305

Ala

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

<400>

Pro

Leu

130

Thr

Tle

Ser

ASpP

Glu

210

Tle

ala

Gln

Agn

290

Ile

Arg

2la

Tle

Glu

ASP

115

Ile

Thr

Phe

Leu

Agn

195

Tle

Leu

His

Ala

ASP

275

Glu

Pro

Met

Gly

Glu
355

Gly
100
Val

ASP

Pro

Ser

180

Tle

Phe

Glu

Gly

Glu

260

Leu

ASP

Gly

Tle

Gly
340

SEQUENCE :

Phe

Pro

Glu

Leu

AsSp

165

Gly

Leu

Arg

AsSp

His
245

Thr

Met

Arg

325

Gly

SEQ ID NO 5
LENGTH :
TYPE: DNA

ORGANISM: Rhodobacter sphaeroides

1293

5

Pro

Leu

Gln

Cys

150

Ala

Pro

Tle

Val

230

Val

Leu

ATrg

Ser

310

Leu

ITle

Val

Leu
Arg
135

Thr

Gly

Leu

Leu

215

Ser

Glu

Pro

Pro

295

Val

Val

Leu

Ile

Val

120

Lys

Ala

Met

Gly

200

Ser

Leu

Val

Glu

Thr

280

Gln

Val

Ser

2la

Ser

105

Pro

ATrg

Gln

ASDP

Pro

185

ASDP

Glu

Ala

Leu

Thr

265

Ala

Val

Val

Leu

Ala
245

Agn

Glu

Arg

Gly

Gly

170

Gly

Gly

Val

Ala

Tyr

250

Leu

Pro

Gly

Tle
330

Glu

Ser

Leu

Glu

Ala

155

Ala

Ile

Thr

235

Val

Glu

Ser

Phe

AYg

315

His

Leu

32

-continued

Pro

AsSn

Trp

140

Ala

Phe

Pro

ASpP

ATY(

220

Thr

Ser

AsSn

ASpP
300
Leu

AsSn

Leu

Asp

Pro

125

Tle

Tle

Ser

Ala

205

AsSn

His

Phe

Phe

Pro

285

Arg

Thr

Val

Hig

110

His

Gly

Pro

Thr

Leu

120

Val

Arg

ATg

270

Tle

Trp

Gln

Val

Glu
350

ATrg

Thr

Phe

Leu

Thr

175

ASP

Thr

ASP

Tle

Glu

255

Gly

Tle

2la

Val

Arg
335

Phe

Tle

Ile

Gly

160

Tle

Val

Tle

Glu

Ala

240

Glu

Glu

Val

Gly

Agn

320

Gly

Gly

atggccctey

gagatcggceg

CcycygcygagcC

tcgatcgaca

atctgggccy

atcgcgggcet

aaggtgggceg

AacydygCcydyCcdy

ggctccttcg

acgtgcagag
agatgccgcec
gtcatggcga
gccacgaggt
gcctceggegt
ccgacgegtc
acgaggtcgt
acccgatgtt

cccagttcac

cgatatcgtc

tctcocggcecat

gccggatcag

gctcgttcete

gccecgtetceg

gggcatcgtc

gatccactgc

ctcgcccacc

ccgegtgceag

gcctacgacy

gtgccgaagg

gccatgcaga

gtgatggcgg

ccgttogacy

tgggcggtgyg

aaccaggacyg

cagcggatcet

gcgcagcagce

cgcccaagaa

agatgtatgc

tcgaggtggt

cgggcgtgaa

gtcacaagca

gcgacaaggt

acggcgacga

ggggctacga

tgatgaagcyg

ggacctctac

ttgggccatce

cgagacgccc

ctacaacggc

gccctatcac

caagcgctgyg

cgaggaatgc

gacgccggac

tccgaagcac

60

120

180

240

300

360

420

480

540

Mar. 18, 2010
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ctgacctggy

ttcggccaca

ggﬂggﬂﬂtﬂg

gtcatctcag

aaccgcaagyg

gagtggctga

atcaacgtcy

gtggtgaaga

ttcgacgtcec

ctcaagcagy

tccgaggtcet

cacaagcccyg

gccgacgtgce

aagaggcyggc
agccgcacga
gctcctacgce
aggaagacaa
acttcaagtyg
aggaggcgcyd
acatggtgtt
agggcggcat
gctacatgtyg
cctocgegygc
tccecctggygc

gcaacatggc

tcgaggcecegy

<210> SEQ ID NO o

<«211> LENGTH:

430

ctgctacacyg

cctgaagcecy

gatccagctc

gcgcgactte

ctggggccag

caagttcggc

cgaacatccy

ggtcgtgatc

gatgcaccag

caaccagctyg

cgagatcccyg

ggtgctggtyg

ccgcaaggcec

ctgacccteyg

gygcagaacy

atcaacacgy

gtcatggggc

ctgcccaagy

aaggccatct

ggcdaggcega

tgcgcgggca

aagcgcectgce

atgatcgagc

gctgcccata

caggcaccgc

tga

33

-continued

ccaccgccta

tgctggtctyg

cgggcegcecaa

tgggcgccaa

tgaactcgcc

gggacatcac

ccttececggt

ccaccggcett

agggcagcca
gccgcectcga

cgaagatgta

gcacggggtt

ccggatgcetce

gggﬂgﬂﬂtﬂg

tgccatcggce

gggcgtcatc

cgaatataac

cggcaadqdyyc

ctcgtegetyg

caactgcacc

Cttcgccaac

tcccectgeatg

taagaaccag

gcgcaccttc

600

660

720

780

840

900

960

1020

1080

1140

1200

1260

1293

Mar. 18, 2010

<212> TYPE:
«213> ORGANISM: Rhodobacter

PRT

<400> SEQUENCE:

Met Ala Leu Asp

1

ASp

Hig

65

ITle

Gln

Val

His

Pro

145

Gly

Arg

Leu

ASpP

Glu

Gln

50

Glu

Trp

Pro

Gly

Cys

130

Met

Ser

Pro

2la

Pro
210

Leu

Met
35

Ala

Val

Ala

ASP
115

AgSh

Phe

Phe

Thr
195

Gly

Tyr

20

Tyr

Met

Leu

Gly

His

100

Gln

Ser

Ala

His

180

Ala

Gln

6

Val

5

Glu

Ala

Gln

Val

Leu

85

Tle

Val

AsSp

Pro

Gln

165

Leu

Asn

Gln

Tle

Trp

Tle

Leu

70

Gly

Ala

ASP

Thr

150

Phe

Thr

ATrg

Val

Ser

Gly

Ala

Glu

55

Val

Val

Gly

Arg

Gly

135

Gln

Thr

Trp

Met

Leu
215

sphaeroides

ASpP

Glu

Ile

40

Val

Met

Pro

Ser

Trp

120

ASpP

ATrg

ATy

Glu

Leu

200

Val

Tle

Met

25

ATg

Val

Ala

Val

ASDP

105

ASP

Tle

Val

Glu

185

Phe

Trp

Val

10

Pro

Arg

Glu

2la

Ser

50

2la

Val

Glu

Trp

Gln

170

2la

Gly

Gly

Ala

Pro

Glu

Thr

Gly

75

Pro

Ser

Gly

Glu

Gly

155

Ala

Ala

His

Ala

Leu

ATYJ

Pro

60

Val

Phe

Gly

ASDP

Cvs

140

Gln

Ser
220

Asp

Gly

Hig

45

Ser

AsSn

Asp

Tle

Glu

125

Agh

Glu

Gln

Pro
205

Gly

Ala
His
30

Gly

Tle

Gly

Val

110

Val

Gly

Thr

Leu

Thr

120

His

Gly

Pro

15

Val

Glu

ASpP

Agn

Hig

55

Trp

Val

Gly

Pro

Met

175

Leu

ASpP

Leu

Pro

Pro

Ser

Gly

80

Ala

Ile

ASp

ASDP

160

Thr

Leu

Gly
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Ser
225

Val

Phe

Met

305

Val

Phe

Leu

Gln

Pro

385

Hig

Leu

Ile

Gly

Val

Gly

290

Val

Val

Agn

Gln

Leu

370

Trp

Arg

Ala

Ser

Val

Agn

275

Phe

Gly

355

Met

Ala

Pro

Thr

Tle

Glu

Tle

260

Ser

Ala

Glu

Thr

340

Ser

Ile

Glu

Gly

Phe
420

Gln

Glu

245

AsSn

Pro

ITle

His

Gly

325

Phe

His

Glu

Tle

Asn

405

Ala

<210> SEQ ID NO 7

<211> LENGTH:
«212> TYPE: DNA

1233

Leu

230

ASpP

ATrg

Glu

Trp

Pro

310

Gly

ASpP

Phe

ATg

Pro

390

Met

ASP

Tle

Asp

295

Gly

Met

Val

Ala

Arg

375

bAla

Ala

Val

«213> ORGANISM: Pseudomonag

7

Agn

ATy

ASP

Agn

280

Tle

Glu

Val

Arg

Agn

360

Leu

Ala

Val

Leu

Thr

ASP

Phe

265

Glu

Thr

Ala

Val

Tyr

345

Leu

ASP

His

Leu

Glu
425

2la

Phe

250

Trp

Gly

Thr

Ile

330

Met

Pro

Thr

Val
4710

Ala

aeruginosa

Gly
235

Val

Leu

Phe

315

Trp

Gln

Liys
395

Gln

Gly

34

-continued

Ala

Met

Trp

Gly

300

Pro

Ala

Met

Ala

Met

380

Met

Ala

ATrg

AsSn

Gly

Gly

Glu

285

ITle

Vval

Gly

His

Ser

365

Ser

Pro

Ala

Leu

Gln

270

Ala

AgSh

Ser

Thr

Gln

350

Ala

Glu

ATg

Ala
430

Tle

Gly

255

Leu

Arg

Val

Ser

Thr

335

2la

Val

Agn

Thr
415

Gly
240

2la

Pro

ASp

Leu
320

Gly

Agn

Phe

Gln
400

Gly

<400> SEQUENCE:

atgagtgatt

aagaccgact

gatgtcgagce

gacggccacyg

atgcgggcga

aaaaagcttt

ctggcccectgc

acccgcgaat

ctcaagggcc

tccggcaacc

aagggcgaca

tctccacaccg

aacaaccagt

gccaaccgty

acgagccgtt

Cttcctatct

ccgecgagac

ccgteggtcec

tgctcaagac

ccttctatat

gcegacggega

acccgcetggt

gccagctgcec

tcgccaccca

cgcgcatcgc

cccectcacctt

gggcgatctc

gegtgggcetyg

gcgtcectgcat

gcacctgtcc

cagcgaccty

ctggaatccyg

ccgoctgttc

gcaatgcctc

catgtgettt

ggacatgatc

gatcatgtac

gttcatccag

ctcggoctgy

cgcccatgtc

caccttccag

cgggatcgcec

gtcccggagc
ccocgecgygag
gcctacagcec
cagctcagca
gacgcgcgca
gygcgaggaay
ccgacctatce
tgccagcecttce
tcgagcaagg
gcggtegget
atcggcgacg
taccgcgegce
gccatcgecy

tccgctgeggy

ccaccgggcyg

aggtacgcaa

tggtacgtgt

acgaacaact

tgctcaccgce

ccatcgccac

gccagcaagyg

tctccaacga

aggcaggttt

ggggcatggce

gcgccaccgc

cggtaatcct

gceggegaagy

tcgacggcaa

tcectggetge

gccgecggtg

gctcgacgac

gctgegeggce

gcaacggcag

cgeceCcacacc

catcctgatc

ggccgacccy

cttctccatc

ctcggcegatce

cgagtcoggac

caacgtggtc

caccaccttce

tgacttecctyg

60

120

180

240

300

360

420

480

540

600

660

720

780

840
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gcggtctacyg

ctgatcgaat

taccgccecccy

cggcacatga

ctcgaagccy

ggccegggtge

ctgcgcecgygc

ccgectecga

gggtcaccta

ccgacgactyg

tcggectegy

aagtactggc

cgagcegcecgc

aacgccagga

<210> SEQ ID NO 8

<«211> LENGTH:
<212> TYPE:

1049
DNA

gtgggccegcec
ccgegecgygce
gaccaacttc
catctggtcg
cgcgcagaaa

cagcatgttc

gctcggggta

gagcgcgcocc

ccgcactcga

Cﬂgﬂtgggﬂg

gaggaacagc

cagycygygadga

gaggacgtct

tga

<213> ORGANISM: Pseudomonas aeruginosa

<400> SEQUENCE: 8

atgccatgaa
cgctgegcetc
aggacgtcgy
gcacctcogceg
gcatgggtgc
cggcctcecga
tcatcgtgcec
acagccagag
ccaaccccta
tcttectega
tgacgccctyg
tggacaaggc
tggtctacgt
tgcgcagcect
gctgegtcecat
tggtgcagga
acaccccecta
cggcattcaa
<210>
<21l>
<212>
<213 >
<400>
atgtcgatgyg
gacgcgacca
gtgcgcgcect
cggctgttey

aacgaggcga

cccgcaacac

ggcgatggac

ctacttcggc

ggtgttcgat

ctacggccty

ccagttgatc

gatgaccgta

ceCcyygadgycy

cgacgccaag

gcccaagcgce

gtccaagcat

ggcgatcgtce

ggcccaggcec

ctggccegcety

cgcccacgag

gcactgcttce

ccecgecatgcec

gcgtgtgatyg

SEQ ID NO 9
LENGTH:
TYPE :

ORGANISM: Pseudomonas aeruglnosa

524
DNA

SEQUENCE: 9

ccgatcegtga

cgcacgtgcet

acdacaccCccCcC

actccgecgca

ccegegecgc

gagaacgccc

atcatgctcyg

ggcgtgttcc

gcgcecgatcet

cgeccggtgg

tcegaggcegy

cgcatgccct

atgttcaccc

ggcctgcetga

ctctacaacg

ccggecagcec

cgccoccagygcy

geggecgacy

gacctggaaa

gcgacccgca

caccacctygy

caggagdtggyg

gaggtctga

tggcgtgatc

gacccatacc

gcadgdgcacyd

catcatgaac

cgtgegegag

agacggtcac

agcgcgacga

gctgcaccga

ccygagagcegy

tggagatcca

cgcgectgey

gtggcggcegyg

aggtctgcgg

tcgcocctgceat

gcccegttcega

aggtgccgga

cggcgctgac

agaccggcct

ccatcgtcegc

cctgegggtt
aggcgcecgat

cgtatttccc

tggtatgacyg
ctgcactatyg
gcgatcttece
atgcagatcc

aacaacctygy

35

-continued

ggcgcaacct

cttcggacga

acccgatcgce

acgaagccac

gccatggcac

atgcagaact

cagcatgacc

cgacgtggtg

aggcctgcag

catcatcggce

gttcgccgac

ctatcgctcg

catctacggc

cctgecgcacyg

cgagaacgac

tggccaccac

cggctactac

cgtgctgacc

gacgccdad

ctcggtgaag

cdgcygccgay

cgagcgcegtce

cggcocccgcyg

gtgaactggt
gaatgggcdt
gcctgcaggc
cgtacagccg

aaagcgccta

cgggcecgagce
ccecgtcecaag
ccgcectgaag
ccacaaggcc

cctgatcgac

gccggagcac

atgatccagg
gtattcggcc
aagaaatacg
gcecgeggteg
tacgtctacc
gccggcegact
gggcaaacgc
gtgatgccgt
gacccggtga
gaccgceocgyg
aaggtgccgc
tacggcacca
atcatcgacc
aagaccggcc
ctgatgtcgce
accggttggyg

cgegteggceyg

gcagtggcegce
gttcgagggce
gcataccgac
cgacgagatc

tatccgecey

900

960

1020

1080

1140

1200

1233

60

120

180

240

300

360

420

480

540

600

660

720

780

840

900

960

1020

104595

60

120

180

240

300
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atggtgttet

atcatcgcecy

aaggtgcgca

tccaacggcy

gacgaggcca

ttcatcatca

actcgtaaca

atcacccgey

gtcacgccga

accgaaaagc

gagtggcgta

acggaagcga
cctggagetg
ccagttcctt
cctacatcaa
tgatgctcga
aggatggcgt
ctatcctgac
acgaggtgta
tccgcegaagt
tgcagaaagc

ccectggtcaa

<210> SEQ ID NO 10

<211l> LENGTH:
<212> TYPR:
ORGANISM: Acinetobacter calcoaceticus

<213>

<400> SEQUENCE:

atgcaattta
cagattaaat
tcccaaatygg
aatacaggaa
acttcaacca
acagaggagc
tttgctttaa
aaacaaggtg
gcgggcegtga
gcatttattg
ggtttacatyg
ttaatgcttyg
cgtattggga
aaatatgcca
tttegtttag
gcgceggctta
tcatctgaaa
tatttaaaag
gaaggtacaa
<210>
<21ll>
<212>

<213>

<400>

SEQUENCE :

1128

DNA

10

atgaagaaca

ctaatgcagc

ggcaattggg

atttagctta

ttatgagtgt

aaaagcagaa

cggaaccaca

atgaatggat

tctattgtatt

tgccgegtga

cgtcagatac

gtcaggaagyg

ttgcagcgca

aagagcgtgt

ccagtatggc

aagaagctgyg

tggtcgaacy

actttcccat

gtgatattca

SEQ ID NO 11
LENGTH :
TYPE :
ORGANISM: Acinetobacter calcoaceticus

774
DNA

11

aggcatgggc

gggcgcctac

cacccygccac

ctcgatgctyg

tccggaaggc

gatctacacc

cctggocgcec

catcgccgac

ggacggtcgc

ctatttcgac

gtaa

gctattaatt

agaatgggat

ttttatggga

tgtgctggca

acataattct

atatctagtyg

tacaggttcc

tattaatggc

tgctgtgaca

aaccttgggt

gtgccaaatt

tgagggacta

agccgttggt

gacctttgga

cacagaaatt

aaaaccttgt

cgtatgttet

cgagcgaatt

gcgtttagtyg

ctgcgecgceca

atgggcgagyg

cacgtcaaca

gccctceccagy

tacgtggccy

ccggaagtca

gaacacggtt

gaggccttet

aagatcggcy

ctggtcagecy

caggatatgy

aagcatagca

atgctggtga

cttgaagaaa

gttggﬂtgtg

cctttagcac

gatgccgcag

gctaaacaat

gatccgaatg

tatgaggtga

gctttaacgg

aaaatagcat

ttggcacgtyg

aagcctattt

gaagcagcac

ttaaatgaag

gctgctttge

tatcgtgatyg

atagcaagaa

30

-continued

gcggcoctgaa

aagccctgcea

tctcgatgac

aagcgatctc

aaggctccgyg

ccgectgect

ttaaactggt

tcactggcac

ccggecgcecyg

gcaagaccga

cgaaaagttt

CELttccaaa

gtgagaaatyg

tcgcectgecgce

tacccattgc

aaggtgaaat

ccattaaaac

ttataacatc

cagggaaaaa

ttcgcaccga

atgttcgagt

tgtctaatct

ctgcactaga

ttgagcatca

gacaattggt

catcaatggc

aaatctttgg

cacgtatttg

gcctataa

ggtccatgtyg

gcaaggcatc

ccgcogcecaag

CygCcygycycCccC

cgagaacatc

gaacggcatc

cgagaagcgc

tgccgcecggaa

tggccaeggtce

ggcccacgcec

tgccaatgaa

agacgttttyg

gggcggatca

agatggtgcg

taaatttggt

gatcggtgca

ccgagcaatt

aggtcataat

agggctgagt

agaaaaattg

acatcacagc

ggaaggtggc

agaagcgaca

ggcgttagcec

tcattacgca

gaaattattt

tggctatggce

ccagatttat

360

420

480

540

600

660

720

780

840

500

524

60

120

180

240

300

360

420

480

540

600

660

720

780

840

500

560

1020

1080

1128
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atgacattcyg

cgtccaaaag

gacgatttag

tttgccgcayg

gatgattttt

gtgagtggtt

tgtgccgaca

ggtggaacac

actgcacggc

agtaaagaag

cgggtatcta

gagggtttac

gaaggcatgc

caacaatttt

cattaaatgc

aaaatgatca

gtgcggatat

ttagtcttge

atgctttagyg

atgccaagtt

agcgtctaac

aaatgcaggc

aacttttaga

ccataatgat

gttttgagcyg

aagcatttat

<210> SEQ ID NO 12

<211> LENGTH:
«212> TYPERE:

1029
DNA

attggaaaaa

Cttaaactca

aacgattggt

caaagaaatyg

agatcgtatt

tggtggﬂtgt

tgcactacca

gcttgcaata

tgctgaggca

acaaacctta

taaagagtca

ccgaatgttc

tgataaacgt

cgtaagggtyg
gaattaattt
tgtatcgtcc
gcagaattaa
gcacagcgtc
gagttagcac
gaagtaactt
ggcaaagcca
gaacaaagtyg
caggctgccy
attaatcgag
cattcagttt

ccagcccaat

<213> ORGANISM: Acinetobacter calcoaceticus

<400> SEQUENCE:

atgactacta
ttaaatcgtc
caagttgagy
cctaaagcat
tcagaagagt
tctaaaaaaa
gcacaggctt
gcaataggtt
ggggtatatt
ctgattgatt
tcacagaact
gttcagagtg
gtgcaagata
agtaaagtgt
ttacagctgc
caggatatct
aaagataaac
ttaggttag

<210>
<21ll>
<212>

<213>
<220>

12

ctgacaatca

cagcgagtct

attggcaagy

tttgtgcagy

ataaagatta

cagtgattgt

gtcatatctt

ttttcceccaga

tggcactgac

atcatgttcc

tagataaatt

aactcagtct

tcgaagaaag

taaatacttt

tagggcgtygg

ggtttgaaca

aaccgcaatyg

SEQ ID NO 13
LENGTH :
TYPE :
ORGANISM: Artificial Sequence
FEATURE:

31
DNA

Cttactcatt

gaacgcgcta

tgatgtaaat

tggtgatatt

tttcattgcet

tttattggat

ggtgagtagt

tgttgcagcy

tggtgatcaa

gagtcagaat

tcatattcag

atggcttgaa

tttgaaaaat

gcaacaacgt

atggtcatta

tggtgatatyg

gcagcagcat

gaacataaaa

tctctagaaa

gttcaggcca

cgctatettt

gaatatgaga

ggatatgtat

gaaaaatcac

acttatttct

atcagtagta

tttgagcgac

aagattattt

gccattcgtce

gaacaagatc

tccteotattyg

cagcaatgta

attgagggtg

aatgcgactt

37

-continued

tgggcttgat

atgaaataaa

ttacaggttc

CCtttccaaa

gtaagccttt

tcatgtgtga

taggtgtcat

aagccatgga

gtttggtggc

aaaaaatagc

cttttgaagt

ttgcgacctt

ttaaacatca

acgctttagyg

tgattaatgc

tattaattaa

atgaaagtta

tgctcaatag

tgggtggtgg

gattttcaat

tatctcegttt

gtgatgcatt

tagaaaatgc

ctgcttatat

agcattttgg

ccaactatca

cdddadadddadc

tgcgtatcga

ttcgagegtt

tagataatat

tacacttaac

tttagcctta

agaaaaagcc

Catttatttt

aattgccgca

Ctttatttat

tcctggtatt

aatgtgtttg

acgcgttttt

ggaaaaatca

gagtttagca

agatcagaaa

ataa

aacaattatt

gattcgtcaa

atcaaatagt

taaaagtgga

cattcgaacg

ttttggttta

gccagaaaca

agatgatgtt

gtatttagat

attcagccaa

ctccagccct

Ccttaaaaat

agtatggaca

cagtttaaag

gcgaaaatta

gattattgat

attaggccaa

60

120

180

240

300

360

420

480

540

600

660

720

774

60

120

180

240

300

360

420

480

540

600

660

720

780

840

500

560

1020

10295
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33

-continued

<223> OTHER INFORMATION: Description of Artificial Sequence:

primer
<400> SEQUENCE: 13

atgcaattta atgaagaaca gctattaatt ¢

<210> SEQ ID NO 14

<211l> LENGTH: 27

<212> TYPE: DHNA

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

<223> OTHER INFORMATION: Description of Artificial Sequence:

primer
<400> SEQUENCE: 14

cagtctgaaa tgactaacct aattggc

<210> SEQ ID NO 15

<211l> LENGTH: 295

<212> TYPE: DNA

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

<223> OTHER INFORMATION: Description of Artificial Sequence:

primer
<400> SEQUENCE: 15

acggaattct gaaggagctg gcaactatg

<210> SEQ ID NO 16

<211> LENGTH: 28

<212> TYPE: DHNA

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

<223> OTHER INFORMATION: Description of Artificial Sequence:

primer
<400> SEQUENCE: 16

ttgtcgactt acttgaccag ggtacgcc

<210> SEQ ID NO 17

<211> LENGTH: 31

<212> TYPE: DHNA

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

<223> OTHER INFORMATION: Description of Artificial Sequence:

primer
<400> SEQUENCE: 17

acagatctgg aggcctgtca tgagtgatta ¢

<210> SEQ ID NO 18

<211> LENGTH: 25

<212> TYPE: DNA

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

<223> OTHER INFORMATION: Description of Artificial Sequence:

primer
<400> SEQUENCE: 18
atgggtaccce attcagacct ccatc
<210> SEQ ID NO 19

<211> LENGTH: 6960
«212> TYPE: DNA

Synthetic

31

Synthetic

277

Synthetic

29

Synthetic

28

Synthetic

31

Synthetic

25
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39

-continued

<213> ORGANISM: Artificial Sequence
<220> FEATURE:
<223> OTHER INFORMATION: Description of Artificial Sequence: Synthetic

plasmid

polynucleotide
<400> SEQUENCE: 19
ggggaattgt gagcggataa caattcccct gtagaaataa ttttgtttaa ctttaataag 60
gagatatacc atgggcagca gccatcacca tcatcaccac agccaggatc cgaattctga 120
aggagctgge aactatgtcg atggccgatce gtgatggegt gatctggtat gacggtgaac 180
tggtgcagtg gcgcgacgcg accacgcacg tgctgaccca taccctgcac tatggaatgg 240
gecgtgttcecga gggcgtgege gectacgaca ccccgcaggg cacggcegatce tteccecgectgc 300
aggcgcatac cgaccggctg ttcgactceceg cgcacatcat gaacatgcag atcceccgtaca 360
gccgecgacga gatcaacgag gcgacccecgceg ccgcecgtgeg cgagaacaac ctggaaagcg 420
cctatatccg cccgatggtg ttectacggaa gcgaaggcat gggcectgcege gcecageggced 480
tgaaggtcca tgtgatcatc gccgcecctgga getggggcege ctacatggge gaggaagcecc 540
tgcagcaagg catcaaggtg cgcaccagtt ccttcacceg ccaccacgtce aacatctcecga 600
tgacccgcocge caagtccaac ggcegcectaca tcaactcgat gcectggcececctce caggaagcga 660
tctcoccggegg cgcecgacgag gccatgatge tcgatccgga aggctacgtyg gcecgaaggcet 720
ccggcgagaa catcttcatce atcaaggatg gcecgtgatcta caccceccggaa gtcaccgect 780
gcctgaacgyg catcactcecgt aacactatcce tgaccctgge cgceccgaacac ggttttaaac 840
tggtcgagaa gcgcatcacce cgcgacgagg tgtacatcgce cgacgaggcece ttcecttcactg 900
gcactgccge ggaagtcacyg ccgatccecgeg aagtggacgg tcegcaagatc ggcegooggcec 960
gcecegtggece ggtcaccgaa aagctgcaga aagcectattt cgacctggtce agcecggcaaga 1020
ccgaggccca cgcecgagtgg cgtaccctgg tcaagtaagt cgacaagcett geggecgcat 1080
aatgcttaag tcgaacagaa agtaatcgta ttgtacacgg ccgcataatc gaaattaata 1140
cgactcacta taggggaatt gtgagcggat aacaattccc catcttagta tattagttaa 1200
gtataagaag gagatataca tatggcagat ctggaggcct gtcatgagtg attacgagcc 1260
gttgcgtctyg catgtcceccecgg agcccaccgg gcecgtcecctggce tgcaagaccyg acttttecta 1320
tctgcacctg tcoccecececgecg gegaggtacg caagcecgecg gtggatgtceg agececcgecga 1380
gaccagcgac ctggcctaca gectggtacg tgtgctcgac gacgacggcecoe acgcecgtcegg 1440
tccctggaat ccgcagcectca gcaacgaaca actgctgcege ggcatgeggg cgatgcetcaa 1500
gacccgectyg ttcecgacgege gcatgctcac cgcecgcaacgg cagaaaaagce tttecttceta 1560
tatgcaatgce ctcecggcgagg aagccatcge caccgceccac accctggecce tgcgcgacgg 1620
cgacatgtge tttccgacct atcgccagca aggcatcecctg atcacceccgeg aatacccgcet 1680
ggtggacatg atctgccagce ttctcectceccaa cgaggcecgac ccgctcaagg gcecgcecagcet 1740
gccecgatcatyg tactcgagca aggaggcagg tttcecttcectec atcteccecggca acctegecac 1800
ccagttcatce caggcggtcg gcectggggcat ggcectceggeg atcaagggceyg acacgcegceat 1860
cgecteggece tggatcggeg acggcgcecac cgcecgagtceg gacttceccaca ccegecectceac 1920
cttcgcccat gtctaccgcecg cgceccggtaat cctcaacgtg gtcaacaacce agtgggcgat 1980
ctccacctte caggccatcg ccggcggcga aggcaccacce ttcecgceccaacce gtggcegtggg 2040
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ctgcgggatc
cgagtgggcc
ctaccgcgcce

