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the enzymatic production of 2-hydroxy-2- nethyl
carboxylic acids The present invention relates to a
method for the 5 enzymatic production of
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2fly dIRGRSEAPBORYF YRBACE hF Heicer Y5 6aucind Safdmicroorgani s
3- hyidvedxiging them. The invention preferably relates to a

biotechnological process for producing 2-hydroxy-2-
methyl carboxylic acids, where microorganisms which
have the desired mutase activity are cultured in an
25 aqueous system with the aid of simple natural products
and intracellularly formed 3-hydroxy-carbonyl-CoA
esters are converted into the corresponding 2-hydroxy-
2-methyl carboxylic acids. The invention likewise
encompasses the production of unsaturated 2-methyl
30 carboxylic acids, where the 2-hydroxy-2-methyl
carboxylic acids obtained are converted by dehydration
into the corresponding unsaturated 2-methyl carboxylic

acids (methacrylic acid and higher homologs).

35 In a preferred embodiment of the invention, the 3-
hydroxy-carbonyl-CoA thicester-producing and 3-hydroxy-

carbonyl-CoA thiocester-isomerizing microorganism used



car bonyl - CoA t hi oester-isonerizing m croorgani sm used
2 is the strain HCM 10 (DSM 18028). Methacrylic acid
and honol ogous unsaturated 2-nethyl carboxylic acids
are widely used in the production of 5 acrylic glass
sheets, injection-nolded products, coatings and many
ot her products. | A plurality of processes for the

production of nethacrylic acidand its honol ogs have
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temeratr-88t, John Wiley & Sons, New York, 1995, Vol. 16,
pp. 474-506). This method requires, for example, about
1.6 kg of sulfuric acid for the production of 1 kg of
methacrylic acid. For this reason, alternative methods
25 for the commercial production of methacrylic acid
without the requirement of recovering the sulfuric acid
(and the high energy costs associated therewith) would

be advantageous.

30 US 3,666,805 and UsS 5,225,594 have disclosed the
chemical conversion of 2-hydroxy isobutyric acid to
methacrylic acid. This comprises dehydrating 2-hydroxy
iscbutyric acid by using metal oxides, metal
hydroxides, ion exchange resins, alumina, silicon

35 dioxide, amines, phosphines, alkali metal alkoxides and
alkali metal carboxylates. Usual reaction temperatures
are between 160°C and 250°C. This method made possible
methacrylic acid yields of up to 96%.



are between 160C and 250C. This nethod nade possible

nmet hacrylic acid yields of up to 96% 3 An

alternative nethod for the production of methacrylic
acid and its honol ogs is based on the hydrolysis of 2-
hydroxy nitriles to the correspondi ng 2- hydroxy- 2-

nmet hyl carboxylic acids, utilizing nitrile-hydrolyzing

5 enzynes. The latter are nitrilase or a conbination
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20 currently dominating method based on amide sulfates and
of the enzymatic nitrile-hydrolyzing method, is the
need for 2-hydroxy nitriles. The latter must first be
prepared from environmentally harmful reactants, namely

ketones and cyanide.

25
For this reason, methods for the production of
methacrylic acid and its homologs, which are based on
simple environmentally benign reactants, would be
advantageous.

30
It was therefore the object of the invention to search
for alternative possibilities of producing 2-hydroxy-2-
methyl carboxylic acids and to provide methods which
are based, where possible, on the application of

35 simple, environmentally benign reactants, consume

little energy and produce few waste products.

The object is achieved by an enzymatic method for the

production of 2-hydroxy-2-methyl carboxylic acids from



35 sinple, environnental ly benign reactants, consune
little energy and produce few waste products. The

obj ect is achieved by an enzynmatic method for the
production of 2-hydroxy-2-nmethyl carboxylic acids from
4 3-hydroxy carboxylic acids. According to the

i nvention, said 3-hydroxy carboxylic acid is produced
in and/or added to an aqueous! reaction sol ution which
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producing or comprise such a cobalamin-dependent mutase
and, due to the 3-hydroxy-carboxylate-CoA mutase
25 activity, are capable of converting intracellularly 3-
hydroxy-carbonyl-CoA esters formed from simple natural
products (from reactants such as, for example, sugars
and/or alcohols and/or organic acids and  their
derivatives) to the corresponding 2-hydroxy-2-methyl-

30 carbonyl CoA esters.

The method of +the invention is characterized in
particular 1in that microorganisms which produce or
comprise the cobalamin-dependent mutase and have 3-
35 hydroxy-carboxylate-CoA mutase activity are used in
aqueous systems for converting 3-hydroxy carboxylic
acids to the corresponding 2-hydroxy-2-methyl

carboxylic acid.



conpri se the cobal am n-dependent nutase and have 3 35
hydr oxy- car boxyl at e- COA nutase activity are used in
aqueous systens for converting 3-hydroxy carboxylic
acids to the correspondi ng 2-hydroxy- 2- net hyl

carboxylic acid. 5 In a preferred variant method,
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20 2-methyl carboxyllc acids 1is capable of solving the

1

problem specified above.

In a preferred embodiment of the invention, the method
comprises the following steps
25 (a) 3-hydroxy carboxylic acids are produced from simple
natural products and then converted to 2-hydroxy-2-
methyl carboxylic acids in a suitable Dbiological
system which has 3-hydroxy-carbonyl-CoA ester-
synthesizing activity and mutase activity, and
30 (b) the 2-hydroxy-2-methyl carboxylic acids are
isolated as free acids or as their corresponding

salts.

The 2-hydroxy-2-methyl carboxylic acids obtained 1in
35 this way may be used advantageously for producing C2-
C3-unsaturated iso-alkenoic acids (methacrylic acid and
its homologs), possibly by dehydration of the acids
produced in (a) and (b) or their corresponding salts.

