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(57) ABSTRACT 

The invention relates to a method for the preparation of 
evolved microorganisms which permit a modification of 
metabolic pathways, comprising the following steps: a) 
production of a modified microorganism by genetic modi 
fication of initial microorganism cells such as to inhibit the 
production of or the consumption of a metabolite when the 
microorganism is cultivated in a defined medium which also 
affects the capacity of the microorganism for growth, b) 
culture of the modified microorganisms to induce evolution 
in said cells, c) selection of the cells of modified microor 
ganisms which are capable of developing in the defined 
medium. The invention also relates to the strains of evolved 
microorganisms, the genes evolved which code for evolved 
proteins and the use of said evolved microorganisms, genes 
or proteins in a biotransformation method. 



Patent Application Publication Nov.30, 2006 Sheet 1 of 12 US 2006/0270013 A1 

i. L-horioserine 
succinyl-CoA homoserie : 

. 0-succinyltransferase i: 
CoA 

IFGEA 
o-succinyl-L-homoserine 

l-cysteine cystathionine 
--synthase 

Succinate rei 

cystath?online 
. 

. ; 
20 cystathionine 3-lyase r. 

pyruvate +NH3 4 it: . . . . 

", homocysteine. w 

... Simethyl-tetrahydrofolate. methionine , 
a ... synthase. 

tetrahydrofolate inct firszta 
methionine 

Figure 1 

Dosimat 2 
milieu 2 

Dosimat 1 
milieu 1 

max p=0.075 

Figure 3 

  

  

  

  

    

  

  

  

  



Patent Application Publication Nov.30, 2006 Sheet 2 of 12 US 2006/0270013 A1 

EH, 

  

  



Patent Application Publication Nov.30, 2006 Sheet 3 of 12 US 2006/0270013 A1 

  



Patent Application Publication Nov.30, 2006 Sheet 4 of 12 US 2006/0270013 A1 

COOH 

Horn 
NH 

CoA 

Figure 5 

  



US 2006/0270013 A1 Patent Application Publication Nov.30, 2006 Sheet 5 of 12 

?GSWOTATNA 

TOT 
VIHSHINGADH SWI??L?RITIW 

snsuestroo snstresuo)) 



US 2006/0270013 A1 Patent Application Publication Nov.30, 2006 Sheet 6 of 12 

S'ICISTICI----- -- TIJ, OS/IÐNDI 

VERWHWHINJA 

snstresuo:p snsuestroo 





US 2006/0270013 A1 Patent Application Publication Nov.30, 2006 Sheet 8 of 12 

snsaasuolo STASUI3SUOO snstrastroo 





Patent Application Publication Nov.30, 2006 Sheet 10 of 12 US 2006/0270013 A1 

0.350 

0,300 

0,250 

0,200 

0,150 

0,100 

0,050 0 déduit (h-1) 
calculé (h-1) 

0,000 

Figure 9 

netL netB X Jyut 
--o-c-ar- -s-s- TN at t== 

D met BF DmetJBF MetJR 

Produit PCR 

Figure 11 

. metL intetB Cm viX 
-5R-5Re a pract 

-o- -H 
. MetLR MetJR 

metL Cm viX 
--M.- a C-C- 

-b -- 
MetLR MetJR 

Figure 12 

  



Patent Application Publication Nov.30, 2006 Sheet 11 of 12 US 2006/0270013 A1 

Culture N1 

0,0,1 682 
0, 4. 

02 

0.00 2000 4000 6000 8000 
temps (h) 

Repiquage fo 
1 6 

I 
1 

O 

0,00 1,00 2,00 3,00 4,00 5,00 
temps (h) 

Figure 10 

  



Patent Application Publication Nov.30, 2006 Sheet 12 of 12 US 2006/0270013 A1 

0,6 

0,O 23 
0,1, 

O 5 10 15 20 25 
Nombre de repiquage 

Figure 13 

  



US 2006/0270013 A1 

METHOD FOR THE PRODUCTION OF EVOLVED 
MCROORGANISMS WHICH PERMIT THE 
GENERATION OR MODIFICATION OF 

METABOLC PATHWAYS 

0001. This invention concerns a new method for the 
preparation of evolved microorganisms permitting the cre 
ation or modification of metabolic pathways, the strains of 
evolved microorganisms thereby obtained, the evolved 
genes coding for the evolved proteins that may be obtained 
by the method according to the invention, and the use of said 
evolved microorganisms, genes or proteins in a biotransfor 
mation process. 
0002 The preparation of microorganisms with modified 
properties is a widely used process. The aim is either to 
cause the microorganisms to evolve by letting them grow on 
a growth medium with a factor that exerts a selection 
pressure, so as to select those microorganisms able to resist 
that pressure, or to introduce one or more heterologous 
genes by means of widely used genetic engineering meth 
ods, in order to lend the microorganisms new phenotypic 
features associated with the expression of said heterologous 
gene or genes. This evolution can be favored by the use of 
mutagenic agents well known to those skilled in the art. 
0003 Methods for evolution by growth under selection 
pressure by removing a gene necessary for the transforma 
tion of a component of the culture medium, and by means of 
a mutagenic agent, are described in particular in FR 2823 
219 and WO 03/004656. 

BRIEF DESCRIPTION OF THE INVENTION 

0004. This invention concerns a new method for the 
preparation of evolved microorganisms permitting the cre 
ation or modification of metabolic pathways, characterized 
in that it comprises the following steps: 

0005 a) Modification of the cells of an initial micro 
organism so as to inhibit the production or consumption 
of a metabolite when that microorganism is grown on 
a defined medium, thereby adversely affecting the 
growth capacity of the microorganism. If the cells are 
not modified, the microorganism is able to produce or 
consume this metabolite, and displays a normal growth 
when it is grown on that same defined medium. 

0006 b) Growth of the modified microorganism pre 
viously obtained on the said defined medium that 
caused it to evolve, where that defined medium can 
contain a co-substrate necessary for that evolution. 

0007 c) Selection of the modified microorganism able 
to grow on the defined medium, with a co-substrate if 
appropriate. 

0008. The evolved microorganism preferentially contains 
at least one evolved gene coding for an evolved protein, the 
evolution of which makes it possible to replace the inhibited 
metabolic pathway by a new metabolic pathway. 
0009. This invention also concerns a method comprising 
an additional step all) in which at least one heterologous 
gene coding for a heterologous protein is introduced, which 
heterologous gene is intended to cause the evolution of a 
new metabolic pathway, prior to step b) in which a modified 
microorganism is grown. 
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0010 This invention also concerns a method comprising 
a step d) in which an evolved gene coding for said evolved 
protein is isolated. 
0011. This invention also concerns a method according to 
the invention whereby the evolved gene obtained previously 
is introduced, in an appropriate form, into a production 
microorganism intended for the production of the evolved 
protein. 

0012. This invention also concerns an evolved microor 
ganism that may be obtained by a method according to the 
invention as defined above and below. 

0013 The invention also concerns a method for the 
preparation of an evolved protein characterized in that an 
evolved microorganism according to the invention is grown 
in an appropriate culture medium for the production of the 
evolved protein, which protein is purified when appropriate. 

0014. This invention also concerns an evolved gene cod 
ing for an evolved protein that may be obtained by a method 
according to the invention as defined above and below. 
0015 This invention also concerns an evolved protein 
that may be obtained by a method according to the invention 
as defined above and below. 

0016. This invention also concerns the use of an evolved 
microorganism or an evolved protein as defined above and 
below in a biotransformation process. 

0017 Definitions 
0018. According to the invention an evolved microor 
ganism is defined as a microorganism obtained by selection 
of a modified microorganism. The evolved microorganism 
displays at least one difference from the modified microor 
ganism. This difference may, for example, be the improve 
ment of an enzymatic characteristic, or the creation of a new 
metabolic pathway. 
0019. According to the invention a metabolic pathway 

is one or more enzymatic reactions the Succession of which 
forms a molecule (product) that is different from the starting 
molecule (substrate). 
0020. According to the invention a modification is a 
change, in particular a deletion, of at least one gene and/or 
its promoter sequence, which gene codes for an enzyme. 
0021 According to the invention a metabolite is a 
molecule synthesized and/or transformed by the microor 
ganism. 

0022. According to the invention a defined medium is a 
medium of known molecular composition suitable for the 
growth of the microorganism. The defined medium is Sub 
stantially free of the metabolite or metabolites, the produc 
tion of which is inhibited by performing the modification. 
0023. According to the invention a co-substrate is an 
organic or inorganic molecule, different from the Substrate, 
which is involved in a reaction and gives one or more of its 
atoms to the substrate to form a product. The co-substrate 
has no recognized mutagenic properties. 

0024. According to the invention selection is a culture 
method used to select microorganisms that have evolved in 
Such a way that a modification does not affect growth 
anymore. A preferred application is a continuous culture 
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method, carried out by applying increasing rates of dilution 
So as to conserve in the culture medium only those micro 
organisms with a growth rate equal to or greater than the 
imposed rate of dilution. 
0025. According to the invention an evolved gene is a 
sequence of nucleic acids (comprising A, T, G or C) bounded 
by a stop codon (TAA, TAG, TGA) in phase and possessing, 
after selection, at least one nucleic acid that is different from 
the initial sequence, so that the protein coded by that evolved 
gene differs in at least one amino acid from the protein coded 
by the initial gene. 
0026. According to the invention a heterologous gene is 
a sequence of nucleic acids bounded by a start codon (ATG 
or GTG) and a stop codon (TAA, TAG, TGA) in phase, 
called a coding sequence, derived from an organism differ 
ent from that used to carry out the evolution and/or the 
production. 

0027 According to the invention an evolved protein is 
a sequence of amino acids (protein sequence) that differs in 
at least one amino acid from the initial protein sequence after 
selection. 

0028. According to the invention a heterologous protein 
is a protein resulting from the translation of a heterologous 
gene. 

0029. The genes and proteins can be identified by their 
primary sequences, but also by sequence or alignment 
homology defining groups of proteins. 
0030 PFAM (protein families database of alignments 
and hidden Markov models: http://www.sanger.ac.uk/Soft 
ware/Pfam/) represents a large collection of protein 
sequence alignments. Each PFAM makes it possible to 
visualize multiple alignments, see protein domains, evaluate 
distribution among organisms, gain access to other data 
bases, and visualize known protein structures. 
0031 COGs (clusters of orthologous groups of proteins: 
http://www.ncbi.nlm.nih.gov/COG/) are obtained by com 
paring protein sequences from 43 fully sequenced genomes 
representing 30 major phylogenic lines. Each COG is 
defined from at least three lines, which permits the identi 
fication of former conserved domains. 

0032. The means of identifying homologous sequences 
and their percentage homologies are well known to those 
skilled in the art, and include in particular the BLAST 
programs, which can be used from the website http:// 
www.ncbi.nlm.nih.gov/BLAST7 with the default parameters 
indicated on that website. The sequences obtained can then 
be exploited (e.g., aligned) using, for example, the programs 
CLUSTALW (http://www.ebi.ac.uk/clustalw/) or MULTA 
LIN (http://prodes.toulouse.inra.fr/multalin/cgi-bin/mul 
talin-pl), with the default parameters indicated on those 
websites. 

0033. Using the references given on GenBank for known 
genes, those skilled in the art are able to determine the 
equivalent genes in other organisms, bacterial strains, 
yeasts, fungi, mammals, plants, etc. This routine work is 
advantageously done using consensus sequences that can be 
determined by carrying out sequence alignments with genes 
derived from other microorganisms, and designing degen 
erate probes to clone the corresponding gene in another 
organism. These routine methods of molecular biology are 
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well known to those skilled in the art, and are described, for 
example, in Sambrook et al. (1989 Molecular Cloning: a 
Laboratory Manual. 2" ed. Cold Spring Harbor Lab., Cold 
Spring Harbor, N.Y.). 
0034. The genes that may be deleted or overexpressed for 
the evolved, strains according to the invention are princi 
pally defined using the denomination of the gene of E. coli. 
However, this usage has a more general meaning according 
to the invention and covers the corresponding genes of other 
microorganisms. Using the GenBank references for the 
genes of E. coli those skilled in the art can determine the 
equivalent genes in bacterial strains other than E. coli. 
0035. According to the invention a new metabolic path 
way is a set of one or more enzyme reactions, the Succession 
of which produces a chemical entity that, after the step to 
select the evolved microorganism, differs in its enzymatic 
activities from the corresponding pathway in the corre 
sponding non-evolved microorganism. This difference can 
reside in the type of reaction catalyzed, or in kinetic char 
acteristics (K. V. K. etc.). A new enzymatic pathway 
makes it possible to produce a chemical entity different from 
or the same as the initial product, from a substrate different 
from or the same as the initial substrate. 

0036). According to the invention an appropriate form is 
a sequence of nucleic acids, bounded by a start codon (ATG 
or GTG) and a stop codon (TAA, TAG, TGA) in phase, 
called a coding sequence, or a part of that coding sequence, 
under the control of regulators necessary for its expression 
in the microorganism in which the heterologous gene is to be 
expressed. These regulators are well known to those skilled 
in the art, and include promoting regulators, or promoters, in 
particular promoters called strong constitutive promoters in 
microorganisms. The constitutive promoter is preferably 
chosen from among pTAC-O, pIAC-O, pTRC-O, strong 
promoters for which the lac operator has been deleted to 
make them constitutive, pTHLA. 
0037 According to the invention an initial microorgan 
ism is a microorganism that has not yet undergone any 
modification, mutation or evolution. 

0038 According to the invention a production microor 
ganism is an evolved microorganism or optimized micro 
organism into which a new metabolic pathway from an 
evolved microorganism has been introduced. 

0039. According to the invention a modified microor 
ganism is a microorganism obtained by performing con 
trolled modifications, i.e., that are not the result of a process 
of evolution. Examples of such a modification are the 
directed mutation or deletion of a gene, or the directed 
modification of a promoter. 
0040 According to the invention a culture medium 
suitable for the production of the evolved protein is a 
medium of defined composition, or a complex medium, or a 
partially defined medium. The complex medium is obtained 
from a plant, microorganism or animal hydrolysate; its 
composition may be determined by analysis, although an 
exhaustive analysis of this type of medium is seldom pos 
sible. A partially defined medium is a defined medium to 
which a complex medium has been added. 
0041 According to the invention a biotransformation 
process is a process whereby a molecule A is transformed 
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into a molecule B by means of one or more enzymes, which 
may or may not be contained in one or more microorgan 
isms. There are three types of biotransformation: biocon 
version, fermentation and biocatalysis. In bioconversion, the 
enzyme or enzymes are produced in one or more microor 
ganisms grown on a suitable medium, and Substance A and 
if necessary one or more co-substrates are Supplied for 
conversion into Substance B. In fermentation, the enzyme or 
enzymes are produced in one or more microorganisms 
grown on a suitable medium to enable the microorganism or 
microorganisms to synthesize Substance A; the Suitable 
medium can contain co-substrates. In biocatalysis, the 
enzyme or enzymes are not in cells but in a suitable medium 
Supplying Substance A and any co-substrates necessary for 
the biotransformation. 

0042. The methods for the isolation of genes are well 
known to those skilled in the art, and are described in 
particular in Sambrook et al. (1989 Molecular Cloning: a 
Laboratory Manual. 2" Ed. Cold Spring Harbor Lab., Cold 
Spring Harbor, N.Y.), Ausubel et al., 1987 (Current Proto 
cols in Molecular Biology, John Wiley and Sons, New 
York); Maniatis et al., 1982. (Molecular Cloning: a Labo 
ratory Manual. Cold Spring Harbor Laboratory, Cold Spring 
Harbor, N.Y.). These methods make it possible to locate, 
copy or extract the gene in order to introduce it into a new 
organism. This last step can be preceded by a step in which 
the gene is incorporated into a polynucleotide before being 
introduced into the microorganism. 
0043 Methods for purifying proteins are well known to 
those skilled in the art, and are described in particular in 
Coligan et al., 1997 (Current Protocols in Protein Science, 
John Wiley & Sons, Inc). They make it possible to identify 
a protein of interest in a fractionated or non-fractionated 
protein extract. This protein can then be purified, resulting in 
an increase in its specific activity if it is an enzyme. Lastly, 
these methods make it possible, if necessary, to immobilize 
the protein on a Support (e.g., a resin). 
0044 According to the invention a deletion is the Sup 
pression of the activity of the deleted gene. This suppres 
sion can result from an inactivation, by Suitable means, of 
the product of the expression of the gene concerned, or the 
inhibition of the expression of the gene concerned, or the 
deletion of at least part of the gene concerned so that its 
expression is impaired (for example deletion of part or all of 
promoter region necessary for its expression), or the loss of 
function of the product of the expression (for example 
deletion in the coding part of the gene concerned). 
0045. The deletion of a gene preferably consists of the 
removal of most of that gene, and if appropriate its replace 
ment by a selection marker gene to facilitate identification, 
isolation and purification of the evolved strains according to 
the invention. 

0046 According to the invention a substrate is a 
metabolite that can be transformed by the action of an 
enzyme, if necessary in the presence of a co-substrate. 

DETAILED DESCRIPTION OF THE 
INVENTION 

A MODIFIED MICROORGANISMS 

0047 The strains of modified microorganisms according 
to the invention can be prokaryotic or eukaryotic. 
0.048. According to the invention a strain of a microor 
ganism is a set of microorganisms belonging to the same 
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species, that comprises at least one microorganism of that 
species. Thus the characteristics described for the strain 
apply to each of the microorganisms of that strain. Likewise, 
the characteristics described for one of the microorganisms 
of the Strain apply to all the microorganisms of which that 
strain is composed. 
0049. The optimized bacteria according to the invention 
are selected from among bacteria, yeasts and fungi, in 
particular among the following species: Aspergillus sp., 
Bacillus sp., Brevibacterium sp., Clostridium sp., Coryne 
bacterium sp., Escherichia sp., Gluconobacter sp., 
Pseudomonas sp., Rhodococcus sp., Saccharomyces sp., 
Streptomyces sp., Xanthomonas sp., Candida sp. 
0050. In a preferred embodiment the bacterial strain is a 
strain of Escherichia, in particular E. coli. In another 
embodiment the bacterial strain is a strain of Corynebacte 
rium, in particular C. glutamicum. 

0051. In another embodiment the yeast strain is a strain of 
Saccharomyces, in particular S. cerevisiae 
0052 To prepare such modified microorganisms it can be 
advantageous to attenuate, and in particular to delete, other 
genes associated with or independent of the metabolic 
pathway to be modified, in order to favor the evolution of the 
microorganism. 
0053 To prepare such modified microorganisms it can 
also be advantageous to favor, and in particular to overex 
press, other heterologous or non-heterologous genes, asso 
ciated with or independent of the metabolic pathway to be 
modified, in order to favor the evolution of the microorgan 
1S. 

0054 The overexpression of a gene can be achieved by 
replacing the promoter of that gene in situ by a strong or 
inducible promoter. Alternatively, a single-copy or multi 
copy replicative plasmid in which the gene that is to be 
overexpressed is controlled by the appropriate promoter is 
introduced into the cell. 

0055 Such modifications will be decided on case by case 
according to the choice of metabolic pathway to be modi 
fied. In particular they will be described case by case for the 
particular metabolic pathways outlined below. 
0056 Those skilled in the art know the protocols used to 
modify the genetic characters of microorganisms. 
0057 The inactivation of a gene is carried out preferably 
by homologous recombination. (Datsenko, K. A.; Wanner, 
B. L. (2000), One-step inactivation of chromosomal genes in 
Escherichia coli K-12 using PCR products. Proc. Natl. 
Acad. Sci. USA 97: 6640-6645). The principal of a protocol 
is briefly as follows: a linear fragment obtained in vitro is 
introduced into the cell; this fragment comprises the two 
regions flanking the gene and at least one gene of selection 
between these two regions (generally a gene of resistance to 
an antibiotic); the fragment therefore presents an inactivated 
gene. The cells that have undergone a recombination event 
and have integrated the fragment are then selected by 
spreading them on a selective medium. The cells that have 
undergone a double recombination event in which the native 
gene has been replaced by the inactivated gene are then 
selected. This protocol can be improved by using positive or 
negative selection systems to increase the rate of detection 
of double recombination events. 
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0.058. The inactivation of a gene in S. cerevisiae is 
achieved preferably by homologous recombination (Baudin 
et al., Nucl. Acids Res. 21, 3329-3330, 1993; Wach et al., 
Yeast 10, 1793-1808, 1994; Brachmann et al., Yeast. 14:115 
32, 1998). 

B. PRODUCTION MICROORGANISMS 

0059. The production microorganisms are also selected 
from among the bacteria, yeasts and fungi listed above. They 
can be evolved microorganisms obtained by the evolution 
procedure according to the invention, or microorganisms 
optimized for the production of a desired metabolite, in 
which at least one evolved gene according to the invention 
has been introduced. 

C. CULTURE OF MICROORGANISMS 

0060 According to the invention, the terms culture’ and 
fermentation are used indifferently to denote the growth of 
a microorganism on an appropriate culture medium contain 
ing a simple carbon Source. 
0061 According to the invention a simple carbon source 

is a source of carbon that can be used by those skilled in the 
art to obtain normal growth of a microorganism, in particular 
of a bacterium. In particular it can be an assimilatable Sugar 
Such as glucose, galactose, Sucrose, lactose or molasses, or 
by-products of these Sugars. An especially preferred simple 
carbon Source is glucose. Another preferred simple carbon 
Source is Sucrose. 

0062 Those skilled in the art are able to define the culture 
conditions for the microorganisms according to the inven 
tion. In particular the bacteria are fermented at a temperature 
between 20° C. and 55° C., preferably between 25° C. and 
40°C., and more specifically about 30°C. for C. glutamicum 
and about 37° C. for E. coli. 

0063. The fermentation is generally conducted in fer 
menters with an inorganic culture medium of known defined 
composition adapted to the bacteria used, containing at least 
one simple carbon Source, and if necessary a co-substrate 
necessary for the production of the metabolite. 
0064. In particular, the inorganic culture medium for E. 
coli can thus be of identical or similar composition to an M9 
medium (Anderson, 1946, Proc. Natl. Acad. Sci. USA 
32:120-128), an M63 medium (Miller, 1992: A Short Course 
in Bacterial Genetics: A Laboratory Manual and Handbook 
for Escherichia coli and Related Bacteria, Cold Spring 
Harbor Laboratory Press, Cold Spring Harbor, N.Y.) or a 
medium such as that defined by Schaefer et al. (1999, Anal. 
Biochem. 270: 88-96). 
0065 Analogously, the inorganic culture medium for C. 
glutamicum can thus be of identical or similar composition 
to BMCG medium (Liebl et al., 1989, Appl. Microbiol. 
Biotechnol. 32: 205-210) or to a medium such as that 
described by Riedel et al. (2001, J. Mol. Microbiol. Bio 
technol. 3: 573-583). 

