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Summary

The sulfur-containing amino acid methionine is a nutritionally important essential amino acid and the 
precursor of several metabolites that regulate plant growth and responses to the environment. New 
genetic and molecular data suggest that methionine synthesis and catabolism are coordinately regulated 
by novel post-transcriptional and post-translational mechanisms. This review focuses on new features 
reported for the molecular and biochemical aspects of methionine biosynthesis in higher plants with 
special emphasis on a comparison of the methionine biosynthetic pathway of plants with pathways of 
phototrophic  bacteria (cyanobacteria). Particularly, the impact of the compartmentalization of methio-
nine biosynthesis will be addressed with respect to regulatory aspects.
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I. Introduction

Studying the regulation of methionine (Met) home-
ostasis is crucial for our understanding of physio-
logical and biochemical processes in organisms. As 
organisms are exposed to environmental changes 
they have developed response mechanisms to keep 
metabolites in equilibrium. The process, termed 
adaptation, reflects the molecular/genetic and bio-
chemical plasticity of a system. Compared to plants 

cyanobacteria are one of the oldest groups of pho-
toautotrophic organisms on Earth (Schopf, 2000). 
They have colonized almost every available niche 
for the last 3.5 billion years, demonstrating an out-
standing ability for adaptation to extremely differ-
ent habitats and play a dominant role in the global 
nitrogen and carbon cycles. Thus, it was even not 
surprising to discover abundant cyanobacteria 
(Johnson and Sieburth, 1979) such as Synechococ-
cus (Waterbury et al., 1979) and Prochlorococcus 
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(Chisholm et al., 1988) thriving in environments 
with a very poor nutrient supply, such as the vast 
intertropical gyres of the oceans (Capone, 2000; 
Karl, 2002; Zehr and Ward, 2002; Delong and 
Karl, 2005), which were previously considered 
to be almost empty of living cells. However, their 
ecological importance was truly unexpected, since 
it is currently accepted that about half of the global 
primary production occurs in the oceans (Whitman 
et al., 1998) and that marine cyanobacteria contrib-
ute two-thirds of it (Goericke and Welschmeyer, 
1993; Liu et al., 1997). Their metabolism is based 
on oxygenic photosynthesis, similar to that of 
eukaryotic algae and plants actually being related 
to the precursor of plant chloroplasts according to 
the endosymbiont theory. This process provides 
ATP and reducing equivalents from the splitting of 
water, which enables the bacteria to assimilate sim-
ple inorganic nutrients for their anabolic demands. 
Since the discovery of, e.g., Prochlorococcus in 
1988 (Chisholm et al., 1988), its major impor-
tance in the ecology of the oceans has become 
evident, leading to a large number of genetic stud-
ies resulting in sequencing of the genomes of five 
representative Prochlorococcus ecotypes, MED4, 
MIT9313, MIT9312, and NATL2A (http://img.jgi.
doe.gov/cgi-bin/pub/main.cgi) and SS120 (http://
www.sb-roscoff.fr/Phyto/ProSS120/), making 
Prochlorococcus one of the most-studied microor-
ganisms from a genomic point of view (Dufresne et 
al., 2001; Rocap et al., 2003). However, since 2003 
the genome of Synechococ cus is also sequenced 
(Palenik et al., 2003). The Kazusa Institute in Japan 
publicly provides sequence information of sev-
eral cyanobacteria (www.kazusa.or.jp/cyano/). The 
striking ecological success of cyanobacteria has 

been the subject of many studies, focused on some 
of the most intriguing abilities of this organism to 
cope with the natural gradients of different param-
eters occurring along the water column, includ-
ing light irradiance, which decreases almost four 
orders of magnitude from the ocean surface to the 
end of the euphotic zone. Due to their abundance 
and high metabolic activities, microorganisms 
may deplete the environment of essential nutrients. 
A prominent example of an environmental effect 
caused by the metabolic activity of cyanobacteria 
is the depletion of carbon dioxide from the atmos-
phere during the course of evolution, and the con-
comitant accumulation of the ‘waste product’ of 
photosynthesis, oxygen. Deprivation of essential 
nutrients is frequently the limiting factor in cyano-
bacterial cell growth, and the need to adapt to 
periods of nutrient limitation is a major source of 
selective pressure in diverse natural environments. 
Research in the past decade has led to fundamen-
tal new insights into the molecular mechanisms of 
these responses. Classically, acclimation responses 
to nutrient limitation are grouped into specific 
and general, or common, responses. The specific 
responses are the acclimation processes that occur 
as a result of limitation for a particular nutrient, 
whereas the general responses occur under any 
starvation condition. Cyanobacterial acclimation 
to limitation of the macronutrients phosphorus and 
nitrogen was studied in the past and summarized 
by Schwarz and Forchhammer (2005). As outlined 
by the authors little substantial progress has been 
made in understanding the molecular mechanisms 
underlying responses to sulfur limitation. This also 
applies to approaches investigating Met biosynthe-
sis in cyanobacteria.

Met is an essential cellular constituent, an initia-
tor of protein synthesis and a key player in many 
metabolic activities. Furthermore, Met is the pre-
cursor of SAM—S-adenosylmethionine—that is 
involved in many methylation reactions such as 
DNA and phospholipid methylation and synthe-
sis of cyclopropane fatty acids. SAM also donates 
aminopropyl groups to diamines in the synthesis 
of polyamines such as spermidine, which neutral-
ize the negative charge of nucleic acids in the cells 
(for reviews see Chiang et al., 1996; Fontecave 
et al., 2004), is precursor of the vitamin biotin, as 
well as to synthesize the ‘aging’ hormone ethylene 
responsible for fruit ripening. Furthermore, in algae 
and some bacteria Met is a source of atmospheric 
sulfur: dimethylsulphide (Amir et al., 2002; see 
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also Chapters 14, 16 and 22, this issue). A deriva-
tive of Met, S-methylmethionine (SMM), is used 
as a major transport molecule for reduced sulfur 
in some plant species, connecting sink and source 
organs (Bourgis et al., 1999). Furthermore, Met 
is an essential amino acid required in the diet of 
non-ruminant animals. Human and monogastric 
mammals can synthesize only half of the 20 major 
proteinogenic amino acids and, therefore, must 
obtain the others from their diets. Major crops, such 
as cereals (e.g., corn, rice, wheat, etc.) and legumes, 
are low in Met (Tabe and Higgins, 1998; Hesse 
et al., 2001; Galili et al., 2005). Improved nutritional 
quality may help to solve problems encountered in 
cases where plant foods are the major or sole source 
of protein, such as in many developing countries, as 
well as plant feeds for livestock which are subse-
quently used as human food.

Recent findings indicate that Met intermedi-
ates such as homoserine has yet another impor-
tant physiological role in microorganisms—it is 
involved in the synthesis of N-acyl homoserine 
lactone autoinducer molecules, which constitute 
quorum-sensing signals and act as cell density-
dependent regulators of gene expression (Han-
zelka and Greenberg, 1996; Val and Cronan, 
1998; Yang et al., 2005). As a process, Met bio-
synthesis is widely distributed among the three 
domains of life (bacteria, archaea and eukarya) 
and could predate their divergence. However, the 
constituent steps in the pathway, the enzymes cat-
alyzing these steps and the genes encoding these 
enzymes are not the same among all organisms 
and there is significant evolutionary plasticity at 
each of these levels. In plants and microorgan-
isms Met is in general synthesized through three 
consecutive reactions catalyzed by cystathionine 
γ-synthase (CGS), cystathionine β-lyase (CBL), 
and Met synthase (MS) (Fig. 1). Met receives 
its carbon skeleton from the aspartate-family 
pathway, while its sulfur moiety is derived from 
cysteine (Cys). Eventually about 20% of the Met 
in plants at least is incorporated into proteins 
while 80% are converted to S-adenosylmethio-
nine (SAM) which thus comprises the actual end 
product of this biosynthetic pathway as free Met 
does only occur in marginal concentrations in 
plants (Giovanelli et al., 1985). This fact indicates 
the high consumption of Met in different cellu-
lar processes. Furthermore, organisms evolved a 
Met salvage pathway to recover Met without de 
novo synthesis of the respective precursors. In 

plants, CGS, localized in chloroplasts, catalyses 
the formation of the thioether cystathionine from 
the substrates Cys and O- phosphohomoserine 
(OPHS) thus, connecting the aspartate-derived 
pathway to sulfur assimilation. In yeast, 
Met is synthesized by direct sulfhydration of 
O- acetylhomoserine and in bacteria in a different 
pathway with succinylhomoserine as substrate. 
It has thus to be emphasized that in microorganisms 
homoserine is the branch point intermediate 
leading to the synthesis of Met and threonine 
(Thr), whereas in plants OPHS is the last com-
mon intermediate. This difference of the branch 
point of the Met and Thr biosynthetic pathway 
in plants asks for an effective regulation of the 
respective enzymatic activities. Cyanobacterial 
orthologs of plant genes have been identified 
from the Genome Database for Cyanobacteria. 
Among the listed mutants defective in different 
pathways none of them is auxotrophic for Met. 
Genes for the biosynthetic as well as for the 
 salvage pathway can be identified in this data-
base. However, depending on the organism dif-
ferences in gene annotation are evident and lined 
out in Gophna et al. (2005). The false annotation 
has severe consequences for predicting pathways 
enzymes. As long as the biochemical properties of 