These reactions are depicted below:




salts. The 2-hydroxy-2-nethyl carboxylic acids
obtained in 35 this way nay be used advant ageously
for producing C2- C3-unsaturated iso-al kenoic acids
(methacrylic acid and its honol ogs), possibly by
dehydration of the acids produced in (a) and (b) or
their corresponding salts. These reactions are
depi cted below. 6 sinple nat Ut al products (e.g.
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onvert 3-hydroxy carboxylic acids to 2-
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20 enzyme. In addition, cell propagatlon and thus an

hé%e in
an

increase in mutase concentration may be possible under
suitable conditions. The enzymatic conversion by means
of microorganisms thus constitutes, where appropriate,
an important advantage regarding reliability,

25 automation and simplicity as well as gquality and yield
of the final product of the method.

For the enzymatic conversion according to the invention
of 3~hydroxy carboxylic acids to 2-hydroxy-2-methyl
30 carboxylic acids, it is also possible to introduce into
the reaction solution the unit having 3-hydroxy-
carboxylate-CoA mutase activity, i1.e. a cobalamin-
dependent mutase, preferably in combination with a CoA
ester-synthesizing activity, in a purified,
35 concentrated and/or isolated form, it being possible
for the enzymes to be of natural origin, for example.
The enzymes may of course be recombinantly produced

enzymes from a genetically modified organism.



30 carboxylic acids, it is also possible to introduce
into the reaction solutlon the unit havi ng 3-hydroxy-
car boxyl at e- CoA nutase activity, i.e. a cobal am n-
dependent nutase, preferably in conbination with a CoA
ester-synthesizing activity, in a purified, 35
concentrated and/or isolated form it being possible
for the enzynmes to be of natUraF’origin for exanpl e.
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for example, which extracts are centrifuged, where
appropriate, to be able to carry out a reaction of the
invention with the sediment or the supernatant.
25
3-hydroxy carboxylic acids (for example 3-hydroxy
butyric acid) or more specifically their intracellular
CoA thioester 3-hydroxy-carbonyl-CoA, may readily be
produced from simple natural products by a large number
30 of bacteria strains. These acids are the basic building
blocks/monomers for the common bacterial carbon and
enerqgy storage substance, poly-3-hydroxyalkanoate.
Rearrangements of the carbon within the skeleton of
carboxylic acids are likewise common in bacterial as
35 well as in other Dbiological systems. However, no
biological system for converting 3-hydroxy-carbonyl-CoA
esters to the corresponding 2-hydroxy—-2-methyl-
carbonyl-CoA esters has previously been identified. The

invention is Dbased on the surprising finding that



CoA t hi oester 3-hydroxy-carbonyl-CoA nmay readily be
produced from sinple natural products by a | arge
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hydroxy isobutyric acid. However, the enzymatic
conversion by microorganisms is not at all limited to

25 this strain. Any organisms capable of converting 3-
hydroxy carboxylic acids to 2-hydroxy-2-methyl
carboxylic acids may be used according to the

invention.

30 They may be microorganisms which firstly possess the
same gene or gene product or secondly have an analogous
gene resulting in gene products having a similar or
analogous activity. I.e., 3-hydroxy-carbonyl-CoA mutase

" activities of other origin are likewise covered by the

35 invention. The invention also includes transformed
systems which have a or a similar 3-hydroxy-carbonyl-
CoA mutase activity as strain HCM-10 or that of other
origin.

This may include mutants, genetically modified and
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Preference is given to using as enzyme catalysts in the
method of the invention the microorganism strains
25 comprising cobalamin-dependent mutases, HCM-10 (DSM
18028), Xanthobacter autotrophicus Py2, Rhodobacter
sphaeroides (ATCC17029) or Nocardioides sp. Jse6l4,
their crude extracts oxr parts. The strains used
according to the invention preferably produce the
30 proteins with the sequences SEQ ID NO: 2 and/or SEQ ID
NO: 4 or comprise the nucleic acid sequences SEQ ID NO:
1 and/or SEQ ID NO: 3 (HCM-10), the proteins with the
sequences SEQ ID NO: 5 and/or SEQ ID NO: 6, or comprise
the nucleic acid sequences SEQ ID NO: 7 and/or SEQ ID
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celite) to facilitate catalyst recovery and reuse.
Methods of cell immobilization in a polymer matrix or
on a dissolved or undissolved support are known to the
25 skilled worker and have been described in detail
previously. The enzyme activities may likewise be
isolated from the microbial cells. They may then be
used directly as catalyst or in an immobilized form in
a polymer matrix or on a dissolved or undissolved
30 support. The methods required for this are known to the
skilled worker and, for example, described in Methods
in Biotechnology, Vol. 1l: Immobilization of enzymes and
cells, editor: G. F. Bickerstaff, Humana Press, Totowa,
New Jersey, 1997. x '
35
3-hydroxy carboxylic acids are converted to 2-hydroxy-
2-methyl carboxylic acids preferably within the
framework of a continuous process which may be carried

out in a flow reactor in which microbial growth and



celite) to facilitate catal yst recovery and reuse.
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ZQdd@@dV@rthécohols or derivatives thereof to the 3-hydroxy
carboxylic acid and of the 3-hydroxy carboxylic acid to
the 2-hydroxy-2-methyl carboxylic acid in a single
process step, i.e. conversion of the starting
substrates up to 3-hydroxy carboxylic acid and the

25 enzymatic conversion reactions of 3-hydroxy carboxylic
acid to the corresponding 2-hydroxy-2-methyl carboxylic
acid are carried out at the same time or with a slight

time delay in one and the same reaction solution.