D. METABOLIC PATHWAYS 

0.066 The metabolic pathways to be evolved are gener 
ally selected from among the synthetic pathways of amino 
acids, the synthetic pathways of nucleic acids, the synthetic 
pathways of lipids or the metabolic pathways of Sugars. 
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0067. In a first preferred embodiment of the invention, 
the evolved metabolic pathway is a biosynthesis pathway of 
amino acids, in particular a biosynthesis pathway of an 
amino acid selected from among methionine, cysteine, 
threonine, lysine, or isoleucine. 

0068. In a second preferred embodiment of the invention 
the modified metabolic pathway is a pathway by which 
NADP is regenerated from NADPH. In particular the bio 
synthesis pathway of cysteine, of hydroxypropionate and of 
xylitol will be cited. 
0069 D.I. The Methionine Biosynthesis Pathway 

0070 The invention can be applied, for example, to the 
methionine biosynthesis pathway (FIG. 1) and yields strains 
of microorganisms, in particular bacteria, e.g., E. coli and 
corynebacteria, that produce 2-amino-4-(alkylmercapto)bu 
tyrc acid, in particular L-methionine 2-amino-4-(methylm 
ercapto)butyrc acid) by metabolism of a simple carbon 
Source and a Sulfur source, in particular methylmercaptain 
(CHSH), hydrogen sulfide (HS) or physiologically accept 
able salts of these. The sulfur source HS can also be 
introduced into the culture medium as sulfate. The invention 
also concerns the Strain of a microorganism, the improved 
enzymes and their coding sequences. The invention con 
cerns finally a process for the preparation of methionine by 
culturing the said strain of a microorganism. DL-methionine 
is produced industrially by chelical synthesis. Methylmer 
captain reacts with acroleine to produce B-thiopropionalde 
hyde that reacts with hydrogen cyanide producing C-hy 
dorxy-y-thiobutyronitrile. After treatment with ammonia and 
hydrolysis methionine is obtained. 

0071 All the industrial producers of DL-methionine use 
the same raw materials, namely acrolein, methane thiol 
(methyl mercaptan), hydrogen cyanide and ammonia or 
ammonium carbonate. This synthesis of racemic methionine 
can be carried out as a batch or a continuous process. 
0072 One industrial process includes biocatalysis in the 
chemical synthesis, using amino acylase, an enzyme pro 
duced by Aspergillus Oryzas, to obtain pure L-methionine 
from DL-methionine 

0.073 Patents U.S. Pat. No. 6,379,934 and EP 1055 730 
describe the production of amino acids using a strain of 
coryneform bacteria in which the accBC gene is amplified. 
Methionine is mentioned, but only the preparation of 
L-lysine is exemplified. 

0074. However, the synthesis of sulfur-containing amino 
acids by culture of micro-organisms remains difficult to 
implementata scale Suited to possible industrial production, 
in particular owing to the complexity of their biosynthesis 
pathways and their many mechanisms of regulation. 

0075. The metabolism of methionine is closely regulated 
at several levels (Weissbach et al., 1991, Mol. Microbiol. 5, 
1593-1597): 

0076 Carbon metabolism for the synthesis of L-serine 
from 3-Phosphoglycerate, and L-homoserine from 
aspartate and acetyl-CoA. 

0077 Sulfur metabolism for the synthesis of L-cys 
teine from L-serine, acetyl-CoA and Sulfate present in 
the culture medium. 



US 2006/0270013 A1 

0078 Methionine synthesis (FIG. 1) from L-ho 
moserine, cysteine and acetyl-CoA or Succinyl-CoA. 

0079 Patent application WO 93/17112 describes the dif 
ferent enzymes involved in the biosynthesis of methionine 
from L-aspartic acid in various organisms. This patent 
application also describes the introduction into a micro 
organism of several exogenous genes acting in sequence for 
the synthesis of methionine, using methyl mercaptain or 
hydrogen Sulfide as a Sulfur source. 
0080. This invention concerns strains of micro-organ 
isms, in particular of bacteria, in particular of E. coli and 
corynebacteria, producing 2-amino-4-(alkylmercapto)bu 
tyric acids of general formula (I) 

0081 where R is a straight-chain or branched-chain alkyl 
group containing 1 to 18 carbon atoms, which may bear one 
or more hydroxy Substituents, or an aryl group or a het 
eroaryl group containing one or more atoms of nitrogen or 
Sulfur in its heteroaromatic ring, and which can be a phenyl, 
pyridyl, pyrolyl pyrazolyl, triazolyl, tetrazolyl, thiazolyl, or 
thienyl group, 

0082 by the metabolism of a simple carbon source and a 
Sulfur source consisting of a compound of general formula 
(II) 

R SH (II) 

0083 where R is a hydrogen atom or a group R as 
defined above, and its physiologically acceptable salts, 
0084 which strains present at least one gene coding for 
an enzyme with a modified methionine synthase activity. 
0085. An enzyme with a modified methionine synthase 
activity according to the invention is any enzyme involved 
in the biosynthesis of 2-amino-4-(alkylmercapto)butyric 
acids of general formula (I) by bioconversion of a substrate 
of general formula (III) 

R" O-(CH2)2, CHNH COOH (III) 

0.086 where R" is an acyl group, preferably either a 
Succinyl group or an acetyl group, 

0087 or by direct bioconversion of the substrate into an 
acid of general formula (I), 
0088 or by bioconversion of the substrate into homocys 
teine, of formula (IV) 

HS-(CH2)2, CHNH COOH (IV) 

which is then converted into the acid of general formula (I) 
by an appropriate enzyme. 

0089. The enzymes with modified methionine synthase 
activity are enzymes that are modified compared with the 
wild type enzymes, so that they will preferentially perform 
the direct bioconversion of the substrate of general formula 
(III) into the acid of general formula (I) or homocysteine, of 
formula (IV), in place of the reaction catalysed by the wild 
type enzyme. This modification, also termed mutation, 
results essentially in a greater affinity of the modified 
enzyme for the Sulfur-containing compound of general for 
mula (II) than for its natural co-substrate. 
0090. A simple carbon source according to the present 
invention is any carbon source that can be used by those 
skilled in the art to obtain the normal growth of a micro 
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organism, in particular a bacterium. This definition includes 
in particular any assimilable Sugar, Such as glucose, galac 
tose, Sucrose, or molasses, or by-products of these Sugars. 
One especially preferred simple carbon Source is glucose. 
Another preferred simple carbon source is Sucrose. 
0091 A physiologically acceptable salt according to the 
invention is any salt of the compound of general formula (I) 
that does not affect the metabolism or the growth capacity of 
the micro-organism according to the invention, being in 
particular an alkali metal salt. Such as a sodium salt. 
0092. In a preferred embodiment of the invention, R is a 
straight-chain or branched-chain alkyl group containing 1 to 
4 atoms of carbon, in particular a methyl, ethyl, n-propyl. 
i-propyl. n-butyl, i-butyl or t-butyl group, and is preferably 
a methyl group. 
0093. The 2-amino-4-(alkylmercapto)butyric acid of 
general formula (I) obtained is preferably L-methionine. The 
use of a simple carbon source and a Sulfur compound of 
formula (II) to produce an acid of formula (I) by biocon 
version offers several advantages a priori, in particular: 

0094. The synthesis of the acid (1), and of methionine, 
in one or two steps from O-acyl-L-homoserine, 
becomes independent of the synthesis of cysteine, and 
also of the tetrahydrofolate cycle. 

0.095 The sulfur-containing compounds of formula 
(II), Such as methyl mercaptan, which are generally 
toxic petrochemicals, are used to good purpose as raw 
materials for the biosynthesis of useful amino acids 
with added value. 

0096. The invention is based on the directed modification 
of the methionine-synthase activity of cystationine-y-Syn 
thase (EC 4.2.99.9; GenBank AAN83320, or AAA24167) in 
the presence of methyl-mercaptan. This enzyme of the 
methionine biosynthesis pathway, coded for by the gene 
metB in E. coli (FIG. 2) and C. glutamicum, presents an 
activity for a wide spectrum of substrates (Flavin, M.: 
Slaughter, C. (1967) Enzymatic synthesis of homoserine or 
methionine directly from O-succinyl-homoserine. Biochim. 
Biophys. Acta 132: 400-405). 
0097. The invention is also based on the directed modi 
fication of the methionine-synthase activity of O-acetyl 
L-homoserine sulfhydrylase (or O-acetyl-L-homoserine 
sulfhydrylase, C 4.2.99.10) in the presence of methyl mer 
captan. This enzyme of the methionine biosynthesis path 
way, coded for by the gene metY in C. glutamicum (Gen 
bank AF220 150), presents an activity for a wide spectrum of 
substrates (Smith I K, Thompson J. F. (1969) Utilization of 
S-methylcysteine and methyl mercaptain by methionineless 
mutants of Neurospora and the pathway of their conversion 
to methionine. II. Enzyme studies. Biochim Biophys Acta 
184(1): 130-8). 
0098. The invention therefore also concerns a method for 
the preparation of the strains according to the invention and 
their use in a method for the preparation of a 2-amino-4- 
(alkylmercapto)butyric acid of general formula (I), prefer 
ably L-methionine. 
0099. The method for the preparation of strains according 
to the invention consists of obtaining, from an initial bac 
terial strain, a genetically modified bacterial strain that 
presents at least one modification to a gene coding for an 
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enzyme with methionine synthase activity, by a process 
that comprises a step in which that initial bacterial strain is 
Subjected to a selection pressure in the presence of a 
compound of formula (II) defined above, in order to direct 
the evolution of the gene coding for the enzyme with 
methionine synthase activity in that bacterial strain 
towards a gene coding for an enzyme with a methionine 
synthase activity that is modified relative to that of the 
initial bacterial strain. 

0100. A methionine synthase activity is improved in 
strain (A) of the micro-organism relative to the initial strain 
(I) when the production of methionine in the same culture 
conditions (in a medium containing an appropriate quantity 
of the Sulfur-containing compound of formula (II)) is greater 
in strain (A) than in Strain (I). This improvement is prefer 
ably observed by measuring the quantity of methionine 
produced. In some cases this improvement can be observed 
by the increase in the growth rate of bacteria (A) relative to 
the growth rate of bacteria (I), in a minimum medium 
containing no methionine. 
0101 This invention also concerns those strains with 
improved methionine synthase activity that can be 
obtained by the selection process according to the invention, 
and comprising at least one gene coding for an enzyme with 
a modified methionine synthase activity as defined above 
and below. 

0102) In a first embodiment of the invention the enzyme 
with modified methionine synthase activity allows the 
direct conversion of the substrate of general formula (III) 
into the acid of general formula (I). In this case the sulfur 
Source is a compound of general formula (II) where R is a 
group R as defined above. 
0103) The enzyme with modified methionine synthase 
activity is chosen from among the cyStathionine-y-synthases 
and the acylhomoserine sulfhydrylases. 
0104. In a second embodiment of the invention the 
enzyme with modified methionine synthase activity allows 
the conversion of the substrate of general formula (III) into 
homocysteine, of general formula (IV) 

HS-(CH2)2, CHNH COOH (IV) 
0105 which is then converted into an acid of general 
formula (I) by an appropriate enzyme. In this case, the 
Sulfur-containing source is a compound of general formula 
(II) in which R" is an atom of hydrogen, preferably, hydrogen 
sulfide. The sulfur source HS can be introduced into the 
culture medium or be produced by the bacteria from a simple 
Sulfur source, for example a Sulfate. 
0106 The enzyme with modified methionine synthase 
activity is advantageously chosen from among the cys 
tathionine-y-Synthases and the acylhomoserine sulfhydry 
lases. 

0107 Those skilled in the art will know how to select 
other enzymes with modified methionine synthase activity 
according to their ability to evolve, so as to carry out the 
modified enzymatic methionine synthase reaction as 
defined above. Examples include in particular the cysteine 
synthases A and B, coded for by the genes cysK and cySM 
in bacteria. 

0108 For the modified cystathionine-y-synthases defined 
above and below, the Substrate is advantageously O-acetyl 
L-homoserine or O-Succinyl-L-homoserine, preferably 
O-Succinyl-L-homoserine. 
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0.109 For the modified acylhomoserine sulfhydrylases 
defined above and below, the substrate is advantageously 
O-Succinyl-L-homoserine or O-acetyl-L-homoserine, pref 
erably O-acetyl-L-homoserine. 

0110 For these two enzymes, the modification consists 
essentially of a mutation such that the conversion of the 
substrate of general formula (III) takes place preferentially 
with the compound of general formula (II) rather than with 
L-cysteine. 

0111. The mutation of the enzymes can be obtained by 
implementing the method for the preparation of Strains with 
improved methionine synthase activity according to the 
invention by culture under selection pressure in the presence 
of the compound of general formula (II). 
0112 In this case, the gene with the sequence coding for 
cyStathionine-Y-synthase or acylhomoserine Sulfhydrylase 
can be 

0113 a wild type gene present in the genome of the 
original strain (I), where it is expressed to allow the 
translation of the corresponding enzyme, or 

0114 a heterologous gene that includes a sequence 
coding for a cystathionine-y-synthase or an acylho 
moserine Sulfhydrylase, under the control of regulatory 
elements that permit its expression and translation in 
the original strain (I) into which it was introduced, or 

0115 obtained by directed mutagenesis directly on the 
wild type gene present naturally in the initial strain (I), 
in particular by homologous recombination, or 

0116 obtained by the usual techniques of directed 
mutagenesis on sequences coding for a cyStathionine 
Y-synthase or an acylhomoserine Sulfhydrylase, Subse 
quently introduced into the initial strain (I) under the 
control of regulatory elements that allow its expression 
and translation in the initial strain. (I) into which it was 
introduced. 

0.117 Such regulatory elements are well known to those 
skilled in the art, and contain promoter regulation sequences, 
or promoters, in particular strong constitutive promoters in 
micro-organisms. The strong constitutive promoter is pref 
erably pTAC-O (SEQ ID No. 1), or plaC-O (SEQ ID No. 
2), or pTRC-O (SEQID No. 3), or pTHLA (SEQID No. 4), 
all of which are strong promoters in which the lac operator 
has been deleted to make them constitutive. 

0118. The initial or unmodified methionine synthase 
activity cystathionine-y-Synthases are advantageously 
selected among the cyStathionine-Y-synthases corresponding 
to PFAM reference PFO1053 and to COG reference 
CPGO626. 

0119) The cystathionine-y-synthase is preferably the cys 
tathionine-y-synthase from E. coli K12, represented by SEQ 
ID No. 6. Homologous sequences of this sequence have 
cystathionine-y-synthase activity and at least 80% homol 
ogy, preferably 90% homology, and more preferably 95% 
homology with the amino acid sequence of SEQ ID No. 6. 
0.120. The means of identifying homologous sequences 
and their percentage of homology are well-known to those 
skilled in the art, and include in particular the BLAST 
program, and in particular the BLASTP program, which can 
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be used from the web site http://www.ncbi.nlm.nih.gov/ 
BLAST/ with the default parameters indicated on that site. 
0121. In a preferred embodiment of the invention the 
initial cystathionine-y-Synthase, before modification, con 
tains the following sequence of amino acids in its C-terminal 
part. (conserved Zone 1) 

0123 in which 
0124 X1 represents A.G.S, preferably A 
0125 X2 represents E.V.PT, preferably E 
0126 X3 represents S.T.N. preferably S 
012.7 X4 represents G.D.A.H.T., preferably G 
0128 X5 represents V.A.T.H.N. preferably V 
0129 X6 represents E.R.K.F. preferably E 
0130 X7 represents S.T. preferably S 
0131 X8 represents L.I.V.A. preferably L and 
0132) X9 represents I.V.A.T. preferably I. 
0133. The cystathionine-y-synthase with modified 
methionine synthase activity according to the invention 
preferably contains the following amino acid sequence in its 
C-terminal part: 

0135 The initial cystathionine Y-synthase, before modi 
fication, also advantageously contains at least one of the 
following amino acid sequences in its N-terminal part (con 
served Zone 2): 

013.6 X 10-X11-Y-X12-R-X13-X14-X15-X16-X17 
X18 

0137 in which 
0138 X10 represents H.Y.F.L.K., preferably A 
0139 X11 represents E.D.K.R.V.I., preferably Y 
0140 X12 represents S.A.T.P.G., preferably S 
0141 X13 represents I.S.T.R.E.F.W.D. preferably S 
0142) 
0143) 
0144) 
0145) 

X14 represents S.G.A.I.E.N.K.P. preferably G 
X15 represents N.H.Q.S. preferably N 
X16 represents PD.L., preferably P 
X17 represents T.M.N.G.S, preferably T and 

0146 X18 represents R.L.V.S.W.E., preferably R. 
0147 Amino acids X1 to X9 correspond to residues 324 
to 334 of the cystathionine Y-synthase sequence of E. coli 
K12, represented on SEQ ID No. 6. 
0148. The amino acids X10 to X18 correspond to resi 
dues 44 to 54 of the sequence of cystathionine Y-synthase of 
E. coli K12, represented on SEQ ID No. 6. 
014.9 The positions of the amino acids used above and 
below are relative positions set with reference to the 
sequence of the cystathionine-y-Synthase of E. coli K12. 
Those skilled in the art will of course know how to find the 
corresponding amino acids on other sequences of cys 
tathionine-y-Synthases, using the usual sequence alignment 
tools. These tools include in particular the BLAST program, 
which can be used from the web site http://www.ncbi.nlm. 
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nih.gov/BLAST7 with the default parameters indicated on 
that site. The sequence alignment can be carried out at the 
level of both the protein (SEQ ID No. 6) and its coding 
sequence. Such as for example the coding sequence repre 
sented on SEQ ID No. 5. 
0150. The advanced search function of BlastP can also be 
advantageously used by refining the search with a (PHI 
BLAST) motif. In this case the motif AGS-EVPT 
STN-L-G-GDAHT-VATHN-ERKF-ST-LIVA 
IVAT can be taken for a first conserved Zone, and the motif 
x(2)-Y-SATPG-R-x(2)-NHQS-PDL-TMNGS 
RLVSWE) for a second conserved Zone, where the letters 
in bold type represent the amino acids found most often at 
that position in the sequence, and where X stands for any 
amino acid. The number 2 in brackets signifies that there are 
two undetermined amino acids. 

0151. For the sequence alignment, the CLUSTALW pro 
gram (http://www.ebi.ac.uk/clustalw/) or the MULTALIN 
program (http://prodes.toulouse.inra.fr/multalin/cgi-bin/ 
multalin-pl) can be used, with the default parameters indi 
cated on those sites. 

0152 One such sequence alignment is represented in 
FIG. 7 for a selection of different cystathionine-y-synthases. 
0153. These are preferably chosen from among the fol 
lowing cyStathionine-Y-synthases (CGS): 
0154) Q97MW7 O-succinyl homoserine (thiol)-lyase, 
Helicobacter pylori 

O155 P46807 O-succinyl 
Mycobacterium leprae 

0156 AAO29646 Xylella fastidiosa Temeculal 
0157 NP 638204 Xanthomonas campestris pv. Campes 

tris Str. ATCC 33.913 

0158 NP 358970 Streptococcus pneumoniae R6 
0159. NP 126586 O-succinylhomoserine (thiol)-lyase, 
Pyrococcus abyssi 

0160 
N315 

0161) 
0162 
13032 

0163 NP 343729 O-succinylhomoserine (thiol)-lyase, 
Sulfolobus solfataricus 

0.164 NP 786.043 O-succinylhomoserine (thiol)-lyase, 
Lactobacillus plantarum WCFS1 

0.165 NP 719586 Shewanella Oneidensis MR-1 
0166 CAD30944 Streptomyces coelicolor A3(2) 
0167 NP 696324 Bifidobacterium longum NCC2705 
0168 NP 457953 Salmonella enterica subsp. enterica 
serovar typhi 

0169 
0170 EAA30199 O-succinylhomoserine (thiol)-lyase, 
Neurospora crassa 

homoserine (thiol)-lyase, 

NP 373671 Staphylococcus aureus subsp. aureus 

NP 418374 Escherichia coli K12 
NP 601979 Corynebacterium glutamicum ATCC 

NP 539021 Brucella melitensis 

0171 BAC61028 Vibrio parahaemolyticus. 
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0172 The modified cystathionine-y-synthase as defined 
above preferably presents at least one mutation in its C-ter 
minal part, and (or) at least one mutation in its N-terminal 
part. 

0173 A mutation according to the invention is the sub 
stitution of an amino acid in the wild type sequence by a 
different amino acid. 

0174 The mutation preferably consists of the replace 
ment of an acidic amino acid, which interacts with the 
cysteine co-substrate for the unmodified enzyme, by an 
apolar amino acid. This apolar amino acid is a glycine, 
alanine, leucine, isoleucine, Valine, phenylalanine or 
methionine residue. 

0175. These amino acids can be identified by reference to 
the crystal structure of the cystathionine-y-synthases of E. 
coli, described by Clausen et al. (EMBOJ, Vol. 17, No. 23, 
pp 6827-6838, 1998). 
0176) The mutation in the C-terminal part is advanta 
geously introduced among the acidic amino acids of the 
conserved Zone 1 as defined above, in particular at the level 
of residue X2. 

0177. The cystathionine-y-synthase with modified 
methionine synthase according to the invention advanta 
geously contains the following amino acid sequence in its 
C-terminal part: 

0180 X1, X3, X4, X5, X6, X7, X8 and X9 are defined 
above, and 
0181 X2 stands for G.A.L.I.V.F. or M, and preferably A. 

in which 

0182. The mutation in the N-terminal part is advanta 
geously introduced among the amino acids of the conserved 
Zone 2 as defined above, in particular at the level of residue 
X11 and (or) R and (or) X13. 
0183 Preferentially the cystathionine-y-synthase with 
modified methionine synthase activity according to the 
invention contains the following amino acid sequence in its 
C-terminal part. 

0185. The cystathionine-y-synthase with modified 
methionine synthase activity according to the invention 
can advantageously contain the following amino acid 
sequence in its N-terminal part: 
0186 X 10-X11-Y-X12-X19-X13-X14-X15-X16-X17 
X18 

0187) 
0188 X7; X9,X12, X14, X15, X16, X17 and X18 are 
defined above, 

in which 

0189 X11 is defined above or is an apolar amino acid, 
0.190 X13 is defined above or is an apolar amino acid, 

0191 X19 is defined above or is an apolar amino acid, 
and 

0192 at least one of the amino acids X11, X13 and X19 
is an apolar amino acid as described above. 
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0193 In a preferred embodiment of the invention the 
cyStathionine-Y-synthase with modified methionine Syn 
thase activity according to the invention is a cyStathionine 
Y-synthase as defined above, modified to allow the direct 
conversion of O-Succinyl-L-homoserine into L-methionine 
with methyl mercaptain as a Sulfur source (compound of 
general formula (II) where R is a methyl group). 
0194 In a preferred embodiment of the invention the 
cyStathionine-Y-synthase with modified methionine Syn 
thase activity contains the sequence of amino acids repre 
sented on SEQ ID No. 8. A DNA sequence coding for this 
modified enzyme is represented on SEQ ID No. 7. 
0.195 This invention also concerns the modified cys 
tathionine-y-synthases as defined above, and the nucleic acid 
sequences coding for these modified cyStathionine-y-Syn 
thases, in particular the isolated sequences, in particular the 
DNA sequences, and in particular the sequence represented 
on SEQ ID No. 7, the cloning and (or) expression vectors 
containing those nucleic acid sequences under the control of 
the regulatory elements necessary for the expression and 
transcription of the modified cystathionine-y-Synthase in a 
host organism, and the host organisms transformed with 
those vectors. 