Fig. 1. Met focused biosynthetic pathway of amino acids of 
the aspartate family in plants. CGS, cystathionine γ-synthase; 
CBL, cystathionine β-lyase; MS, Met synthase; SAMS, 
S-AdoMet synthethase. Dashed arrows indicate multiple 
steps in lysine and isoleucine formation. Corresponding genes 
in E. coli are given in conventional nomenclature (met…).
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the enzymes are not studied, regulatory aspects 
are difficult to judge. So far one has to assume 
that due to the relation to bacteria kinetics and 
regulation are similar (Fig. 1).

It has to be mentioned that several organisms 
such as yeast or cyanobacteria evolved shunt 
pathways in which the reduced S-moiety of Cys 
is directly incorporated to form homocysteine 
(HCys) via HCys synthase (HS) (Fig. 2). HS is a 
more general term encompassing two individual 
enzyme activities, O-acetyl homoserine sulfhy-
drylase and O-succinyl homoserine sulfhydry-
lase, starting from succinyl or acetyl homoserine 
as precursors, respectively (Gophna et al., 2005). 
However, for plants such an ortholog has not been 
identified. It is reported that CGS possesses such 
a side activity (Hesse et al., 2004).

II. Biosynthesis of Methionine 
 Precursors via Alternate Pathways

Intermediates in the synthesis of Met from its 
precursor homoserine, also a precursor to Thr 
synthesis, are shown in Fig. 2. There are alter-
nate reactions at each step of the pathway, but the 
intermediates appear to be conserved for Met syn-
thesis. The first step, homoserine activation, can 
occur in three ways: the first is acetylation, which 
is catalyzed by homoserine trans-acetylase (HTA) 
using acetyl-CoA as a substrate. This reaction is 
carried out by many bacteria such as Leptospira 

meyeri (Bourhy et al., 1997) or Corynebacte-
rium glutamicum (Park et al., 1998) and fungi 
such as Saccharomyces cerevisiae (Yamagata, 
1987) or Neurospora crassa (Kerr and Flavin, 
1970) or cyanobacteria. Orthologs of the met2 
gene (in analogy to the yeast gene) can be identi-
fied for the cyanobacterial strains Chlorobium 
tepidum TLS, strains of Prochlorococcus mari-
nus MED4, SS120, and MIT9313, Synechoc-
occus sp. WH8102, and Rhodospeudomonas 
palustris CGA009. The second is succinylation, 
which is catalyzed by homoserine trans-succiny-
lase (HTS) utilizing succinyl-CoA as a substrate. 
This activity is known in some bacteria such as 
Escherichia coli (Rowbury and Woods, 1964) or 
Pseudomonas aeruginosa (Foglino et al., 1995). 
Here again orthologs for this gene can be identi-
fied in the genomes of Prochlorococcus marinus 
MED4, SS120, and MIT9313, and Rhodospeu-
domonas palustris CGA009. The third alterna-
tive reaction is phosphorylation, catalyzed by 
homoserine kinase (HSK). HSK catalyzes the 
formation of OPHS from homoserine and is con-
verted in plants in a competing reaction by either 
CgS or Thr synthase (TS) either by condensation 
of Cys and OPHS to cystathionine being further 
converted to Met or directly to Thr (Thr) by TS. 
Bacteria use OPHS exclusively as precursor for 
Thr synthesis (Kredich, 1996). In plants HSK is 
much better characterized than in cyanobacteria. 
However, due to its low abundance it was not 
investigated in great detail in the past. The native 

Fig. 2. The biochemical pathway of Met synthesis. Schematic presentation compares mechanistic differences in the synthesis 
of HCys in plants, bacteria, and fungi. HTA, homoserine trans-acetylase; HSK, homoserine kinase; HTS, homoserine trans-
succinylase; CGS, cystathionine γ-synthase; CBL, cystathionine β-lyase; OAHS, O-acetyl homoserine sulfhydrylase (in fungi 
metY); OSHS, O-succinyl homoserine sulfhydrylase (in bacteria metZ); CDMS, cobalamin-dependent Met synthase (metH); 
CIMS, cobalamin-independent Met synthase (metE); CBS, cystathionine β-synthase; CGL, cystathionine γ-lyase. A, homoserine 
activation, B, sulfur incorporation, C, methylation. Dashed lines indicate alternative pathways for direct HCys formation.
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enzyme from wheat was purified to homogeneity 
and characterized (Riesmeier et al., 1993). The 
regulation of the enzyme is variable. Wheat HSK 
is not inhibited by physiological concentrations 
of Thr, Met, valine, isoleucine, or SAM (Riesmeier 
et al., 1993) while older studies revealed that 
HSK, both from pea and radish, is allosterically 
inhibited by these amino acids (Thoen et al., 
1978; Baum et al., 1983). Greenberg et al. (1988) 
isolated soybean cell lines with repressed HSK 
activity resulting in Met accumulation. HSK is 
localized in plastids of pea probably containing 
soluble and membrane-associated HSK activi-
ties (Muhitch and Wilson, 1983; Wallsgrove 
et al., 1983). The localization was supported by 
the isolation of HSK in Arabidopsis. A single gene 
locus was identified and the predicted enzyme 
was localized in plastids with a mature mass of 
33 kD. The recombinant protein was character-
ized biochemically to be dependent on Mg2+ and 
K + ions (Lee and Leustek, 1999). The respec-
tive orthologs can be identified for Synechocystis 
sp. PCC6803, Anabaena sp. PCC7120, Ther-
mosynechococcus elongates BP-1, Gloeobacter 
violaceus PCC7421, Chlorobium tepidum TLS, 
strains of Prochlorococcus marinus MED4, SS120, 
and MIT9313, Synechococcus sp. WH8102, and 
Rhodospeudomonas palustris CGA009.

Although the cognate activities HTA, HSK and 
HTS in general correspond to one of each of these 
protein families, evidence from in vitro experi-
ments suggests that membership in a protein fam-
ily does not unerringly predict substrate specificity. 
For example, P. aeruginosa, an HTS as defined 
by its activity in vitro is evolutionarily related to 
the HTA protein found in Haemophilus influen-
zae and not to the E. coli enzyme HTS (Foglino 
et al., 1995). Similarly, Bacillus subtilis which is 
known to possess homoserine transacetylase activ-
ity (Brush and Paulus, 1971) is homologous to the 
E. coli HTS (Rodionov et al., 2004). Thus, it is 
not a priori predictable to which group the respec-
tive orthologs from cyanobacteria belong because 
the sequence homology between both types of 
transacetylases is relatively high. For example, the 
annotation predictions of enzymes for Rhodospeu-
domonas palustris CGA009 suggest both, an HTS 
and an HTA function. This has to be proofed in 
future by biochemical investigations.

Incorporation of sulfur, the second step of the 
Met pathway, may also proceed in one of three 

ways (Fig. 2). Direct incorporation of sulfide 
(sulfhydrylation) into O-acetyl homoserine by 
O-acetyl homoserine sulfhydrylase (OAHS) to 
form HCys is found in several bacteria, fungi, 
and cyanobacteria (Kerr, 1971; Hwang et al., 
2002; CyanoBase). HCys can also be synthesized 
by a second sulfhydrylation alternative, involving 
the direct incorporation of sulfide into a different 
substrate, O-succinyl homoserine, by O-succinyl 
homoserine sulfhydrylase (OSHS). This activity 
is found in some bacteria such as Pseudomonas 
species and cyanobacteria (Foglino et al., 1995; 
Vermeij and Kertesz, 1999; CyanoBase). Contra-
dictory is the fact that cyanobacteria expressing 
HTS contain also a gene encoding OAHS indicat-
ing a still not complete and correct annotation of 
the genome.