30 In a very particular embodiment of the invention, a
substrate with a tert-butyl radical as carbon source
and energy source is used for culturing, with
preference being given to tert-butyl alcohol being the
sole carbon and energy source in a basal medium.

35
The method of the invention is preferably useful for
the production of 2-hydroxy-2-methyl propanoic acid (2-
hydroxy isobutyric acid). The preferred production of

2-hydroxy isobutyric acid is furthermore characterized
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thus has excellent enzyme activity.

A nucleic acid molecule may be a DNA molecule,

25 preferably cDNA or genomic DNA and/or an RNA molecule.
Both nucleic acids and proteins may be isoclated from
natural sources, preferably from DSM 18028, but also,
for example, from Methylibium petroleiphilum PM1,
Methylibium sp. R8 (strain collection UFZ Leipzig,

30 Germany), Xanthobacter autotrophicus Py2, Rhodobacter
sphaeroides (ATCC17029) or Nocardioides sp. JS614 or
they may be synthesized by known methods.

Mutations may be generated in the nucleic acid
35 molecules used according to the invention by means of
molecular biology techniques known per se, thereby
enabling further enzymes with analogous or similar
properties to be synthesized, which are likewise used

in the method of the invention. Mutations may be



No. 3. An enzyne of the invention has been shown to be
20 preferably a heterodineric protein which conprises
the sub units described under Seq. No. 2 and Seq. No.
4 and thus has excellent enzynme activity. A nucleic
acid nol ecule may be a DNA nol ecule, 25 preferably
cDNA or genom ¢ DNA and/or an §NA nol ecul e. Both
nucl ei ¢ aci ds and proteins na% be isolated from

nat lﬂreﬁle +3QHr ’a tﬁ%ﬁg e I‘W%QICX frr m l@SML ril Sﬁg‘?ncapc%td aéaﬁ‘?yme S.

for exanpl e, hyl |b|un1petro e

Met ﬁ’&ﬂdlllgllﬁ% §|§ZYFQ§S( §tlrt€| rﬁléfﬁijiaéct?*’bna%l%%ﬁoz?ﬁo?%les

Ger mayy )i kXanthobactene sadaat nophitiss Ry ccRhodobact £11 sms

Sph%%.ﬂlde§s(ATg%%7o g%mﬁﬁ_hbcaigégfﬁ§§n§p &é?ilC&!lons,
own

ey may be synthesize
me Yyengenstatedsi n He nééﬁéoef act¥rlesd- 146 eyfeange or
use@laecok@dinag t@ahbeet NViefiwarh byirgarsnef miolestdatism
bi ol @y ;t,echni ques known per se, thereby enabling
f ur Cher enzynmes with anal ogous or simlar properties
to be synthesized, which are |ikewi se used in the
netm@dhofnthei@veﬂthnmombtané@nSmnpykhe 13endefeéd orand
lHUt%. Qn%e?h &£E$$S%£% In éﬂgﬂgaE%QdeQ%y (ﬁﬂeswbgkflﬁgkts

ar or ana ogous proper may ,

| i ké\ﬁ%éoée gelifer A Chydt rﬁﬂl@éagarwmhah%ﬂwolelo
suchcas, nboecexasphesoi &tﬁ@fﬁﬂwsgra@m@hits at 4ensvadbives and
trangpas L OxPanJTa%%”e fusion, a;bfo‘%f'ee% ¢, gxghan %“ieQ acid
el sé gene tran between diFterent n1croor ani
st r ZoA§CUSHEh wﬁéo}éuoocﬁm@rnﬁnemze@enﬂyabéeu @@W#Cﬂ% to
18nd £ht0 iﬁﬁ\%rﬂ%ﬁﬂl ESFB@gIﬁehﬁ:lsﬂUﬁE@%C ngg@lnd ﬁ@f&ﬁb@s Bicleic
parts. thereo The ules hybridizin
nucﬁelc mOlcfrnﬁ “dcul'es” algﬁecg' 9lsecfﬁgbﬁ%éten0%de the
der iepavingesiessd 1oall elqeélvaiaivaﬁt gegfist lfequences of these
aboweidescekpedimnued eiga raekd rABheciHes sewhibeBes0oder the
for ,an.enz Scrggq?le a cordingdto }ecu e |nvent|on

I’IU.C? ?C |O or more

Fra ments here nean par nuc e| d FTD ec

2{hi @Iosaﬁéonénguén@’@gﬁht bagacade itthe degree of homology to
these seguences. Homology here means a seguence
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at least 60%, preferably over 80% and particularly
preferably over 90%, 95%, 97% oxr 99%, at the nucleic
25 acid level. The encoded enzymes here have a sequence
identity to the amino acid sequences specified of at
least 60%, preferably of at least 80%, particularly
preferably of at least 95%, very particularly
preferably at least 99%, at the amino acid level. The
30 deviations here may Dbe the result of deletion,
substitution, insertion or recombination. They may be
naturally occurring variations, for example sequences
from other organisms, or else mutations' which may occur
naturally or by specific mutagenesis (UV rays, X rays,
35 chemical agents or others). The wvariants may also be
synthetically produced seguences. These variants have
particular common characteristics such as, for example,
enzyme activity, active enzyme concentration, subunits,

functional groups, immunological reactivity,
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Cobal S 1. ALpendasE Fitasi T ori e Ta0ds 2 EAEe or the

subunit of the cobalamin-dependent mutase from

DSM 18028.

SEQ ID NO: 5 and 6 depict the 562 and 135 aa,
25 respectively, amino acid sequences of a cobalamin-

dependent mutase from Xanthobacter autotrophicus Py2.