ctggaccaac

cggcatctgy
ggccgegceay
cgccagcatyg
ggagctcggy
atgaccatga
gtggtggtat
ctgcagaaga
atcggcegcecy
gccgactacg
cgctecggecy
tacggcgggc
cgcacggtga
aacgacgacc
caccacgacc
tactacaagyg
ctgacctacyg
gccgagatca
gtgaagaaga
gccgagcetga
cgcegtcaccy
ccoegegeygcy
tctggtaaag
gcagcttaat
gcctctaaac
gtcacactgc
taacgaccct
cttgaacgaa
tggacaaatt
taagcctgtc
cagtcggcag
gacaacgtaa
gttaaggttt
tcecgeegety

agatcaatgt

gcctcgectge

gecgagegcey

ggcccgcact

ttccecgetgy

t cggaggaac

aaacaggcgyg

ttcgaggacy

gtatgaatgc

tccaggcgcet

tcggccagga

aatacggcac

cggtcggcat

tctaccecggc

gcgacttcat

aaacgcacag

tgccgtccaa

cggtgatctt

gcccggtgac

tgccgetgga

gcaccatggt

tcgacctygey

ccggecgcetyg

tgtcgcectggt

gttgggacac

tﬂggﬂgﬂggﬂ

aaaccgctgce

taacctaggc

gggtcttgag

ttccggtagt

gccctgaacc

ttgttagaca

cttccaactg

tagcttcaag

cgacatcctt

gcactacatt

catttagcgc

gacctaccaa

cgatcgtggc

gggtcgacgg

ccecggegcaa

cgacttcgga

gcgacccgat

agcacgaagc

agagccatgg

tctatgcaga

catgaacccy

gegeteggeyg

cgtcocggctac

ctcgecgggtg

gggtgcctac

ctccgaccag

cgtgccacgaty

ccagagcccy

ccectacgac

cctcocgagcecc

gccctggtcec

caagqcdyCcd

ctacgtggcc

cagcctcectgy

cgtcatcgcec

gcaggagcac

cccctacccg

attcaagcgt

tgcgaaattt

tgctgcecacc

gggttttttyg

caataaaccg

gacdaccydydy

ttatttgccg

atctgocgcegc

tatgacgggc

cggcgcogatt

tcgctceatceyg

ctcaaataga

ggcaacgcta

tggctcgaayg

caatgacttc

cctegggecy

cgacccgtcec

cgcccgecty

cacccacaad

caccctgatc

actgccggag

caacacgaga

atggacatca

ctcggcggcyg

ttcgatgcgc

ggcctgcecgec

ttgatctcey

accgtacgca

gaggcgatgt

gccaagggcec

aagcgcctcet

aagcatccgy

atcgtcocgcec

cagyCccygcdy

ccgcetggacc

cacgaggcga

tgcttceccacc

catgcccagy

gtgatggagyg

gaacgccagc

gctgagcaat

ctgaaacctc

gtaaaccagc

tcatcgtggc

actaccttgyg

gaggccaagc

tgatactggy

ttgccggtta

ccagcccagt

tcctgttcecayg

tgttctettyg

atacctgcaa

40

-continued

ctggcggtcet
agcctgatcy
aagtaccgcc
aagcggcaca
gccctcgaag
gacggccggy
cacctgcgcec
acgcccagac
tgctcgagcy
tgttccgcecty
cgatctccga
cggtggtgga
aggcdggcgced
tgccctgtgy
tcacccaggt
tgctgatcgce
acaacggccc
ccagccaggt
ccggegeygyce
ccgacgagac
tggaaaccat

cccgcaccetyg

acctggaggc
agtgggcgta
tctgaatggy
acatggactc
aactagcata
aggcatttga
aatagacata
cggatcttgc
tgatctcgec
gatcttctte
ccyggcagygcey
ctgcgctgta
cgggceggcega
gaaccggatc
cttttgtcag

gaatgtcatt

acgccgectce

aatgggtcac

ccgcocgacga

tgatcggcct

ccgaagtact

tgccgagcecgce

ggcaacgcca

ggtcaccagc

cgacgacgac

caccgaaggc

gagcggcatc

gatccagttc

cctgecgcetat

cggcggceatc
ctgcggecty
ctgcatcgag
gttcgatggce
gcecggacggyc
gctgaccgtyg
cggcctggac
cgtcecgcctcy
cgggttegge
gccgatcgag
tttccececegygce
taccctcgayg
gtctactagce
acccecttggy
gaagcacacyg
agcggctatt
ggcccctegyg
tttcacgtag
ttgtccaaga
ctccattgec
ccaaatgcgyg
gttccatagc
aaagagttcc
caagatagcc

gcgctgecat

2100

2160

2220

2280

2340

2400

2460

2520

2580

2640

2700

2760

2820

2880

2940

3000

3060

3120

3180

3240

3300

3360

3420

3480

3540

3600

3660

3720

3780

3840

3900

3960

4020

4080

4140

4200

4260

4320
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tctccaaatt

acaatggtga

aaaaggtcgt

agcaaatcaa

acggccagca

gtcgatactt

atttatcagy

caaatagcta

acacatacaa

acagcagggc

taaacagacyg

gtacgggcga

ttgcgctctc

cgggaagtgt

tcgctcecaay

cggtaactgt

cattggtaac

tgtgcgccaa

cagttaccac

ggtggttttt

tcotttgatc

agcacctgaa

gcccaccgga

gcctaatgag

ggaaacctgt

cgtattgggc

cCttcaccgcce

gcgaaaatcc

gtcgtatccce

cattgcgccc

attcagcatt

cgctatcggc

cgccgagaca

cagatgctcc

tgtctggtca

aatggcatcc

aagattgtgc

cacgctggca

gcagttcgey
cttctacagce
tgatcaaagc
tatcactgtg
acgtcggttc
cggcgatcac
gttattgtct
gctcactcgy
agttacccac
cgegeceggtyg
cttttceggt
aacccgacag
ctgttccgac
ggcgctttcet
ctgggctgta
tcacttgagt
tgggagttcg
agtccggcta
ggttaagcag
tcgtttacag
ttttctactyg
gtcagcccca
aggagctgac
tgagctaact
cgtgccagct
gccagggtgyg
tggccctgag
tgtttgatgg
actaccgaga
agcgccatct
tgcatggttt
tgaatttgat
gaacttaatyg
acgcccagtc
gagacatcaa
tggtcatcca
accgcecgcett

cccagttgat

cttagctgga

gcggagaatc

tcgcoccgegtt

tggcttcagy

gagatggcgce

CgﬂttCCCtC

catgagcgga

tcgctacgcet

agattccgtyg

gcgtttttece

gcatctgtgyg

gacttaaaga

cctgceogttt

catagctcac

agcaagaact

ccaacccgga

cagaggattt

cactggaagyg

ttccceccecaact

ggcaaaagat

aaccgctcta

tacgatataa

tgggttgaag

tacattaatt

gcattaatga

CCCCCCCELLE

agagttgcag

tggttaacgyg

tgtccgcacc

gatcgttggce

gttgaaaacc

tgcgagtgag

ggcccgcetaa

gcgtaccgtce

gaaataacgc

gcggatagtt

tacaggcttc

cdygcygcdadga

taacgccacy

tcgectcetcetce

gtttcatcaa

ccgccatcca

tcgatgacgc

atactcttcc

tacatatttg

ccgggcgtga

gataagcagyg

ataggctccyg

gagccgtgag

tcceccaccgt

accggatacc

acactggtat

ccececgtteayg

aaagcacggt

gtttagctaa

acagatttgg

gacttaacct

tacgcgcaga

gatttcagtyg

gttgtaattc

gctctcaagyg

gcgttgeget

atcggccaac

caccagtgag

caagcggtcec

cgggatataa

aacgcgcagc

aaccagcatc

ggacatggca

atatttatgc

cagcgcegatt

ttcatgggag

cggaacatta

aatgatcagc

gacgccgcett

tttaatcgcec

41

-continued

gaatgatgtc

cagdgydaagc

gccttacggt

ctgcggagcc

caactacctc

CtLttcaata

aatgtattta

gactgcggcg

ggactaacat

ccectectgcec

gctcaaccat

ttccggcgygyg

tgttccecgect

ctcggctegy

cccgactget

ddaacdCCdac

acacgcggtt

ttgctgtget

tcgatcaaac

aaaaaaggat

caatttatct

tcatgttagt

gcatcggtcyg

cactgcccgce

gcegcdygggay

acgggcaaca

acgctggttt

catgagctgt

ccggactcegyg

gcagtgggaa

ctccagtcgce

cagccagcca

tgctggtgac

aaaataatac

gtgcaggcag

ccactgacgc

cgttctacca

gcgacaattt

gtcgtgcaca

cgaagtttcc

caccgtaacc

gtacaaatgt

tgatagttga

ttattgaagc

gaaaaataaa

ggcgetgegy

gtgaggcaaa

agagttcaca

gaatctgaca

tcgctcecctce

Ctctcecectta

tgtaggtcgt

gcgcecttatce

tggcagcagc

gctcttgaag

ctgcgaaagc

cacctccecca

ctcaagaaga

cttcaaatgt

catgccccgce

agatcccggt

tttccagtcg

aggcggtttg

gctgattgec

gcccoccagceag

cttcggtatce

taatggcgcyg

cgatgccctce

cttccegttce

gacgcagacyg

ccaatgcgac

tgttgatggg

cttccacagc

gttgcgegag

tcgacaccac

gegacgygege

4380

4440

4500

4560

4620

4680

4740

4800

4860

4920

4980

5040

5100

5160

5220

5280

5340

5400

5460

5520

5580

5640

5700

5760

5820

5880

5940

6000

6060

6120

6180

6240

6300

6360

6420

6480

6540

6600
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42

-continued

gtgcagggcce agactggagg tggcaacgcc aatcagcaac gactgtttgce ccgceccagttyg 6660
ttgtgccacg cggttgggaa tgtaattcag ctccgccatc gceccgcttcecca ctttttececy 6720
cgttttcgca gaaacgtggce tggcctggtt caccacgcecgyg gaaacggtcet gataagagac 6780
accggcatac tctgcgacat cgtataacgt tactggtttc acattcacca ccctgaattyg 6840
actctcttece gggcecgctatce atgccatacce gcecgaaaggtt ttgcecgceccatt cgatggtgtce 6900
cgggatctcecg acgctctcecece ttatgcecgact cctgcattag gaaattaata cgactcacta 6960
<210> SEQ ID NO 20
<211> LENGTH: 8757
<212> TYPE: DNA
<213> ORGANISM: Artificial Sequence
<220> FEATURE:
223> QOTHER INFORMATION: Description of Artificial Sequence: Synthetic