III. Transsulfuration Process to Form 
Homocysteine

The transfer of the sulfur atom from Cys to HCys 
through the transsulfuration pathway with cys-
tathionine as intermediate occurs only in plant 
plastids and has been extensively studied in 
Arabidopsis (Hesse et al., 2004 and references 
therein). The first committed step of de novo 
Met synthesis is a transsulfuration process via 
a γ-replacement reaction using Cys as the sul-
fur donor and O-phosphohomoserine as carbon 
precursor (Figs. 1 and 2). The formation of the 
thioether cystathionine is catalyzed by cystath-
ionine γ-synthase (CGS) transferring reduced 
sulfur to a carbon backbone followed by a 
β-elimination carried out by cystathionine β-lyase 
(CBL) yielding HCys (Hesse and Höfgen, 2003; 
Hesse et al., 2004). The carbon/nitrogen precur-
sor of Met synthesis in plants is distinct from that 
in yeast and bacteria. In yeast, Met is synthesized 
by direct sulfydration of O-acetylhomoserine; in 
bacteria, it is through a different pathway with 
succinyl-homoserine as substrate. In addition, 
the mature plant CGS exhibits at its N-terminus 
an additional module of about 120 amino-acids. 
This particular extension plays a role in its regu-
lation (see section Regulation; Onouchi et al., 
2004). Biochemical and kinetic parameters for 
CGS from diverse sources were extensively ana-
lyzed (Hesse et al., 2004 and references therein). 
The structure, substrate specificity and ping-pong 
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mechanism was recently confirmed through the 
resolution and analysis of the Nicotiana tabac-
cum CGS (Steegborn et al., 1999). Physiochemi-
cal properties of the second enzyme of the 
transsulfuration pathway (CBL) were relatively 
similar to those of Escherichia coli (Ravanel 
et al., 1996, 1998). Interestingly, while the bacte-
rial enzyme degrades cystine and cystathionine 
equally, the reaction with cystine accounted for 
only 16% with the plant enzyme (Ravanel et al., 
1996). Such observations  suggest major differ-
ences in the amino acids close to the pyridoxal 
phosphate binding site between the bacterial and 
plant CBL, as confirmed through resolved struc-
tures from both sources (Clausen et al., 1996; 
Breitinger et al., 2001). The degree of homology 
CGS is also evident for cyanobacteria as in the 
genomes of the Prochlorococcus marinus strains 
MED4, SS120, and MIT9313, and the Synechoc-
occus strain sp. WH8102 genes encoding CGS 
can be identified. However, due to rather high 
homology between CGS and CBL it is not possi-
ble to differentiate between both enzymes with-
out having proofed their biochemical properties. 
Moreover, for Anabaena sp. PCC7120, Chlo-
robium tepidum TLS, and Rhodospeudomonas 
palustris CGA009 genes encoding the respective 
yeast enzymes such as cystathionine β-synthase 
and cystathionine γ-lyase are present. Here again 
it is a matter of annotation of these particular 
genes. All the enzymes for sulfur assimilation 
described above as well as the reverse transsul-
furation enzyme cystathionine γ-lyase (CGL) 
belong to the same evolutionary family (hence-
forth the CGS family) and sequence alone may 
not reliably predict enzymatic activity. It can be 
assumed that some organisms having an active 
copy of each CGS, CBL and HS (Hwang et al., 
2002; Ruckert et al., 2003), in cases where an 
organism has both direct incorporation and 
transsulfuration capacities, the same enzyme can 
carry out both activities (CGS as well as HS) 
(Vermeij and Kertesz, 1999; Auger et al., 2002; 
Hacham et al., 2003). Furthermore, substrate 
flexibility has also been demonstrated for some 
of these enzymes—so that a plant enzyme for 
example, which naturally metabolizes homoser-
ine- phosphate, can also use acetyl-homoserine 
and succinyl-homoserine to form HCys directly 
(Thompson et al., 1982a; Kreft et al., 1994; 
Ravanel et al., 1995, 1998; Hacham et al., 2003). 

However, this alternative pathway seems to have 
only a minor physiological significance in plant 
cell metabolism regarding the entry of reduced 
sulfur into Met biosynthesis because HCys for-
mation only takes place in the absence of Cys, 
and secondly, this direct sulfydration pathway 
participates in only 3% of total HCys synthesis 
and has seemingly no physiological significance 
(Giovanelli et al., 1978; MacNicol et al., 1981; 
Thompson et al., 1982a, b).

IV. Formation of Methionine by 
 Transmethylation

The last step of Met synthesis is catalyzed by 
Met synthase (MS), which methylates HCys to 
form Met using N5-methyltetrahydrofolate as a 
methylgroup donor (Fig. 2). The function of this 
enzyme is on the one hand the de novo synthesis 
of Met and on the other the regeneration of the 
methyl group of S-adenosylmethionine. Thus, 
this step is essential even in organisms that do not 
synthesize Met, for the regeneration of the methyl 
group of SAM (Ravanel et al., 1998; Eckermann 
et al., 2000; Droux, 2004; Hesse et al., 2004). 
Using 5-methyltetrahydropteroyl glutamates 
as substrates, methylation of HCys can occur 
using two non-homologous enzymes: the cobala-
min-dependent Met synthase (CDMS) in mam-
mals, protists and most bacteria (Krungkrai et al., 
1989; Goulding and Matthews, 1997; Evans 
et al., 2004) or the cobalamin-independent Met 
synthase (CIMS) as found in Bacteria including 
cyanobacteria (Whitfield et al., 1970; Cyano-
base), Viridiplantae (Eichel et al., 1995; Zeh 
et al., 2002) and fungi (Kacprzak et al., 2003). 
Orthologs of CDMS have not been identified so 
far in cyanobacteria. However, it can be assumed 
that metE orthologs are present in cyanobacte-
rial genomes. Since it is known from a survey 
of 326 algal species that approximately half of 
them require exogenous vitamin B

12
 because they 

are cobalamin auxotrophs it has to be assumed 
that the source of cobalamin seems to be bac-
teria, indicating an important and unsuspected 
symbiosis (Croft et al., 2005). Thus, it can be 
assumed that cyanobacteria have the capabil-
ity to synthesize cobalamin as bacteria have. So 
far, the molecular and biochemical characteriza-
tion of Met synthase from plants is still limited. 
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One reason for this is the low amount of protein 
present in plants and another is the substrate 
specificity of the enzyme. While bacteria are 
able to use monoglutameric methyltetrahydro-
folate, Catharanthus roseus (Eichel et al., 1995) 
accepts only the triglutameric isoform that is not 
freely available. Neither SAM nor cobalamin is 
required for activity of the cobalamin-independ-
ent Met synthase as demonstrated for MS from 
C. roseus and S. tuberosum (Eckermann et al., 
2000; Zeh et al., 2002). Intensive studies on MS 
expression revealed that MS is a low copy gene 
 differentially expressed, at least in potato organs, 
with elevated levels in flowers, basal levels in 
sink and source leaves, roots, and stolons, and 
low levels in stems and tubers. This is in good 
agreement with protein data except that the pro-
tein content in leaves was less than expected from 
the RNA data. Western blot analysis of subcellu-
lar fractions revealed that the protein is located 
in the cytosol. However, the changing pattern 
of gene expression during the day/night period 
implied a light-dependent control of MS-tran-
scription normally seen for enzymes localized in 
plastids. The expression of MS was shown to be 
light-inducible with its highest expression at mid-
day, while, during the night, expression dropped 
to a low, basal mRNA level. These RNA data 
were not confirmed at the protein level since the 
protein content remained constant over the whole 
day. Feeding experiments using detached leaves 
revealed that sucrose or sucrose-derived prod-
ucts are responsible for the induction of StMS1 
gene expression, but with no effect on the protein 
level in C. roseus and S. tuberosum (Eckermann 
et al., 2000; Nikiforova et al., 2002; Zeh et al., 
2002). Multiple forms of MS could be identi-
fied in plants, and in the genome of A. thaliana 
(Eckermann et al., 2000; Droux, 2004; Hesse 
et al., 2004; Ravanel et al., 2004). Physico-
biochemical investigations were performed to 
answer the localization of the final synthesizing 
step. Three Arabidopsis thaliana Met synthase 
(MS) were identified from which two are cytoso-
lically and one plastidial localized (Ravanel 
et al., 2004). It could be further shown that the 
plastid isoform exhibited a stronger affinity for 
the polyglutamate derivatives of folates than the 
cytosolic isoforms being probably the reason 
not having detected the plastidial activity earlier 
(Ravanel et al., 2004). The plastid localization of 

MS corroborated earlier observations based on 
enzyme measurements having been made in pea 
chloroplasts and mitochondria suggesting that 
the plastidial de novo synthesis of Met is favored 
indicating the autonomy of the compartment 
(Shah and Cossins, 1970; Clandinin and Cossins, 
1974). By contrast, the photosynthetic proto-
zoan E. gracilis Z. expresses three isoforms of 
cobalamin-dependent enzymes located in chloro-
plasts, mitochondria, and cytosol in addition to 
a cytosolic cobalamin-independent Met synthase 
(Isegawa et al., 1994).