SEQ ID NO: 7 and 8 depict the 1689 and 408 bp,
respectively, of the nucleotide sequence for the
cobalamin-dependent mutases from Xanthobacter

30 autotrophicus Py2.

SEQ ID NO: 9 and 10 depict the 563 and 135 aa,
respectively, amino acid sequences of a cobalamin-
dependent mutase from Rhodobacter sphaeroides ATCC
35 17029.

SEQ ID NO: 11 and 12 depict the 1692 and 408 bp,
respectively, of the nuclectide sequence for the
cobalamin-dependent mutases from Rhodobacter
sphaeroides ATCC 17029.



15 SEQ ID NO 2 depicts the 548 as am no acid sequence

of the large subunit of the cobal am n-dependent

nmut ase from DSM 18028. SEQ I D NO 3 depicts 369 bp of

the partial nucleotide sequence for the small subunit

of the cobal am n- 20 dependent nutase from DSM 18028.
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prev0usky1idi s¢ipsed nethods. Exanples of such

nmet hods are, anong

20  2-hydroxy-2-methyl carboxylic acids (or their
corresponding salts) may be dehydrated by a
multiplicity of methods to give the corresponding
unsaturated 2-methyl carboxylic acids. C2-C3-
unsaturated iscalkenoic acids are produced by

25 dehydrating the 2-hydroxy-2-methyl carboxylic acid
produced, using the known methods of the ptior art. The
2-hydroxy-2-methyl carboxylic acids may be dehydrated
using metal oxides, metal hydroxides, ion exchange
resins, alumina, silicon dioxide, amines, phosphines,

30 alkali metal alkoxides and alkali metal carboxylates.
Reaction temperatures are usually between 160°C and
250°C. Thus, for example, methacrylic acid is produced
by dehydrating 2-hydroxy isobutyric acid in the
presence of NaOH at temperatures of approx. 185°C.

35
The methacrylic acid produced by this process and its
homologs are appropriately applied in a whole number of
industrial sectors, for example as additives and in

coatings. In contrast to the previously known methods,



ot hers, concentration, ion exchange, distillation, 15

el ectrodi al ysis, extraction and crystallization. The
product may be isolated as salt or (after

acidification) as protonated 2-hydroxy-2-net hyl
carboxylic acid. 20 2-hydroxy-2-nethyl carboxylic

acids (or their corresponding salts) may be

dehydrated by a multiplicity f"nethods to give the

corr 0 t C d

C2- éggpuﬁ%g?%%a?gﬂg%g%%lEgﬁ0|c aC| %ﬁ%?ygéiiucedé 3 low
25 demperarrhg Pﬁ@cisﬁde%ﬁyuien@ﬁhﬁPVééPb%%WHQ%QXHﬁ?Plgn
pr oducedantdsi &gd t hewdenaur trkebhodscofot he prior art.

The 2-hydroxy-2-nmethyl carboxylic acids may be
dehydrated wusing netal oxides, netal hydroxides, ion
éxcliagenveesiag, whl irbadessiniibesn iai srirdedehnt heaslow on
phosphi ﬂfé%,ls3%fa|e|$<@|m|plﬁﬁﬂzabmﬁbkﬂﬁ§éﬁ@§ e 8d kadt MRtedded
car hoxyl a Reactign tenperatures are usually

bet weer 1 bﬁfa 4 - °Thus, for exanpl e, nethacrylic
acid is produced by dehydratlng 2- hydroxy isobutyric

aci idvertihe apdeserRiHLl NaOH at tenperatures of

1@Pprox. 185C. 35 The nethacrylic acid produced by this
process and its honologs are appropriately applied in

a whglceohupbeenafme jgufipdtvisital sectors, for exanple as
addipiicvesiand ide1igoat bRgs. sdrrsalelontﬁ@ﬁtmo tidem 18028),
preV|ousI kno thods 16_ %% netho gbén S th%er_
deS|F@&a§ vantaye é? 2%l ow’ ¥ OBP 8s, the
use mfod@ﬁvngorm@nt %ﬁm;dmjn-g;ﬁrbpeaét@%s eahdrtoweperizing

‘B’aSta%tﬁer@ ct ben th% Ht%tlerivlerstdb%lwsl lvibe deserinbedNdl 2
nore de belo asi s of exenplary

enbddi ﬁfs bh?o}%§?ﬂnt eﬁF?ﬁ&@a to be linted

thereto. Material and nethods 10 M crobial enzyne

cat dysstenMber ok ahi ©eldis10knshal B2 HOM JQ; (DSM 18028) ,

The microbial strain used for the production of 2-

20 hydroxy-2-methyl carboxylic acids was 1isolated as
described hereinbelow. Stock cultures are stored in 20%

strength glycerol solution in liguid nitrogen.

Strain HCM-10 was concentrated from ground water on a
25 basal medium (table 1) containing tert-butyl alcohol as

sole carbon and ehergy source.

