
Methionine and cysteine are the two sulfur-containing amino acids.  In addition to its general function as a component of proteins,
methionine is specifically required for translation initiation and is crucial for a variety of methyltransferase reactions as a precursor of
S-adenosyl-Methionine (SAM).  Main stages of methionine biosynthetic pathway (Figure 1) are as follows.  Homoserine is derived from
aspartate semialdehyde by the homoserine dehydrogenase (HSDH).  Acylation of homoserine is catalyzed either by homoserine
succinyltransferase (HSST) or by homoserine acetyltransferase (HSAT), unrelated to HSST. Yet another variation in homoserine
esterification exists in plants, where O-phospho-L-homoserine is produced in a reaction catalyzed by homoserine kinase (HK).  Cysteine
serves as a precursor for methionine biosynthesis via the Transsulfuration pathway mediated by two enzymes, cystathionine gamma-
synthase (CTGS) and cystathionine beta-lyase (CTBL).  An alternative pathway for methionine biosynthesis, the sulfhydrylation
pathway, utilizes inorganic sulfur instead of cysteine and is catalized by O-acetylhomoserine or O-succinylhomoserine sulfhydrylases
(AHSH or SHSH).  Both pathways can utilize O-succinyl-L-homoserine or O-acetyl-L-homoserine in different bacterial species. The
methylation of homocysteine by methyl-THF in bacteria can be catalyzed by two types of methionine synthases.  Reaction catalyzed by
coenzyme B12-dependent protein M etH is more than 100-fold faster than the reaction catalyzed by B12-independent isoenzyme MetE.
In many bacteria the methyl group of methionine is donated by methyl-THF, which is formed by reduction of methylene-THF in a
reaction catalyzed by MTHFR.  S-adenosylmethionine (SAM) is synthesized from methionine and ATP by SAM synthetase.
Utilization of SAM as a methyl donor results in formation of S-adenosylhomocysteine (SAH), which is then cleaved to homocysteine
and adenosine by SAH hydrolase, or in two consequent stages, by S-adenosylhomocysteine nucleosidase (SAHCN) and
ribosylhomocysteinase (RHMC).  Remarkably, multiple functional variants of methionine biosynthesis in it’s flow from homoserine to
homocysteine exist in different species:
1. as in Escherichia coli. Full Transsulfuration pathway (has CTGS, CTBL) via O-succinyl-L-homoserine (has HSST).
2. as in Staphylococcus aureus. Full Transsulfuration pathway via O-acetyl-L-homoserine (has HSAT).
3. as in Chlorobium tepidum. Full Sulfhydrylation pathway (has AHSH) via O-acetyl-L-homoserine.
4. as in Streptococcus spp.. Full Sulfhydrylation pathway via O-succinyl-L-homoserine.
5. as in Listeria spp. Both Sulfhydrylation and Transsulfuration pathways via O-acetyl-L-homoserine
6. as in Clostridium acetobutylicum. Both Sulfhydrylation and Transsulfuration pathways via O-succinyl-L-homoserine.
7. as in plants. Full Transsulfuration pathway via O-phospho-L-homoserine (has HK).
8. as in Bacillus cereus. Both Sulfhydrylation and Transsulfuration pathways via O-succinyl-L-homoserine or O-acetyl-L-homoserine.
     Also there are at least four functional variants of the methylation of homocysteine to methionine:
•as in Bacillus subtilis. Only B12-independent methionine synthase (MetE)
•as in Thermotoga maritima. Only B12-dependent methionine synthase (MetH)
•as in E. coli. Both B12-dependent and B12-independent methionine synthases
•as in Oceanobacillus iheyensis. Betaine--homocysteine S-methyltransferase (use betaine instead of methyl-tetrahydrofolate).

Dmitry Rodionov 
Institute for Information Transmission Problems, Russian Academy of Sciences, Moscow, Russia 

Subsystem: Methionine metabolism



SAMS S-adenosylmethionine synthetase (EC 2.5.1.6)

AHMC Adenosylhomocysteinase (EC 3.3.1.1)

SAHCN S-adenosylhomocysteine nucleosidase (EC 3.2.2.9)

RHMC Ribosylhomocysteinase (EC 3.2.1.148)

CTGL Cystathionine gamma-lyase (EC 4.4.1.1)

CTBS Cystathionine beta-synthase (EC 4.2.1.22)

I L-aspartate 4-semialdehyde Cys L-Cysteine

II L-Homoserine Hcy L-Homocysteine

III O-Acetyl-L-homoserine Met L-Methionine

IV O-Succinyl-L-homoserine SAM S-Adenosyl-L-methionine

V O-Phospho-L-homoserine SAH S-Adenosyl-L-homocysteine

VI L-Cystathionine THF tetrahydrofolate 

Abbrev. Functional Role

HSDH Homoserine dehydrogenase (EC 1.1.1.3)

HSST Homoserine O-succinyltransferase (EC 2.3.1.46)

HSAT Homoserine O-acetyltransferase (EC 2.3.1.31)

HK Homoserine kinase (EC 2.7.1.39)

AHSH O-acetylhomoserine sulfhydrylase (EC 4.2.99.10)

SHSH O-succinylhomoserine sulfhydrylase (EC 4.2.99.9)