V. Methionine Recycling

Met is a sulfur-containing amino acid that can be 
activated by ATP to S-adenosyl-Met (SAM). Radi-
otracer experiments indicate that more than 80% of 
the label from 14C-methyllabeled Met was incorpo-
rated into lipids, pectines, chlorophyll, and nucleic 
acids, whereas less than 20% in protein (Giovanelli 
et al., 1985). Thus, apparently the majority of Met 
is converted into SAM for transmethylation reac-
tions in plants (Fig. 3). SAM is synthesized from 
Met and ATP by the enzyme SAM synthetase from 
which three isoforms exists in plants (Shen et al., 
2002). SAM serves as a substrate in many bio-
chemical reactions. The high need for SAM makes 
it necessary to recycle Met. When SAM is utilized 
for the synthesis of ethylene, certain polyamines, 
and siderophores, methylthioadenosine (MTA) is 
produced as an intermediate which can be recycled 
to Met and allows high rates of the before mentioned 
metabolites (Bürstenbinder et al., 2007). This Met 
salvage pathway was first characterized and was 
described in plants at the biochemical level and is 
termed according to the discoverer Yang or MTR 
cycle (Wang et al., 1982; Yang and Hoffman, 1984; 
Miyazaki and Yang, 1987). However, this circuit 
is not unique for plants and was identified also in 
bacteria, including cyanobacteria, and animals. 
Although the major progress in detailing enzyme 
characteristics and in identifying their correspond-
ing genes has come from work on prokaryotes 
(Sufrin et al., 1995; Cornell et al., 1996; Sekowska 
et al., 2001; Sekowska and Danchin, 2002), the 
plant field gain on more and more information 
(e.g., Sauter et al., 2004, 2005; Bürstenbinder 
et al., 2007). In bacteria and in plants, MTA is 
depurinated to 5-methylthioribose (MTR) through 
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the enzymatic activity of MTA nucleosidase. MTR 
kinase catalyzes the subsequent phosphoryla-
tion of the C-1 hydroxyl group of the Rib moiety 
of MTR to yield 5-methylthio- Rib-1-P. In ani-
mals, MTA phosphorylase carries out both func-
tions in a single ATP-independent step (Schlenk, 
1983). Hence, MTR kinase exists in prokaryotes 
and plant species but not in animals. 5-Methyl-
thio- Rib-1-P subsequently undergoes enzymatic 
isomerization, dehydration, and oxidative decar-
boxylation to 2-keto-4-methylthiobutyrate, the 
immediate precursor of Met (Miyazaki and Yang, 
1987). The second  possibility to recover Met is 
the recycling of HCys resulting from hydrolysis 
of S-adenosylhomocysteine (AdoHCys), pro-
duced from cytosolic SAM-dependent methyla-
tion (Kloor and Osswald, 2004). It should be noted 
that AdoHCys is a strong inhibitor of methylation 
steps and, thus, needs to be quickly transformed 
into HCys and eventually Met again. Furthermore, 
accumulation of the hydrolytic product (HCys) of 
the reaction catalyzed by SAH hydrolase is revers-
ible (Kloor et al., 1998; Kloor and Osswald, 2004). 
Thus, HCys will be eliminated through degrada-
tion, transport to other compartments, or through 
direct conversion into Met, the later step being cat-
alyzed by the cytosolic Met synthase (Ravanel et 
al., 1998, 2004). Furthermore, Met is converted to 

S-methylmethionine (SMM) which appears to be 
a phloem localized transport form of reduced S in 
plants, as is GSH (Ranocha et al., 2001; Kocsis et al., 
2003). The SMM to GSH ratio varies between dif-
ferent plants. SMM is synthesized from Met and 
SAM by SAM:Met S-methyltransferase releasing 
S-adenosylhomocysteine (MMT). SMM can be 
reconverted to Met by HCys S-methyltransferase 
(HMT) methylating HCys yielding two molecules 
of Met. Essentially this appears to be a shortcut of 
the SAM methylation cycle and currently it is spec-
ulated that its main function is the down regulation 
of SAM levels in plants. However, as SMM is also 
transported in the phloem it might well contribute 
to reduced sulfur supply to sinks. Furthermore, this 
mechanism presents a second system to remove 
the excess of HCys produced in the cytosol when 
folate derivatives are insufficient for Met synthe-
sis. SMM is present in millimolar concentration in 
plants and constituted storage for sulfur and methyl 
groups, as well a system to maintain the cell SAM 
level constant as was demonstrated in mutant 
plants with inactivated Met S-methyltransferase 
(Kocsis et al., 2003). The above mentioned proc-
ess has not been investigated in detail for cyano-
bacteria. Analysis of the genome of cyanobacteria 
revealed that most of the genes are present leading 
to the assumption that the processes as described 

Fig. 3. Met salvage pathway in plants and microorganisms. Met, methionine; MMT, Met S-methyltransferase; HMT, HCys 
S-methyltransferase; SRH, S-ribosylhomocysteine; MTA, methylthioadenosine; MTR, 5′-methylthioribose; MTR1P, 5′-methyl-
thioribose 1-phosphate; SAM, S-adenosylmethionine; SAH, S-adenosylhomocysteine; SMM, S-methylmethionine.
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above for microorganisms are also functional in 
cyanobacteria. The major difficulty as already 
discussed above is the weakness of annotation of 
open reading frames. SAM synthetase is present in 
nearly all cyanobacteria indicating, that the initial 
step, the formation of SAM, is performed. How-
ever, somewhat problematic is the classification 
of genes encoding enzymes of the Yang cycle or 
of the HCys recycling pathway. Only few genes 
of the cycle are annotated, however, providing 
evidence that both recycling pathways are exist-
ent. It is also not evident whether cyanobacteria, 
although living partially in sea water, are able to 
form dimethylsulfiopropionic acid (DMSP) which 
derives from SMM as the respective genes were 
not identified so far. DMSP is an excellent com-
patible solute widely used for osmoprotection in 
bacteria and algae and for cryoprotection in algae 
(Kiene et al., 1996; Malin and Kirst, 1997; Stefels, 
2000; Welsh, 2000; see also Chapters 14 and 22, 
this issue).

VI. Regulatory Aspects of Methionine 
Homeostasis

The synthesis of Met is subject to a complex 
regulation (Fig. 4). The whole pathway is regu-
lated by feedback inhibition of aspartate kinase 
by either lysine or Thr or additionally lysine 
synergistically together with S-adenosylmethio-
nine (SAM). Earlier studies have shown that 
the provision of the carbon backbone, e.g., by 
over-expression of aspartate kinase increased 
the synthesis of lysine and Thr leading to the 
assumption that amino acid pools are filled 
in a controlled order (Galili, 1995; Hesse and 
Hoefgen, 2003; Hesse et al., 2004; Galili et al., 
2005). This result suggests that the carbon flux 
is limiting the synthesis of Met. Insights into the 
regulation of the Met network were achieved 
with a variety of transgenic approaches tar-
geted at the various steps of the transsulfuration 
pathway, including the cytosolic Met synthase, 