plasmid polynucleotide
<400> SEQUENCE: 20
caaggagatg gcgcccaaca gtccceccegge cacggggcect gceccaccatac ccacgcecgaa 60
acaagcgctce atgagcccga agtggcgagce ccgatcttcece ccatcggtga tgtcecggcecgat 120
ataggcgcca gcaaccgcac ctgtggcecgcece ggtgatgceceg gccacgatgce gtceccecggcegta 180
gaggatcgag atctcgatcce cgcgaaatta atacgactca ctatagggga attgtgagcg 240
gataacaatt cccctctaga aataattttg tttaacttta agaaggaatt caggagccct 300
tatgcaattt aatgaagaac agctattaat tcaggatatg gcgaaaagtt ttgccaatga 360
acagattaaa tctaatgcag cagaatggga taagcatagc atttttccaa aagacgtttt 420
gtcccaaatg gggcaattgg gttttatggg aatgectggtg agtgagaaat ggggcggatc 480
aaatacagga aatttagctt atgtgctggce acttgaagaa atcgctgcecg cagatggtgc 540
gacttcaacc attatgagtg tacataattc tgttggctgt gtacccattg ctaaatttgg 600
tacagaggag caaaagcaga aatatctagt gcctttagca caaggtgaaa tgatcggtgc 660
atttgcttta acggaaccac atacaggttc cgatgccgca gccattaaaa cccgagcaat 720
taaacaaggt gatgaatgga ttattaatgg cgctaaacaa tttataacat caggtcataa 780
tgcgggcecgtyg attattgtat ttgctgtgac agatccgaat gcagggaaaa aagggctgag 840
tgcatttatt gtgccgcecgtg aaaccttggg ttatgaggtg attcgcaccg aagaaaaatt 900
gggtttacat gcgtcagata cgtgccaaat tgctttaacg gatgttcgag tacatcacag 960
cttaatgctt ggtcaggaag dtgagggact aaaaatagca ttgtctaatc tggaaggtgg 1020
ccgtattggg attgcagcegce aagceccegttgg tttggcacgt gcectgcactag aagaagcgac 1080
aaaatatgcc aaagagcgtg tgacctttgg aaagectatt tttgagcatce aggcgttagce 1140
ctttcgttta gccagtatgg ccacagaaat tgaagcagca cgacaattgg ttcattacgc 1200
agcgceggett aaagaagctg gaaaaccttg tttaaatgaa gcatcaatgg cgaaattatt 1260
ttcatctgaa atggtcgaac gcgtatgttc tgctgctttg caaatctttg gtggctatgg 1320
ctatttaaaa gactttccca tcgagcgaat ttatcgtgat gcacgtattt gccagattta 1380
tgaaggtaca agtgatattc agcgtttagt gatagcaaga agcctataac tgacctttgc 1440
tgctgtattt ttatcataaa attaagataa ggattctaaa aatgacattc gcaacaattt 1500
tattggaaaa acgtaagggt gtgggcttga ttacacttaa ccgtccaaaa gcattaaatg 1560
ctttaaactc agaattaatt tatgaaataa atttagcctt agacgattta gaaaatgatc 1620
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aaacgattgyg

tcaaagaaat

cagatcgtat

gtggtggctyg

ttgcactacc

cgcttgcaat

ctgctgaggc

aacaaacctt

ttaaagagtc

gccgaatgtt

ttgataaacyg

acaatcattt

cgagtctgaa

ggcaaggtga

gtgcaggtgg

aagattattt

tgattgtttt

atatcttggt

tcccagatgt

cactgactgy

atgttccgayg

ataaatttca

tcagtctatyg

aagaaagttt

atactttgca

ggcgtggatyg

ttgaacatgyg

cgcaatggca

ttcagactga

ctcggtetey

tgctaacaaa

ataacccctt

atccggatat

tccagggtga

tgactgcgtt

tgtcaaacat

aggttaatgt

tgcgcggaac

ttgtatcgtc

ggcagaatta

tgcacagcgt

tgagttagca

agaagtaact

aggcaaagcc

agaacaaagt

acaggctygcc

aattaatcga

ccattcagtt

tccagcccaa

actcattgaa

cgcgctatcet

tgtaaatgtt

tgatattcgc

cattgctgaa

attggatgga

gagtagtgaa

tgcagcgact

tgatcaaatc

tcagaatttt

tattcagaag

gcttgaagcc

gaaaaatgaa

acaacgttcc

gtcattacag

tgatatgatt

gcagcataat

agggcgagct

attctacgcy

gcccgaaagqgq

ggggcctcta

cccgcaagag

cggtgccgag

agcaatttaa

gagaattaat

catgataata

cccotatttgt

cttacaggtt

acttttccaa

cgtaagcctt

ctcatgtgtyg

ttaggtgtca

aaagccatgyg

ggtttggtgyg

gaaaaaatag

gcttttgaag

tttgcgacct

tttaaacatc

cataaaaacg

ctagaaatga

caggccatat

tatctttatg

tatgagatgc

tatgtattygg

aaatcacgat

Catttcttat

agtagtagtyg

gagcgactag

attatttctg

attcgtcagc

caagatccca

tctattgcaa

caatgtatgc

gagggtgttc

gcgactttag

caattcgaag

taccggtcat

aagctgagtt

aacgggtctt

gcccggcagt

gatgacgatg

ctgtgataaa

tcttgaagac

atggtttett

CCatttttct

cagaaaaagc

atatttattt

taattgccgc

actttattta

ttcctggtat

aaatgtgttt

cacgcgtttt

cggaaaaatc

tgagtttagc

tagatcagaa

aataatagga

ctttaggaac

ttaatgcgat

taattaaatc

aaagttataa

tcaatagcat

gtggtggttt

tttcaatgcc

ctcgtttaga

atgcattgta

aaaatgcatt

Cttatatctc

attttggtcet

actatcaagt

dddaddccad

gtatcgagcyg

gagcgttgat

ataatatatt

cttgaaggta

catcaccatc

ggctgctgcec

gaggggtttt

accggcataa

agcgcattgt

ctaccgcatt

gaaagggcct

agacgtcagyg

aaatacattc

43

-continued

ctttgccgcea

tgatgatttt

agtgagtggt

ttgtgccgac

tggtggaaca

gactgcacgyg

tagtaaagaa

acgggtatct

agagggttta

agaaggcatg

tgaagcgatg

aattatttta

tcgtcaacaa

aaatagtcct

aagtggatca

tcgaacgtcet

tggtttagca

agaaacagca

tgatgttggg

tttagatctg

cagccaatca

cagccctgtt

taaaaatgtg

atggacaagt

tttaaagtta

aaaattacag

tattgataaa

aggccaatta

agcctatccc

accattgagt

accgctgagce

ttgctgaaag

ccaagcctat

tagatttcat

aaagcttatc

cgtgatacgc

tggcactttt

aaatatgtat

ggtgcggata

tttagtcttg

tatgctttag

aatgccaagt

cagcgtctaa

caaatgcagg

gaacttttag

accataatga

cgttttgagce

caagcattta

actactactg

aatcgtccag

gttgaggatt

aaagcatttt

gaagagtata

ddadaddacdaygd

caggcttgtce

ataggttttt

gtatatttgg

attgattatc

cagaacttag

cagagtgaac

caagatatcg

aaagtgttaa

cagctgctag

gatatctggt

gataaacaac

ggttagtcat

Caaccctctce

ttgatccggce

aataactagc

gaggaactat

gcctacagca

acacggtgcc

gatgataagc

Ctatttttat

cggggaaatg

ccgcectcecatga

1680

1740

1800

1860

1920

1980

2040

2100

2160

2220

2280

2340

2400

2460

2520

2580

2640

2700

2760

2820

2880

2940

3000

3060

3120

3180

3240

3300

3360

3420

3480

3540

3600

3660

3720

3780

3840

3900
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gacaataacc

atttccgtgt

cagaaacgct

tcgaactgga

caatgatgag

ggcaagagca

cagtcacaga

taaccatgag

agctaaccgc

cggagctgaa

caacaacgtt

taatagactyg

ctggctggtt

cagcactggy

aggcaactat

attggtaact

CCtaatttaa

aacgtgagtt

gagatccttt

Cggtggtttg

gcagagcgca

agaactctgt

ccagtggcga

cgcagceggtc

acaccgaact

gaaaggcygda

ttccaggggg

agcgtcegatt

cggecttttt

tatcccctga

gcagccgaac

ggtattttct

aatctgctct

gtcatggctyg

ctceccecggceat

ttttcaccgt

tgaagcgatt

agcgttaatyg

ctgataaatyg

cgccecttatt

ggtgaaagta

tctcaacagc

cacttttaaa

actcggtcgc

aaagcatctt

tgataacact

ttttttgcac

tgaagccata

gcgcaaacta

gatggaggcyg

tattgctgat

gccagatggt

ggatgaacga

gtcagaccaa

aaggatctag

ttcgttccac

ttttetgege

tttgccggat

gataccaaat

agcaccgcct

taagtcgtgt

gggctgaacg

gagataccta

caggtatccyg

aaacgcctgy

tttgtgatgc

acggttcctyg

ttctgtggat

gaccgagcgc

ccttacgcat

gatgccgcat

cgccccgaca

ccgcttacag

catcaccgaa

cacagatgtc

tctggettet

cttcaataat

cccotttttty

aaagatgctyg

ggtaagatcc

gttctgetat

cgcatacact

acggatggca

gcggccaact

aacatggggyg

ccaaacgacyg

ttaactggcy

gataaagttg

aaatctggag

aagccctccc

aatagacaga

gtttactcat

gtgaagatcc

tgagcgtcag

gtaatctgct

caagagctac

actgtccttce

acatacctcg

cttaccgggt

gggggttcgt
cagcgtgagc
gtaagcggca
tatctttata
tcgtcaggygyg
gcettttget
aaccgtatta
agcgagtcag
ctgtgcggta
agttaagcca
cccgcocaaca
acaagctgtg
acgcgcygaygy
tgcctgttcea