The strain belongs phylogenetically to the Rubrivivax-

Leptothrix group.



characterized by a 3-hydroxy-carbonyl - COA ester-
produci ng and 3-hydroxy-car bonyl - COA ester-isonerizing
15 activity, or the protein subunits with sequence No.
2 and No. 4 isolated therefrom Gowh of the

m crobi al enzyne catal ysts The m crobial strain used
for the production of 2- 20 h¥droxy 2- et hyl
carboxylic acids was i sol at 8dta descri bed

her ei nbel ow. Stock cul tures,gre stored in 20%
strength gl ycerol solution |nﬁ |qU|d nitrogen. Strain

basal nedium (tabl e 1lkp.sontaunimgddert-butyl al cohol
as ~_sol e carbon and ?nergy source. The strain belon

phy8é¢fenetical Iy to’the RubrifvioVaX- Leptothrix gfo

- 1FKH,PClabl e 1 BasaB4¢Edi um (Fvgit)adddCl 761. 4 BDo®2n
0. 0%, ud;R2PO4 340. 25,50l 4sC aC@@ergg”EKg@Fcn 435. 45,
PyrldOX|ne HCl1 0.1 CaCl2 x H2O, 5. 47 Thi am n- HC1

0. 05%hyS0d %°7 H20°71) 2 Ri bé“ﬂlam% los znsos %P
H20Mgsd4 xN7 cidPi ni ¢ &tid 0. 05 RiWhEBwix H20 0. 615 0.05
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folbgging sogondi thons (tablg,g);dariassaying g o5
ﬁdroxy carbonyl- CoA nmutase activity. Table 2

SH PIoSbs tr §t% Mefi A Terperature Time (c) (d)

HCMréBot ex?-motyl akcwhol Bagal 25 7 (0.5 g/L) medi um

Strain HCM-10 was grown aerobically under the following
5 conditions (table 2) for assaying 3-hydroxy-carbonyl-

CoA mutase activity.

Table 2
Strain Substrate Medium Temperature Time
(°C) (d)
HCM-10 tert-butyl alcohol Basal 25 7
(0.5 g/L) medium

10
‘The cells were used immediately after harvesting.
Intact cells may be used without further pretreatment
such as, for example, permeabilization. Moreover, the
cells may be used in a permeabilized form (for example
15 Dby treatment with toluene, detergents or by freeze-thaw
cycles) in order to improve the rates of diffusion of

substances into the cells and out of the cells.

The concentration of 2-hydroxy isobutyric acid and 3-
20 hydroxy butyric acid in the culture liquid ox in the
reaction mixture were determined by gas chromatography

after acidic methanolysis, utilizing an FFAP and an FID



10 The cells were used i medi ately after harvesting.
Intact cells may be used without further pretreatnent
such as, for exanple, perneabilization. Moreover, the
cells may be used in a perneabilized form (for exanple
15 by treatnent with toluene, detergents or by
freeze-thaw cycles) in order_to inprove the rates of
di ffusi on of substances info-the cells and out of the
cellc%5 teHigconcentration of 2-hydroxy isobutyric acid
and 20 hydroxy butyric acid in the culture liquid
or in the reaction mxture were determ ned by gas
chr awmdrg@greaphy after acidic nethanolysis utilizing
an FE n FLD 18 ct
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Cbnver3|on o) drox ric

ﬁso@dﬁ%ﬁﬁdré€léC69 reiir ACHMCY0 1A suspension of 1 g
(dry nmass) of cells of strain ka4 10 in 100 m of

bas S |ntr e _
bote}{EHF l%}@s’}\g%usﬂgens|OK%\Ng g HL%%§ éyngtﬁifn HeM
3- hyldt ooy 1% i efabpaal arﬁ%ldﬂt% %MO@HCﬁﬁslnto 120 ml
I ncwaated Wit @l gsQt amy ss hakfferati c80Gra Afd @i B3 hitf 50 mg

l%eroqc i | %gbgtlo the sus%eﬁ5|onn&agj%%ss$gpeng fon  was

nltrogen and T Aubat & Aki T
4. 4 pcuRptedr iBus? t FARRTY sahpkes W‘ér 80t ke fard the 21 of

15 hydicpxy: | sabubytidn acitheCOBhepinaish 3-dr @¥¥sed with

butyr| aci d ont ent i n,th ceII f.ree Lpat ant
ver & GEEET I Rdd &7 CE7 Corlth i1 GURTIGY OF CRe. b another

susperfsiion At2 Valary@vdéx;?lmg@buﬁWPJee%cwr@Nat‘salf@Urmﬁct o-hise 2-
1the 1sl@xyprodieit rekbeasad idbrithe ranael obigyPhase. bhtyric

contras droxy hutyric ¢ was evi dent.l
conﬁ1éf%l Co%ﬁf$%dea |nQ fe aergbﬁgﬁﬁwts%ﬁ Phas gﬁt were

(fi gietle)rmlnﬁé éy‘:”ltélrd G tZigpdrek9ni dbuther i %:u%&qrtflwals 2-
in tl’fycﬁso&§rselsébﬂ-€/yri/\& t happr axs 808ad INydEOX¥he sole
but yI‘I CE releeagaeldmlr}lg tlhne tgr?aerre%cltcl Ol’l’ll | qu Pn contrast,
20 3-hydroxy butyric acid was evidently completely
degraded in the aerobic initial phase (fig. 1). The
yield of 2-hydroxy isobutyric acid was in this case
5.1%, with approx. 80% of 3-hydroxy butyric acid
remaining in the reaction liquid.
25
Example 2:
Conversion of 3-hydroxy Dbutyric acid to 2-hydroxy

isobutyric acid by a crude extract of strain HCM-10

30 Cell-free crude extract of strain HCM-10 was prepared
by disintegrating the cells in a ball mill, and cell
debris was subsequently removed by centrifugation.
Cell-free crude extract at a concentration of 10 mg of
protein in 5 ml of 50 mM potassium phosphate buffer

35 (contains 1 mM MgCl, at pH 7.2) was introduced into
sealable 10 ml glass vessels. To this extract were then
added 0.01 mM coenzyme Bl2, 1 mM coenzymeA, 1 mM ATP
and 4.25 mg of 3-hydroxy butyric acid. The reaction

liquid was gassed with nitrogen, the reaction vessel




25 Exanple 2: Conversion of 3-hydroxy butyric acid to
2-hydroxy isobutyric acid by a crude extract of
strain HCM 10 30 Cell-free crude extract of strain
HCM 10 was prepared by disintegrating the cells in a
ball mll, and cell debris was subsequently renoved
by centrifugation. Cell-free crude extract at a
concentration of 10 nmy of pré?efn in5m of 50 WM