Fig. 4. Schematic diagram of the metabolic networks regulating Lysine, Thr and Met metabolism. Only some of the enzymes 
and metabolites are specified. Dashed arrows with a ‘minus’ symbol represent either feedback inhibition loops or repression of 
gene expression. The dashed and dotted arrow with the ‘plus’ symbol represents the stimulation of gene expression or enzyme 
activity. Abbreviations: AK, aspartate kinase (sensitivity to metabolites are indicated); HSK, homoserine kinase; TS, threonine 
synthase; CGS, cystathionine γ-synthase; CBL, cystathionine β-lyase; MS, Met synthase; SAM, S-adenosyl Met. Dashed lines 
indicate multiple enzymatic steps.
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and also the enzymes synthesizing or compet-
ing for the O-phosphohomo- serine substrate, 
HSK and TS, respectively (Hesse and Hoefgen, 
2003; Droux, 2004; Hesse et al., 2004; Lee et al., 
2005; Rinder et al., 2007). Conclusion of theses 
studies revealed that in Arabidopsis CGS was 
the unique enzyme controlling the flux of sul-
fur and of the carbon–nitrogen backbone toward 
Met synthesis either at the level of CgS on RNA 
level (CgS in Arabidopsis; Chiba et al., 1999) 
or TS activity level by SAM (TS in Arabidopsis 
and potato; Curien et al., 1996, 1998; Zeh et al., 
2001) depending on the plant species (Hesse and 
Hoefgen, 2003; Hesse et al., 2004). TS activity is 
positively regulated by SAM, a direct product of 
Met, thus favoring carbon flow into Thr biosyn-
thesis in preference to Met synthesis when suf-
ficient SAM is available. Under these conditions 
the K

M
-values of TS for OPHS have been shown 

to be 250- to 500-fold lower as compared to the 
competing enzyme, CgS, thus favoring carbon 
flow into Thr biosynthesis in preference to Met 
synthesis (Madison and Thompson, 1976; Curien 
et al., 1996, 1998; Laber et al., 1999). A long 
standing question was answered recently how 
SAM is able to activate TS. Now, there is evidence 
for a counter-exchange transporter of AdoHCys 
from the plastid to the cytosol with cytosolic syn-
thesized SAM (Ravanel et al., 2004) and SAM 
transporter (Bouvier et al., 2006) However, it is 
questionable whether a complete shut down of 
Met synthesis is reached. The demand of SAM 
for several processes has to be assumed to be high 
indicating that most of the synthesized SAM is 
used. Only a small part is available to be trans-
located into chloroplasts in order to activate TS. 
Thus, it can be assumed that carbon provided by 
aspartate via OPHS is preferentially used to form 
Met subsequently used for SAM synthesis because 
in a non-activated condition the K

M
 value for the 

substrate is lower compared to TS. Feeding stud-
ies with 13CO

2
 revealed that the carbon flux is pri-

orly directed to Met (and, hence, SAM) formation 
within this pathway and even when compared to 
other pathways, while lysine and Thr/isoleucine 
pools provide minor sinks (Hesse, Schauer, Hoef-
gen, Fernie, unpublished; Fig. 5). From this point 
of view CGS is the most important enzyme for 
Met synthesis. As demonstrated by feeding stud-
ies, CgS is not an allosteric enzyme since enzyme 
activity is not inhibited by Met (Thompson et al., 

1982b). Mutants and transgenic plants have been 
used to display the central role of CgS in the syn-
thesis of Met in Arabidopsis. Most extensive 
developments on the molecular regulation of the 
Met network were investigated by characteriza-
tion of Arabidopsis thaliana mutant lines resist-
ant to the toxic analogue of Met, ethionine. These 
mutant lines called mto1(1–7) were characterized 
by elevated levels of CGS mRNA and of CGS 
activity as compared to wild type (Onouchi et al., 
2004) (Fig. 6). Genetic analysis described a muta-
tion within the conserved exon1 coding region 
(mto1 region) where a single nucleotide changes 
resulted in one amino acid modification (Chiba et 
al., 1999, 2003; Amir et al., 2002). This important 
motif acts in cis to stabilize the CGS mRNA being 
resistant to degradation (Suzuki et al., 2001; 
Ominato et al., 2002; Onouchi et al., 2004). Trans-
lation of the protein is necessary for the regula-
tion and stability of the mRNA as was confirmed 
by an experiment using the in vitro translation 
system of wheat germ extract (Chiba et al., 2003; 
Lambein et al., 2003). This result is supported by 
the recent finding for tomato fruits during ripening 
showing that Met down-regulates CGS transcript 
levels (Katz et al., 2006). However, this finding 
is inconsistent to the earlier finding for potato 
CgS transcript stability which is not influenced 
by Met (Kreft et al., 2003). Finally, since SAM 
was revealed as the crucial metabolite involved in 
this regulation, suggesting that the Met depend-
ent regulation was the result of its transformation 
into SAM in the cytosol (Onouchi et al., 2004). 
Interestingly, the mto1 domain showed no fea-
tures of known SAM binding domains. From this 
observation, it may be speculated that SAM regu-
lation takes place through a protein intermediate. 
From the recent investigation using wheat germ 
extract, one could conclude that this intermedi-
ate is constitutively expressed (Chiba et al., 2003; 
Kreft et al., 2003; Onouchi et al., 2004). A mech-
anism how SAM might regulate CGS stability is 
suggested by Onouchi et al. (2005). They sug-
gest a temporary arrest in the translation process 
at serine-94 (nucleotide 280 from the first ATG 
of the mRNA) when the SAM level increased 
which strongly correlates between this arrest and 
mRNA degradation (Onouchi et al., 2005). Very 
recently it could be demonstrated that in addition 
to the full-length CGS transcript, a deleted form 
exists in Arabidopsis (Hachem et al., 2006). The 
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deleted transcript of CGS that lacks 90 or 87 nt 
located internally in the regulatory N-terminal 
region of CGS localized adjacent to the mto1 
region maintains the reading frame of the protein 
(Fig. 6). The deleted region is located within the 
first exon of the CGS transcript and is not flanked 
by any known consensus intron/exon boundary 
sequences, suggesting that the shorter transcript 
is not a result of consensus alternative splicing. 

At the transcript level, it is highly enriched for G-
C content (over 70%), suggesting a possible sec-
ondary structure (Fig. 7A). When overexpressed 
in transgenic tobacco plants the transgenic plants 
accumulated Met to a much higher level than 
those that expressed the full-length CGS prob-
ably because this form of CGS is not subject to 
feedback regulation by Met, as reported for the 
full-length transcript (Hachem et al., 2006).

Fig. 5. Schematic presentation of carbon flow and feedback control mechanism in Arabidopsis as model plant. Boxes I–V rep-
resents the dynamic regulation of the pathway via product inhibition. Thickness of the arrows indicates the carbon flow in the 
pathway. Dashed arrows with a ‘minus’ symbol represent either feedback inhibition loops or repression of gene expression. The 
dashed arrow with the ‘plus’ symbol represents the stimulation of gene expression or enzyme activity.

Fig. 6. The Arabidopsis mRNA of CGS is shown schematically. TP, the chloroplast-targeting transit peptide; mto1 domain indi-
cates the region with point mutations; ∆, indicates the deleted region of 87 or 90 bp; catalytic domain, the catalytic part of CGS 
that is highly homologous to bacteria CGSs. Nucleotides are numbered from the ATG initiator codon.
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The regulation of Met biosynthesis in cyanobac-
teria has not been investigated in the past. How-
ever, since the genomes of different  cyanobacteria 
ecotypes are known and for most of the enzymatic 
steps respective genes were identified, one can 
assume that the controlling mechanisms func-
tion nearly identical. Met biosynthesis in E. coli 
has been investigated in details (e.g., for review: 
Kredich, 1996). Two types of control can be iden-
tified in bacteria, the control of gene expression 
and secondly, the metabolite control mechanism. 
For E. coli transcription nearly all the Met genes 
involved in Met biosynthesis, except metH, are 
under negative control of the MetJ repressor. MetJ 
interacts with S-adenosylmethionine, the path-
way’s end product, as a corepressor (Saint-Girons 
et al., 1988). Expression of the metE, metA, metF, 
metH, and glyA genes is additionally under positive 
control of the MetR activator (Maxon et al., 1989; 
Urbanowski and Stauffer, 1989; Weissbach and 
Brot, 1991; Mares et al., 1992; Cowan et al., 1993; 
Lorenz and Stauffer, 1996). HCys may modulate 
the regulator role of MetR and is required for the 
metE gene activation (Urbanowski and Stauffer, 
1987). Furthermore, vitamin B