gataaagcgg

attgaaaaag

cggcattttyg

aagatcagtt

ttgagagttt

gtggcgeggt

attctcagaa

tgacagtaag

tacttctgac

atcatgtaac

agcgtgacac

aactacttac

caggaccact

ccggtgagcg

gtatcgtagt

tcgctgagat

atatacttta

tttttgataa

accccgtaga

gcttgcaaac

caactctttt

tagtgtagcc

ctctgctaat

tggactcaag

gcacacagcc

tatgagaaag

gggtcggaac

gtcctgtcogyg

ggcggagcct

ggccttttgce

ccgectttga

tgagcgagga

Cttcacaccg

gtatacactc

ccecgcetgacy

accgtcetcecyg

cagctgcggt

tccgegtceca

gccatgttaa

44

-continued

gaagagtatyg

ccttectgtt

gggtgcacga

tcgcoccceccecgaa

attatcccgt

tgacttggtt

agaattatgc

aacgatcgga

tcgecttgat

cacgatgcct

tctagcecttece

tctgcgetcog

tgggtctcgce

tatctacacg

aggtgcctca

gattgattta

tctcatgacc

aaagatcaaa

ddaaaaaacca

tccgaaggta

gtagttaggc

cctgttacca

acgatagtta

cagcttggag

cgccacgcett

daddagagcycC

gtttcgccac

atggaaaaac

tcacatgttc

gtgagctgat

agcgygaagay

caatggtgca

cgctatcgcet

cgccctgacyg

ggagctgcat

aaagctcatc

gctcecgttgag

gggﬂggtttt

agtattcaac

tttgctcacc

gtgggttaca

gaacgttttc

gttgacgccy

gagtactcac

agtgctgcca

gygaccdaadd

cgttgggaac

gcagcaatgyg

cggcaacaat

gcccttocecgy

ggtatcattyg

acggggagtc

ctgattaagc

aaacttcatt

aaaatccctt

ggatcttett

ccgctaccag

actggcttca

caccacttca

gtggctgcetg

ccggataagyg

cgaacgacct

cccgaaggga

acdagyyagc

ctctgacttyg

gccagcaacyg

tttcctgegt

accgctegec

cgcctgatge

ctctcagtac

acgtgactgyg

ggcttgtctyg

gtgtcagagg

agcgtggtceg

tttcteccaga

ttcctgtttyg

3960

4020

4080

4140

4200

4260

4320

4380

4440

4500

4560

4620

4680

4740

4800

4860

4920

4980

5040

5100

5160

5220

5280

5340

5400

5460

5520

5580

5640

5700

5760

5820

5880

5940

6000

6060

6120

6180
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gtcactgatg

cgdagagagyga

tgtgagggta

caatgccagc

gcgatgcaga

gaaacacgga

cagtcgcettc

cgccagcecta

ccaacgctgc

ttctgccaayg

cttggagtgg

ggctccatgce

tccatgccaa

gtccaatgat

ggtcgtcatc

aagcgagaag

cgtagcccag

tggtggcggy

gcgacaggcc

gegetgecegyg

cgatagtcat

tcggtcgaga

tgcccecgettt

cgg9ggagaygy

ggcaacagct

ctggtttgcec

gagctgtctt

gactcggtaa

gtgggaacga

cagtcgectt

ccagccagac

tggtgaccca

ataatactgt

caggcagctt

ctgacgcgtt

tctaccatcg

acaatttgcyg

tgtttgcccy

cctecgtgta

tgctcacgat

aacaactggc

gcttcgttaa

tccggaacat

aaccgaagac

acgttcgctc

gccgggtect

ccgagatgcey

ggttggtttyg

tgaatccgtt

accgcgacgc

cccgttccat

cgaagttagy

tacctgcectyg

aatcataatg

cgcgtoggcec

accagtgacy

gatcatcgtc

cacctgtcct

gccococgoegcod

tccocggtygec

ccagtcggga

cggtttgegt

gattgccctt

ccagcaggcy

cggtatcgtc

tggcgcgcat

tgccctceatt

ccegttecge

gcagacgcgc

atgcgaccag

tgatgggtgt

ccacagcaat

gcgcgagaag

dcaccaccdac

acggcgcgtg

ccagttgttyg

agggggattt

acgggttact

ggtatggatyg
tacagatgta
aatggtgcag
cattcatgtt
gcgtatcggt
caacgacagg
ccgegtgedgg
cgcattcaca
agcgaggtgc
aacgcgggga
gtgctcgcecy
ctggtaagag
gacagcatgg
gdgaaggcca
gccatgccgy
aaggcttgag
gcgctcecagce
acgagttgca
caccggaagyg
taatgagtga
aacctgtcgt
attgggcgcc
caccgcectygg
aaaatcctgt
gtatcccact
tgcgcccagce
cagcatttgc
tatcggctga
cgagacagaa
atgctccacyg
ctggtcagag
ggcatcctgy
attgtgcacc

gctggcaccc

cagggccaga

tgccacgcgy

ctgttcatgyg

gatgatgaac

CggCygyygacc

ggtgttccac

ggcgctgact

gttgctcagyg

gattcattct

agcacgatca

ctgctggaga

gttctccgcea

cgccocggcettc

ggcagacaag

aggcggcata

ccgcocgagcega

cctgcaacgc

tccagcecteyg

cgataatggc

cgagggegtyg

gaaagcggtc

tgataaagaa

agctgactygy

gctaacttac

gccagctgca

agggtggttt

ccectgagaga

ttgatggtgg

accgagatat

gccatctgat

atggtttgtt

atttgattgc

cttaatgggc

cccagtegey

acatcaagaa

tcatccagcy

gccgctttac

agttgatcgyg

ctggaggtgyg

ttgggaatgt

45

-continued

gggtaatgat

atgccocggtt

agagaaaaat

agggtagcca

tccgegttte

tcgcagacgt

gctaaccagt

tgcgcacccey

tggcggacgc

agaattgatt

cattcaggtc

gtatagggcg

aatcgcegtyg

tccttgaagce

gggcatcccyg

cgtcgcocgaac

ctgctteteg

caagattccg

ctcgccgaaa

gacagtcata

gttgaaggct

attaattgcg

ttaatgaatc

CECcttttcac

gttgcagcaa

ttaacggcgyg

ccgcacCcaac

cgttggcaac

gaaaaccgga

gagtgagata

ccgctaacag

taccgtcecttce

ataacgccgyg

gatagttaat

aggcttcgac

cgcgagattt

caacgccaat

aattcagctc

accgatgaaa

actggaacgt

cactcagggt

gcagcatcct

cagactttac

tttgcagcag

aaggcaaccc

tggccaggac

gatggatatg

ggctccaatt

gaggtggccc

gcgcectacaa

acgatcagcg

tgtcccectgat

atgccgcecgyg

gccagcaaga

ccgaaacgtt

aataccgcaa

atgacccaga

agtgcggcga

ctcaagggca

ttgcgcectcac

ggccaacgcy
cagtgagacg
gcggtccacy
gatataacat
gcgcagoccy
cagcatcgca
catggcactc
tttatgccag
cgcgatttge
atgggagaaa
aacattagtg
gatcagccca
gccgcettegt
aatcgccgcg
cagcaacgac

cgccatcecgec

6240

6300

6360

6420

6480

6540

6600

6660

6720

6780

6840

6900

6960

7020

7080

7140

7200

7260

7320

7380

7440

7500

7560

7620

7680

7740

7800

7860

7920

7980

8040

8100

8160

8220

8280

8340

8400

8460
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46

-continued

gcttceccactt tttcececegegt tttegcagaa acgtggcectgg cctggttcac cacgcgggaa 8520
acggtctgat aagagacacc ggcatactct gcgacatcgt ataacgttac tggtttcaca 8580
ttcaccacce tgaattgact ctcecttcececggg cgctatcatg ccataccgceg aaaggttttg 8640
cgccattcecga tggtgtccgg gatctcgacg ctcectecctta tgcgactcect gcattaggaa 8700
gcagcccagt agtaggttga ggccecgttgag caccgcecgec gcaaggaatg gtgcatg 8757
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<210> SEQ ID NO 21

<211> LENGTH: 28

<212> TYPE: DNA

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

<223> OTHER INFORMATION: Description of Artificial Sequence: Synthetic

primer
<400> SEQUENCE: 21

attatcccat ggggagaaca ttaaaagc

<210> SEQ ID NO 22

<211> LENGTH: 26

<212> TYPE: DNA

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

28

<223> OTHER INFORMATION: Description of Artificial Sequence: Synthetic

primer
<400> SEQUENCE: 22

cgggatcctt acttttcaat atatcc

1. A cell which has been genetically modified 1n compari-
son with its wild type in such a way that 1t 1s capable of
forming more 3-hydroxyisobutyric acid or polyhydroxyal-
kanoates based on 3-hydroxyisobutyric acid in comparison
with 1ts wild type.

2. The cell as claimed 1n claim 1, where the formation of
3-hydroxyisobutyric acid or of polyhydroxyalkanoates based
on 3-hydroxyisobutyric acid takes place via methylmalonate
semialdehyde as precursor.

3. The cell as claimed 1n claim 2, where the cell 1s capable
of forming 3-hydroxyisobutyric acid or polyhydroxyal-
kanoates based on 3-hydroxyisobutyric acid via succinyl-
coenzyme A as intermediate.