0196. The initial or unmodified methionine synthase 
activity acylhomoserine Sulihydrylases are advantageously 
chosen among the acylhomoserine Sulfhydrylases corre 
sponding to the PFAM reference PF01053 and the COG 
reference COG2873. 

0197) They are preferably chosen among the following 
acylhomoserine Sulhydrylases: 

0198 NP 785969 O-acetylhomoserine 
Lactobacillus plantarum WCFS1 

0199 AAN68137 O-acetylhomoserine 
Pseudomonas putida KT2440 

0200 NP 599886 O-acetylhomoserine sulfhydrylase, 
Corynebacterium glutamicum ATCC 13032 

0201 NP 712243 acetylhomoserine sulfhydrylase, Lep 
to spira interrogans serovar lai str. 56601 

0202 BAC46370 O-succinylhomoserine sulfhydrylase, 
Bradyrhizobium japonicum USDA110 

0203 AAO57279 O-succinylhomoserine sulfhydrylase, 
Pseudomonas Syringae pv. tomato str. DC3000 

(thiol)-lyase, 

sulfhydrylase, 

0204 NP 284520 O-succinylhomoserine sulfhydrylase 
Neisseria meningitidis Z2491 

0205 AAA83435 O-succinylhomoserine sulfhydrylase 
(P. aeruginosa) 

0206. In a preferred embodiment of the invention, the 
modification of the methionine biosynthetic pathway 
requires initially a genetically modified bacterium. The 
modification involves necessarily the attenuation of at least 
one gene and possibly the cloning of at least one heterolo 
gous gene. The attenuation of the gene makes the bacterium 
dependent on the restoration of an equivalent metabolic 
pathway allowing its growth. The genetically modified bac 
terium is cultivated and the strain or the bacterial strains are 
selected whose growth rate improves in the presence or 
absence of an exogenous co-substrate. 
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0207. The process for the construction of strains accord 
ing to the invention consists of obtaining, starting with an 
initial strain, a genetically modified bacterial strain that 
comprises at least one modification in a gene coding for an 
enzyme with “methionine synthase' activity (e.g. E. coli 
MetB) or “homocysteine synthase' activity (e.g. E. coli 
MetC). This process comprises a step that consists of 
Subjecting the said initial bacterial strain to a selection 
pressure in the presence of the sulfur source defined above 
in order to direct the evolution of at least one gene (e.g. metB 
in E. coli) in the said bacterial strain, in order to restore a 
methionine synthase activity or homocysteine synthase 
activity in the evolved strain; this restoration of activity is 
not linked to a reversion of the effected modification. 

0208. The invention also concerns a strain with improved 
"methionine synthase' activity that comprises an inactiva 
tion of at least one endogenous gene involved in the con 
ventional methionine biosynthesis pathway. 
0209. In a preferred embodiment the bacterial strain 
comprises an inactivation of at least one endogenous gene. 
This endogenous gene is chosen among metB, metJ, metC, 
metB, or metH. 

0210. In a preferred embodiment of the invention, the 
said modification of the initial strain that is found in the 
strain with improved “methionine synthase' activity, nota 
bly E. coli consists of inactivating the wild-type methionine 
synthase activity (encoded by the gene metB in E. coli) and 
then cultivating the said obtained modified microorganism 
on a defined medium lacking methionine, S-adenosylme 
thionine, homocysteine and cystathionine, but containing 
methylmercaptain (exogenous co-substrate), or one of its 
salts, and of selecting an evolved microorganism with 
strongly improved methionine synthase activity of the cys 
tathionine-y-Synthase, in the presence of methylmercaptan, 
to the point that it replaces the activity that was initially 
inactivated. In this embodiment of the invention it is impor 
tant to note that the medium used for the selection of the 
evolved microorganism is identical to the medium on which 
the initial microorganism (the one that is not modified) 
grows; only one co-substrate (e.g. alkylmercaptan) is added. 
In a specific embodiment of the invention, the bacterial 
strain selected comprising the evolved microorganism 
according to the invention, is an E. coli strain, more par 
ticularly the strain E. coli K183, that has been registered 
under the number 1-3005, on Apr. 2" 2003 at the Collection 
Nationale de Culture et Microorganismes (CNCM), 25 rue 
du Docteur Roux, 75724 Paris Cedex 15, France according 
to the treaty of Budapest. This strain comprises a gene 
expressing modified cystathionine-y-synthase, the enzyme 
harboring the mutation E325A, and the inactivation of metB. 
0211. In a particular application of this invention, it is 
also possible to use strains that have additional deletions in 
the metC and/or metH and/or metJ to obtain the strains with 
the corresponding improved “methionine synthase'. 

0212. In a second equally preferred embodiment of the 
invention, the said modification of the initial strain, notably 
E. coli, consists of inactivating the cystathionine-B-lyase 
activity (encoded by the gene MetC in E. coli), then of 
cultivating the said modified microorganism that is obtained 
on a defined medium lacking methionine, S-adenosylme 
thionine, homocysteine and cystathionine, then selecting an 
evolved microorganism in which the homocysteine synthase 
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activity of the cyStathionine-Y-synthase is strongly improved 
in the presence of endogenous H2S, to the point of replacing 
the initial inactivated activity. In this embodiment it is 
important to note that the medium used for the selection of 
the evolved microorganism is identical to the medium on 
which grows the initial microorganism (the non-modified). 
In a specific embodiment of this application, it is also 
possible to add NaSH to the medium. In another specific 
application it is possible to use a strain that in addition has 
at least a mutation in metH and/or metJ. 

0213. In a third equally preferred embodiment of the 
invention, the said modification of the initial strain, notably 
E. coli, consists of inactivating the wild type Succinyl 
homoserine sulfhydrylase (encoded by the metB gene) and 
methionine synthase (encoded by the metB gene in E. coli). 
Then the acetyl-homoserine sulfhydrylase (encoded by the 
metY gene in C. glutamicum) is introduced and the said 
modified obtained microorganism is cultured on a defined 
medium lacking methionine, S-adenosylmethionine, 
homocysteine and cyStathionine, but Supplemented with 
sodium methylmercaptide with the goal to select an evolved 
microorganism in which the methionine synthase activity 
carried by the acetyl-homoserine sulfhydrylase (MetY) is 
strongly improved, in the presence of Sodium methylmer 
captide, to the point of replacing the methionine synthase 
activity that was initially inactivated. In this embodiment of 
the invention it is important to note that the medium used for 
the selection of the evolved microorganism is identical to the 
medium on which the initial microorganism (the one that is 
not modified) grows; only a co-substrate (e.g. methylmer 
captan) is added. In a particular application of this invention, 
it is possible to use strains that have additional deletions in 
at least the metH and/or metJ and/or metC gene. 
0214) A mutation of the gene metJ is proposed in JP 
2000157267-A/3, to produce a greater quantity of methion 
ine (see also GenBank E35587). This gene codes for a 
protein that represses the genes metB, E, L J and R (in 
Salmonella typhimurium). Its inactivation or its modification 
reduces the negative feedback control exerted by methion 
1C. 

0215. The gene metC (GenBank M12858), codes for the 
cyStathionine-B-lyase (EC 4.4.1.8), and the genes metB. 
(GenBank AEO00458) and metH (GenBank J04975) code 
for the methionine synthase (EC 2.1.1.13). Methionine is an 
amino acid that is essential for cell life. The inactivation of 
one or more of these genes has the effect of Suppressing the 
usual methionine biosynthesis pathway. 
0216. Using the references given in GenBank for these 
genes, which are well known, those skilled in the art are able 
to determine the equivalent genes in bacterial strains other 
than E. coli. This routine work is advantageously performed 
using consensus sequences that can be determined from the 
synthesis of these genes for other micro-organisms, and by 
designing degenerate probes to clone the corresponding 
gene in another organism. These routine techniques in 
molecular biology are well known to those skilled in the art, 
and are described for example in Sambrook et al. (1989 
Molecular cloning: a laboratory manual. 2" Ed. Cold Spring 
Harbor Lab., Cold Spring Harbor, N.Y.). 
0217. The strain with modified methionine synthase 
activity according to the invention that possesses an enzyme 
with modified methionine synthase activity defined above 
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preferably presents at least one inactivation of the gene metB. 
and (or) metH, and (or) of the gene metC, and (or) of the 
gene metB. 
0218. When the enzyme with modified methionine syn 
thase activity defined above allows the direct bioconversion 
of the substrate of general formula (III) into an acid of 
general formula (I), the strain according to the invention 
advantageously presents at least one inactivation of the gene 
met and (or) metH and (or) metB, preferably at least one 
inactivation of the gene metB. 
0219. When the enzyme with modified methionine syn 
thase activity defined above allows the direct bioconversion 
of the substrate of general formula (III) into homocysteine, 
of formula (IV) 

HS-(CH2)2, CHNH COOH (IV) 

0220 which is then converted into an acid of general 
formula (I) by an appropriate enzyme, the Strain according 
to the invention presents at least one inactivation of the gene 
MetC and (or) metB. It can also present an inactivation of 
the gene metB and (or) endogenous metH. In this case, the 
methylase activity associated with the genes metB and (or) 
metH is restored by the introduction of a gene coding for an 
enzyme with the same activity. This enzyme can be one that 
has been selected and (or) modified to improve the yields of 
the synthesis of the amino acids of general formula (I). 
0221) In one embodiment, the bacterial strain can also 
present a modification of the homoserine O-acyltransferase 
activity controlled by the gene metA such as to lend it either 
a homoserine O-succinyltransferase activity (EC 2.3.1.46) 
or a homoserine O-acetyltransferase activity (EC 2.3.1.11). 
0222. In a particular embodiment, it is possible to replace 
or modify the gene metA of E. coli, coding for the enzyme 
possessing the homoserine O-Succinyltransferase activity 
(Genbank AAN83396), so as to obtain a homoserine 
O-acetyltransferase activity. Those skilled in the art know 
that this activity is coded for by the gene metA of C. 
glutamicum (Genbank AF052652). The protocols used to 
replace the gene metA of E. coli by the gene metA of C. 
glutamicum, or modify the sequence of metA of E. coli to 
obtain a homoserine O-acetyltransferase activity in place of 
a homoserine O-Succinyltransferase activity are known to 
those skilled in the art. 

0223 Similarly, it is possible to replace or modify the 
gene metA of C. glutamicum, coding for a homoserine 
O-acetyltransferase activity, so as to obtain a homoserine 
O-Succinyltransferase activity. 

0224 All the modifications stated above can be carried 
out directly on the strain subjected to selection pressure 
when the method according to the invention is implemented. 
Alternatively, it is preferable to implement the screening 
process according to the invention on a strain that presents 
only a limited number of modifications, obtain a strain 
presenting a methionine synthase activity in the presence 
of the compound of formula (II), in particular methyl 
mercaptan, and carry out other modifications as described, 
So as to enhance the bypass of the normal methionine 
synthesis pathway. 

0225. Those skilled in the art know the protocols used to 
modify the genetic characters of micro-organisms. The 
over-expression of a gene can be achieved by changing a 
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promoter of this gene in situ for a strong or inducible 
promoter. Alternatively, a replicative plasmid (single-copy 
or multicopy) can be introduced into the cell, in which the 
gene to be over-expressed is under the control of an appro 
priate promoter. 
0226. The inactivation of a gene is preferably carried out 
by homologous recombination. The protocol principle is 
briefly as follows: a linear fragment is introduced into the 
cell. This fragment is obtained in vitro, and it comprises the 
two regions flanking the gene, and at least one selected gene 
between these two regions (generally a gene for antibiotic 
resistance). This linear fragment thus presents an inactivated 
gene. The cells that have undergone a recombination event 
and have integrated the fragment introduced are selected by 
plating on a selective medium. The cells that have undergone 
a double recombination event are then selected, in which the 
native gene has been replaced by the inactivated gene. This 
protocol can be improved by using systems of positive and 
negative selection to speed up the detection of double 
recombination events. 

0227. In a preferred embodiment, the bacterial strain is a 
strain of E. coli. 

0228. In another embodiment, the bacterial strain is a 
strain of Corynebacterium, in particular C. glutamicum. 
0229. In a preferred embodiment of the invention the 
bacterial strain is the strain E. coli K183 registered at the 
CNCM (French IDA) on 2 Apr. 2003 under the number 
I-3005. This strain possesses a gene expressing a modified 
cystathionine-y-synthase that presents the mutation E325A 
described previously, and an inactivation of the gene metB. 
0230. The strains of micro-organisms according to the 
invention possess a cyStathionine-Y-synthase enzyme and 
(or) an acylhomoserine Sulfhydrylase enzyme. They are 
preferably selected and improved by a method of screening 
and evolution, which is also an object of the invention. The 
strains according to the invention can also be genetically 
modified (that is, they can present an inactivation, a muta 
tion and (or) an over-activation of at least one endogenous 
gene). This modification can be made before or after the 
implementation of the screening process. 

0231. To accelerate the selection and directed evolution 
of the strains for the production of methionine in the 
presence of the compound of formula (II), in particular of 
methyl mercaptan, the operations described below can be 
performed. The process is described for methyl mercaptan, 
but those skilled in the art will know how to adapt it to any 
other compound of formula (II), in particular HS. 
0232 a. Coupling of the Biosynthesis of the Substance of 
Interest with the Growth of the Micro-Organism in Such a 
Way that the Production of that Substance Becomes Nec 
essary for the Growth of the Micro-Organism. 
0233. One option is to disrupt the metB gene coding for 
methionine-synthase, which produces methionine from 
homocysteine. The strain then becomes auxotrophic for 
methionine. 

0234) To survive in a minimum medium containing a 
simple carbon Source and methyl mercaptain or sodium 
methyl mercaptide, the micro-organism has therefore to 
optimise the synthesis pathway of L-methionine from 
O-acyl-L-homoserine and methyl mercaptain or sodium 
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methyl mercaptide. Computer modelling shows that in these 
conditions it is possible to double theoretical methionine 
yields (Table 1). 

TABLE 1. 

Maximum theoretical yields for the production of methionine (mass 
of methionine mass of glucose) by E. coli for fermentation on 

glucose (a) and for fermentation on glucose and methyl mercaptain 
b) with a constant biomass yield (continuous cultures). 

Methionine Methionine 
Biomass yields yields yields 
Y (g/g) Ys (gg) Ys (gg) 

O O.36 O.74 
O.11 O.30 O.62 
O.28 O.21 O42 
0.44 O.12 O.24 
O.61 O O 

0235 However, when a 2-amino-4-(alkylmercapto)bu 
tyric acid other than L-methionine is sought, the medium has 
to be supplemented with methionine to enable the micro 
organism to grow. 
0236 b. Suppressing Regulation, in Particular Negative 
Feedback at Either Enzyme or Gene Level so that the Main 
Biosynthesis Pathway is Potentiated. 
0237) The gene metJ, which codes for a repressor gene, 
can thus be suppressed. In addition, it has been shown that 
homoserine transSuccinylase, coded for by the gene metA, is 
down-regulated by methionine and S-adenosylmethionine 
(Taylor et al., 1966, J. Biol. Chem., 241: 3641-3642). It is 
therefore desirable to replace this enzyme by one that is 
insensitive to this negative feedback (Chater et al., 1970, J. 
Gen. Microbiol. 63: 121-131). 
0238 A further object of the invention is a screening and 
identification test by which it is possible to obtain a micro 
organism producing a 2-amino-4-(alkylmercapto)butyric 
acid, in particular L-methionine, by metabolising an alkyl 
mercaptain or H2S, in particular methyl mercaptan. 

0239 Thus the present invention makes it possible to 
identify the strains that possess mutations in their genome 
Such that the strain is able to assimilate a compound of 
formula (II), and produce the amino acid of formula (I). 
These modifications thus induce an increase in the methion 
ine synthase activity of that strain. It is thus possible to 
accelerate the production of the strain producing methionine 
autonomously from a simple carbon source and a compound 
of formula (II). 
0240 A further object of the invention is thus a method 
of Screening of an initial bacterial strain, which can be a 
genetically modified bacterial Strain, that possesses a gene 
coding for a cyStathionine-Y-synthase enzyme or acylho 
moserine Sulfhydrylase enzyme, in order to obtain a geneti 
cally modified bacterial strain producing an amino acid of 
formula (I), in particular L-methionine, and presenting a 
modification to the gene of that enzyme that induces a 
modification to the methionine synthase activity in the 
presence of a Sulfur-containing compound of formula (II), 
whereby the bacterial strain is subjected to a selection 
pressure in the presence of a compound of formula (II), so 
as to direct an evolution of the gene coding for the cys 
tathionine-y-Synthase enzyme or for the acylhomoserine 
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sulfhydrylase enzyme in that bacterial strain, which evolu 
tion consists of a mutation that enables it to carry out a 
preferential direct conversion of the substrate of general 
formula (III) into an amino acid of general formula (I) or 
into homocysteine, of formula (IV). 

0241 The initial bacterial strain can present an inactiva 
tion and (or) an over-activation, in particular by the insertion 
of a strong constitutive promoter, of at least one endogenous 
gene. 

0242. The invention also concerns a bacterial strain pre 
senting a modification to the gene of the cystathionine-y- 
synthase enzyme and (or) to the gene of the acylhomoserine 
Sulfhydrylase enzyme, inducing an increased methionine 
synthase activity of that enzyme in the presence of a 
compound of formula (II), in particular methyl mercaptan. 
Such a strain can also present at least one other genetic 
modification (inactivation, mutation or over-expression of 
an endogenous gene), as described above. 

0243 The strain according to the invention can prefer 
ably be obtained by a method according to the invention, and 
in particular is obtained by the method according to the 
invention. 

0244. The invention also concerns a method for the 
preparation of a 2-amino-4(alkylmercapto)butyric acid of 
formula (I) defined above, whereby a micro-organism with 
a modified methionine synthase activity as defined above 
is grown in the presence of a sulfur-containing compound of 
general formula (II) in an appropriate medium containing a 
simple carbon Source as defined above. The amino acid of 
formula (I) is preferably methionine, more preferably L-me 
thionine, and the Sulfur-containing compound of general 
formula (II) is methyl mercaptain or H.S. 
0245 According to the invention, the terms culture’ and 
fermentation are used interchangeably to designate the 
growth of bacteria in an appropriate culture medium con 
taining a simple carbon Source. 

0246 The culture conditions for micro-organisms 
according to the invention (fermentation) can be set by those 
skilled in the art. In particular, bacteria are grown at a 
temperature between 20° C. and 55° C., preferably between 
25° C. and 40° C., and in particular at about 30° C. for C. 
glutamicum and about 37° C. for E. coli. 

0247 The fermentation is carried out in fermenters with 
a mineral culture medium of known set composition adapted 
to the bacteria used, containing at least one simple carbon 
Source together with the Sulfur-containing compound of 
formula (II). 
0248. In particular, the mineral medium for E. coli can be 
identical or similar in composition to an M9 medium 
(Anderson, 1946, Proc. Natl. Acad. Sci. USA 32:120-128), 
or to an M63 medium (Miller, 1992: A Short Course in 
Bacterial Genetics: A Laboratory Manual and Handbook for 
Escherichia coli and Related Bacteria, Cold Spring Harbor 
Laboratory Press, Cold Spring Harbor, N.Y.), or to a medium 
such as defined by Schaefer et al. (1999, Anal. Biochem. 
270: 88-96). 

0249. In the same way, the mineral culture medium for C. 
glutamicum can be identical or similar in composition to 
BMCG medium (Liebl et al., 1989, Appl. Microbiol Bio 
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technol. 32: 205-210), or to a medium such as defined Riedel 
et al. (2001, J. Mol. Microbiol. Biotechnol. 3: 573-583). 
0250) The media can be supplemented to compensate for 
any auxotrophy. They contain a concentration of simple 
carbon that is adapted to the culture and production mode, 
and a Sulfur-containing compound of formula (II) at a 
concentration adapted to the evolution of the strain and the 
mode of production selected. 

0251. After fermentation, the amino acid of formula (I) is 
recovered by the usual methods and if necessary purified. 
0252) The methods for recovery and purification of 
amino acids of formula (I) in culture media are well-known 
to those skilled in the art. 

0253) The present invention also concerns a method for 
the preparation of a 2-amino-4(alkylmercapto)butyric acid 
of formula (I) defined above, whereby a substrate of general 
formula (III) 

R" O-(CH), CHNH-COOH (III) 

0254 where R" represents an acyl group, preferably 
either a Succinyl or an acetyl group, 

0255 reacts with an enzyme with modified methionine 
synthase activity as described above in an appropriate 
reaction medium containing a sulfur-containing compound 
of formula (II) defined above. 

0256 The appropriate reaction medium is a usual enzyme 
reaction medium well known to those skilled in the art, in 
particular an aqueous medium in which the Substrates and 
the enzyme are dissolved or suspended. The conditions of 
implementation of the reaction are well known to those 
skilled in the art, in particular those required to prevent any 
Substantial denaturing of the enzyme. 

0257. In a particular embodiment of the invention, the 
enzyme with modified methionine synthase activity is 
present in an inactivated bacterium or in a cell extract. 

0258. In another particular embodiment of the invention, 
the enzyme with modified methionine synthase activity is 
a purified enzyme. 

0259) D.II. The Cysteine Biosynthesis Pathway 

0260 The present invention also relates to the field of 
bioconversion and the production of amino acids by fer 
mentation of microorganisms. It relates also to a screening 
and directed evolution method allowing the identification of 
strain of microorganisms, possibly genetically modified, 
possessing an enzyme with “modified cysteine synthase' 
activity, in particular a modified O-acyl-L-homoserine Sulf 
hydrylase. The corresponding strain produces L-cysteine or 
an amino acid derivative by metabolism of a simple carbon 
Source. The invention also concerns the strain of a micro 
organism and the process for the preparation of L-cysteine, 
or an amino acid derivative, by culturing the said strain of 
a microorganism. 

0261 Cysteine can be produced using various means and 
different sources. Sun-Orient Chemical Co., Ltd extracts 
L-cystine from hydrolyzed hair in the presence of HC1. 
L-cystine is then converted into cysteine monohydrochlo 
ride using an electrolytic process. 