12
 is involved in 

metE repression, probably by depletion of the 
coactivator HCys (Wu et al., 1992). MetR is a 
member of the LysR family of prokaryotic tran-

scriptional regulatory proteins. Common family 
features are the size (between 300 and 350 amino 
acids), the formation of either homodimers or 
homotetramers, the presence of a helix-turn-helix 
DNA binding motif in the N-terminal region, and 
the requirement for a small molecule that acts as 
a co-inducer (Schell, 1993). MetR activates gene 
expression at one or more loci while negatively 
regulating the expression of their own genes. In 
other microorganisms such as Bacillus subtilis, 
Clostridium acetobutylicum, and Staphylococcus 
aureus, several genes involved in the biosynthesis 
of Met are regulated by a global transcription ter-
mination control system called the S box regulon 
(Grundy and Henkin, 1998). The S box belongs 
to a group of regulatory elements, so called ribos-
witches. Riboswitches are RNA elements in the 
5′ untranslated leaders of bacterial mRNAs that 
directly sense the levels of specific metabolites 
with a structurally conserved aptamer domain to 
regulate expression of downstream genes. Ribos-
witches use the untranslated leader in an mRNA 
to form a binding pocket for a metabolite that reg-
ulates expression of that gene. Riboswitches are 
dual function molecules that undergo conforma-
tional changes and that communicate metabolite 
binding typically as either increased transcription 
termination or reduced translation efficiency via 

Fig. 7. Prediction of secondary RNA structure for the 90-nt deleted region from Arabidopsis (A) in comparison to B. subtilis 
(B). The predicted calculated ∆G of this stem-loop structure is −10.27 Kcal mol−1 for Arabidopsis and −15.85 Kcal mol−1 for 
B. subtilis. The prediction was calculated using the software located on the following webpage: www.bioinfo.rpi.edu/applications/
hybrid/quikfold.php.
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an expression platform (Breaker, 2002; Winkler 
and Breaker, 2005). So far identified in B. sub-
tilis are target genes involved in vitamin B1, B2, 
and B12 synthesis and transport via rfn-, thi-, and 
B12-box, respectively, SAM via the S-box, lysine 
via the L-box, and guanine/hypoxanthine via the 
G-box (Nudler and Muronov, 2004). Although 
not investigated in detail for gram-negative bac-
teria S-boxes play a major role in the regulation 
of Cys and Met synthesis in gram-positive bac-
teria such as Bacillus subtilis. The S-box regula-
tory system is used in gram-positive organisms, 
including members of the Bacillus/Clostridium/
Staphylococcus group, to regulate expression of 
genes involved in biosynthesis and transport of 
Met and S-adenosylmethionine (SAM) (Grundy 
and Henkin, 2004; Rodionov et al., 2004) (Fig. 8). 
Genes in the S-box family exhibit a pattern of 
conserved sequence and structural elements in 
the 5′ region of the mRNA, upstream of the start 
of the regulated coding sequence(s). These con-
served elements include an intrinsic terminator 
and a competing antiterminator that can seques-
ter sequences that otherwise form the 5′ portion 
of the terminator helix; residues in the 5′ region 
of the antiterminator can also pair with sequences 
located further upstream, and this pairing results 
in formation of a structure (the anti-antitermina-
tor) that sequesters sequences necessary for for-
mation of the antiterminator. Genetic analyses 
of S-box leader RNAs supported the model that 
formation of the anti-antiterminator and tran-

scription termination occur during growth under 
conditions where Met is abundant, while starva-
tion for Met results in destabilization of the anti-
antiterminator, allowing antiterminator formation 
and read-through of the transcription termination 
site (Grundy and Henkin, 1998). Overexpression 
of SAM synthetase in vivo results in increased 
repression of S-box gene expression, support-
ing the model that SAM is the effector in vivo 
(Auger et al., 2002; McDaniel et al., 2003). These 
results suggested that S-box RNAs directly sense 
SAM and are therefore members of the family of 
RNA elements termed ‘riboswitches,’ which moni-
tor regulatory signals without a requirement for 
accessory factors such as RNA-binding proteins 
or ribosomes (Nudler and Mironov, 2004; Tucker 
and Breaker, 2005). The binding of SAM at the 
regulatory RNA element could be demonstrated 
by co-crystallization of an S-adenosylmethio-
nine-responsive riboswitch from Thermoanaero-
bacter tengcongensis with SAM (Montagne and 
Batey, 2006). Also very recently five novel struc-
tured RNA elements were identified by focus-
ing comparative sequence analysis of intergenic 
regions on genomes of α-proteobacteria (Corbino 
et al., 2005). One of the five newly found motifs 
from Agrobacterium tumefaciens, termed metA, 
appeared to function as a riboswitch that senses 
S-adenosylmethionine (SAM) (Fig. 8). This 
SAM-II riboswitch class has a consensus sequence 
and conserved structure that is distinct from the 
SAM-I riboswitch reported previously (Epshtein 

Fig. 8. Comparison of genes in the Met and SAM biosynthetic pathways found downstream of SAM-I and SAM-II riboswitches 
in gram-negative and positive bacteria.
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et al., 2003). Compared with SAM-I aptamers, 
SAM-II aptamers are smaller and form a sim-
pler secondary structure. However, the SAM-II 
aptamer exhibits a level of molecular discrimina-
tion that is similar to that observed for the SAM-I 
riboswitch. These findings demonstrate that bio-
logical systems use multiple RNA motifs to sense 
the same chemical compound. Further detailed 
analyses have to be done in future to investigate 
this regulatory mechanism in E. coli and broaden 
it to other species such as members of the cyano-
bacterial family. As two SAM riboswitches sys-
tems are identified in bacteria one might argue that 
this mechanism might be ‘RNA World’ relics that 
were selectively retained in certain bacterial line-
ages or new motifs that have emerged since the 
divergence of the major bacterial groups. A third 
regulatory riboswitch was identified very recently 
in lactic acid bacteria (Fuchs et al., 2006). Here 
SAM synthetase (MetK) expression is regulated 
by RNA conformational changes in the 5′UTR 
due to SAM binding subsequently negatively 
regulating SAM synthesis. This brings us back 
to the regulatory mechanism in plants that SAM 
is able to modulate transcript stability. Perhaps, 
although CGS does not contain a so far known 
SAM binding domain, this regulatory mechanism 
might be a conserved relict. Taking into account 
that according to the endosymbiontic theory the 
plastidial targeting developed later than the regu-
latory mechanism via SAM one might speculate 
that the mto1 domain and the adjacent 90 nt might 
have evolved combining both, an open reading 
frame and a control mechanism via SAM (Fig. 7). 
Similarities between RNA stem loop structure of 
CGS from A. thaliana and B. subtilis are not to 
neglect. The evolutionary consequences of this 
finding have to be explored in the future.

References

Amir R, Hacham Y and Galili G (2002) Cystathionine 

gamma-synthase and threonine synthase operate in con-

cert to regulate carbon flow towards methionine in plants. 

Trends Plant Sci 7: 153–156

Auger S, Danchin A and Martin-Verstraete I (2002) Global 

expression profile of Bacillus subtilis grown in the pres-

ence of sulfate or methionine. J Bacteriol 184: 5179–5186

Baum HJ, Madison JT and Thompson JF (1983) Feedback 

inhibition of homoserine kinase from radish leaves. Phy-

tochemistry 22: 2409–2412

Bourgis F, Roje S, Nuccio ML, Fisher DB, Tarczynski MC, 

Li C, Herschbach C, Rennenberg H, Pimenta MJ, Shen 

TL, Gage DA and Hanson AD (1999) S-methylmethionine 

plays a major role in phloem sulfur transport and is 

synthesized by a novel type of methyltransferase. Plant 

Cell 11: 1485–1498

Bourhy P, Martel A, Margarita D, Saint-Girons I and Belfaiza 

J (1997) Homoserine O-acetyltransferase, involved in the 

Leptospira meyeri methionine biosynthetic pathway, is 

not feedback inhibited. J Bacteriol 179: 4396–4398

Bouvier F, Linka N, Isner J-C, Mutterer, Weber APM and 

Camera B (2006) Arabidopsis SAMT1 defines a plastid 

transporter regulating plastid biogenesis and plant devel-

opment. Plant Cell 18: 3088–3105

Breaker RR (2002) Engineered allosteric ribozymes as bio-

sensor components. Curr Opin Biotechnol 13: 31–39

Breitinger U, Clausen T, Ehlert S, Huber R, Laber B, Schmidt 

F, Pohl E and Messerschmidt A (2001) The three-dimen-

sional structure of cystathionine beta-lyase from Arabidop-

sis and its substrate specificity. Plant Physiol 126: 631–642

Brush A and Paulus H (1971) The enzymic formation of 

O-acetylhomoserine in Bacillus subtilis and its regulation 

by methionine and S-adenosylmethionine. Biochem Biophys 

Res Commun 45: 735–741

Bürstenbinder K, Rzewuski G, Wirtz M, Hell R and Sauter 

M (2007) The role of methionine recycling for ethylene 

synthesis in Arabidopsis. Plant J 49: 238–249

Capone DG (2000) The marine microbial nitrogen cycle. In: 