8 LRI L SR TG 5 o

vess@hs Znhtluﬂ@eexumamtlwerepthénctaddG@rQ Odnad\fzed as
coemmm%t%%edl Jﬂwv%oeniw@ee,leidwfmf’ hﬂﬂ%%’y 25:98uOfric

3- hydr but acid. The rea ion

gas§é&dx Eééncaf%e Teatth ﬁp@é§§elg8°1§? Walydroxy
§eaﬂeddﬂﬂgharydan@m¢htUhaUedTWPthpshak@mgtanuﬁoaflﬁorZ

2 h. The reaction products were anal yzed as

|IIustraHed above. The yield of 2-hydroxy isobutyric

aci &3REEn3this case 9% with approx. 88% of

3- hyshoxdyabSibuot yriod acid-hryehmixiyi ng disobultgrieact isgrid to
i qyid nelrgaa22 Exanple 3: Dehydration of 2-hydroxy

i sobutyric acid to nethacrylate 10 A sol ution of
1Q-hydroxy i sobutyric acid (1 ng/5 m) produced

accady dengut dot heo fpr dekddrexcarisbedtputci rciexarnpl eg25 ml)

“ﬂspﬁgﬁh%gg mééébfgﬁgd (Qooajﬁg)prEQdu§élrJéﬂ%ledThgut in
sol uti on_was |ncubated W th stlrrlnq Q@ cool |ng at
t

r ef ISR 8AGer 4 edifted eSS e 13060 afo UBgapgscyith
Fur tstérrahgquats eblOtbongwesb 2nhyuammy witdobsit yriing and

18ci . 8n é@t vers ,ad %%W%Mubg PYEL, A 8@6@%&1‘ at

5 h, ald al i quot s addi ti_gnal Falnln
peré@ﬁt 18y (ei ghtrigieh- ﬁéﬂﬁ&??ﬁheﬂ%l G @HdePftOZZ@YdrOXY

pr evienbupgkynericzdt ipem 6f mietweaer Wdake. etleeyr éactd arver a
vas ghoped Al kep 24N 00,1 | 083 116 LONYVELSLOD: i ng
hydr oxy |sobutyr|c acid to nethacrylate was 9/%

4 percent by weéight of p-methoxyphénol in order to

20 prevent polymerization of methacrylate. The reaction
was stopped after 24 h of incubation. The conversion of
2-hydroxy isobutyric acid to methacrylate was 97%.
Methacrylic acid was removed from the reaction mixture

by destillation.



Met hacrylic acid was renoved fromthe reaction mxture
by destillation. WO 2007/110394 PCT/ EP2007/ 052830 - 20
- Cainms 1. A nethod for the enzymatic production of
2- hydroxy-2-nethyl carboxylic acids from 3-hydroxy 5
carboxylic acids, characterized in that a 3 hydroxy
carbox§llc acid is produced in and/or added t

aqu@BugOPEALI9HH sol uti on conpr|S|ng a lﬁﬁq/Eﬁ§9°Hé°5283°

3- hydr oxy- car boxyl at e- CoOA nut activity, which has
bot h 3- hydr oxy- car bonyl - CoA 1 ester-producing and

3- hydexy- car bonyl - CoA ester- isonerizing activity,

and, after incubation, the correspondingly converted

2- hydroxy-2-methyl carboxylic acid is isolated as

aci d.or An méehddr momwf tiltes Salztysatld 2Zprduetiod as 2-

cl ai med hgd£g£§J§;het%@§ra@&f%dﬁg%id naciigu ﬂigﬁ uylﬁydroxy
having 3 roxy car boxyl at e nmut ase activity

éonprlsega P18t éFC5hal ShPR2CHRPEIRENt hutded. 2o 3
3. A nethpdrasy claivvedyilnccl achd 1 ior Prodhaedctemi zedi/or

in that Lhe.snid %Véﬁ%gﬁsh&@a%xcﬁaé@%&’i&{e ising a

nut ase activity conprises a hyd roxg carbonl
est er - pr Bti ngBHA e of BIfARY “§§EPeRY %ﬁ?¢§°5& mutase
nmet hod ascclaityped whiahy béscl@itls B-h@dBoxy-carbonyl-CoA

1gharacterized 4.0 d.hat, thaendlnbth{?&n\_’éi‘y@c%rl%%ﬂz‘ixﬁoA ester-

car boxyl at e- CoA nutase activity I s a@ mcroorgani sm or
a crude 2XPPHCHZ i WerdefiViy 5. 2 nefh68T ad PERAREAT n ER
claiml osrdesmhariactieri zedoniverthat n12Fbpdg®KW€Qﬁmethyl

produci ng %950}8&% 18100 18 ;168hatay 9 depepdent; MULAS &6y
havi ng 3 ydr oxy-

its salts
15

2. A method as claimed in claim 1, characterized in
that the unit having 3-hydroxy-carboxylate-CoA
mutase activity comprises an isolated cobalamin-
dependent mutase. -

20

3. A method as claimed in claim 1 or 2, characterized
in that the unit having 3-hydroxy-carboxylate-~CoA
mutase activity comprises a 3-hydroxy-carbonyl-CoA
ester-producing enzyme or enzyme system.

25 _

4. A method as claimed in any of claims 1 to 3,
characterized in that the unit having 3-hydroxy-
carboxylate-CoA mutase activity is a microorganism
or a crude extract thereof.