Nov.30, 2006 

0262 DL-cysteine monohydrochloride can be produced 
by the Strecker process (synthesis of L-cystine in the pres 
ence of ammonium, HCN and mercaptaldehyde). 
0263. The Bucherer-Berg reaction, in which chloracetal 
dehyde, HCN, ammoniumbicarbonate and sodiumsulfide are 
mixed, allows also the production of L-cysteine. La L-cys 
teine is crystallized as monohydrochloride in a solution of 
hydrochloric acid. 
0264. The enzymatic production of cysteine or the bio 
conversion using tryptophane synthase to catalyze the reac 
tion between an alanine Substituted in the C-position and a 
sulfide was described in the patent applications GB2 174 
390 and EPO 272 365. Similarly the production of cysteine 
by fermentation of microorganisms has been described in 
the patent applications EP 0 885962 and WO01/27307 and 
WO97/15 673 that describe, respectively, the optimization 
of the excretion of the synthesized cysteine by the micro 
organisms, the overexpression of the gene cysB in order to 
optimize the production of H2S and a serine acetyltrans 
ferase insensitive to the feed-back inhibition by cysteine. 
0265. The invention can also be applied, for example, to 
the cysteine biosynthesis pathway (FIG. 4) providing strains 
of evolved microorganisms, in particular bacteria, e.g., E. 
Coli and Corynebacteria, that produce 2-amino-4-(alkylm 
ercapto) propionic acids with the general formula (V) 

R-S CH, CHNH COOH (V) 

0266 where R is defined above as the moiety of the 
general formula (I) 
0267 by the metabolism of a simple carbon source and a 
Source of Sulfur consisting of a compound of general for 
mula (II): 

R SH (II) 

0268) defined above 
0269 which strains present at least one gene coding for 
a mutated enzyme with an evolved cysteine synthase 
activity. 
0270. According to the invention a physiologically 
acceptable salt of the compound of general formula (I) is 
one that does not effect the metabolism or ability to grow of 
the microorganism strain according to the invention, in 
particular the salts of alkali metals such as Sodium. 
0271 In a preferred embodiment of the invention, R is a 
straight-chain or branched-chain alkyl radical containing 1 
to 4 atoms of carbon, selected in particular from among the 
methyl, ethyl, n-propyl, i-propyl. n-butyl, i-butyl and t-butyl 
groups. R is preferentially a methyl radical. 
0272. The 2-amino-4-(alkylmercapto)propionic acid of 
general formula (V) obtained is preferably L-cysteine. 

0273 According to the invention an enzyme with 
evolved cysteine synthase activity is any mutated enzyme 
involved in the biosynthesis of the amino acid of general 
formula (V), in particular L-cysteine, the essential activity of 
which is to carry out the direct conversion of an acetylserine, 
preferably O-acetyl-L-serine, into an amino acid of general 
formula (V) in the presence of a Sulfur compound of general 
formula (II), whereas the essential activity of the initial 
non-mutated enzyme was not a cysteine synthase activity. 
The enzymes naturally involved in the biosynthesis of 
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cysteine by the direct conversion of O-actetyl-L-serine (ace 
tylserine) into L-cysteine in the presence of hydrogen Sulfide 
(HS), Such as cysteine synthases A and B, coded for by 
genes cysK or cysM, respectively, are therefore excluded 
from this definition. 

0274 The initial non-mutated enzyme is preferentially 
an enzyme that catalyzes a sulfhydrylation reaction in the 
presence of HS, preferably an enzyme with O-acyl-L- 
homoserine sulfhydrylase activity. 
0275. The initial enzymes with O-acyl-L-homoserine 
Sulfhydrylase activity are advantageously selected form 
among the O-acyl-L-homoserine Sulfhydrylases correspond 
ing to PFAM reference PF01053 and COG reference 
COG2873. 

0276. They are preferentially chosen among the follow 
ing acylhomoserine: 

NP 785969 O-acetylhomoserine (thiol)-lyase, 
Lactobacilius plantarum WCFS 

AAN68137 O-acetylhomoserine sulfhydrylase, 
Pseudomonas putida KT2440 

NP 599886 O-acetylhomoserine sulfhydrylase, 
Corynebacterium glutamicum ATCC 13032 

NP 712243 acetylhomoserine Sulfhydrylase, 
Leptospira interrogans serovar lai 
Str. 566O1 

BAC46370 O-Succinylhomoserine sulfhydrylase, 
Bradyrhizobium japonicum USDA110 

AAOS7279 O-Succinylhomoserine sulfhydrylase, 
Pseudomonas Syringae pv. tomato 
Str. DC3OOO 

NP 284520 O-Succinylhomoserine sulfhydrylase 
Neisseria meningitidis Z2491 

AAA834-35 O-Succinylhomoserine sulfhydrylase 
(P. aeruginosa) 

0277 With higher preference the O-acyl-L-homoserine 
Sulfhydrylase is selected from among the O-acyl-L-ho 
moserine sulfhydrylases coded for by the gene metY of 
Corynebacterium, in particular the gene metY of C. 
glutamicum (Genbank AF220 150), and the homologous 
enzymes presenting the same O-acyl-L-homoserine sulfhy 
drylase activity, and at least 80% sequence homology with 
O-acyl-L-homoserine sulfhydrylase coded for by the gene 
metY of C. glutamicum (Genbank AF220 150), preferably at 
least 85% homology, and more preferably at least 90% 
homology. 
0278. The invention is in particular based on the fact that 

it is possible to obtain, in a controlled manner, a modifica 
tion of the substrate specificity of the enzyme acyl-ho 
moserine Sulfhydrylase so that it uses acetylserine prefer 
entially. Consequently the invention is based on the fact that 
it is possible to modify, in a controlled manner, the Substrate 
specificity of the unmodified enzyme in order to evolve from 
an acylhomoserine Sulfhydrylase activity to a cysteine Syn 
thase activity. 
0279. In a preferred embodiment of the invention, the 
strains of unmodified microorganisms do not naturally pos 
sess O-acyl-L-homoserine Sulfhydrylase activity or do not 
possess a gene homologous to the gene metY that codes for 
that enzyme. 
0280 The strains modified according to the invention are 
genetically modified by the inactivation, mutation and/or 
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overactivation of at least one endogenous gene in order to 
permit the evolution of a new metabolic pathway. In par 
ticular, the strains of microorganisms according to the inven 
tion are genetically modified to suppress the genes cysK 
and/or cysM coding for the proteins respectively bearing the 
cysteine synthase A, and cysteine synthase B enzyme activi 
ties. The genes cysK and cysM are preferentially Sup 
pressed. 

0281. The gene cysK (FIG. 4) codes for cysteine syn 
thase A (GenBank NP 416909) and the gene cysM codes 
for cystene synthase B (GenBank NP 416916). The effect 
of inactivating these genes closes the cysteine biosynthesis 
pathways and so makes the strain auxotrophic for cysteine. 

0282. A gene is then introduced into the modified bacteria 
that codes for an enzyme catalyzing a Sulfhydrylation reac 
tion in the presence of HS, as defined previously, other than 
those enzymes the main activity of which is a cysteine 
synthase activity (also called O-acetylserine Sulfhydrylase), 
in particular a gene coding for an O-acyl-L-homoserine 
Sulfhydrylase, such as the gene metY of Corynebacterium, 
and in particular the gene metY of C. glutamicum (Genbank 
AF220150). 
0283 The gene coding for an enzyme catalyzing a Sulf 
hydrylation reaction in the presence of HS can be intro 
duced into the bacterium to be modified by the usual 
methods available to those skilled in the art, either by direct 
integration or carried by a replicative plasmid. 

0284. The strain modified in this way is preferably 
selected and improved by a method of Screening and evo 
lution, which is also an object of this invention, and which 
makes it possible to cause the acyl-homoserine sulfhydry 
lase activity to evolve into a cysteine synthase activity to 
restore the production of cysteine. 
0285) The transformation of the acyl-homoserine sulfhy 
drylase activity into an evolved cysteine synthase activity 
is deemed to be achieved when the genetically modified and 
evolved bacterial strain (E) has a growth rate at least similar 
to that of the initial modified strain (M) when grown in a 
minimal medium in the presence of glucose as a single 
carbon Source. In a particular, embodiment the transforma 
tion of the acyl-homoserine sulfhydrylase activity into the 
evolved cysteine synthase activity is deemed to be 
achieved when the cysteine synthase activity carried by the 
modified O-acyl-L-homoserine sulfhydrylase protein has 
been improved by 10% relative to its initial activity. In some 
cases this improvement can be observed by an increased 
growth rate of bacterium E relative to that of bacterium M. 
Lastly, this transformation of the acyl-homoserine sulfhy 
drylase activity into an evolved cysteine synthase activity 
will be deemed achieved when strain E produces at least as 
much cysteine as strain M in equivalent culture conditions, 
in the absence of any initial cysteine content. 
0286 The strains according to the invention can also be 
genetically modified by inactivation, mutation and/or over 
activation of at least one endogenous gene. Such modifica 
tion being made before or after the evolution step of the 
modified strain. In particular according to the invention the 
strains of microorganisms are genetically modified in order 
to Suppress the enzymatic activities cysteine synthase A, 
cysteine synthase B and cystathionine-y-Synthase. Preferen 
tially the genes cysK and cysM are Suppressed. The gene 
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cySK encodes the cysteine synthase A (GenBank 
NP 416909) and the gene cysM encodes cysteine synthase 
B (Genbank NP 416916). The inactivation of these genes 
leads to a Suppression of the cysteine biosynthetic pathways 
and thus renders the strain auxotrophic for cysteine. This 
allows to select the strains that have modified the acyl 
homoserine Sulfhydrylase activity into a cysteine synthase 
activity to restore the production of cysteine. 
0287. The gene coding for cystathionine gamma-lyase 
activity can be deleted, if required. 

0288. In one embodiment the bacterial strain can also 
undergo modification of the serine O-acyltransferase activity 
carried by the gene cysE (FIG. 4) to make it insensitive to 
feedback inhibition by cysteine. 
0289. In another embodiment the bacterial strain can also 
be made to overexpress the gene cysB in order to deregulate 
the HS sulfur assimilation pathway. 
0290. It can also be advantageous for the production of 
amino acids of formula (V), preferably L-cysteine, to over 
express the gene coding for acetyl-CoA synthetase, such as 
the gene acs (EC 6.2.1.1), accession number AE000480, at 
the same time as the gene coding for an enzyme with an 
improved cysteine synthase activity defined previously 
(FIG. 4). 
0291. It can also be advantageous to attenuate or even 
delete genes coding for an acetate kinase and/or for a 
phosphotransacetylase, in particular the genes ack and pta 
accession numbers AE000318 and AE000319 respectively, 
and coding respectively for an acetate kinase (EC 2.7.2.1) 
and a phosphotransacetylase (EC 2.3.1.8). This attenuation/ 
deletion is preferably combined with an overexprssion of the 
gene coding for acetyl-CoA synthetase. 

0292 All the modifications stated above can be made on 
the modified strain before the process of evolution of the 
gene metY or on the evolved strain, that is after the evolution 
of the gene metY, but not for deletions of cysK and/or cysM, 
which have to be carried out before the process of growth 
and evolution of the modified strain. 

0293. The invention thus further concerns a method for 
the preparation of a bacterial strain with an evolved cys 
teine synthase activity as defined previously, which method 
comprises a step consisting in growing, in an appropriate 
culture medium containing a simple carbon Source, a bac 
terial strain possessing an enzyme catalyzing a sulfhydry 
lation reaction in the presence of HS of which the essential 
activity is not a cysteine synthase activity as defined 
previously, in order to cause an evolution of the gene coding 
for that enzyme in that bacterial strain into a gene coding for 
an evolved cysteine synthase activity. 

0294. In order to accelerate the selection and directed 
evolution of a gene coding for an enzyme catalyzing a 
sulfhydrylation reaction in the presence of H2S, the follow 
ing steps can be carried out: 
0295 a. Coupling of Cysteine Biosynthesis with the 
Growth of the Microorganism in a Way that the Production 
of Cysteine is Required for Good Growth of the Microor 
ganism. 

0296 For this reason the genes cysK, cysM and possibly 
metB and possibly the gene coding for a cyStathionine 
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gamma lyase (e.g. the gene yrhB in B. subtilis) may be 
deleted, in order to suppress all natural cysteine synthesis 
pathways. In this way the strain becomes auxotroph for 
cysteine. 

0297. In order to live in minimal medium containing a 
simple carbon source, the microorganism has to optimize the 
cysteine synthase activity of the O-acyl-homoserine sulfhy 
drylase, so that it can reestablish the synthetic pathway of 
cysteine starting with acetylserine and H2S. When metB is 
deleted, it can be necessary to Supplement the medium with 
methionine. 

0298 b. Suppressing the Regulations, Notably the Feed 
Back Inhibition on the Enzymatic Level or Genetic Level in 
Order to Potentiate the Major Biosynthetic Pathway. 
0299 The cysB gene encoding the activator protein of the 
assimilatory sulfur pathway can be overexpressed (WO01/ 
27307) allowing the optimization of H2S production. Fur 
thermore it has been shown that serine acetyltransferase 
encoded by the cysE gene, is feed-back inhibited by cys 
teine. Therefore it is desirable to replace this enzyme by an 
enzyme that is not sensitive to feed-back inhibition (WO97/ 
15673; WO 02/061106) or alternatively overexpressing the 
enzyme (WO 02/29029). 
0300. The invention further concerns a method for the 
preparation of cysteine, in which a microorganism with an 
evolved cysteine synthase activity as defined previously is 
grown in an appropriate culture medium containing a simple 
carbon source as defined previously. 
0301 The definition of the fermentation conditions 
belongs to those skilled in the art. The fermentation is 
conducted in fermenters with an inorganic growth medium 
of known set composition adapted according to the bacteria 
used, containing at least one simple carbon source. 
0302) The media can be supplemented to compensate for 
the auxotrophies other than that caused by the deletion of the 
genes cysK and/or cysM; they contain a simple source of 
carbon at a concentration adapted according to the mode of 
growth and production, and a Sulfur compound of formula 
(II) at a concentration adapted according to the evolution of 
the strain and to the desired mode of production. 
0303. After fermentation, the cysteine is recovered by the 
usual methods and purified if necessary. 
0304. The methods of recovery and purification of cys 
teine in culture media are well known to those skilled in the 
art. 

0305 This invention further concerns a method for the 
preparation of an amino acid of general formula (V) as 
defined previously, characterized in that acetylserine is made 
to react with an enzyme with an evolved cysteine synthase 
activity as defined previously, in an appropriate reaction 
medium containing a Sulfur compound of general formula 
(II) defined previously. 
0306 The appropriate reaction medium is a usual enzyme 
reaction medium, well known to those skilled in the art, in 
particular an aqueous medium in which the Substrates and 
the enzyme are dissolved or Suspended. The operating 
conditions for the reaction are well known to those skilled in 
the art, in particular those required to prevent Substantial 
denaturing of the enzyme. 
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0307 In a particular embodiment of the invention, the 
enzyme with an evolved cysteine synthase activity is 
present in an inactivated bacterium or in a cell extract. 
0308) D.III. The Evolution of NADPH-Dependent Path 
ways. 

0309. In another preferred embodiment of the invention, 
a NADPH-dependent pathway can be caused to evolve. To 
this end the initial bacterial strain must be modified in such 
a way that the rate of production of NADPH is greater than 
its rate of oxidation to NADP+ (also designated NADP), 
which will prevent growth of the bacteria on the defined 
medium selected to implement the method. 

0310. This invention concerns strains of microorganisms 
modified to permit the evolution of metabolic pathways that 
consume NADPH. The strains according to the invention 
can be used in biotransformation processes that consume 
NADPH. 

0311. This invention further concerns a method for the 
preparation of chemical entities by biotransformation 
involving the growth in an appropriate medium of a strain 
according to the invention, which strain also possesses the 
genetic features necessary for the preparation of such chemi 
cal entities. 

0312 Biotransformation processes have been developed 
to permit the production of large quantities of chemical 
entities at low cost, while at the same time putting to good 
use various industrial or agricultural by-products. 

0313 There are two main approaches to producing 
chemical entities of interest by in vivo biotransformation: 

0314 first, fermentation, which allows the production 
of chemical entities from a simple carbon source (e.g., 
WO0102547, which describes the production of lysine 
by fermentation of C. glutamicum in the presence of 
glucose), 

0315 second, bioconversion by a microorganism of a 
given substrate different from the simple carbon source, 
which is used solely to produce the necessary biomass, 
for the production of a chemical entity of interest (e.g., 
WO0012745, which describes the production of R-pi 
peridine derivatives, and WO0068397, which describes 
the production of Tagatose). 

0316 The improvement of a biotransformation process 
can involve various factors such as temperature, oxygen 
ation, the composition of the medium, the recovery process, 
etc. It is also possible to modify the microorganism in Such 
a way that the production and/or excretion of the chemical 
entity of interest is increased. 

0317 For fermentation, efforts may be directed, for 
example, to optimizing the biosynthesis pathway by, for 
example, modifying the regulation of genes or by modifying 
genes to modify enzyme characteristics or by optimizing the 
regeneration of co-substrates. 

0318 For bioconversion, efforts may be directed to 
improving the kinetic characteristics of enzymes, to reduc 
ing the formation of co-products and to optimizing the 
regeneration of co-substrates involved in the bioconversion 
step or steps. 
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0319 Among the co-substrates involved in biotransfor 
mations, NADPH is important, in particular for the produc 
tion of amino acids (e.g., arginine, proline, isoleucine, 
methionine or lysine), vitamins (e.g., pantothenate, phyllo 
quinone or tocopherol), aromatic compounds (e.g., 
WO94.01564), or other chemicals with high added value. 
0320 This invention concerns strains of microorganisms 
modified to cause the evolution of enzymes or metabolic 
pathways that consume NADPH. 
0321 For the creation of such microorganisms, the 
inventors chose modifications that increase the rate of pro 
duction of NADPH and reduce its rate of oxidation to 
NADP+, which modified microorganisms are then used to 
cause the evolution of enzymes or metabolic pathways that 
consume NADPH. These bacteria can also be used judi 
ciously in biotransformation processes for the production of 
chemical entities derived from NADPH-dependent synthesis 
pathways. 

0322 The optimization of NADPH is described below 
for E. coli. The same principle can be applied in a similar 
way to all microorganisms grown in aerobic conditions. 
0323 The strains modified according to the invention 
have undergone the deletion of the gene udha and/or the 
gene qor. In a preferred embodiment of the invention, the 
genes udh A and qor are both deleted. 
0324. In a particular embodiment of the invention the 
strain modified according to the invention has also under 
gone the deletion of a gene selected from among pgi or pfkA 
and or pfkB. 
0325 The above genes are well known to those skilled in 
the art and are described in the scientific literature, in 
particular for E. coli: 
0326 Genes and References in E. coli: 
udh A: X66026 soluble pyridine transhydrogenase; 
qor: L02312 quinone oxidoreductase; 
pgi: X15196 phosphoglucose isomerase (EC 5.3.1.9); 
pfkA: X02519 phosphofructokinase-1; 
pfkB: K02500 phosphofructokinase-2. 

0327. A further object of this invention is an evolved 
microorganism modified for the production of NADPH as 
described above and below, which also possesses one or 
more genes coding for NADPH-dependent enzymes 
involved in the biotransformation of a chemical entity of 
interest, which enzymes it is intended to cause to evolve, 
together with one or more selection marker genes. 
0328. These genes can be native to the modified strain 
according to the invention or be introduced into the opti 
mized strain according to the invention by transformation 
with an appropriate vector, either by integration in the 
genome of the microorganism, or by a replicative vector, 
which vector possesses one or more genes coding for the 
enzymes involved in the bioconversion of the said chemical 
entity of interest or the said selection markers. 
0329. These genes contain a nucleic acid sequence cod 
ing for an enzyme involved in the biotransformation of the 
chemical entity of interest and/or for a selection marker, the 
coding sequence being attached to efficient promoter 
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sequences in the prokaryotic and/or eukaryotic cell selected 
for the biotransformation. The vector (or plasmid) can be a 
shuttle vector between E. coli and another microorganism. 

0330. This invention further concerns a method for the 
preparation of modified strains according to the invention as 
defined above and below, in which the genes udha and/or 
qor, and if necessary the genes pgi or pfkA and/or pfkB are 
deleted. 

0331 In a particular embodiment of the invention the 
method of preparation of the strains also includes the 
transformation of the modified strains with at least one 
appropriate vector with one or more genes coding for one or 
more NADPH-consuming enzymes involved in the biotrans 
formation of a chemical entity of interest, and one or more 
selection marker genes. The vector allows either the repli 
cation of the genes or their integration in the chromosome of 
the modified bacterium. The transformation of the strain by 
the vector defined above can be carried out on the modified 
strain or before the modification of the strain according to 
the invention. 

0332) The strain modified for the production of NADPH 
is obtained by molecular biology methods. 

0333. A further aspect of the invention concerns the use 
of these modified strains according to the invention to cause 
the evolution of NADPH-dependent enzymes to improve 
their kinetic characteristics, to broaden or to narrow their 
substrate specificity, and ultimately to create a new meta 
bolic pathway and/or to improve biotransformation yields. A 
further aspect of the invention concerns the use of the 
modified strain or the evolved strain to carry out biotrans 
formation reactions that consume NADPH with biotransfor 
mation yields greater than those obtained with an unmodi 
fied and/or non-evolved strain. 

0334 The invention further concerns a method for the 
production of a chemical entity of interest synthesized by a 
NADPH-consuming process, characterized in that it com 
prises the following steps: 

0335) a) Culture of evolved microorganisms according 
to the invention in an appropriate culture medium that 
favors their growth and that contains the Substances 
necessary to carry out the biotransformation by fer 
mentation or bioconversion, except for NADPH. 

0336 b) Extraction of the chemical entity of interest 
from the medium and, if necessary, its purification. 

0337 The chemical entity of interest is preferably 
selected from among cysteine, methionine, 3-hydroxypro 
pionate, hydrocortisone, Xylitol and glycerol. 

0338 For a bioconversion reaction the method also 
includes the addition to the appropriate culture medium of 
the substrate to be converted. 

0339) The culture medium of step b) of the method 
according to the invention defined above contains at least 
one assimilatable carbohydrate chosen from among the 
different assimilatable Sugars such as glucose, galactose, 
Sucrose, lactose, or molasses, or by-products of these Sugars. 
An especially preferred simple carbon Source is glucose. 
Another preferred simple carbon source is sucrose. The 
culture medium can also contain one or more substances 
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(e.g., amino acids, vitamins, mineral salts, etc.) that favor the 
production of the chemical entity of interest. 
0340. The examples given below illustrate the invention 
but do not restrict its scope. 

E. DESCRIPTION OF FIGURES 

0341 FIG. 1: Synthesis of methionine from homoserine 
in bacteria. 

0342 FIG. 2: Scheme for the synthesis of methionine 
according to the invention applied in E. coli: an equivalent 
strategy is transposable to many microorganisms including 
C. glutamicum. The metB* or metY** strategies require the 
use of a strain that is initially at least A(metB), while the 
metB** or metY* strategies require the use of a strain that 
is initially at least A(metC). 
0343 Legend 
0344) MetA: homoserine succinyltransferase; can be 
replaced by an isoform that is insensitive to feedback 
inhibition by methionine, or possibly by a homoserine 
acetyltransferase isoform that is insensitive to feedback 
inhibition by methionine. 
0345 MetB: cystathionine Y-synthase 
0346 MetB*: cystathionine Y-synthase evolved into 
methionine synthase 
0347 MetB**: cystathionine Y-synthase evolved into 
homocysteine synthase 
0348 MetY*: O-acetyl-homoserine (de C. glutamicum) 
evolved into homocysteine synthase 
0349 MetY**: O-acetyl-homoserine (de C. glutamicum) 
evolved into methionine synthase 
0350. The central pathway represents the natural syn 
thetic pathway of methionine in E. coli. The other pathways 
indicated correspond to the methods according to the inven 
tion. 