4. The cell as claimed 1n claim 3, where the cell features an
activity of an enzyme E,, which catalyzes the conversion of
succinyl-coenzyme A 1nto methylmalonyl-coenzyme A,
which 1s increased 1n comparison with 1ts wild type.

5. The cell as claimed 1n claim 4, where the enzyme E, 1s a
methylmalonyl-coenzyme A mutase (EC 5.4.99.2).

6. The cell as claimed 1n claim 3, where the cell features an

[

activity of at least one of the following enzymes E, to E,
which 1s increased 1n comparison with 1ts wild type:

of an enzyme E., which catalyzes the conversion of meth-
ylmalonyl-coenzyme A into methyl malonate;

of an enzyme E, which catalyzes the conversion of methyl
malonate 1into methylmalonate semialdehyde;

of an enzyme E_, which catalyzes the conversion of meth-
ylmalonate semialdehyde into 3-hydroxyisobutyrate.

26

7. The cell as claimed in claim 6, where the enzyme

E, 1s a methylmalonyl-coenzyme A hydrolase (EC 3.1.2.
17),

E, 1s an aldehyde dehydrogenase (EC 1.2.1.3) or an alde-
hyde oxidase (EC 1.2.3.1) and

E, 1s a3-hydroxyisobutyrate dehydrogenase (EC 1.1.1.31)
or a 3-hydroxyacyl-coenzyme A dehydrogenase (EC
1.1.1.35).

8. The cell as claimed 1n claim 3, where the cell features an

activity of at least one of the followingenzymes E, E-, E_ and
E- which 1s increased in comparison with 1ts wild type:

of an enzyme E_, which catalyzes the conversion of (R)
methylmalonyl-coenzyme A into (S) methylmalonyl-
coenzyme A;

of an enzyme E., which catalyzes the conversion of (S)
methylmalonyl-coenzyme A 1nto propionyl-coenzyme
Aj

of an enzyme E., which catalyzes the conversion of pro-
pionyl-coenzyme A into methylmalonate semialdehyde;

of an enzyme E_,, which catalyzes the conversion of meth-
ylmalonate semialdehyde into 3-hydroxyisobutyric
acid.

9. The cell as claimed in claim 8, where the enzyme
E, 1s a methylmalonyl-coenzyme A epimerase (EC 5.1.99.
1)

E- 1s a methylmalonyl-coenzyme A decarboxylase (EC
4.1.1.41),

E. 1s a methylmalonate-semialdehyde dehydrogenase (EC
1.2.1.27), and
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E. 1s a 3-hydroxyisobutyrate dehydrogenase (EC 1.1.1.31)
or a 3-hydroxyacyl-coenzyme A dehydrogenase (EC
1.1.1.35).

10. Thecell as claimed in claim 3, where the cell features an
activity of at least one of the following enzymes E,, E< and E,
which 1s increased 1n comparison with 1ts wild type:

of an enzyme E-, which catalyzes the conversion of meth-
ylmalonyl-coenzyme A into propionyl-coenzyme A;

of an enzyme E., which catalyzes the conversion of pro-
pionyl-coenzyme A 1nto methylmalonate semialdehyde;

of an enzyme E_,, which catalyzes the conversion of meth-
ylmalonate semialdehyde into 3-hydroxyisobutyric
acid.

11. The cell as claimed 1n claim 10, where the enzyme

E- 1s a methylmalonyl-coenzyme A decarboxylase (EC
4.1.1.41),

E. 1s a methylmalonate-semialdehyde dehydrogenase (EC
1.2.1.27), and

E. 1s a 3-hydroxyisobutyrate dehydrogenase (EC 1.1.1.31)
or a 3-hydroxyacyl-coenzyme A dehydrogenase (EC
1.1.1.35).

12. Thecell as claimed in claim 3, where the cell features an
activity of at least one of the following enzymes E,, and E_
which 1s increased 1n comparison with 1ts wild type:

of an enzyme E_., which catalyzes the conversion of
L-glutamate into 2-oxoglutarate;

of an enzyme E,,, which catalyzes the conversion of 2-oc-
toglutarate 1nto succinyl-coenzyme A.

13. The cell as claimed 1n claim 12, where the enzyme
E,«1s a glutamate synthase (EC 1.4.1.130orEC 1.4.1.14), a

glutamate dehydrogenase (EC 1.4.1.2, EC1.4.1.3 orEC
1.4.1.4) or an aspartate transaminase (EC 2.6.1.1 or EC
2.6.1.2) and

E,. 1s a 2-oxoglutarate synthase (EC 1.2.7.3).

14. The cell as claimed 1n claim 2, where the cell 1s capable
of forming 3-hydroxyisobutyric acid or polyhydroxyal-
kanoates based on 3-hydroxyisobutyric acid via propionyl-
coenzyme A as mtermediate.

15. The cell as claimed 1n claim 14, where the cell features
an activity of at least one of the following enzymes E,, E< and
E. - to E<, which 1s increased in comparison with 1ts wild type:

of an enzyme E_,, which catalyzes the conversion of

acetyl-coenzyme A into malonyl-coenzyme A;

of an enzyme E_ ., which catalyzes the conversion of malo-

nyl-coenzyme A ito malonate semialdehyde;

of an enzyme E,,, which catalyzes the conversion of mal-

onate semialdehyde 1nto 3-hydroxypropionate;
of an enzyme E.,, which catalyzes the conversion of 3-hy-
droxypropionate into 3-hydroxypropionyl-coenzyme A ;

of an enzyme E.,, which catalyzes the conversion of 3-hy-
droxypropionyl-coenzyme A 1nto acryloyl-coenzyme
Aj

of an enzyme E.,, which catalyzes the conversion of acry-
loyl-coenzyme A 1nto propionyl-coenzyme A;

of an enzyme E., which catalyzes the conversion of pro-
pionyl-coenzyme A into methylmalonate semialdehyde;

of an enzyme E ,, which catalyzes the conversion of meth-
ylmalonate semialdehyde into 3-hydroxyisobutyrate.

16. The cell as claimed 1n claim 15, where the enzyme

E, 1s a3-hydroxyisobutyrate dehydrogenase (EC 1.1.1.31)

or a 3-hydroxyacyl-coenzyme A dehydrogenase (EC
1.1.1.35),

E. 1s a methylmalonate-semialdehyde dehydrogenase (EC
1.2.1.27),
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E.- 1s amalonyl-coenzyme A decarboxylase (EC 4.1.1.9),
a malonate coenzyme A ftransierase (EC 2.8.3.3), a
methylmalonyl-coenzyme A carboxytransierase (EC
2.1.3.1) or an acetyl-coenzyme A carboxylase (EC 6.4.
1.2),

E. . 1s a malonate-semialdehyde dehydrogenase (EC 1.2.1.
18),

E.o 1s a 3-hydroxypropionate dehydrogenase (EC 1.1.1.
59),

E., 1s a 3-hydroxyisobutyryl-coenzyme A hydrolase (EC
3.1.2.4),

E., 1s an enoyl-coenzyme A hydratase (EC 4.2.1.17) and
E., 1s an acyl-coenzyme A dehydrogenase (EC 1.3.99.3).
17. The cell as claimed 1n claim 2, where the cell 1s capable
of forming 3-hydroxyisobutyric acid or polyhydroxyal-
kanoates based on 3-hydroxyisobutyric acid via acryloyl-
coenzyme A as itermediate.
18. The cell as claimed 1n claim 17, where the cell features
an activity of at least one of the following enzymes E, ,t0 E, ,,
E.., E-, and E-; which 1s increased in comparison with 1ts
wild type:
of an enzyme E.,, which catalyzes the conversion of beta-
alanine into beta-alanyl-coenzyme A,

of an enzyme E-;, which catalyzes the conversion of beta-
alanyl-coenzyme A 1nto acrylyl-coenzyme A,

of an enzyme E. ., which catalyzes the conversion of acry-
lyl-coenzyme A into methylmalonyl-coenzyme A,

of an enzyme E, ,, which catalyzes the conversion of meth-

ylmalonyl-coenzyme A into methyl malonate;
of an enzyme E, ,, which catalyzes the conversion of
methyl malonate 1nto methylmalonate semialdehyde;

of an enzyme E, ,, which catalyzes the conversion of meth-
ylmalonate semialdehyde into 3-hydroxyisobutyric
acid.

19. The cell as claimed 1n claim 18, where the enzyme

E-, 1s a coenzyme A transferase (EC 2.8.3.1) or coenzyme
A synthetase, preferably a coenzyme A transferase,

E-; 1s a beta-alanyl-coenzyme A ammonia-lyase (EC 4.3.
1.6),

E., 1s a crotonyl-coenzyme A decarboxylase

E . 1s a methylmalonyl-coenzyme A hydrolase (EC 3.1.2.
17),

E,, 1s an aldehyde dehydrogenase (EC 1.2.1.3) or an alde-
hyde oxidase (EC 1.2.3.1) and

E,, 1s a 3-hydroxyisobutyrate dehydrogenase (EC 1.1.1.
31)ora3-hydroxyacyl-coenzyme A dehydrogenase (EC
1.1.1.35).

20. The cell as claimed 1n claim 1, where the formation of
3-hydroxyisobutyric acid or polyhydroxyalkanoates based on
3-hydroxyisobutyric acid takes place via 3-hydroxybutyryl-
coenzyme A as precursor.

21. The cell as claimed in claim 20, where the cell 1s
capable of forming 3-hydroxyisobutyric acid or polyhy-
droxyalkanoates based on 3-hydroxyisobutyric acid wvia
1sobutyryl coenzyme A as intermediate.