30

5. A method as claimed in claim 1 or 4, characterized
in that microorganisms producing or comprising a
cobalamin~-dependent mutase, having 3-hydroxy-
carboxylate-CoA mutase activity and having both 3-

35 hydroxy-carbonyl-CoA ester-producing and 3-
hydroxy-carbonyl-CoA ester-isomerizing activity

are used in aqueous systems for converting 3-



car boxyl at e- CoA nutase activity and having both 3 35
hydr oxy- car bonyl - CoA est er-produci ng and 3-

hydr oxy- car bonyl - COA ester-isomerizing activity are
used in aqueous systens for converting 3 21 hydroxy
carboxylic acids to the correspondi ng 2-

hydr oxy- 2- net hyl carboxylic acid. 6. A nethod as
claimed in any of clains 1 fozé - 5 characterized in

that a) roorgan| ? droxy car boxyl at e- CoA
2_
mut ase ac?ﬁ5? |cﬁypgve 5 % t Foxy- " esponding

carbonylh@ﬁAPFhT%E%ﬁ¥ﬁ¥kNQﬂﬁ9§kﬁélac@¢v¢ty and
3- hydr oxy- car bonyl - CoA t hi oester-isonerizing 10
acti |ty,A are .cu tured in Lan, agueaus s ft%qélms q_ to 5,

ctho claa g
renewabl & raw hat ef©al s %or Was e prddut eriving

fr om t he ckensahptiod ofn rtédwéwabl e raw material s as

car bon and ﬁm@f@a’rgsecws@r%s whel eby-njdidgeebkdbayiate-coa
3- hydr oxy- caé€9§¥l CaA 15 thioesters are

synt hesi zed™ covertad o PR cottespsidfng® hydrexy-
2- hydr oxy- 2caeb by L carboxpicestattpsodemidich) achevity and
cor r espondi thgdfww%b%nrymbm car Q@?@dels%era%@!méﬁlzmg
1|solated as aC|d.€ in § ‘%% |ts salts. 7. %:

fet hod as cfahhedYn gﬁﬁ o?u T I% sfeots ‘sydtem
char act eri zedth nrehavakb e r@mcmatﬂﬂlai&xwrlE@S@%tproducts

with the additiemef rext ernal cgngﬁyr%@l%% lC@f bpé%wacbl@&aw
or C

acid. 8. A nethod as cl ai

ey nctor | B SRR T ] ATt Bl Ladlet SoMRetae afpreny
fromthe batteracelkiuldim HCM 10 D5MBrok8028rboxylate-CoA
1Xant hobact eEh@é@&éé&om@%ﬁb&%esB%gogﬁgt @5nverted to the

P o ity DRSETLSLI58 SRy IO e

characteri zadids, tdrat |ntact cells of the 35

M croor gafi sgs &k ersschdinchanagthr RECPeAbEh Zedarboxylic
acid is isolated as acid or in the form of its

20 salts.

7. A method as claimed in any of claims 1 to 6,
characterized in that the reaction is carried out
with the addition of external 3-hydroxy carboxylic

25 acid.

8. A method as claimed in any of claims 1 to 7,
characterized in that the microorganism is
selected from the bacteria strain HCM-10 DSM

30 18028, Xanthobacter autotrophicus Py2, Rhodobacter
sphaeroides (ATCC17029) oxr Nocardioides sp. JS614.

9. A method as claimed in any of claims 1 to 8,
characterized in that intact cells of the
35 microorganisms are used unchanged, permeabilized

or fixed to a support.

10. A method as claimed in any of c¢laims 1 to 8,

characterized in that cell extracts and/or the



or fixed to a support. 10. A nethod as clained in any

of clainms 1 to 8, characterized in that cell extracts
and/ or the 22 cobal am n-dependent mnutase and, where
appropriate, the other enzynmes such as, for exanple,
CoA ester- synthesizing enzynes, after partial or
conplete isolation fromthe m croorgani sns are used,
where 5 appropriate in a pGr??iéd form 11. A nethod

as cl ai [ L ai ar ri [ a :
ceII-frgg%gﬁgaékgx ﬁ%%%gggfH@%é%ené%%éo%&%%?s%%pgﬁ%flate’
used. 10th2. cAhREt ABEAYERS IUWHEd i FoanPXerPee ai ARR 18P T
11, chargeteeszethd nchlghethe el psridh the complete

sequence LD NO, 2 lor SEQIDNO 4, _wth . th
seguonced BT Nk B Bhe BB NG s drdbifh Where
Pr ot ei ns GRPERPEhetsefuencegs iSEed| BoNO: 9  and/ or SEQ

ID NO 10, or the proteins with the sequences SEQ ID

NO 13 and/or ,SEQ_ID NO. 14 are -used.and their, at. .
| cast™ 600 ROTErage> S0Tta Aol adtel SMre o gy i
of clai n¥hatto 12ellth@eact ecreéd i n $Harcassugapt the

and/ or amiakeehghniand/0fe amearganic acid and/or a
ydrocarbon or their derivatives are used as carbon

and energy sources for enzymatic conversion during
cul thi ng. meBhoh. ap weehvedasncl akyedfi reladypsofl to 11,
cl alh s 1ch§r&%ter%ﬂ§t{ gpirerlm_ i ntlﬁ@atpﬂoigbé&bﬁst rati®n the
wth a tert- but al_is_used as r urce .
and enerﬁ?quggﬁ?%eséﬁr&guFQUanﬁé%éﬁrlégQA%ﬁet 6d ‘ds "R
cl ai med itheamposknekai #EQ1 Do NKF, S chadéaet efF2edDi HO: 6,
1shat terthbutylo@dGRholiks Used s@gusakesCcaglpnsouce o
and energy ;Souregd Ny fasaly, medi um Lot SULtUli NGy the
sequences SEQ ID NO: 13 and/or SEQ ID NO: 14 are

used and their at least 60% homologs.