0351 FIG.3 representation of a continuous fermentation 
mechanism for the directed selection of strains according to 
the invention. We use for example the technology “Fed 
batch-Pro” by the company DASGIP. A modular system is 
controlled by a computer allowing the parallel fermentation 
of microorganisms with a control of feeding of medium, pH 
and pCO2. 
0352 FIG. 4: Synthesis of cysteine from serine in bac 

teria. 

0353 FIG. 5: Strategy to achieve the synthesis of cys 
teine from O-acetyl-L-serine. The red arrow corresponds to 
the cysteine synthase activity of the enzyme coded for by the 
evolved gene metY according to the invention (metY). 
0354 FIG. 6: Comparison of 'C-NMR spectra, corre 
sponding to the 5-carbon of methionine, obtained by HSQC 
on a hydrolysate of the wild strain (top) or the optimized K1 
a-F strain (bottom). It can be observed that the 5-carbon of 
the strain K1 a-F is not labeled by carbon 13, confirming that 
it originates from Sodium methylmercaptide. 
0355 FIG. 7: Alignment of non-modified sequences of 
cyStathionine-Y-synthases obtained with the algorithm 
MULTIALIN (http://prodes.toulouse.inra.fr/multalin/mul 
talin.html). 
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0356 FIG. 8: Alignment of non-modified sequences of 
acylhomoserine sulfhydrylases obtained with the algorithm 
MULTIALIN. 

0357 FIG. 9: Growth rate evolution of the initial E. coli 
strain A(metB) during the process of directed selection in 
batch culture. Abscissa: number of subcultures; arrow: 
population K144; deduced u: values obtained starting at OD 
values of 2-3; calculated u: values obtained with more than 
4 values of DO. 

0358 FIG. 10: Growth kinetics of the population of E. 
coli A(metC) after initial seeding (Culture 1) and after tenth 
reseeding (Reseeding 10). 
0359 FIG. 11: Execution of PCR on the modified strain 
of E. Coli AmetJ::Cm using starters DmetJBF and MetJR. 
The 5' end of the starter DmetJBF is also able to hybridise 
a sequence located in the 3' part of the gene metL. 
0360 FIG. 12: Strains obtained after homologous recom 
bination with the PCR-amplified fragment (see FIG. 11); it 
is possible to have two different homologous recombination 
events, each occurring with the same probability. In the first 
case, a strain E. coli AmetJ:Cm is recreated, while in the 
second case the strain E. Coli AmetJ, AmetJ::Cm) is created 
by replacement of the promoter of the operon metBLF 
before metL. 

0361 FIG. 13: Time course of the growth rate evolution 
of the strain E. coli A(metBJ, metC) pTrc-metY on a 
defined medium (MML8) containing glucose as Sole carbon 
SOUC. 

F. EXAMPLES 

0362 FI. The Methionine Biosynthesis Pathway 
A first application (Example F.I.1.) of the invention to the 
metabolic engineering of the biosynthesis pathway of 
methionine comprises the following steps: 

0363 a) Deletion of the gene metB in the initial strain 
of E. coli: the modified strain obtained is therefore 
auxotrophic for methionine. The initial strain is able to 
grow on a minimal medium (MM) containing no 
methionine, S-adenosylmethionine, homocysteine or 
cyStathionine, whereas the modified strain has lost that 
ability. 

0364 b) Culture of the above modified strain on the 
same minimal medium (MM) to which sodium meth 
ylmercaptide (co-Substrate) has been added to cause the 
evolution of an endogenous enzyme activity into a 
methionine-synthase activity to compensate for the 
initially deleted enzyme activity (MetF). 

0365 c) Selection of an evolved strain with a new 
methionine-synthase activity in the presence of sodium 
methylmercaptide, the strain being characterized. 

0366 d) Isolation of the evolved gene coding for the 
protein possessing an evolved enzyme activity, in this 
case cystathionine-y-Synthase with an improved 
methionine-synthase activity. 

0367 A second application (Example F.I.2.) of the inven 
tion to the metabolic engineering of the biosynthesis path 
way of methionine comprises the following steps: 

0368 a) Deletion of the gene metC in the initial strain 
of E. coli: the modified strain obtained is thus aux 
otrophic for methionine. The initial strain is able to 
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grow on a minimal medium (MM) containing no 
methionine, S-adenosylmethionine, homocysteine or 
cyStathionine, whereas the modified strain has lost that 
ability. 

0369 b) Culture of the above modified strain on the 
same minimal medium (MM) in the absence of any 
co-Substrate in order to cause the evolution of an 
endogenous enzyme activity into a homocysteine-syn 
thase activity to compensate for the initially deleted 
enzyme activity (MetC). 

0370 A third application (Example F.I.3.) of the inven 
tion to the evolution of the biosynthesis pathway of methion 
ine comprises the following steps: 

0371) a) Deletion of the genes metC, metB, and metJ 
in the initial strain of E. coli: the modified strain 
obtained is thus auxotrophic for methionine. The initial 
strain is able to grow on a minimal medium (MM) 
containing no methionine, S-adenosylmethionine, 
homocysteine or cyStathionine, whereas the modified 
strain has lost that ability. 

0372 a1) Introduction of the gene metY, a heterolo 
gous gene from C. glutamicum. This gene is to evolve 
from an acetylhomoserine Sulfhydrylase activity into a 
methionine-synthase activity. 

0373) b) Culture of the modified strain E. coli mety 
A(metB, metC, metJ) on the same minimal medium 
(MM) to which is added sodium methylmercaptide 
(co-Substrate) to cause the evolution of an endogenous 
enzyme activity into a methionine-synthase activity to 
compensate for the initially deleted enzyme activities 
(MetB, MetC). 

0374 c) Selection of an evolved strain possessing a 
new methionine-synthase activity in the presence of 
Sodium methylmercaptide. 

Example F.I.1 

Preparation of an Evolved Strain Possessing a 
Methionine-Synthase Activity in the Presence of 

Sodium Methylmercaptide 

0375) a) Construction of the Modified Strain E. coli 
A(metB) 

0376 The inactivation of the gene metB is achieved by 
inserting a chloramphenicol resistance gene cassette and at 
the same time deleting most of the gene concerned. The 
method used is described by Datsenko, K. A. Wanner, B. L. 
(2000) One-step inactivation of chromosomal genes in 
Escherichia coli K-12 using PCR products. Proc. Natl. 
Acad. Sci. USA 97: 6640-6645. 

0377 Two oligonucleotides were used to implement this 
Strategy: 

0378) DmetBR with 100 bases (SEQ ID NO 1): 

taccc.ccgacgcaagttctg.cgcc.gc.ctgcac catgttcgc.ca.gtgcc.gc 

gcgg gtttctggccago.cgc.gc.gttittcagcATATGAATATCCTCCTTAG 
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0379 with: 
0380 a region (lower case) homologous to the 
sequence (4012903 to 4.012824) of the gene metB. 
(sequence 4010643 to 4012904, the reference sequence 
on the website http://genolist-pasteur.fr/Colibri/); 

0381 a region (upper case) for the amplification of the 
chloramphenicol resistance cassette of the plasmid 
pKD3 (Datsenko, K. A. Wanner, B. L. (2000) One-step 
inactivation of chromosomal genes in Escherichia coli 
K-12 using PCR products. Proc. Natl. Acad. Sci. USA 
97: 6640-6645). 

0382) DmetBF de 100 bases (SEQ ID NO 2): 

tgacaatattgaatcacac cotcggtttcc citc.gc.gttggcct gcgtc.gc 

gagctgaaaaaag.cgcaagaaagttattggTGTAGGCTGGAGCTGCTTCG 

0383) with: 
0384 a region (lower case) homologous to the 
sequence (401.0644 to 4010723) of the gene metB; 

0385) a region (upper case) for the amplification of the 
chloramphenicol resistance cassette carried by the plas 
mid pKD3. 

0386 The oligonucleotides DmetFR and DmetBF are 
used to amplify the chloramphenicol resistance cassette 
from the plasmid pKD3. The PCR product obtained is then 
introduced by electroporation into the strain MG 1655 
(pKD46) in which the enzyme Red recombinase expressed 
permits the homologous recombination. The chlorampheni 
col-resistant transformants are then selected and the inser 
tion of the resistance cassette is verified by PCR analysis 
with the oligonucleotides metBR and metB.F. 
0387 MetBR (SEQ ID NO 3): ggtttaagcagtatggtgggaa 
gaagtc.gc (homologous to the sequence from 4012978 to 
4012949). 
0388 MetBF (SEQID NO4): cccggggatgaataaacttgcc.gc 
ctitccc (homologous to the sequence from 4010567 to 
4010596). 
0389. The chloramphenicol resistance cassette can then 
be eliminated. The plasmid pCP20 carrying the FLP recom 
binase acting at the FRT sites of the chloramphenicol 
resistance cassette, is then introduced into the recombinant 
strains by electroporation. After a series of cultures at 42°C., 
the loss of the chloramphenicol resistance cassette is verified 
by a PCR analysis with the same oligonucleotides as used 
previously. 

0390 b) Culture and Evolution of the A(metB) Modified 
Strain in the Presence of Sodium Methylmercaptide as 
Co-Substrate 

0391 To optimize E. coli for the production of methion 
ine from methylmercaptan, a controlled selection is carried 
out in flasks. 

0392 The E. coli strain made auxotrophic for methionine 
by inactivating the metB gene (see above) cannot grow 
unless it can make its own methionine from methylmercap 
tan. 

0393. The implementation of this method permits the 
selection of a strain of Escherichia coli of which the 
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cystathionine-y-synthase (EC 4.2.99.9) has acquired a modi 
fied methionine-synthase activity in the presence of meth 
ylmercaptan. 

0394 The controlled selection is conducted in a hermeti 
cally sealed glass flask containing 50 ml of inorganic 
medium (Schaefer et al., 1999, Anal. Biochem. 270: 88-96) 
in the presence of 33 mM glucose and chloramphenicol at a 
final concentration of 25 mg/l. 
0395. The culture media are seeded with the strain E. coli 
K12 AmetB at a defined value of ODoo. Seeding is 
carried out with a Sufficiently large population of bacteria So 
that some bacteria potentially possess relevant spontaneous 
mutations in the gene metB enabling assimilation of meth 
ylmercaptan. This population is obtained by culture of the 
strain auxotrophic for methionine on a minimal medium 
Supplemented with methionine. 

0396 Three flasks then receive 100 ul of a 400 mg/1 
solution of sodium mercaptide, while a fourth flask has no 
added sodium mercaptide. The cultures are grown with 
shaking at 37°C., for 6 days, after which time the ODoo 
is measured. The results are summarized in Table 2 below. 

TABLE 2 

Measurement of the optical density (OD) of culture media for E. coli in 
the presence (flasks 1-3) or absence (control flask) of sodium mercaptide. 

Flask 1 Flask 2 Flask 3 Control flask 

ODsoo at T = 0 O.34 O.34 O.34 O.34 
ODsoon at T = 6 days 0.23 1.14 0.79 O.32 

0397) These results show that in flasks 2 and 3 a strain 
grows that is able to use methylmercaptan to produce the 
methionine necessary for its growth (increase in optical 
density). 

s 0398. The observed improved “methionine synthase 
activity results from a modification of the gene encoding 
cyStathionine-Y-synthase of E. coli K12 AmetB, contained in 
flask 2 and 3. 

0399. The bacterial population of flask 2 can then be used 
to improve even more the “methionine synthase' activity in 
the presence of methylmercaptan, using a screening process 
and improvement by multi-stage fermentation or by starting 
over the process in flasks as described above. 
0400 c) Screening and Improvement by Multi-Stage 
Fermentation 

04.01 To optimize E. coli for the production of methion 
ine based on methylmercaptan, a selection is performed. 

0402. The implementation of this technique allows the 
selection of an Escherichia coli strain in which the cys 
tathionine-y-synthase (EC 4.2.99.9) has developed an 
improved “methionine-synthase' activity in the presence of 
methyl-mercaptan. Alternatively a strain obtained in 
example 2 can be used. 

0403. The directed selection is carried out in a continuous 
multi-stage system (FIG. 3). 

04.04 The first fermenter produces bacteria with a speed 
close to maximal growth rate. The bacteria are transferred 
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continually from this fermenter to a second fermenter char 
acterized by a lower dilution rate with a selective screen 
(here methylmercaptan). 

04.05 The selection pressure, imposed on the bacteria in 
the second fermenter, depends on the methylmercaptain 
concentration. Successive cycles of selection allow applying 
stronger and stronger screening conditions to the bacteria by 
increasing methylmercaptain concentrations. 

0406 For each concentration the selected strain in the 
second fermenter has evolved so that it metabolizes the total 
amount of methylmercaptan (no residual methylmercaptain 
in the fermenter). 
0407. In this case one starts the selection over using 
fermenter 2 as growth fermenter and fermenter 1 for selec 
tion, presenting methylmercaptain in Stronger concentration 
as in the previous step. 

0408 Different cycles of selection are performed in order 
to obtain a strain that rapidly ferments methylmercaptan. 
The analysis of this strain allows to define the mutations in 
the gene cystathionine-y-Synthase. 

04.09 d) Selection of the Evolved Strain in the Presence 
of Sodium Methylmercaptide 

0410 The population of E. coli A(metB) from flask 2, 
after undergoing Successive reseedings in flasks, yields the 
population Kla-F. 

0411 The new population obtained K1 a-F is cultured in 
a minimal medium (Schaefer et al., 1999, Anal. Biochem. 
270: 88-96) containing 2.5g of uniformly carbon 13-la 
beled glucose, and Sodium methylmercaptide (200 ppm) 
with no carbon 13 enrichment. This population is aux 
otrophic for methionine in the absence of sodium methylm 
ercaptide. 

0412. After culture, the cells are recovered, washed and 
hydrolysed with 6N HCl for 24 hours at 107° C. An analysis 
by 2D NMR is then carried out (HSQC). This analysis shows 
whether the 5-carbon of methionine comes from L-cysteine 
produced from the glucose present in the solution (classical 
pathway), or from the sodium methylmercaptide when the 
new metabolic pathway according to the invention is used. 

0413. The experiment is conducted in a similar manner 
with the wild strain E. coli K12 (producing methionine from 
glucose), in the absence of Sodium methylmercaptide. 

0414 FIG. 6 shows two 1D spectra, derived from two 
separate acquisitions, Superimposed for greater clarity. 
These 1D spectra were extracted from 2D NMR spectra of 
the HSQC type (correlation between protons and carbon 13). 
The 2D NMR spectra are obtained on an acid hydrolysate of 
the bacteria. 

0415. The sample analyzed is a total hydrolysate. How 
ever, given the sensitivity of the NMR and the acquisition 
times used, essentially amino acids, Sugars, bases and glyc 
erol are detected, each carbon atom (coupled to a proton) of 
each acid giving an NMR signal. 

0416) The 5-carbon of methionine (i.e., the terminal 
methyl group) presents a chemical shift of about 14.7 ppm. 
FIG. 6 shows the area of the chemical shift centered at 14.7 
ppm for the two strains. 
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0417. It can be seen that the signal of the 5-carbon is 
strong in the upper spectrum, indicating that the 5-carbon is 
labeled with carbon 13. Hence this 5-carbon comes from the 
labeled glucose introduced as a Substrate in the culture 
medium. 

0418. In contrast, the same signal is very weak in the 
lower spectrum (strain Kla-F). This indicates that the 5-car 
bon is practically unlabeled. Yet the other carbons in the 
molecule are strongly labeled (results not presented). The 
unlabeled 5-carbon therefore comes not from glucose, but 
from methylmercaptan. 
0419. In can therefore be concluded that the strain Kla-F 
produces methionine from Succinyl-L-homoserine and 
Sodium methylmercaptide. 
0420. The population Kla-F undergoes 14 further suc 
cessive reseeding cycles in flasks. In this way the population 
K144 is obtained (FIG. 9), which is then spread on minimal 
medium plates containing glucose as sole carbon Source. 
The inoculated dishes are placed in aerobic conditions in an 
aerobic jar into which is inserted a tube containing sodium 
methylmercaptide dissolved in water. The jar is then placed 
in an incubator at 37° C. As the boiling point of methylm 
ercaptain is 5°C., the atmosphere in the jar becomes enriched 
in methylmercaptan. After 4 days, clones appear in the 
dishes; these are bacteria able to produce methionine in the 
presence of methylmercaptan. Ten clones are isolated, 
including the clone K176. The clone K176 is grown in liquid 
culture and glycerol stocks are prepared, numbered K183. 
0421 For the clone K183 and the initial strain E. coli K12 
A(metB), the sequence of the genes metJ and metB (SEQID 
No.5) is determined. The sequence obtained for evolved 
metB, designated metB* (SEQ ID No.7) reveals the pres 
ence of an alanine unit at position 325 (SEQ ID No.8) in 
place of a glutamate (SEQ ID No.6). The gene metJ shows 
no mutation. This strain is registered at the CNCM on Apr. 
2, 2003, under the number I-3005. 
0422 Characterization of the Clone K183 
0423. The clone K183 is grown in flasks in a minimal 
medium with glucose and Sodium methylmercaptide as sole 
carbon Source. In parallel, a culture is carried out under 
identical conditions with wild strain E. coli K12. The 
consumption of glucose per unit of biomass is found to be 
twice that of a wild strain of E. coli (MBM01). This 
over-consumption is probably partly due to acetate produc 
tion. 

TABLE 3 

Comparison of biomass yield of wild strain E. coli and evolved 
clone K183: Biomass yield expressed as mass of biomassimass of glucose 

Acetate yield expressed as mass of acetate/mass of glucose 

Strain Biomass yield Acetate yield 

MBMO1 O.45 &O.OO2 
K183 O.24 O.36 

0424 The analysis of intracellular and extracellular 
metabolites of these two cultures shows, in particular: 
0425 Intracellularly, an increase in alanine, pyruvate, 
ketobutyrate and 2-ketoisocaproate, and a decrease in the 
concentration of tryptophan, norvaline, norleucine, leucine 
and methionine. 
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0426 Extracellularly, an accumulation of glutamate, iso 
leucine, threonine, Valine and 2-ketoisocaproate, and a 
decrease in pyruvate, norleucine, and tryptophan. 

0427 Characterization of the Specific Methionine Syn 
thase Activity of the strains MBM01 and K183 in the 
Presence of Methylmercaptan. 

0428 To show the improvement of the methionine-syn 
thase activity in the strain K183 relative to the wild strain 
(MBM01), enzyme reactions are carried out using cell-free 
extracts prepared from cultures of the strains K183 and 
MBM01 carried out on rich medium (BH1, marketed by 
DIFCO, with 2.5 g/L of glucose) in the absence of meth 
ylmercaptan. The protein extracts are desalted on PD 10 and 
stored on ice. 

0429 Reaction Conditions and Sample Treatment 

0430. A solution of sodium methanethiolate diluted 
10-fold (100 Lof 3M solution plus 900 ul of MilliO 
water) is prepared on ice. 

0431 Reaction mixtures of 20 uL of 500 mM pH 6.5 
phosphate buffer, 10 uI of 2.5 mM pyridoxal phos 
phate, 16 uL of 25 mMO-succinylhomoserine, 10 uL 
of 0.3 M sodium methanethiolate, and 24 uL of MilliO 
water are prepared on ice. 

0432) The tubes are placed at 37° C. (thermomixer 
under a hood) and the protein extract (20 Jul) added to 
start the reaction. 

0433) To quench the reaction (0 to 30 minutes), the 
tubes are placed on ice and 400 ul of acetone added at 
-20° C. 

0434) The tubes are left at -20° C. for 30 minutes. 
0435 The tubes are opened under the hood for 10 
minutes to evaporate off methanethiol and acetone 
(kept on ice). 

0436 The mixture is centrifuged for 5 minutes at 
10,000 g, the supernatant (~100 ul) decanted off into 
Eppendorf tubes and diluted to a final volume of 1 ml. 

0437. Measurement of the Methionine Synthase Activity 
by Detection of the Quantity of Succinate Released from 
Succinylhomoserine 

0438 A 10 ul aliquot of the above sample is analyzed 
by ion chromatography using a Dionex DX-500 appa 
ratus fitted with a 2 mm AG-11 precolumn and a 2 mm 
AS-11 column, an ASRS Ultra suppressor, and a 10 ul 
injection loop. A gradient is then applied: 0-7 min 0.5 
mM KOH: 7 min injection; 7-9.5 min 0.5 mM KOH: 
9.5-13 min 0.5-5 mM KOH, 13-25 min 5-38.3 mM 
KOH. 

0439 Measurement of the Methionine Synthase Activity 
by Detection of the Quantity of Methionine Synthesized in 
the Presence of Methylmercaptain 

0440 The analysis is carried out by GC-MS, which 
requires the silylation of samples before injection. For this 
purpose each sample receives an internal standard (serine 
13C) to allow the quality of the silylation to be validated. 
The samples are then lyophilized overnight. 
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0441 The derivatization is carried out using the follow 
ing protocol: 
0442. Using a 1 ml automatic pipette 400 ul of hydroxy 
lamine solution (0.250 g+/0.002 g dissolved in 10 ml of 
pyridine) is added, making Sure the tubes were tightly 
closed. The mixture is vortexed twice for 10 seconds, 
centrifuged to concentrate it at the bottom of the tube (max. 
1 minute at 5000 g) and left to react for 1% hours at 30° C. 
The tubes are opened and 1000 ul of BSTFA solution is 
added using a 1 ml automatic pipette, topping up with 100 
ul of pyridine (200 ul automatic pipette). The tubes are 
closed, vortexed for 10 seconds and left to incubate respec 
tively for 60 minutes at 60° C. for TBDMS derivatives and 
30 minutes at 70° C. for BSTFA. If necessary the samples 
are filtered on a disposable filter with a 0.22 Lum PTFE 
membrane or centrifuged at 5000 g for 5 minutes. They are 
transferred to 1.5 ml flasks, sealed and injected into the GC.. 
0443) The analyses are carried out with an Agilent Tech 
nologies GC6890/MSD5973 apparatus fitted with a non 
polar column (HP-5MS, Bios Analytique). The carrier gas is 
helium with a constant flow rate of 1 milmin'. The injection 
of 1 Jul of sample is in splitless mode with a purge flow rate 
of 50 ml-min' for 0.85 min. The temperature profile is: 
initial temperature 90° C. maintained for 2 minutes and then 
increased to 320° C. with a gradient of 10° C.min'. This 
temperature is maintained for 6 minutes. Detection is by 
mass spectrometry with ionization by electron impact in 
scanning mode in the range m/z=40 to 550 amu. The solvent 
passage time is set at 3.10 minutes. 
0444 Under these conditions, a methionine synthase 
activity can be assayed in the samples incubated with 
methanethiol, by the quantification first of Succinate by ion 
chromatography and second of methionine by GC-MS. 
0445. The results are given in Table 4 below. 