CTGS Cystathionine gamma-synthase (EC 2.5.1.48)

CTBL Cystathionine beta-lyase (EC 4.4.1.8)

MetH 5-methyltetrahydrofolate--homocysteine methyltransferase (EC 2.1.1.13)

MetE 5-methyltetrahydropteroyltriglutamate--homocysteine methyltransferase (EC 2.1.1.14)

MTHFR 5,10-methylenetetrahydrofolate reductase (EC 1.7.99.5)

BhmT Betaine--homocysteine S-methyltransferase (EC 2.1.1.5)

Intermediates

Abbrev. Functional role

Fig. 1. Methionine biosynthesis, uptake, SAM recycling and reverse Met to Cys pathways



Fig. 2. Methionine biosynthesis and uptake. Subsystem spreadsheet.

Functional variants: #1: Transsulfuration pathway via O-succinyl-L-homoserine; #2: Transsulfuration pathway via O-acetyl-L-homoserine;
#3: Sulfhydrylation pathway via O-acetyl-L-homoserine; #4: Sulfhydrylation pathway via O-succinyl-L-homoserine; #5: Both pathways via
O-acetyl-L-homoserine. #6: Both pathways via O-succinyl-L-homoserine; #8: Both pathways via O-succinyl-L-homoserine or O-acetyl-L-
homoserine; #7: Transsulfuration pathway via O-phospho-L-homoserine in plants; #9: BhmT instead of the methionine synthases M etE/MetH;
#10: Absence of the de novo methionine biosynthetic pathway and the presence of the methionine uptake genes only.



Open problems, conjectures, comments
Case 1. Missing methionine synthase gene in Oceanobacillus iheyensis – filling the gap

O. iheyensis has neither MetE, nor MetH methionine
synthase.
   Analysis of methionine-specific regulatory elements, S-
boxes, revealed a novel methionine-regulated gene, OB0691,
which is similar to Betaine-homocysteine methyltransferase
BhmT from mammals.
   BhmT catalyzes conversion of homocysteine to methionine,
like MetE and MetH, but uses another methyl donor - betaine
instead of methyl-THF.
   O. iheyensis is predicted to use a eukaryotic-type methionine
synthase BhmT and thus does not require the methylene-THF
reductase MetF, which is absent in this bacterium.



MetT: predicted Methionine Transporter from the Na+:H+ Antiporter
Superfamily - Found in some Gram-positive and Gram-negative bacteria

- Has 11 predicted transmembrane segments;
- Regulated by the methionine riboswitch S-box in Gram-positive bacteria (e.g. Clostridium spp.);
- Regulated by the methionine repressor MetJ in some Gram-negative bacteria (e.g. Vibrio spp.);

- Occurres in some genomes (C.perfringens) that lack both the methionine biosynthetic pathway
   and known ABC-type methionine transporter MetNPQ, and in this case it is regulated by S-box;

Case 2. Analysis of the methionine-specific regulatory elements.
Prediction of novel methionine-specific transporters.



Case 3. Missing methionine biosynthesis genes in Cyanobacteria – open questions
Multiple variations of methionine biosynthesis in it’s flow from homoserine to homocysteine exist in different cyanobacteria. Proclorococci
and Synechococcus WH 8102, containing orthologs of HSST and AHSH (clustered on a chromosome), as well as CTGS and CTBL (clustered
as well) apparently posses both pathways, each utilizing O-succinyl-L-homoserine (HSST is asserted, while HSAT is not).  Based on the
presence of HSAT and AHSH homologs in their genomes, A. variabilis and N. punctiforme utilize only sulfhydrylation pathway with
succinyl-CoA as precursor for homoserine esterification. The sulfhydrylation pathway in S. elongatus apparently utilizes O-acetyl-L-
homoserine (clustered HSST and AHSH orthologs can be asserted in its genome).  Surprisingly, none of these pathway variations can be
asserted in genomes of Synechocystis 6803, Thermosynechococcus  elongatus, and several other cyanobacterial species.  Since orthologs of
homoserine dehydrogenase, as well all enzymes catalyzing conversions from homocysteine to methionine are present, these organisms are
expected to posses a functional route of L-homocysteine biosynthesis from homoserine.  One possibility is that these cyanobacteria harbor a
completely novel pathway of homocysteine biosynthesis, yet to be discovered.  Alternatively, they may follow the plant route through O-
phosphoryl-L-homoserine (orthologs of homoserine kinase are evident in all cyanobacterial genomes).  However, homologs of cystathionine
gamma-synthase (CTGS) and cystathionine beta-lyase (CTBL), catalyzing these conversions in plants are “missing” from these
cyanobacterial genomes and are likely to be encoded by non-orthologous genes.  The search for the gene candidates for the “missing” enzymes
is in progress and is based on the following assumptions:
1. strong gene candidates are expected to be present mainly in the cyanobacterial genomes missing the known pathways of homocysteine
biosynthesis, and absent in the organisms where other pathways are evident (occurrence profile);
2. methionine-specific regulatory sites are likely to be present upstream of the candidate genes (co-regulation);
3. candidate genes are likely to be adjacent on a chromosome - based on a strong pattern of orthologs clustering in the known pathways of
homocysteine biosynthesis (clustering on a chromosome).
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