20 13." A method as claimed in any of c¢laims 1 to 12,
characterized in that a sugar and/or an alcohol
and/or an organic acid and/or a hydrocarbon or
their derivatives are used as carbon and energy

sources for enzymatic conversion during culturing.

25
14. A method as claimed in any of. claims 1 to 13,
characterized in that a substrate with a tert-
butyl radical is used as carbon source and energy
source for culturing.
30
15. A method as claimed in any of claims 1 to 14,
characterized in that tert-butyl alcohol is used
as sole carbon source and energy source in a basal
medium for culturing.
35

16. A method as claimed in any of claims 1 to 15,
characterized in that the enzymatic conversion of
a sugar and/or an alcohol and/or an organic acid

and/or a hydrocarbon or their derivatives to the



35 16. A nethod as clained in any of clains 1 to 15,
characterized in that the enzymatic conversion of a
sugar and/or an al cohol and/or an organic acid and/or
a hydrocarbon or their derivatives to the 23

3- hydroxy carboxylic acid and of the 3-hydroxy
carboxylic acid to the 2- hygr? y-2-nmethyl carboxylic
acid is carried out in a sing nethod step. 5 17. A

h |
met hod as §g§&|n r ﬁﬁg&ﬁgg C §%ﬂ§ 10 &P thed ?—hydroxy

characteri roxy isobutyric aci

producedcﬂFpﬁXVhéCaddPFt%n oFOext§ﬁﬁaI 3 hydrexy-2-methyl

butyrlc a@kdoxi@1&8acﬁdn9§h@ﬁrfiﬁdt&&tpI@dMCEiﬁwﬂéﬁnethod
% rated isoal kenoic acids, characterized in

that a 2 gdroxy 2- et hyl carboxyllc aci d produced as

S aimed in any of claims 1 to-17 is dehydrated. 15 109.

A nethod af Qﬁetﬂhﬁi paad@qtallaadofmrre&ﬂa@cwl i€laeisd, 1 to 16,

characterjzed | thgt a 25hy Qp@ﬁ,lsobutgrkgtfg d.cid is

produced as ¢ arned in any
dehydr at @aodzeeéomz\hmt@ﬁooﬁrcgﬂalmlsm st apRtHOM L 03 -h By
18028. butgticAsbugl eic acid nol ecul e coding for an
nzyme having the activity of a cobal am n-dependent

5 nutase, selected fromthe group consisting of a)
nuclldi-c Acitttisidecinestieodrrgdferian ppét é2nC3-unsaturated

conpri si Eltgotamﬁeﬂﬂidﬂo aﬂﬁid@ seauaﬁgageﬂwﬁd:atlad tHAdera 2-
Seq. No. and or q} No Qz nuclelc roduced  as
mol ecul e8YE6RPY | S|ng e U ot i d8® sequé

depi ct edchadeedSey. amy)oflclalms 1 to 17 is dehydrated

15
19. A method for the production of methacrylic acid,
characterized in that a 2-hydroxy isobutyric acid
produced as claimed in ahy of claims 1 to 17 is
dehydrated.
20
20. A microorganism strain HCM-10 - DSM 18028.

21. A nucleic acid molecule coding for an enzyme
having the activity of a cobalamin-dependent

25 mutase, selected from the group consisting of
a) nucleic acid molecules coding for a protein
comprising the amino acid sequences indicated

under Seq. No. 2 and/or Seqg. No. 4;

b) nucleic acid molecules comprising the
30 nucleotide sequence depicted under Seqg. No. 1

and/or Seq. No. 3.

22. A nucleic acid molecule as claimed in claim 21,
characterized in that it codes for a protein
35 which, as an oligomeric enzyme composed of two
different subunits, comprises the amino acid
sequences 1indicated under Seq. No. 2 and Seq.

No. 4.



and/or Seq. No. 3. 22. A nucleic acid nol ecul e as
claimed in claim?2l, characterized in that it codes

for a protein 35 which, as an oligoneric enzyne
conposed of two different subunits, conprises the

am no acid sequences indicated under Seq. No. 2 and

Seq. No. 4. 24 23. A nucleic acid nolecule as

claimed in claim21 or 22, ~whfch is a DNA nol ecul e.

24. nucl eic_acid nolecule as clained in claim23, .5
ahi G| o EBRALBr S GEhORTLSBIE V8. SRR it g 21 o0
nmol ecul e2as ehadneics ian DAPamL@d¢ube. 22, which is an

RNA nol ecul e. 10 26. A protein having the activity of

a cqbal am n- dependent. nut ase encoded_by a_ nucleic

aci 4'nof*e@b’icgeé§ AGIEP 15 i 1 SEHR 220 7R 23
protei n whibhthe segiénce NenofianeNAts at |east 15

99% honol ogs. 28. A protein with the sequence No. 4

and jts at |east 99% honpol ogs. 20 29. A protein as

het érodi frePRE 8h2y el CoRPrFSTify 2%¢ NG 2efd 21 o

sequenceZ2fp.wiich is an RNA molecule.

10 26. A protein having the activity of a cobalamin-
dependent mutase encoded by a nucleic acid

molecule as claimed in claims 21 and 22.

27. A protein with the sequence No. 2 and its at least
15 99% homologs.

28. A protein with the sequence No. 4 and its at least

99% homologs.

20 29. A protein as  heterodimeric enzyme comprising-

sequence No. 2 and sequence No. 4