TABLE 4 

Methionine synthase activity in the presence of methylmercaptain of 
extracts from strains MBMO1 and K183 

Specific activity 
InUIng protein 

Protein Succinate Methionine 
Strain concentration assay assay 

MBMO1 3.43 O.30 O.23 
K183 3.62 140 1.72 

0446. It is thus evident that the methionine synthase 
activity in the presence of methylmercaptain is strengthened 
in the evolved strain relative to the wild strain, confirming 
that the mutated cystathionine Y-synthase (E325A) has a 
modified methionine synthase activity. 
0447 e) Isolation of the Evolved Gene and Kinetic 
Characterization of the Enzyme METB* Possessing an 
Evolved Methionine-Synthase Activity 
0448. To determine the kinetic parameters of the 
methionine-synthase and cyStathionine-y-Synthase activities 
exerted by METB and METB*, the genes metB and metB* 
are cloned in an overexpression vector pTopo (Invitrogene) 
using the following strategy: 

0449 Amplification of the gene metB or metB* with 
the oligonucleotides metJ/metLR and heat-resistant 
polymerase Pwo. 
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0450 Ligation of the PCR product to the plasmid 
pTOPO 4-PCR blunt, and introduction of the plasmid 
thus formed, pTopo.metB or pTopo metB* into DH5C. 
and selection of Ap' clones. 

0451 Verification by enzymatic digestion of the con 
figuration of the plasmid pTopo metBoupTopo metB* 
after extraction. 

0452 Introduction of the verified plasmid pTopo.metB 
into the strain MG 1655(AmetBJ, AmetB). Verification 
by enzymatic digestion, as previously described, of the 
introduced plasmid. Verification by PCR of the strain 
MG 1655(AmetBJ, Ameth) with the oligonucleotides 
metJR/metLR for the deletion metJ, and metBR/metEF 
for the deletion metF: Strain MINS33. 

0453 Cultures are then carried out on rich medium and 
protein extracts are prepared. The methionine-synthase 
and cystathionine-Y-synthase enzyme activities are then 
determined using sodium methylmercaptide and cys 
teine as reaction co-substrates, respectively. 

0454. The kinetic characteristics of the methionine syn 
thase activity are given in Table 5. The kinetic characteristics 
of the cyStathionine-y-Synthase activity are given in Table 6. 

TABLE 5 

Apparent kinetic characteristics of the methionine-synthase 
activity of enzymes METB and METB*. 

Km Vmax 

pTOPOmetB 277 nM 13.9 mUI/mg protein 
PTOPOmetB 6 mM 5.6 mUI/mg protein 

0455 The effect of the mutation A325E is to reduce the 
K of the enzyme 45-fold for methylmercaptan, whereas 
V is only halved. 

TABLE 6 

Apparent kinetic characteristics of the cystathionine-Y-Synthase activity 
of enzymes METB and METB*. 

Km Vmax 

pTOPOmetB 7.5 nM 398.40 ml JI/mg protein 
PTOPOmetB O.6 mM 2889 ml JI/mg protein 

0456) The effect of the mutation A325E reduces the 
cystathionine-y-synthase activity 13-fold and the K of the 
enzyme for cysteine. 

Example F.I.2 

Evolution of a Homocysteine Synthase Activity 
from a Cystathionine-y-Synthase 

0457 Construction of Strains MG 1655 (AmetC:Cm) and 
MG1655 (AmetC) 

0458. To inactivate the gene metC the homologous 
recombination strategy described by Datsenko & Wanner 
(2000) is used. This strategy permits the insertion of a 
chloramphenicol resistance cassette, while deleting most of 
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the gene concerned. For this purpose 2 oligonucleotides 
were used: 

0459 For metC: 
0460) DmetCR with 100 bases (SEQ ID NO 13): 

cc gg.cgtocagat.cggcaatcagatcgtogacatctitccagaccalatatg 

cagg.cgaatcaaggtoccgctaaaatcgatCATATGAATATCCTCCTTAG 

0461) with 
0462) a region (lower case) homologous to the 
sequence (3151419 to 3151359) of the gene metc 
(sequence 3150251 to 3151438, reference sequence on 
the website http://genolist-pasteur.fr/Colibri/), 

0463 a region (upper case) for the amplification of the 
chloramphenicol resistance cassette (reference 
sequence in Datsenko, K. A. & Wanner, B. L., 2000, 
PNAS, 97: 6640-6645), 

0464) DmetCF with 100 bases (SEQ ID NO 14): 

cggacaaaaagcttgatactcaactggtgaatgcaggacgcagoaaaaaa 

tacactictogg.cgcggtaaatag cqtgattTGTAGGCTGGAGCTGCTTCG 

0465) with 
0466 a region (lower case) homologous to the 
sequence (3150255 to 3150334) of the gene metc 

0467 a region (upper case) for the amplification of the 
chloramphenicol resistance cassette. 

0468. The oligonucleotides DmetCR and DmetCF are 
used to amplify the chloramphenicol resistance cassette 
from the plasmid pKD3. The PCR product obtained is then 
introduced by electroporation into the strain MG 1655 
(pKD46) in which the Red recombinase enzyme expressed 
permits the homologous recombination. The chlorampheni 
col resistant transformants are then selected and the insertion 
of the resistance cassette is verified by a PCR analysis with 
the oligonucleotides metCR and metCF defined previously. 
The strain retained is designated MG1655 (AmetC:Cm). 
0469 MetCR (SEQID NO 11): cytccgggacgccttgatcccg 
gacgcaac (homologous to the sequence from 3151522 to 
3151493). 
0470 MetCF (SEQ ID NO 12): gcgtttacgcagtaaaaaagt 
caccagcacgc (homologous to the sequence from 31501 18 to 
3150149). 
0471. The chloramphenicol resistance cassette can then 
be eliminated. The plasmid pCP20 carrying recombinase 
FLP acting at the FRT sites of the chloramphenicol resis 
tance cassette is then introduced into the recombinant strains 
by electroporation. After a series of cultures at 42°C., the 
loss of the chloramphenicol resistance cassette is verified by 
a PCR analysis with the same oligonucleotides as those used 
previously. The strain retained is designated MG1655 
(AmetC). 
0472. The construction of the strain A(metC) is described 
in Example F.I.2. In a particular embodiment of the inven 
tion the strain E. coli A(metC) is cultured in flasks (see 
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Example F.I.1) containing a minimal medium with glucose 
as sole carbon Source. The medium contained neither meth 
ylmercaptain nor H2S. Reseeding is carried out and growth 
rates are determined for each reseeding. A very marked 
improvement in the growth rate of the strain A(metC) is 
observed on the minimal medium, Suggesting that the 
homocysteine synthase activity of the cyStathionine Y-syn 
thase is strongly improved in the presence of endogenous 
HS (see FIG. 10). 

Reseeding cycle number measured (h) 

O.OS 
0.37 
O.39 
0.44 
0.44 

Example F.I.3 

Evolution of a Methionine Synthase Activity from 
an Acetylhomoserine Sulfhydrylase Activity 

0473 Construction of the strain MG 1655 (AmetB-AmetJ) 
0474. To delete the genes metB and metJ, and conserve 
the promoter of the operon metBL, a chloramphenicol 
resistance cassette is inserted, while at the same time delet 
ing most of the genes concerned and maintaining the pro 
moter of metBL. For this purpose we use 2 oligonucleotides. 
0475 For metBJ: 
0476 MetJR with 30 bases (SEQ ID NO 9): 
0477 ggtacagaaaccagcaggctgaggatcagc 
0478 homologous to the sequence (4125431 to 4125460) 
downstream of the gene metJ (sequence 4125975 to 
4125581, reference sequence on the website http://genolist 
pasteur.fr/Colibri/). 

0479. DmetJBF with 100 bases (SEQ ID NO 10): 

tatgcagotgacgacctittc.gc.ccctgcctg.cgcaatcacactcatttitt 

accocittgtttgcago.ccggaagcc attitt Cagg caccagagtaaac att 

0480 with 
0481 a part (upper case) homologous to the sequence 
(4126217 to 4126197) between the genes metJ and 
metB (sequence 4126252 to 4127412) containing the 
promoter region of the operon metBLF, 

0482 a part (lower case) homologous to the sequence 
(4127460 to 4127380) corresponding to the beginning 
of the gene metL (sequence 4127415 to 4129847) and 
the end of the gene metB. 

0483 These two oligonucleotides were used to amplify 
the region concerned on the chromosomal DNA of MG 1655 
A(metJ:Cm); see FIG. 11. 
0484 The PCR product obtained is then introduced by 
electroporation into the strain MG 1655 (pKD46) in which 
the Red recombinase enzyme expressed permits the homolo 
gous recombination. The chloramphenicol resistant trans 
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formants are then selected and the deletion of the gene metB 
by homologous recombination is verified by PCR analysis 
with the oligonucleotides MetJR and MetLR, defined pre 
viously. 

0485 The desired strain is strain MG 1655 (AmetB 
AmetJ::Cm) in which the genes metJ and metB are elimi 
nated and the promoter of the operon metBLF repositioned 
before metL (see FIG. 12). 
0486 The chloramphenicol resistance cassette can then 
be eliminated. The plasmid pCP20 carrying FLP recombi 
nase acting at the FRT sites of the chloramphenicol resis 
tance cassette is then introduced into the recombinant strains 
by electroporation. After a series of cultures at 42°C., the 
loss of the chloramphenicol resistance cassette is verified by 
PCR analysis with the same oligonucleotides as used pre 
viously (MetLR and MetJR). 
0487 Construction of the Strains MG 1655 A(metC:Cm, 
metJB) and MG1655 A(metC, metJB) 
0488 To delete the gene metC (sequence 3150251 to 
3151438, the reference sequence on the website http:// 
genolist.pasteur.fr/Colibri/) of the strain MG 1655 (AmetB 
AmetJ), the method of phage P1 transduction is used. The 
protocol followed is implemented in 2 steps with the prepa 
ration of the phage lysate on the strain MG 1655 
A(metC::Cm) and then transduction into strain MG 1655 
A(metB-AmetJ). 
0489. The construction of the strain A(metC:Cm) is 
described in Example F.I.2. 
0490 Preparation of Phage Lysate P1: 

0491 Seeding with 100 ul of an overnight culture of 
the strain MG 1655 (AmetC:Cm) of 10 ml of LB+Cm 
30 ug/ml+glucose 0.2%+CaCl 5 mM. 

0492 Incubation for 30 min at 37° C. with shaking. 
0493 Addition of 100 ul of phage lysate P1 prepared 
on the wild strain MG1655 (about 1.10° phage/ml) 

0494 Shaking at 37° C. for 3 hours until all the cells 
were lysed. 

0495 Addition of 200 ul of chloroform and vortexing. 
0496 Centrifuging for 10 min at 4500 g to eliminate 
cell debris. 

0497 Transfer of supernatant to a sterile tube and 
addition of 200 ul of chloroform. 

0498 Storage of lysate at 4° C. 
0499 Transduction 

0500 Centrifuging for 10 min at 1500 g of 5 ml of an 
overnight culture of the strain MG 1655 (AmetB-AmetJ) 
in LB medium. 

0501 Suspension of the cell pellet in 2.5 ml of 10 mM 
MgSO 5 mM CaCl, 
0502 Control tubes: 100 ulcells 

0503) 100 ul phages P1 of strain MG 1655 
(AmetC::Cm) 

0504 Test tube: 100 ul of cells+100 ul of phages P1 of 
the strain MG 1655 (AmetC:Cm) 

0505 Incubation for 30 min at 30° C. without shaking. 
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0506 Addition of 100 ul of 1 M sodium citrate in each 
tube and Vortexing. 

0507 Addition of 1 ml of LB 
0508 Incubation for 1 hour at 37° C. with shaking 
0509 Spreading on dishes LB+Cm 30 g/ml after 
centrifuging of tubes for 3 min at 7000 rpm. 

0510) 
0511 Verification of the Strain 
0512. The cloramphenicol transformants are then 
selected and the insertion of the region containing 
(metC::Cm) is verified by a PCR analysis with the oligo 
nucleotides MetCR and MetCF, and MetJR and MetLR to 
verify also the strain with genes metB and metJ. The strain 
retained is designated MG1655 A(metC:Cm, metJB). 
0513 MetCR (SEQID NO 11): cgtccgggacgccttgatcccg 
gacgcaac (homologous to sequence 3151522 a 3151493) 
0514 MetCF (SEQ ID NO 12): gcgtttacgcagtaaaaaagt 
caccagcacgc (homologous to the sequence from 31501 18 to 
3150149). 
0515. As previously, the chloramphenicol resistance cas 
sette can then be eliminated. The plasmid pCP20 carrying 
FLP recombinase acting at the FRT sites of the chloram 
phenicol resistance cassette is then introduced into the 
recombinant sites by electroporation. After a series of cul 
tures at 42°C., the loss of the chloramphenicol resistance 
cassette is verified by a PCR analysis with the same oligo 
nucleotides as used previously (MetCR and MetCF, and 
MetJR and Met LR). The strain retained is designated 
MG1655 A(metC, metJB). 
0516) Introduction of the Plasmid pTtrc99A-metY and 
Evolution of the Strain 

0517. In a particular embodiment, a plasmid is con 
structed that permits the expression of the gene metY of C. 
glutamicum. This gene is amplified by PCR from chromo 
Somal ADN of C. glutamicum and introduced into a plasmid 
pTrc99A. It is possible to amplify by PCR the gene metY 
and if necessary its natural promoter. In a preferred embodi 
ment, the gene metY is cloned under the control of a 
promoter that permits an expression in E. coli. The vector 
used is a pTrC99A (Pharmacia), but a vector selected from 
among puC, pBlueScript, pCR-Script, pTopo, etc. could also 
be used. 

0518. The strain Escherichia coli A(metC, metJB) 
obtained previously is transformed with the plasmid pTrc 
metY of C. glutamicum. The transformation of the strain is 
carried out by electroporation. 

Incubation at 37° C. overnight. 

0519. The strain obtained is then inoculated in a conical 
flask (ODoo-0.4-0.5) containing 10% of its Volume in a 
minimal medium with glucose for sole carbon source. The 
low Succinylhomoserine Sulfhydrylase activity initially car 
ried by the enzyme MetY limits the growth (u-0.06 h') of 
the bacterial population on the minimal medium (MML8) 
owing to limitation of synthesized methionine. Reseeding is 
carried out when the ODoo in the flask reached about 2. 
The selection is thus conducted for 22 culture cycles. A 
marked improvement in the growth rate is observed during 
this phase of evolution-selection (FIG. 13). In view of prior 
experience, it is likely that the improvement in growth 
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observed corresponds to an evolution of the gene metY such 
that the O-acetyl-homoserine sulfhydrylase activity is 
changed into an O-Succinyl-homoserine sulfhydrylase activ 
ity allowing the production of homocysteine from O-Succi 
nylhomoserine and HS; these two Substrates being pro 
duced by the bacterium. 
0520. To optimize the process of evolution of metY, a 
similar approach is possible using other mutants of Escheri 
chia coli, in particular the mutant A(metC, metB). 

Example F.I.4 

Fed-Batch Culture Process for the Production and 
Purification of Methionine 

0521 Pre-Culture 
0522 The pre-culture is carried out overnight in a 500 ml 
flask containing 50 ml of minimal medium, type M9 modi 
fied, supplemented with 2.5 g/l of glucose. The cells are 
recovered by centrifuging and taken up in 5 ml of minimal 
medium, type M9 modified. 
0523 Culture in a Fermenter 
0524. The culture is carried out in a fermenter with a 
useable volume of 300 ml of the Fedbatch-pro DASGIP 
type. 

0525) The fermenter is filled with 145 ml of minimal 
medium, type M9 modified, and inoculated with 5 ml of 
pre-culture, i.e., an inoculation ODoo, between 0.5 and 
1.2. 

0526. The temperature of the culture is maintained 
between 30 and 37° C. and the pH is continuously adjusted 
to a value between 6.5 and 8. It is partially regulated by 
adding a solution of CHSNa. A solution of 2N sodium 
hydroxide can if necessary be used to complete the regula 
tion. Shaking is maintained at between 200 and 400 rpm 
during the batch phase and is increased to 1000 rpm at the 
end of the fed-batch process. The dissolved O. content is 
maintained between 30% and 40% saturation using a gas 
controller. As soon as the ODoo attains a value between 
2.5 and 3 the fed-batch process is started by adding the fed 
medium at an initial flow rate of between 0.3 and 0.5 ml/h 
with a gradual increase to flow rates between 2.5 and 3.5 
ml/h. Thereafter the flow rate is maintained constant for 
between 24 h and 32 h. The fed medium is made up on the 
basis of a modified M9 medium complemented by a glucose 
concentration between 300 and 500 g/l of glucose. At the 
same time the medium is Supplemented with a solution of 
CHSNa (solution between 1 and 5 M) to allow bacterial 
growth while at the same time regulating the pH. As soon as 
the cell concentration reaches a value between 20 and 50 g/1 
the fed medium is replaced by a minimal medium of type 
M9 with limited phosphorus. The solution of methylmer 
captain is replaced by a direct injection of CHSH in gaseous 
form into the fermenter. The gas flow rate is adapted to the 
flow rate of the fed solution in molar ratios to the carbon 
Substrate ranging from 1 to 3. As soon as the cell concen 
tration is between 50 and 80 g/l the fermentation is stopped. 
The pH of the fermentation must liquor is adjusted to 
between 7.5 and 9 with a solution of NaOH, and it is heated 
to between 60 and 80°C. The liquor is then filtered on UF 
modules. The temperature of the liquor is maintained at 
between 60 and 80° C., and the liquor is then concentrated 
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before running it through charcoal to de-color it (in a column 
or batchwise). The de-colored liquor is filtered again to 
remove last particles before acidification with concentrated 
HCl to a pH below 2.28 (pK of methionine). The crystals 
of methionine hydrochloride thus formed are recovered by 
filtration and the HCl eliminated by evaporation, yielding 
purified L-methionine. 
0527 Registration of Biological Material 
0528. The strain K183 was registered on Apr. 2, 2003 at 
the Collection Nationale de Cultures de Microorganismes 
(CNCM), 25 rue du Docteur-Roux, 75724 Paris Cedex 15, 
France, in compliance with the provisions of the Treaty of 
Budapest, under the serial number I-3005. 
0529) F. II. Evolution of the Cysteine Biosynthesis Path 
way 

0530 One application (Example F.II.1.) of the invention 
to metabolic engineering of the biosynthesis pathway of 
cysteine comprises the following steps: 

0531 a) Deletion of the genes cysK, cysM in the initial 
strain of E. coli: the modified strain obtained is thus 
auxotrophic to cysteine. The initial strain is able to 
grow on a minimal medium (MM) containing no 
methionine, S-adenosylmethionine, homocysteine, 
cyStathionine, or cysteine, whereas the modified strain 
has lost that ability. 

0532 a1) Introduction of the gene metY, a heterolo 
gous gene from C. glutamicum. This gene is to evolve 
from an acetylhomoserine Sulfhydrylase activity into a 
cysteine-synthase activity. 

0533 b) Culture of the modified strain E. coli mety 
A(cysK, cysM) on the same minimal medium (MM) 
with no co-substrate, to cause the evolution of MetY 
into a cysteine-synthase activity to compensate for the 
initially deleted enzyme activities (CysK, CysM). 

0534 c) Selection of an evolved strain with a new 
cysteine-synthase activity in the presence of endog 
enous HS; verification of the new synthesis pathway. 

Example F.II.1 

Evolution of an Acetylhomoserine Sulfhydrylase 
Activity into a Cysteine Synthase Activity 

0535) 
0536 The inactivation of the genes cysK and cysM is 
carried out by inserting an antibiotic resistance cassette 
(chloramphenicol and kanamycin respectively) while at the 
same time deleting most of the genes concerned. The 
method used is described by Datsenko, K. A.; Wanner, B. L. 
(2000). One-step inactivation of chromosomal genes in 
Escherichia coli K-12 using PCR products. Proc. Natl. 
Acad. Sci. USA97: 6640-6645. For each construction a pair 
of oligonucleotides is synthesized: 
0537 For cysK: 
0538 DcysKR with 100 bases (SEQ ID NO 15): 

a) Construction of the Strain E. coli A(cysK, cysM) 

Tgttgcaattctftcitcagtgaagagatcggcaaacaatgcggtgcttaa 

ataacgctcaccc.gatgatgg tagaataacCATATGAATATCCTCCTTAG 
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0539 with 
0540 a region (lower case) homologous to the 
sequence (2531396 to 2531317) of the gene cysK 
(reference sequence on the website http://genolist.pas 
teur.fr/Colibri?), 

0541 a region (upper case) for the amplification of the 
chloramphenicol resistance cassette (reference 
sequence in Datsenko, K. A. & Wanner, B. L., 2000, 
PNAS, 97: 6640-6645). 

0542 DcysKF de 100 bases (SEQ ID NO 16): 

agtaagatttittgaagata actogctgacitatcqgtcacacgcc.gctggit 

togcctgaatc.gcatcggtaacggacgcat'TGTAGGCTGGAGCTGCTTCG 

0543) with: 
0544 a region (lower case) homologous to the 
sequence (2530432 a 2530511) of the gene cysK, 

0545 a region (upper case) for the amplificaion of the 
chloramphenicol resistance cassette. 

0546 Pour cysM: 
0547 DcysMR with 100 bases (SEQ ID NO 17): 

cc.cgccCCCtggctaaaatgctottc.cccaaacaccCCggtagaaaggta 

gc gatc.gc.cacgatc.gcagatgatc.gc.cacCATATGAATATCCTCCTTAG 

0548 with: 
0549 a region (lower case) homologous to the 
sequence (2536699 to 2536778) of the gene cysM 
(reference sequence on the website http:/genolist.pas 
teur.fr/Colibri?), 

0550 a region (upper case) for the amplification of the 
kanamycin resistance cassette. 

0551 DcysMF with 100 bases (SEQ ID NO 18): 

Agtacattagaacaaacaataggcaatacgc.citctggtogaagttgcagog 

aatgggg.ccggataacggcagtgaagtgtgTGTAGGCTGGAGCTGCTTCG 

0552) with: 
0553 a region (lower case) homologous to the 
sequence (2537600 to 2537521) of the gene cysM, 

0554 a region (upper case) for the amplification of the 
kanamycin resistance cassette. 