22. The cell as claimed 1n claim 21, where the cell features
an activity of at least one of the following enzymes E- . to E-,
E«., Es; and E, which 1s increased in comparison with 1ts wild
type:

of an enzyme E- ., which catalyzes the conversion of pyru-
vate 1nto 2-acetolactate;

of an enzyme E- -, which catalyzes the conversion of 2-ac-
ctolactate into 2,3-dihydroxyisovalerate;
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of an enzyme E-,, which catalyzes the conversion of 2,3-
dihydroxyisolvalerate into 2-oxoisovalerate;

of an enzyme E-,, which catalyzes the conversion of 2-0x-
o1sovalerate into 1sobutyryl-coenzyme A;

of anenzyme E ., which catalyzes the conversion of 1sobu-
tyryl-coenzyme A 1nto methacrylyl-coenzyme A;

of an enzyme E,, which catalyzes the conversion of meth-
acrylyl-coenzyme A 1nto 3-hydroxyisobutyryl-coen-
zyme A;

of an enzyme E., which catalyzes the conversion of 3-hy-
droxyisobutyryl-coenzyme A 1to 3-hydroxyisobu-
tyrate.

23. The cell as claimed in claim 22, where the enzyme

E. 1s a 3-hydroxyisobutyryl-coenzyme A hydrolase (EC
3.1.2.4),

E- . 1s an acetolactate synthase (EC 2.2.1.6),

E-, 1s a dihydroxyisovalerate dehydrogenase (EC 1.1.1.
86),

E-. 1s a 2,3-dihydroxyisovalerate dehydratase (EC 4.2.1.

9).

E-, 1s a 2-oxo1sovalerate dehydrogenase (EC 1.2.1.25 or

EC 1.2.4.4),

E.,1s an acyl-coenzyme A dehydrogenase (EC 1.3.99.3), a
butyryl-coenzyme A dehydrogenase (EC 1.3.99.2) or a
2-methylacyl-coenzyme A dehydrogenase (EC 1.3.99.
12), and

E, 1s an enoyl-coenzyme A hydratase (EC 4.2.1.17).

24. The cell as claimed 1n claim 21, where the cell features
an activity of at least one of the following enzymes Eg, E ., to
E., and E-, to E,, which 1s increased in comparison with 1ts
wild type:

of an enzyme E,, which catalyzes the conversion of L-va-

line into 2-oxoisovalerate;
of an enzyme E-,, which catalyzes the conversion of 2-0x-
o1sovalerate into 1sobutyryl-coenzyme A;

of anenzyme E ., which catalyzes the conversion ol 1sobu-
tyryl-coenzyme A into methacrylyl-coenzyme A;

of an enzyme E,, which catalyzes the conversion of meth-
acrylyl-coenzyme A 1mto 3-hydroxyisobutyryl-coen-
zyme A;

of an enzyme E,, which catalyzes the conversion of 3-hy-
droxyisobutyryl-coenzyme A 1to 3-hydroxyisobu-
tyrate.

25. The cell as claimed 1n claim 24, where the enzyme

E, 1s a 3-hydroxyisobutyryl-coenzyme A hydrolase (EC

3.1.2.4),

E., 1s an enoyl-coenzyme A hydratase (EC 4.2.1.17),

E,, 1s an acyl-coenzyme A dehydrogenase (EC 1.3.99.3), a

butyryl-coenzyme A dehydrogenase (EC 1.3.99.2) or a

2-methylacyl-coenzyme A dehydrogenase (EC 1.3.99.
12),

E-, 1s a 2-oxo1sovalerate dehydrogenase (EC 1.2.1.25 or
EC 1.2.4.4), and

E., 1s an amino acid transierase (EC 2.6.1.42).

26. The cell as claimed 1n claim 20, where the cell 1s
capable of forming 3-hydroxyisobutyric acid or polyhy-
droxyalkanoates based on 3-hydroxyisobutyric acid via 3-hy-
droxybutyryl-coenzyme A as intermediate.

27. The cell as claimed 1n claim 26, where the cell an

activity of at least one of the following enzymes Eg, E.;, E<,
and E., which 1s increased in comparison with 1ts wild type:

of an enzyme E.,, which catalyzes the conversion of
acetyl-coenzyme A into acetoacetyl-coenzyme A;
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of an enzyme E.,, which catalyzes the conversion of
acetoacetyl-coenzyme A into 3-hydroxybutyryl-coen-
zyme A;

of an enzyme Eg,, which catalyzes the conversion of 3-hy-
droxybutyryl-coenzyme A 1into 3-hydroxyisobutyryl-
coenzyme A;

of an enzyme E, which catalyzes the conversion of 3-hy-
droxyisobutyryl-coenzyme A 1to 3-hydroxyisobu-
tyrate.

28. The cell as claimed 1n claim 27, where the enzyme

E. 1s a 3-hydroxyisobutyryl-coenzyme A hydrolase (EC
3.1.2.4)

E.; 1s a B-kethothiolase (EC 2.3.1.9),

E. 1s an acetoacetyl-coenzyme A reductase (EC 1.1.1.36),
and

E., 1s an 1sobutyryl-coenzyme mutase (EC 5.4.99.13).

29. A method of preparing a genetically modified cell
which 1s capable of forming 3-hydroxyisobutyric acid or
polyhydroxyalkanoates based on 3-hydroxyisobutyric acid
via methylmalonate semialdehyde or 3-hydroxybutyryl-co-
enzyme A, as precursors, comprising the method step of
increasing, in the cell, the activity of at least one of the
enzymes mentioned 1n claim 2.

30. A cell obtainable by a method as claimed 1n 29.

31. A method of producing 3-hydroxyisobutyric acid or
polyhydroxyalkanoates based on 3-hydroxyisobutyric acid,
comprising the method step of bringing a cell as claimed 1n
claim 1 into contact with a nutrient medium comprising, as
carbon source, carbohydrates, glycerol, carbon dioxide,
methane, methanol, L-valine or L-glutamate under condi-
tions under which 3-hydroxyisobutyric acid or polyhydroxy-
alkanoates based on 3-hydroxyisobutyric acid are formed
from the carbon source, and, 11 appropriate, purification of the
3-hydroxyisobutyric acid from the nutrient medium.

32. A method of preparing methacrylic acid or methacrylic
esters, comprising the method steps

IA) preparation of 3-hydroxyisobutyric acid by a method
as claimed 1n claim 31 and, if appropriate, neutralization
of the 3-hydroxyisobutyric acid,

IB) dehydration of the 3-hydroxyisobutyric acid with for-

mation of methacrylic acid and, 1f appropriate, esterifi-
cation methacrylic acid.

33. A method of preparing methacrylic acid or methacrylic
esters, comprising the method steps

I1A) preparation of polyhydroxyalkanoates based on 3-hy-
droxybutyric acid by a method as claimed 1n claim 31,

I1B) cleavage of the polyhydroxyalkanoates based on 3-hy-
droxyisobutyric acid with formation of 3-hydroxyisobu-
tyric acid and, 1f appropriate, neutralization of the 3-hy-
droxyisobutyric acid,

I1C) dehydration of the 3-hydroxyisobutyric acid with for-
mation of methacrylic acid and, 1f appropriate, esterifi-
cation of the methacrylic acid.

34. A method of preparing polymethacrylic acid or poly-
methacrylic esters, comprising the method steps

IIIA) preparation of methacrylic acid by a method as
claimed 1n claim 32,

I1IB) free-radical polymerization of the methacrylic acid,

it being possible, 11 appropriate, to esterily at least 1n part
the carboxyl groups of the methacrylic acid or the car-
boxylate group of the methacrylate before or after the
free-radical polymerization reaction.
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35. Anisolated DNA, which is selected from the following
sequences:

a) a sequence as shown 1 SEQ ID No 03,

b) an intron-iree sequence which 1s derived from a
sequence as speciilied 1n a) and which codes for the same

protein or peptide as the sequence as shown in SEQ ID
No 03,

¢) a sequence which codes for a protein or peptide which

comprises the amino acid sequence as shown 1n SEQ 1D
No 04,

d) a sequence with at least 80% 1dentity with a sequence as
specified 1n a) to ¢),

¢) a sequence which hybridizes, or, taking into consider-
ation the degeneration of the genetic code, would
hybridize, with the counter strain of a sequence as speci-
fied 1n any of groups a) to d),

a dertvative of a sequence as specified 1n any of groups a) to
¢), obtained by substitution, addition, iversion and/or
deletion of one or more bases, and

g) a sequence which 1s complementary to a sequence as
specified 1n any of groups a) to 1).
36. A vector, comprising a DNA sequence as speciiied in
any of groups a) to 1), as defined in claim 35.

37. (canceled)

38. A transtormed cell, obtainable by transformation with
a vector as claimed 1n claim 36.

39. An 1solated polypeptide which features the amino acid
sequence with the SEQ ID No 04 or an amino acid sequence
obtained when no more than 10 amino acids 1n SEQ ID No 04
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are deleted, inserted, substituted or else added to the C and/or
N terminus of the amino acid sequence with the SEQ ID No

04.

40. A method of preparing polymethacrylic acid or poly-
methacrylic esters, comprising the method steps

IIIA) preparation of methacrylic acid by a method as

claimed 1n claim 33,

I1IB) free-radical polymerization of the methacrylic acid,

it being possible, 1f appropriate, to esterily at least 1n part

the carboxyl groups of the methacrylic acid or the car-
boxylate group of the methacrylate before or after the
free-radical polymerization reaction.

41. The cell as claimed 1n claim 22, where the cell features
an activity of at least one of the following enzymes Eg, E, to
E., and E-, to E., which 1s increased 1n comparison with 1ts
wild type:

of an enzyme E,, which catalyzes the conversion of L-va-

line into 2-oxoisovalerate;

of an enzyme E-,, which catalyzes the conversion of 2-0x-

o1sovalerate into 1sobutyryl-coenzyme A ;
of an enzyme E ., which catalyzes the conversion of1sobu-
tyryl-coenzyme A into methacrylyl-coenzyme A;

of an enzyme E,, which catalyzes the conversion of meth-
acrylyl-coenzyme A into 3-hydroxyisobutyryl-coen-
zyme A;

of an enzyme E,, which catalyzes the conversion of 3-hy-

droxyisobutyryl-coenzyme A 1to 3-hydroxyisobu-

tyrate.
42. A cell obtained by the method as claimed in 29.
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