Kirchman DL (ed) Microbial ecology of the oceans, pp 

455–493. Wiley-Liss, Inc, New York

Chiang PK, Gordon RK, Tal J, Zeng GC, Doctor BP, Pard-

hasaradhi K and McCann PP (1996) S-adenosylmethio-

nine and methylation. FASEB J 10: 471–480

Chiba Y, Ishikawa E, Kijima F, Tyson RH, Kim J, Yamamoto H, 

Nambara E, Leustek T, Wallsgrove RM and Naito S (1999) 

Evidence of autoregulation of cystathionine γ-synthase 

mRNA stability in Arabidopsis. Science 286: 1371–1374

Chiba Y, Sakurai R, Yoshino M, Ominato K, Ishikawa M, 

Onouchi H and Naito S (2003) S-adenosyl-L-methionine 

is an effector in the posttranscriptional autoregulation of 

the cystathionine γ-synthase gene in Arabidopsis. Proc 

Natl Acad Sci USA 100: 10225–10230

Chisholm SW, Olson RJ, Zettler ER, Goericke R, Water-

bury JB and Welschmeyer NA (1988) A novel free-living 

prochlorophyte abundant in the oceanic euphotic zone. 

Nature 334: 340–343

Clandinin MT and Cossins EA (1974) Methionine biosyn-

thesis in isolated Pisum sativum mitochondria. Phyto-

chemistry 13: 585–591

Clausen T, Wahl MC, Messerschmidt A, Huber R, Fuhrmann JC, 

Laber B, Streber W and Steegborn C (1999) Cloning, purifi-

cation and characterization of cystathionine gamma-synthase 

from Nicotiana tabacum. Biol Chem 380: 1237–1242

Corbino KA, Barrick JE, Lim J, Welz R, Tucker BJ, Puskarz I, 

Mandal M, Rudnick ND and Breaker RR (2005) Evidence 

for a second class of S-adenosylmethionine riboswitches 



Chapter 5 Metabolism of Methionine 107

and other regulatory RNA motifs in alpha-proteobacteria. 

Genome Biol 6: R70

Cornell KA, Winter RW, Tower PA and Riscoe MK (1996) 

Affinity purification of 5-methylthioribose kinase and 

5-methylthioadenosine/S-adenosylhomocysteine nucl-

eosidase from Klebsiella pneumoniae. Biochem J 317: 

285–290

Cowan JM, Urbanowski ML, Talmi M and Stauffer GV 

(1993) Regulation of the Salmonella typhimurium metF 

gene by the MetR protein. J Bacteriol 175: 5862–5866

Croft MT, Lawrence AD, Raux-Deery E, Warren MJ and 

Smith AG (2005) Algae acquire vitamin B
12

 through a 

symbiotic relationship with bacteria. Nature 438: 90–93

Curien G, Dumas R, Ravanel S and Douce R (1996) Char-

acterization of an Arabidopsis thaliana cDNA encoding 

an S-adenosylmethionine-sensitive threonine synthase. 

FEBS Lett 390: 85–90

Curien G, Job D, Douce R and Dumas R (1998) Allosteric 

activation of Arabidopsis threonine synthase by S-adeno-

sylmethionine. Biochemistry 31: 13212–13221

DeLong EF and Karl DM (2005) Genomic perspectives in 

microbial oceanography. Nature 437: 336–342

Droux M (2004) Sulfur assimilation and the role of sulfur in 

plant metabolism: a survey. Photosyn Res 79: 331–348

Dufresne A, Salanoubat M, Partensky F, Artiguenave F, 

Axmann IM, Barbe V, Duprat S, Galperin MY, Koonin 

EV, Le Gall F, Makarova KS, Ostrowski M, Oztas S, 

Robert C, Rogozin IB, Scanlan DJ, Tandeau de Mar-

sac N, Weissenbach J, Wincker P, Wolf YI and Hess 

WR (2003) Genome sequence of the cyanobacterium 

Prochlorococcus marinus SS120, a nearly minimal 

oxyphototrophic genome. Proc Natl Acad Sci USA 

100: 10020–10025

Eckermann C, Eichel J and Schröder J (2000) Plant methio-

nine synthase: new insights into properties and expres-

sion. Biol Chem 381: 695–703

Eichel J, González JC, Hotze M, Matthews RG and Schröder 

J (1995) Vitamin-B
12

-independent methionine synthase 

from higher plant (Catharanthus roseus). Molecular char-

acterization, regulation, heterologous expression, and 

enzyme properties. Eur J Biochem 230: 1053–1058

Epshtein V, Mironov AS and Nudler E (2003) The ribos-

witch-mediated control of sulfur metabolism in bacteria. 

Proc Natl Acad Sci USA 100: 5052–5056

Evans JC, Huddler DP, Hilgers MT, Romanchuk G, Mat-

thews RG and Ludwig ML (2004) Structures of the 

N-terminal modules imply large domain motions during 

catalysis by methionine synthase. Proc Natl Acad Sci 

USA 101: 3729–3736

Foglino M, Borne F, Bally M, Ball G and Patte JC (1995) 

A direct sulfhydrylation pathway is used for methionine 

biosynthesis in Pseudomonas aeruginosa. Microbiology 

141: 431–439

Fontecave M, Atta M and Mulliez E (2004) S-adenosylme-

thionine: nothing goes to waste. Trends Biochem Sci 29: 

243–249

Fuchs RT, Grundy FJ and Henkin TM (2006) The S
MK

 box is 

a new SAM-binding RNA for translational regulation of 

SAM synthetase. Nat Struc Mol Biol 13: 226–233

Galili G (1995) Regulation of lysine and threonine synthe-

sis. Plant Cell 7: 899–906

Galili G, Amir R, Hoefgen R and Hesse H (2005) Improving 

the levels of essential amino acids and sulfur metabolites 

in plants. Biol Chem 386: 817–831

Giovanelli J, Mudd SH and Datko AH (1978) Homocysteine 

biosynthesis in green plants. Physiological importance of 

the transsulfuration pathway in Chlorella sorokiniana 

growing under steady state conditions with limiting sul-

fate. J Biol Chem 253: 5665–5677

Giovanelli J, Mudd SH and Datko AH (1985) Quantitative 

analysis of pathways of methionine metabolism and their 

regulation in Lemna. Plant Physiol 78: 555–560

Goericke R and Welschmeyer NA (1993) The marine 

prochlorophyte Prochlorococcus contributes significantly 

to phytoplankton biomass and primary production in 

the Sargasso Sea Deep Sea Res (Part I, Oceanographic 

Research Papers) 40 Suppl 11–12: 2283–2294

Gophna U, Bapteste E, Doolittle WF, Biran D and Ron EZ 

(2005) Evolutionary plasticity of methionine biosynthe-

sis. Gene 355: 48–57

Goulding CW and Matthews RG (1997) Cobalamin-depend-

ent methionine synthase from Escherichia coli: involve-

ment of zinc in homocysteine activation. Biochemistry 

36: 15749–15757

Greenberg JM, Thompson JF and Madison JT (1988) Homo-

serine kinase and threonine synthase in methionine-overpro-

ducing soybean tissue cultures. Plant Cell Rep 7: 477–480

Grundy FJ and Henkin TM (1998) The S box regulon: a 

new global transcription termination control system for 

methionine and cysteine biosynthesis genes in Gram-positive 

bacteria. Mol Microbiol 30: 737–749

Grundy FJ and Henkin TM (2004) Regulation of gene 

expression by effectors that bind to RNA. Curr Opin 

Microbiol 7: 126–131

Hacham Y, Gophna U and Amir R (2003). In vivo analysis of 

various substrates utilized by cystathionine gamma-syn-

thase and O-acetylhomoserine sulfhydrylase in methio-

nine biosynthesis. Mol Biol Evol 20: 1513–1520

Hacham Y, Schuster G and Amir R (2006) An in vivo inter-

nal deletion in the N-terminus region of Arabidopsis cys-

tathionine γ-synthase results in CGS expression that is 

insensitive to methionine. Plant J 45: 955–967

Hanzelka BL and Greenberg EP (1996) Quorum sensing in 

Vibrio fischeri: evidence that S-adenosylmethionine is the 

amino acid substrate for autoinducer synthesis. J Bacteriol 

178: 5291–5294

Hesse H and Hoefgen R (2003) Molecular aspects of methio-

nine biosynthesis in Arabidopsis and potato. Trends Plant 

Sci 8: 259–262

Hesse H, Kreft O, Maimann S, Zeh M and Hoefgen R (2004) 