0555. The oligonucleotides DcysKR and DcysKF, and 
DcysMR and DcysMF are used respectively to amplify the 
chloramphenicol and kanamycin resistance cassettes from 
plasmids pKD3 and pKD4. The PCR product obtained is 
then introduced by electroporation in the strain MG 1655 
(pKD46) in which the enzyme Red recombinase expressed 
permits the homologous recombination. The transformants 
resistant to each of the antibiotics are then selected and the 
insertion of the resistance cassette is verified by a PCR 
analysis with the oligonucleotides cysKR and cysKF, and 
cysMR and cysMF. 
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cyKR (SEQ ID NO 19): tttittaacagacgcgacgcacgaagagcgc 
(homologous to the sequence from 2531698 to 2531669) 
cySKF (SEQ ID NO 20): gg.cgcgacggcgatgtgggtegattgctat 
(homologous to the sequence from 2530188 to 2530217) 
cySMR (SEQ ID NO 21): ggggtgacggtcaggacticaccaatacttic 
(homologous to the sequence from 253.6430 to 253.6459) 
cySMF (SEQ ID NO 22): gcgcgcatcgctgg.ccgctgggctacacac 
(homologous to the sequence from 2538071 to 2538042). 
0556. The chloramphenicol and kanamycin resistance 
cassettes can then be eliminated. For this purpose the 
plasmid pCP20, carrying FLP recombinase acting at the FRT 
sites of the chloramphenicol or kanamycin resistance cas 
settes, is introduced into the recombinant strains by elec 
troporation. After a series of cultures at 42°C., the loss of 
the antibiotic resistance cassette is verified by a PCR analy 
sis with the same oligonucleotides as used previously. 

0557) 
Strain 

a1) Introduction of the Gene metY in the Preceding 

0558. The plasmid pTopometY is constructed by inser 
tion of the gene metY in the vector Zero Blunt TOPO PCR 
cloning kit (PCR4 TOPO vector, Invitrogen). For this pur 
pose the gene metY is amplified by PCR with the poly 
merase Pwo from the chromosomal DNA of the strain 
Corynebacterium glutamicum ATCC13032 using the fol 
lowing oligonucleotides: 

0559 MetYR (SEQ ID NO 23): ttagagctgttgacaattaat 
CatCCggCtcgtataatgtgtggaataaaaactCttaaggacCtcCaaatgCC 

0560 Promoter of type TRC (pTRC-O) in bold roman, 
RBS of the gene metY in bold roman underlined, initiation 
codon of the gene metY in bold italics. 
0561 MetYF (SEQ ID NO 24): 
0562 gctctgtctagtictagtttgcattcticacg 
0563 Sequence chosen downstream of the transcription 
terminator metY. 

0564) The PCR product obtained is then directly cloned 
in the vector Topo to give the plasmid pTopometY. The 
vector Topo carries a replication origin for E. coli, an 
ampicillin resistance gene and a kanamycin resistance gene. 
0565. The plasmid pTopometY is then introduced into the 
strain E. coli DH5C. for verification of the construction. The 
sequencing of the gene metY of the plasmid pTopometY 
with the universal oligonucleotides M13 reverse and M13 
forward is then carried out to confirm the construction. 

0566. The plasmid is introduced into the strain E. coli 
A(cysK, cysM) by electroporation. 

0567 c) Culture of the Modified Strain to Cause the Gene 
MetY Coding for Acetyl-Homoserine Sulfhydrylase Activ 
ity to Evolve Toward a Cysteine Synthase Activity 

0568. The controlled selection of the preceding strain 
containing the gene metY can be carried out in bottles or 
conical flasks. The implementation of this method permits 
the selection of a strain of Escherichia coli in which the 
enzyme acetyl-homoserine sulfhydrylase has evolved into a 
cysteine synthase activity. The controlled selection is per 
formed in conical flasks containing 50 ml of inorganic 
medium (Schaefer et al., 1999, Anal. Biochem. 270: 88-96) 
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in the presence of 33 mM glucose, chloramphenicol at a final 
concentration of 25 mg/l and kanamycin at a concentration 
of 25 mg/l. 
0569. The culture media are seeded with the strain E. coli 
K12 A((cysK, cysM) pTopometY at a defined ODoo 
value. Seeding is carried out with a population of bacteria 
Sufficiently large for some bacteria potentially to possess 
relevant mutations in the gene metY enabling them to 
assimilate O-acetyl serine. This population is obtained by 
growing the strain auxotrophic for cysteine on a cysteine 
Supplemented minimal medium. A control culture is seeded 
with the strain E. coli K12 (A cysK, cysM). 
0570) The cultures are carried out with shaking at 37°C., 
for 6 days, after which time the ODoo is measured. The 
control culture displays practically no change in OD, while 
some other cultures exhibit significant evolution of their 
OD. It is therefore probable that the evolved cysteine 
synthase activity has appeared in the populations contained 
in those conical flasks. The mutation or mutations probably 
occurr in the gene metY because this gene was the only 
difference between these strains and the control strain. 

0571. The bacterial population of these positive cultures 
can then be used to further improve the cysteine synthase 
activity by repeating the flask culture procedure as 
described. 

0572) 
0573 The evolved population is then spread on a gelosed 
minimal medium containing glucose as sole carbon Source. 
The inoculated dishes are placed in aerobic conditions in an 
incubator at 37°C. After 36 hours, the clones appear on the 
dishes; they correspond to bacteria able to produce cysteine 
from glucose as sole carbon Source. Three clones are iso 
lated 

0574 Control of the Synthesis Pathway 
0575. The population of evolved E. coli K12 A(cysK, 
cysM) pTopometY is cultured in a minimal medium 
(Schaefer et al., 1999, Anal. Biochem. 270: 88-96) contain 
ing 2.5 gl' of glucose uniformly labeled with carbon 13. 
After culture, the cells were recovered, washed and hydroly 
sed with 6NHCl for 24 hours at 107°C. A 2D NMR analysis 
was then performed (HSQC). This analysis allows the fate of 
the glucose carbon 13 to be determined, thereby confirming 
that the synthesis of cysteine takes place via serine and 
acetyl-serine, indicating that the enzyme coded for by the 
gene metY has evolved into a cysteine synthase. 
0576 F. III. Evolution of NADPH-Dependent Enzymes 
0577. One application (Example F.III.1.) of the invention 
to metabolic engineering of NADPH-dependent bioconver 
sion pathways comprises, the following steps: 

0578 a1) Inactivation of the genes udha and pgi in the 
initial strain E. coli, 

0579 a2) Inactivation of the genes pfkA, pfkB and 
udh A in the initial strain E. coli, 

c) Selection of Clones 

0580. The resulting modified strains are thus optimized 
for their ability to reduce NADP. The initial strain is 
able to grow on a minimal medium (MM), while the 
ability of the modified strains to grow on that medium 
is strongly impaired. 
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0581 b) Introduction of a plasmid harboring the gene 
yueD coding for a benzyl reductase of Bacillus cereus. 

0582 c) Culture of the preceding modified strain on 
the minimal medium (MM) to which is added p-ni 
trobenzaldehyde (co-substrate) to cause the evolution 
of the benzyl reductase activity for that poorly metabo 
lized substrate. 

0583 d) Characterization of the evolved enzyme YuelD 

Example F.III.1 

Construction of the strains E.coli A(udha, pgi) and 
E. coli A(pfkA, pfkB, udha) and Modification of 

the Kinetic Characteristics of the Benzyl Reductase 
of Bacillus cereus 

0584) a1) Construction of the Modified Strain e. Coli 
A(udh A. pgi) 
0585. The inactivation of the gene udha, is carried out by 
inserting an antibiotic resistance cassette conferring resis 
tance to kanamycin while at the same time deleting most of 
the gene concerned. The method used is described by 
Datsenko, K. A.; Wanner, B. L. (2000), One-step inactiva 
tion of chromosomal genes in Escherichia coli K-12 using 
PCR products. Proc. Natl. Acad. Sci. USA 97: 6640-6645. 
0586 For this purpose two oligonucleotides are synthe 
sized: 

0587 Dudh AR with 100 bases (SEQ ID NO 25): 

cc.ca.gaatctottttgtttcc.cgatggaacaaaattitt cagogtgcc cac 

gttcatgcc.gacgatttgttgcgc.gtgccag TGTAGGCTGGAGCTGCTTCG 

0588) with 
0589 a region (lower case) homologous to the 
sequence (4157144 to 4157223) of the gene udha 
(sequence 41583.03 to 4156969, reference sequence on 
the website http://genolist-pasteur.fr/Colibri/), 

0590 a region (upper case) for the amplification of the 
kanamycin resistance cassette (reference sequence in 
Datsenko, K. A. & Wanner, B. L., 2000, PNAS, 97: 
6640-6645). 

0591 Dudh AF with 100 bases (SEQ ID NO 26): 

ggtgcgc.gc.gtogcagttatcgagc gttatcaaaatgttggcggcggttg 

cacccactgggg caccatccc.gtogaaag.cCATATGAATATCCTCCTTAG 

0592) with: 
0593 a region (lower case) homologous to the 
sequence (4158285 to 4158206) of the gene udh A, 

0594 a region (upper case) for the amplification of the 
kanamycin resistance cassette. 

0595. The oligonucleotides Dudh AR and Dudh AF are 
used to amplify the kanamycin resistance cassette from the 
plasmid pKD4. The PCR product obtained is then intro 
duced by electroporation into the strain MG 1655 (pKD46) 
in which the Red recombinase enzyme expressed permits the 
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homologous recombination. The kanamycin resistant trans 
formants are then selected and the insertion of the resistance 
cassette is verified by a PCR analysis with the oligonucle 
otides UdhaR and Udh AF 

0596 UdhaR (SEQ ID NO 27): gcgggatcactttactgc 
cagcgctggctg (homologous to the sequence 4156772 to 
4156801) 
0597 UdhaF (SEQ ID NO 28): gg.ccgcticaggatatagcca 
gataaatgac (homologous to the sequence 4158475 to 
4158446) 
0598. The inactivation of the gene pgi, is carried out by 
inserting an antibiotic resistance cassette conferring resis 
tance to chloramphenicol while at the same time deleting 
most of the gene concerned. The method used is described 
by Datsenko, K. A.; Wanner, B. L. (2000). One-step inac 
tivation of chromosomal genes in Escherichia coli K-12 
using PCR products. Proc. Natl. Acad. Sci. USA 97: 6640 
6645. 

0599 For this purpose two oligonucleotides are synthe 
sized: 

0600 DpgiR with 100 bases (SEQ ID NO 29): 

gc gccacgctittatagoggittaatca gaccattggtcgagctato gtggc 

tgctgatttctittatcatctittcagotctg.cATATGAATATCCTCCTTAG 

0601) with 
0602 a region (lower case) homologous to the 
sequence (4232980 to 4232901) of the gene pgi 
(sequence 4231337 to 4232986, reference sequence on 
the website http://genolist-pasteur.fr/Colibri/), 

0603 a region (upper case) for the amplification of the 
chloramphenicol resistance cassette (reference 
sequence in Datsenko, K. A. & Wanner, B. L., 2000, 
PNAS, 97: 6640-6645). 

0604 DpgiF with 100 bases (SEQ ID NO 30): 

ccaacgcagaccgct gcctgg caggcactacagaaacactt.cgatgaaat 

gaaagacgttacgatc.gc.cgatctttittgcTGTAGGCTGGAGCTGCTTCG 

0605 with: 
0606 a region (lower case) homologous to the 
sequence (4231352 to 4231432) of the gene pgi, 

0607 a region (upper case) for the amplification of the 
chloramphenicol resistance cassette. 

0608. The oligonucleotides DpgiR and DpgiF are used to 
amplify the chloramphenicol resistance cassette from the 
plasmid pKD3. The PCR product obtained is then intro 
duced by electroporation into the strain MG 1655 Audh A 
(pKD46) in which the Red recombinase enzyme expressed 
permits the homologous recombination. The chlorampheni 
col resistant transformants are then selected and the insertion 
of the resistance cassette is verified by a PCR analysis with 
the oligonucleotides PgiR and PgiF 
0609 PgiR (SEQID NO 31): cygtatgattitccgttaaattacaga 
caag (homologous to the sequence 4233220 to 4233 191) 
0610 PgiF (SEQ ID NO 32): gcgggg.cggttgtcaac 
gatgggg.tcatgc (homologous to the sequence 4231138 to 
423.1167) 
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0611. The two antibiotic resistance cassettes can then be 
eliminated. The plasmid pCP20 carrying recombinase FLP 
acting at the FRT sites of both the kanamycin and chloram 
phenicol resistance cassette is then introduced into the 
recombinant strains by electroporation. After a series of 
cultures at 42°C., the loss of the two resistance cassettes is 
verified by a PCR analysis with the same oligonucleotides as 
those used previously. 
0612 a2) Construction of the Modified Strain E. coli 
A(pfkA, pfkB, udh A) 
0613. The inactivation of the gene pfkA, is carried out by 
inserting an antibiotic resistance cassette conferring resis 
tance to chloramphenicol while at the same time deleting 
most of the gene concerned. The method used is described 
by Datsenko; K. A.; Wanner, B. L. (2000). One-step inac 
tivation of chromosomal genes in Escherichia coli K-12 
using PCR products. Proc. Natl. Acad. Sci. USA 97: 6640 
6645. 

0614 For this purpose two oligonucleotides are synthe 
sized: 

0615 DpfkAR with 100 bases (SEQ ID NO 33): 

titc.gc.gcagtccago cagt caccitttgaacggacgctt catgttt to gat 

ag.cgtogatgatgtcgtggtgaaccagotgCATATGAATATCCTCCTTAG 

0616) with 
0617 a region (lower case) homologous to the 
sequence (4106081 to 4106002) of the gene pfkA 
(sequence 4105132 to 4106094, reference sequence on 
the website http://genolist-pasteur.fr/Colibri/), 

0.618) a region (upper case) for the amplification of the 
chloramphenicol resistance cassette (reference 
sequence in Datsenko, K. A. & Wanner, B. L., 2000, 
PNAS, 97: 6640-6645). 

0619 DpfkAF de 100 bases (SEQ ID NO 34): 

ggtgttgttgacaag.cgg.cggtgatgcgc.cagg catgaacgcc.gcaatticg 

cggggttgttcgttctg.cgctgacagaaggTGTAGGCTGGAGCTGCTTCG 

0620) with: 
0621 a region (lower case) homologous to the 
sequence (4105147 to 4105227) of the gene pfkA, 

0622 a region (upper case) for the amplification of the 
chloramphenicol resistance cassette. 

0623 The oligonucleotides DpfkAR and DpfkAF are 
used to amplify the chloramphenicol resistance cassette 
from the plasmid pKD3. The PCR product obtained is then 
introduced by electroporation into the strain MG 1655 
(pKD46) in which the Red recombinase enzyme expressed 
permits the homologous recombination. The chlorampheni 
col resistant transformants are then selected and the insertion 
of the resistance cassette is verified by a PCR analysis with 
the oligonucleotides PfkAR and PfkAF PfkAR (SEQID NO 
35): ccctacgccccacttgttcatcgcccg (homologous to the 
0624 sequence 4106434 to 4106408) PfkAF (SEQ ID 
NO36): cgcacgcggcagtcagggccgaccc.gc (homologous to the 
sequence 4104751 to 4104777) 
0625. The inactivation of the udh A gene was described in 
example F.III.1 a1) and can be carried out in the same way. 
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0626. The two antibiotic resistance cassette can then be 
eliminated. The plasmid pCP20 carrying recombinase FLP 
acting at the FRT sites of both the kanamycin and chloram 
phenicol resistance cassette is then introduced into the 
recombinant strains by electroporation. After a series of 
cultures at 42°C., the loss of the two resistance cassettes is 
verified by a PCR analysis with the same oligonucleotides as 
those used previously. 
0627 The inactivation of the gene pfkB, is carried out by 
inserting an antibiotic resistance cassette conferring resis 
tance to chloramphenicol while at the same time deleting 
most of the gene concerned. The method used is described 
by Datsenko, K. A.; Wanner, B. L. (2000). One-step inac 
tivation of chromosomal genes in Escherichia coli K-12 
using PCR products. Proc. Natl. Acad. Sci. USA 97: 6640 
6645. 

0628 For this purpose two oligonucleotides are synthe 
sized: 

0629 DpfkBR with 100 bases (SEQ ID NO 37): 

gc gggaaaggtaag.cgtaaatttitttgc gitatic gtcatgg gag cacagac 

gtgttccctgattgagtgttggctgcacticcCATATGAATATCCTCCTTAG 

0630) with 
0631 a region (lower case) homologous to the 
sequence (1805320 to 1805241) of the gene pfkB 
(sequence 1804394 to 1805323, reference sequence on 
the website http://genolist-pasteur.fr/Colibri/), 

0632 a region (upper case) for the amplification of the 
chloramphenicol resistance cassette (reference 
sequence in Datsenko, K. A. & Wanner, B. L., 2000, 
PNAS, 97: 6640-6645). 

0633 DpfkBF with 100 bases (SEQ ID NO 38): 

gc gcc.citctotcgatago.gcaacaattacccc.gcaaatttatc.ccgaagg 

aaaactg.cgctgtaccgcaccggtgttcgTGTAGGCTGGAGCTGCTTCG 

0634) with: 
0635 a region (lower case) homologous to the 
sequence (1804421 to 1804499) of the gene pfkB, 

0636 a region (upper case) for the amplification of the 
chloramphenicol resistance cassette. 

0637. The oligonucleotides DpfkBR and DpfkBF are 
used to amplify the chloramphenicol resistance cassette 
from the plasmid pKD3. The PCR product obtained is then 
introduced by electroporation into the strain MG 1655 
A(pfkA, udha) (pKD46) in which the Red recombinase 
enzyme expressed permits the homologous recombination. 
The chloramphenicol resistant transformants are then 
selected and the insertion of the resistance cassette is veri 
fied by a PCR analysis with the oligonucleotides PfkBR and 
PfkBF 

0638 PfkBR (SEQ ID NO 39): gccggttgcactittgggtaagc 
cccg (homologous to the sequence 1805657 to 1805632) 
0639 PfkBF (SEQ ID NO 40): tggcaggatcatccatgacag 
taaaaacgg (homologous to the sequence 1803996 to 
1804025) 
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0640 The chloramphenicol resistance cassette can then 
be eliminated. The plasmid pCP20 carrying recombinase 
FLP acting at the FRT sites of the chloramphenicol resis 
tance cassette is then introduced into the recombinant strains 
by electroporation. After a series of cultures at 42°C., the 
loss of the chloramphenicol resistance cassette is verified by 
a PCR analysis with the same oligonucleotides as those used 
previously. The strain retained is designated MG1655 
A(pfkA, pfkB, udh A). 
0641 a1) Introduction of the Gene yueID Coding for 
Benzil Reductase of Bacillus cereus into the Strain A(pgi, 
udha) or Similarly A(pfkA, pfkB, udha) 
0642. The gene yueID is cloned into the vector pTrc99A 
(Amersham-Pharmacia). The oligos Yuel DR and YueIDF are 
used for the amplification of the gene from chromosomal 
DNA of Bacillus cereus. 

YueDR (SEQ ID NO 41) : 
CGTGAATTCittattoatcaattictaataa. 

0643 with: 
0644 a region (lower case) homologous to the 
sequence (731 to 750) of the gene yueID, 

0.645 a region (upper case) allowing the cleavage by the 
enzyme EcoRI. 

YueDF (SEQ ID NO 42): 
ACGTTCatgAgAtacgittat catalacaggaac 

0646) with: 
0647 a region (lower case) homologous to the 
sequence (1 to 26) of the gene yueID, 

0648 a region (changed and added bases, upper case) 
allowing the cleavage by the enzyme BspHI. 

0649. The PCR product obtained is digested with the 
restriction enzymes BspHI and EcoRI and cloned into the 
vector pTrc99A that has been digested with NcoI and EcoRI. 
The resulting plasmid pYU1 is then introduced into the 
strain MG 1655 A(pgi, udh A). The gene yueID codes for a 
NADPH-dependent benzil reductase that efficiently reduces 
1-phenyl-1,2-propanedione (k=165 min"; K=42 uM) 
but possesses a lower activity toward p-nitrobenzaldehyde 
(k=1.2 min"; K=261 uM) (Maruyama, R. Nishizawa, 
M.: Itoi, Y.: Ito, S.; Inoue, M. (2002) The enzyme with benzil 
reductase activity is conserved from bacteria to mammals. J. 
Biotechnology 94: 157-169). 
0650 b) Culture and Evolution of the Modified Strain on 
a Minimal Medium 

0651. The maximal growth rate of the strain of E. coli 
A(udh A. pgi) yueID obtained is evaluated on minimal 
medium (L=0.04). In these conditions it is much lower 
than that of the unmodified strain (l=0.61). It is then 
decided to add 1-phenyl-1,2-propanedione (co-Substrate) to 
the minimal medium, and it is found that the modified strain 
is able to grow at a rate slightly inferior to that of the initial 
(i.e., unmodified) strain on the same medium. It is then 
decided to seed (OD5) a chemostat in a minimal medium 
containing p-nitrobenzaldehyde (co-substrate) With the 
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modified strain; in these conditions the strain exhibits a 
growth rate similar to that of the modified strain grown on 
a minimal medium with no co-substrate. The chemostat is 
maintained for 1 to 5 weeks, while gradually increasing the 
dilution rate. The increase in the dilution rate can be per 
formed stepwise or continuously. Glycerol stocks of the 
population contained in the chemostat are made up regularly. 

0652 d) Characterization of the Evolved Enzyme YuelD 

0653. When the population can no longer adapt to the 
dilution rates imposed, it is considered that the selection is 
completed. Single colonies are isolated from the final 
evolved population (if necessary using one of the last 
glycerol stocks made up) and the kinetic characteristics of 
the evolved benzil reductase are evaluated, by comparison 
with the initial benzil reductase, using Substrates 1-phenyl 
1.2-propanedione and p-nitrobenzaldehyde. The k value 
for the evolved benzil reductase is markedly improved for 
p-nitrobenzaldehyde, while its k for 1-phenyl-1,2-pro 
panedione is strongly depressed. Sequencing of the evolved 
clones demonstrates an accumulation of point mutations, 
which explains the altered substrate specificity of these 
enzymes. 
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-continued 

agttittgaac toggatggcga tigagcagacg ctg.cgtogtt toctoggcgg gctgtcgttg 96.O 

tttacgctgg cqgcatcatt agggggagtg gaaagtttaa totct cacgc cqcaaccatg 1020 

acacatgcag goatgg cacc agaag.cgc.gt gct gcc.gc.cg ggatctocq a gacgctgctg 1080 

cgitatctoca ccgg tattga agatggcgaa gatttaattg cc gacctgga aaatggcttic 1140 

Cgggctgcaa acaaggggta a 1161 

<210 SEQ ID NO 8 
&2 11s LENGTH 5 
&212> TYPE PRT 
<213> ORGANISM: Escherichia coli 

<400 SEQUENCE: 8 

Met Glu Thir Thr His 
1 5 

<210 SEQ ID NO 9 
&2 11s LENGTH 30 
&212> TYPE DNA 
<213> ORGANISM: Artificial 
&220s FEATURE 
<223> OTHER INFORMATION: Synthetic 

<400 SEQUENCE: 9 

ggtacaga aa cca.gcaggct gaggatcago 30 

<210> SEQ ID NO 10 
&2 11s LENGTH 100 
&212> TYPE DNA 
<213> ORGANISM: Artificial 
&220s FEATURE 
<223> OTHER INFORMATION: Synthetic 

<400 SEQUENCE: 10 

tatgcagotg acg accttitc gcc.cctg.cct gcgcaatcac acticatttitt accocittgtt 60 

tgcagoccgg aagccattitt caggcaccag agtaaac att 100 

<210> SEQ ID NO 11 
&2 11s LENGTH 30 
&212> TYPE DNA 
<213> ORGANISM: Artificial 
&220s FEATURE 

<223> OTHER INFORMATION: Synthetic 

<400 SEQUENCE: 11 

cgtocgggiac gocttgatcc cqgacgcaac 30 

<210> SEQ ID NO 12 
&2 11s LENGTH 32 
&212> TYPE DNA 
<213> ORGANISM: Artificial 
&220s FEATURE 
<223> OTHER INFORMATION: Synthetic 

<400 SEQUENCE: 12 

gc gtttacgc agtaaaaaag to accago ac go 32 

<210> SEQ ID NO 13 
&2 11s LENGTH 72 
&212> TYPE DNA 
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-continued 

<213> ORGANISM: Artificial 
&220s FEATURE 
<223> OTHER INFORMATION: Synthetic 

<400 SEQUENCE: 13 

gc gtttacgc agtaaaaaag to accago ac goalaggtocc gctaaaatcg atcatatgaa 

tatcctccitt ag 

<210> SEQ ID NO 14 
&2 11s LENGTH 100 
&212> TYPE DNA 
<213> ORGANISM: Artificial 
&220s FEATURE 
<223> OTHER INFORMATION: Synthetic 

<400 SEQUENCE: 14 

cggacaaaaa gottgatact caactggtga atgcaggacg cagoaaaaaa tacactcitcg 

gc gciggtaaa tag.cgtgatt totaggctgg agctgctitcg 

<210 SEQ ID NO 15 
&2 11s LENGTH 100 
&212> TYPE DNA 
<213> ORGANISM: Artificial 
&220s FEATURE 
<223> OTHER INFORMATION: Synthetic 

<400> SEQUENCE: 15 

tgttgcaatt citttcticagt galagagat.cg gcaaacaatig ciggtgcttaa ataacgcto a 

cc.cgatgatg gtagaataac catatgaata to citccittag 

<210> SEQ ID NO 16 
&2 11s LENGTH 100 
&212> TYPE DNA 
<213> ORGANISM: Artificial 
&220s FEATURE 
<223> OTHER INFORMATION: Synthetic 

<400 SEQUENCE: 16 

actaadattt ttcaadataa citcoctoact atcdotcaca cocco citcct tcc cctoraat g g gaag gctg gg gcc.gctgg g g 

cgcatcggta acggacgc at totaggctgg agctgctitcg 

<210 SEQ ID NO 17 
&2 11s LENGTH 100 
&212> TYPE DNA 
<213> ORGANISM: Artificial 
&220s FEATURE 

<223> OTHER INFORMATION: Synthetic 

<400 SEQUENCE: 17 

ccc.gc.cccct ggctaaaatg citctt.ccc.ca aac acco cqg tagaaaggta gc gatc.gc.ca 

cgatcgcaga tigatc.gc.cac catatgaata to citccittag 

<210> SEQ ID NO 18 
&2 11s LENGTH 100 
&212> TYPE DNA 
<213> ORGANISM: Artificial 
&220s FEATURE 
<223> OTHER INFORMATION: Synthetic 

<400 SEQUENCE: 18 

60 

72 

60 

100 

60 

100 

60 

100 

60 

100 
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-continued 

actacattac aacaaacaat accocaataco cottctootca act tccacco aat co 60 g g gg g ggtg gttgcagog gggg.ccg. 

gataacggca gtgaagtgtg totaggctgg agctgctitcg 100 

<210 SEQ ID NO 19 
&2 11s LENGTH 30 
&212> TYPE DNA 
<213> ORGANISM: Artificial 
&220s FEATURE 
<223> OTHER INFORMATION: Synthetic 

<400 SEQUENCE: 19 

tttitta acag acgcgacgca cqaagagcgc 30 

<210> SEQ ID NO 20 
&2 11s LENGTH 30 
&212> TYPE DNA 
<213> ORGANISM: Artificial 
&220s FEATURE 
<223> OTHER INFORMATION: Synthetic 

<400 SEQUENCE: 20 

ggcgcgacgg C gatgtgggt C gattgctat 30 

<210> SEQ ID NO 21 
&2 11s LENGTH 30 
&212> TYPE DNA 
<213> ORGANISM: Artificial 
&220s FEATURE 
<223> OTHER INFORMATION: Synthetic 

<400 SEQUENCE: 21 

ggggtgacgg to aggactica coaatact to 30 

<210> SEQ ID NO 22 
&2 11s LENGTH 30 
&212> TYPE DNA 
<213> ORGANISM: Artificial 
&220s FEATURE 

<223> OTHER INFORMATION: Synthetic 

<400 SEQUENCE: 22 

gc gcgcatcg citggcc.gctg. g.gctacacac 30 

<210> SEQ ID NO 23 
&2 11s LENGTH 74 
&212> TYPE DNA 
<213> ORGANISM: Artificial 
&220s FEATURE 

<223> OTHER INFORMATION: Synthetic 

<400 SEQUENCE: 23 

ttagagctgt tdacaattaa to atc.cggct c gtataatgt gtggaataaa alactottaag 60 

gaccitccaaa tocc 74 

<210> SEQ ID NO 24 
&2 11s LENGTH 30 
&212> TYPE DNA 
<213> ORGANISM: Artificial 
&220s FEATURE 
<223> OTHER INFORMATION: Synthetic 

<400 SEQUENCE: 24 



US 2006/0270013 A1 Nov.30, 2006 
34 

-continued 

gctctgtcta gtctagtttg cattctoacg 30 

<210> SEQ ID NO 25 
&2 11s LENGTH 100 
&212> TYPE DNA 
<213> ORGANISM: Artificial 
&220s FEATURE 

<223> OTHER INFORMATION: Synthetic 

<400 SEQUENCE: 25 

cc.ca.gaatct cittttgtttc cc gatggaac aaaattittca gcgtgcc cac gttcatgcc.g 60 

acgatttgtg cqcgtgc.cag totaggctgg agctgctitcg 100 

<210> SEQ ID NO 26 
&2 11s LENGTH 100 
&212> TYPE DNA 
<213> ORGANISM: Artificial 
&220s FEATURE 
<223> OTHER INFORMATION: Synthetic 

<400 SEQUENCE: 26 

ggtgcgc.gc.g. tcgcagttat cqagc gttat caaaatgttg gcggcggttg cacccactogg 60 

ggcaccatcc cqtcgaaagc catatgaata to citccittag 100 

<210 SEQ ID NO 27 
&2 11s LENGTH 30 
&212> TYPE DNA 
<213> ORGANISM: Artificial 
&220s FEATURE 

O <223> OTHER INFORMATION: Synthetic 

<400 SEQUENCE: 27 

gc gg gatcac tttact gcca gcgctggctg 30 

<210> SEQ ID NO 28 
&2 11s LENGTH 30 
&212> TYPE DNA 
<213> ORGANISM: Artificial 
&220s FEATURE 

O <223> OTHER INFORMATION: Synthetic 

<400 SEQUENCE: 28 

ggcc.gctdag gatatagoca gataaatgac 30 

<210 SEQ ID NO 29 
&2 11s LENGTH 100 
&212> TYPE DNA 
<213> ORGANISM: Artificial 
&220s FEATURE 

O <223> OTHER INFORMATION: Synthetic 

<400 SEQUENCE: 29 

gc gccacgct ttatagoggit taatcagacc attgg to gag citatcgtggc tigctgatttic 60 

tittatcatct titcagotctg. catatgaata toctoctitag 100 

<210 SEQ ID NO 30 
&2 11s LENGTH 100 
&212> TYPE DNA 
<213> ORGANISM: Artificial 
&220s FEATURE 
<223> OTHER INFORMATION: Synthetic 
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-continued 

<400 SEQUENCE: 30 

ccaacgcaga cc.gctgcctg goagg cacta cagaaac act tcgatgaaat gaaagacgtt 60 

acgatcgc.cg atctttittgc tigtaggctgg agctgctitcg 100 

<210> SEQ ID NO 31 
&2 11s LENGTH 30 
&212> TYPE DNA 
<213> ORGANISM: Artificial 
&220s FEATURE 
<223> OTHER INFORMATION: Synthetic 

<400 SEQUENCE: 31 

cgg tatgatt toc gttaa at tacagacaag 30 

<210> SEQ ID NO 32 
&2 11s LENGTH 30 
&212> TYPE DNA 
<213> ORGANISM: Artificial 
&220s FEATURE 
<223> OTHER INFORMATION: Synthetic 

<400 SEQUENCE: 32 

gCgggg.cggit togtoaacgat ggggtcatgc 30 

<210 SEQ ID NO 33 
&2 11s LENGTH 100 
&212> TYPE DNA 
<213> ORGANISM: Artificial 
&220s FEATURE 
<223> OTHER INFORMATION: Synthetic 

<400 SEQUENCE: 33 

titc.gc.gcagt coagcc agtc. accitttgaac ggacgct tca tottt to gat agcgtcgatg 60 

atgtcgtggit galaccagotg catatgaata to citccittag 100 

<210> SEQ ID NO 34 
&2 11s LENGTH 100 
&212> TYPE DNA 
<213> ORGANISM: Artificial 
&220s FEATURE 

<223> OTHER INFORMATION: Synthetic 

<400 SEQUENCE: 34 

ggtgttgttga caag.cggcgg to atgc.gc.ca ggcatgaacg cc.gcaattic g c ggggttgtt 60 

cgttctg.cgc tigacagaagg totaggctgg agctgctitcg 100 

<210 SEQ ID NO 35 
&2 11s LENGTH 27 
&212> TYPE DNA 
<213> ORGANISM: Artificial 
&220s FEATURE 
<223> OTHER INFORMATION: Synthetic 

<400 SEQUENCE: 35 

ccctacgc.cc cacttgttca togcc.cg 27 

<210 SEQ ID NO 36 
&2 11s LENGTH 27 
&212> TYPE DNA 
<213> ORGANISM: Artificial 
&220s FEATURE 
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<400 

OTHER INFORMATION: Synthetic 

SEQUENCE: 36 

cgcacgcggC agt cagggcc gaccc.gc. 

<400 

gc gggaaagg taag.cgtaaa ttttittgcgt atcgtcatgg gag cacagaci gtgttcc citg 

attgagtgtg gctgcacticc catatgaata to citccittag 

<400 

gc gcc.citcto tcgatagogc aacaattacc cc.gcaaattt atc.ccgaagg aaaactg.cgc 

tgtaccgcac cqgtgttcgt gtaggctgga gctgctt.cg 

<400 

SEQ ID NO 37 
LENGTH 100 
TYPE DNA 
ORGANISM: Artificial 
FEATURE: 

OTHER INFORMATION: Synthetic 

SEQUENCE: 37 

SEQ ID NO 38 
LENGTH 99 
TYPE DNA 
ORGANISM: Artificial 
FEATURE: 

OTHER INFORMATION: Synthetic 

SEQUENCE: 38 

SEQ ID NO 39 
LENGTH 26 
TYPE DNA 
ORGANISM: Artificial 
FEATURE: 

OTHER INFORMATION: Synthetic 

SEQUENCE: 39 

gcc.ggttgca citttgggtaa goccc.g 

<400 

SEQ ID NO 40 
LENGTH 30 
TYPE DNA 
ORGANISM: Artificial 
FEATURE: 

OTHER INFORMATION: Synthetic 

SEQUENCE: 40 

tggcaggatc atc catgaca gtaaaaacgg 

<400 

SEQ ID NO 41 
LENGTH 29 
TYPE DNA 
ORGANISM: Artificial 
FEATURE: 

OTHER INFORMATION: Synthetic 

SEQUENCE: 41 

cgtgaattct tattoatcaa ttctaataa 

SEQ ID NO 42 
LENGTH 32 
TYPE DNA 
ORGANISM: Artificial 
FEATURE: 

36 

-continued 

27 

60 

100 

60 

99 

26 

30 

29 
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<223> OTHER INFORMATION: Synthetic 

<400 SEQUENCE: 42 

acgttcatga gatacgittat catalacagga ac 

1. A method for the preparation of evolved microorgan 
isms permitting a modification of metabolic pathways, char 
acterized in that it comprises the following steps: 

a) preparing a modified microorganism by genetic modi 
fication of cells of an initial microorganism so as to 
inhibit the production or consumption of a metabolite 
when that microorganism is grown on a defined 
medium, thereby impairing the ability of that microor 
ganism to grow; 

b) culturing the modified microorganism thereby obtained 
on said defined medium to cause it to evolve, where the 
defined medium can contain a co-substrate to allow 
Such evolution; 

c) selecting a modified microorganism able to grow on 
said defined medium, if necessary with a co-substrate. 

2. The method as claimed in claim 1, characterized in that 
the metabolic pathway is chosen from among: biosynthesis 
pathways of amino acids, synthesis pathways of nucleic 
acids, synthesis pathways of lipids, and metabolism path 
ways of Sugars. 

3. The method as claimed in claim 2, characterized in that 
the modified metabolic pathway is a biosynthesis pathway of 
amino acids. 

4. The method as claimed in claim 3, characterized in that 
the modified metabolic pathway is a biosynthesis pathway of 
an amino acid chosen from among: methionine, cysteine, 
threonine, lysine, and isoleucine. 

5. The method as claimed in claim 2, characterized in that 
the modified metabolic pathway consumes NADPH. 

6. The method as claimed in claim 1, characterized in that 
the modification made in step a) favors the reduction of 
NADP to NADPH, possibly by limiting the oxidation of 
NADPH to NADP 

7. The method as claimed in claim 1, characterized in that 
the evolved microorganism possesses at least one evolved 
gene coding for an evolved protein, the evolution of which 
replaces the inhibited metabolic pathway by a new meta 
bolic pathway. 

8. The method as claimed in claim 1, characterized in that 
it includes an additional step a1), of introducing at least one 
heterologous gene coding for a heterologous protein, which 
heterologous gene is to allow the evolution of a new 
metabolic pathway, preparatory to step b) in which the 
modified microorganisms are cultured. 

9. The method as claimed in claim 7, characterized in that 
it includes a step d) of isolating the evolved gene coding for 
the evolved protein. 

10. The method as claimed in claim 9, characterized in 
that the evolved gene is introduced, in an appropriate form, 
into a production microorganism intended for the production 
of the evolved protein. 

11. An evolved microorganism obtainable by a method 
according to claim 1. 

32 

12. An evolved microorganism according to claim 11, 
characterized in that the microorganism is the strain E. coli 
K 183 with a modified “methionine synthase' activity, 
registered Apr. 2, 2003 under the number I-3005 at the 
CNCM. 

13. A method for the preparation of an evolved protein, 
wherein the evolved microorganism according to claim 11 is 
cultivated in a culture medium appropriate for the produc 
tion of the evolved protein. 

14. The method as claimed in claim 13, characterized in 
that the produced evolved protein is purified. 

15. An evolved gene coding for an evolved protein 
obtainable by a method according to claim 9. 

16. An evolved protein obtainable by a method according 
to claim 13. 

17. An evolved protein according to claim 16, character 
ized in that the enzyme has a modified “methionine syn 
thase' activity and is chosen from cyStathionine-y-synthases 
and acylhomoserine sulfhydrylases with modified “methion 
ine synthase' activity. 

18. An evolved protein according to claim 17, character 
ized in that the cystathionine-Y-synthase with non-modified 
“methionine synthase' activity before the evolution is 
selected from cystathionine-y-synthases corresponding to 
PFAM with the reference PFO1053 and COG with the 
reference CPG0626. 

19. An evolved protein according to claim 18, where the 
cyStathionine-Y-synthase with non-modified “methionine 
synthase' activity before the evolution, comprises the fol 
lowing amino acid sequence in its C-terminus (conserved 
region 1) 
X1-X2-X3-L-G-X4-X5-X6-X7-X8-X9 

in which: 

X1 represents A.G.S. preferentially A: 

X2 represents E.V.P.T. preferentially E: 

X3 represents S.T.N. preferentially S; 

X4 represents G.D.A.H.T. preferentially G: 

X5 represents V.A.T.H.N. preferentially V: 

X6 represents E.R.K.F. preferentially E: 
X7 represents S.T. preferentially S; 

X8 represents L.I.V.A. preferentially L; and 

X9 represents I.V.A.T. preferentially I 

corresponding to residues 324 to 334 of the cystathionine 
Y-synthase sequence of E. coli K12, represented by 
SEQ ID NO 6. 

20. An evolved protein according to claim 18, character 
ized in that the cystathionine-Y-synthase with non-modified 
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“methionine synthase' activity before the evolution, com 
prises the following amino acid sequence in its N-terminus 
(conserved region 2): 
X10-X11-Y-X12-R-X13-X14-X15-X16-X17-X18 

in which: 

X10 represents A. H. Y. F. L. K. preferentially A: 
X11 represents Y, E, D, K. R. V., I, preferentially Y: 
X12 represents S.A.T.P.G., preferentially S; 
X13 represents I.S.T.R.E.F.W.D. preferentially S; 
X14 represents S.G.A.I.E.N.K.P. preferentially G: 
X15 represents N.H.Q.S. preferentially N: 
X16 represents P.D.L., preferentially P. 
X17 represents T.M.N.G.S. preferentially T. and 
X18 represents R.L.V.S.W.E., preferentially R 
corresponding to residues 44 to 54 of the cyStathionine 

Y-synthase sequence of E. coli K12, represented by 
SEQ ID NO 6. 

21. An evolved protein according to claim 18, character 
ized in that it comprises at least one mutation in its C-ter 
minal part and/or at least one mutation in its N-terminal part. 

22. An evolved protein according to claim 21, character 
ized in that the mutation consists in replacing an acidic 
amino acid, which interacts with the co-substrate cysteine in 
the non-modified enzyme, by a non-polar amino acid, 
selected from the residues glycine, alanine, leucine, isoleu 
cine, Valine, phenylalanine and methionine. 

23. An evolved protein according to claim 22, character 
ized in that the mutation in the C-terminal part of the 
cyStathionine-Y-synthase is introduced among the acidic 
amino acids of "conserved region 1’, particularly into resi 
due X2. 

24. An evolved protein according to claim 23, character 
ized in that it comprises the following amino acid sequence 
in its C-terminal part: 

in which: 

X1, X3, X4, X5, X6, X7, X8 et X9 are defined above and 
X2 represents G.A.L.I.V.F.M., preferentially A 
corresponding to residues 324 to 334 of the cystathionine 

Y-synthase sequence of E. coli K12, represented by 
SEQ ID NO 8. 

25. An evolved protein according to claim 24 character 
ized in that it comprises the following amino acid sequence 
in its C-terminal part: 

corresponding to residues 324 to 332 of the cystathionine 
Y-synthase sequence of E. coli K12, represented by 
SEQ ID NO 8. 

26. An evolved protein according to claim 25 character 
ized in that the cystathionine-y-synthase with modified 
<<methionine synthase >> activity comprises the amino acid 
sequence represented by SEQ ID NO 8. 

27. An evolved protein according to claim 18, character 
ized in that the mutation in the N-terminal part of the 
cyStathionine-Y-synthase is introduced among the acidic 
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amino acids of the conserved region 2, as defined above, in 
particular into residues X11 and/or R and/or X13. 

28. An evolved protein according to claim 27 character 
ized in that the cystathionine-y-synthase with modified 
<<methionine synthase >> activity comprises the following 
amino acid sequence in its N-terminal part: 
X10-X11-Y-X12-X19-X13-X14-X15-X16-X17-X18 

in which: 

X7, X9, X12, X14, X15, X16, X17 et X18 are defined 
above, 

X11 is defined in claim 15 or represents a non-polar 
amino acid, 

X13 is defined in claim 15 or represents a non-polar 
amino acid, 

X19 is R or represents a non-polar amino acid, and 
at least one of X11, X13 et X19 represents a non-polar 

amino acid, 
where the non-polar amino acids are chosen indepen 

dently among the residues glycine, alanine, leucine, 
isoleucine, Valine, phenylalanine or methionine. 

29. An evolved protein according to claim 16, character 
ized in that the initial enzyme without mutations, before the 
evolution, catalyzes a sulfhydrylation reaction in the pres 
ence of H2S. 

30. An evolved protein according to claim 29, character 
ized in that the initial enzyme without mutations, before the 
evolution has O-acyl-L-homoserine sulfhydrylase activity. 

31. An evolved protein according to claim 30, character 
ized in that the initial enzyme with O-acyl-L-homoserine 
Sulfhydrylase activity is chosen among the O-acyl-L-ho 
moserine sulfhydrylases corresponding to PFAM reference 
PFO1053 and COG reference COG2873. 

32. An evolved protein according to claim 31, character 
ized in that the initial enzyme is chosen among the following 
acylhomoserine Sulfhydrylases: 

NP 785969 O-acetylhomoserine (thiol)-lyase, Lactoba 
cillus plantarum WCFS1; 

AAN68137 O-acetylhomoserine 
Pseudomonas putida KT2440; 

NP 599886 O-acetylhomoserine sulfhydrylase, Coryne 
bacterium glutamicum ATCC13032: 

sulfhydrylase, 

NP 712243 acetylhomoserine sulfhydrylase, Leptospira 
interrogans serovar lai str. 566.01; 

BAC46370 O-Succinylhomoserine sulfhydrylase, 
Bradyrhizobium japonicum USDA110; 

AAO57279 O-Succinylhomoserine sulfhydrylase, 
Pseudomonas Syringae pv. tomato str. DC3000; 

NP 284520 O-succinylhomoserine sulfhydrylase Neis 
seria meningitidis Z2491, and 

AAA83435 O-succinylhomoserine 
aeruginosa). 

33. An evolved protein according to claim 31, character 
ized in that the initial enzyme before the evolution, is 
O-acyl-L-homoserine sulfhydrylase encoded by the metY 
gene of Corynebacterium. 

sulfhydrylase (P 
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34. An evolved protein according to claim 33, character 
ized in that the O-acyl-L-homoserine sulfhydrylase is 
encoded by the metY gene of Corynebacterium glutamicum 
(Genbank AF220150). 

35. A method of biotransformation comprising culturing 
an evolved microorganism according to claim 11 under 
conditions for biotransformation by fermentation or biocon 
version. 
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36. A biotransformation method according to claim 35 
where the biotransformation is depending on NADPH 
dependant enzymes. 

37. A method according to claim 36 in which the 
NADPH-dependant enzymes have evolved substrate speci 
ficity. 