Current understanding of the regulation of methionine 

biosynthesis in plants. J Exp Bot 55: 1799–1808



108 Holger Hesse and Rainer Hoefgen

Hesse H, Kreft O, Maimann S, Zeh M, Willmitzer L and 

Hoefgen R (2001) Approaches towards understanding 

methionine biosynthesis in higher plants. Amino Acids 

20: 281–289

Hwang BJ, Yeom HJ, Kim Y and Lee HS (2002) Coryne-
bacterium glutamicum utilizes both transsulfuration and 

direct sulfhydrylation pathways for methionine biosyn-

thesis. J Bacteriol 184: 1277–1286

Isegawa Y, Watanabe F, Kitaoka S and Nakano Y (1994) 

Subcellular distribution of cobalamin-dependent methio-

nine synthase in Euglena gracilis. Z. Phytochem 35: 

59–61

Johnson PW and Sieburth JMcN (1979) Chroococcoid 

cyanobacteria in the sea: a ubiquitous and diverse pho-

totrophic biomass. Limnol Oceanogr 24: 928–935

Kacprzak MM, Lewandowska I, Matthews RG and Pasze-

wski A (2003) Transcriptional regulation of methionine 

synthase by homocysteine and choline in Aspergillus 
nidulans. Biochem J 376: 517–524

Karl DM (2002) Nutrient dynamics in the deep blue sea. 

Trends Microbiol 10: 410–418

Katz Y, Galili G and Amir R (2006) Regulatory role of cys-

tathionine-γ-synthase and de novo synthesis of methio-

nine in ethylene production during tomato fruit ripening 

Plant Mol Biol 61: 255–268

Kerr DS (1971) O-acetylhomoserine sulfhydrylase from 

Neurospora. Purification and consideration of its function 

in homocysteine and methionine synthesis. J Biol Chem 

246: 95–102

Kerr DS and Flavin M (1970) The regulation of methionine 

synthesis and the nature of cystathionine gamma-synthase 

in Neurospora. J Biol Chem 245: 1842–1855

Kiene RP (1996) Production of methane thiol from dimeth-

ylsulfonioproprionate in marine surface waters. Marine 

Chem 54: 69–83

Kloor D and Osswald H (2004) S-adenosylhomocysteine 

hydrolase as a target for intracellular adenosine action. 

Trends Pharmacol Sci J 25: 294–297

Kloor D, Fuchs S, Petroktistis F, Delabar U, Mühlbauer B, 

Quast U and Osswald H (1998) Effects of ions on adeno-

sine binding and enzyme activity of purified S-adenosyl-

homocysteine hydrolase from bovine kidney. Biochem 

Pharmacol 56: 1493–1496

Kocsis MG, Ranocha P, Gage DA, Simon ES, Rhodes 

D, Peel GJ, Mellema S, Saito K, Awazuhara M, Li CJ, 

Meeley RB, Tarczynski MC, Wagner C and Hanson AD 

(2003). Insertional inactivation of the methionine S-meth-

yltransferase gene eliminates the S-methylmethionine 

cycle and increases the methylation ratio. Plant Physiol 

131: 1808–1815

Kredich NM (1996). Biosynthesis of cysteine. In: Nei-

dhardt FC, Curtiss R, Ingraham JL, Lin ECC, Low KB, 

Magasanik B, Reznikoff WS, Riley M, Schaechter M and 

Umberger E (eds) Escherichia coli and Salmonella typh-
imurium. Cellular and molecular biology, pp 514–527. 

ASM Press, Washington DC

Kreft BD, Townsend A, Pohlenz HD and Laber B (1994) 

Purification and properties of cystathionine γ-synthase 

from wheat (Triticum aestivum L.). Plant Physiol 104: 

1215–1220

Kreft O, Höfgen R and Hesse H (2003) Functional analy-

sis of cystathionine γ-synthase in genetically engineered 

potato plants. Plant Physiol 131: 1843–1854

Krungkrai J, Webster HK and Yuthavong Y (1989) Char-

acterization of cobalamin-dependent methionine synthase 

purified from the human malarial parasite, Plasmodium 
falciparum. Parasitol Res 75: 512–517

Laber B, Maurer W, Hanke C, Grafe S, Ehlert S, Messer-

schmidt A and Clausen T (1999) Characterization of 

recombinant Arabidopsis thaliana threonine synthase. 

Eur J Biochem 263: 212–221

Lambein I, Chiba Y, Onouchi H and Naito S (2003) Decay 

kinetics of autogenously regulated CGS1 mRNA that 

codes for cystathionine gamma-synthase in Arabidopsis 
thaliana. Plant Cell Physiol 44: 893–900

Lee M and Leustek T (1999) Identification of the gene 

encoding homoserine kinase from Arabidopsis thaliana 

and characterization of the recombinant enzyme derived 

from the gene. Arch Biochem Biophys 372: 135–142

Lee M, Martin MN, Hudson AO, Muhitch MJ and Leustek 

T (2005) Methionine and threonine synthesis are limited 

by homoserine availability and not the activity of HSK in 

A. thaliana. Plant J 41: 685–696

Liu HB, Nolla HA and Campbell L (1997) Prochlorococ-
cus growth rate and contribution to primary production in 

the Equatorial and Subtropical North Pacific Ocean. Aqua 

Microb Ecol 12: 39–47

Lorenz E and Stauffer GV (1996) MetR-mediated repression 

of the glyA gene in Escherichia coli. FEMS Microbiol 

Lett 144: 229–233

MacNicol PK, Datko AH, Giovanelli J and Mudd SH (1981) 

Homocysteine biosynthesis in green plants: physiological 

importance of the transsulfuration pathway in Lemna pau-
cicostata. Plant Physiol 68: 619–625

Madison JT and Thompson JF (1976) Threonine synthetase 

from higher plants: stimulation by S-adenosylmethionine 

and inhibition by cysteine. Biochem Biophys Res Com-

mun 71: 684–691

Malin G and Kirst GO (1997) Algal production of dimethyl 

sulfide and its atmospheric role. J Phycol 33: 889–896

Mares R, Urbanowski ML and Stauffer GV (1992) Regula-

tion of the Salmonella typhimurium metA gene by the metR 

protein and homocysteine. J Bacteriol 1174: 390–397

Maxon ME, Redfield B, Cai XY, Shoeman R, Fujita K, 

Fisher W, Stauffer G, Weissbach H and Brot N (1989) 

Regulation of methionine synthesis in Escherichia coli: 
effect of the MetR protein on the expression of the metE 

and metR genes. Proc Natl Acad Sci USA 86: 85–89

McDaniel BAM, Grundy FJ, Artsimovitch I and Henkin TM 

(2003) Transcription termination control of the S box sys-

tem: direct measurement of S-adenosylmethionine by the 

leader RNA. Proc Natl Acad Sci USA 100: 3083–3088



Chapter 5 Metabolism of Methionine 109

Miyazaki JH and Yang SF (1987) The methionine salvage 

pathway in relation to ethylene and polyamine biosynthe-

sis. Physiol Plant 69: 366–370

Montange RK and Batey RT (2006) Structure of the S-ade-

nosylmethionine riboswitch regulatory mRNA element. 

Nature 441: 1172–1175

Muhitch MJ and Wilson KG (1983) Chloroplasts are the 

subcellular location of both soluble and membrane-associ-

ated homoserine kinase in pea (Pisum sativum L.) leaves. 

Z Pflanzenphysiol 110: 39–46

Nikiforova V, Kempa S, Zeh M, Maimann S, Kreft O, 

Casazza AP, Riedel K, Tauberger E, Hoefgen R and Hesse 

H (2002) Engineering of cysteine and methionine biosyn-

thesis in potato. Amino Acids 22: 259–278

Nudler E and Mironov AS (2004) The riboswitch control of 

bacterial metabolism. Trends Biochem Sci 29: 11–17

Ominato K, Akita H, Suzuki A, Kijima F, Yoshino T, Yoshino 

M, Chiba Y, Onouchi H and Naito S (2002) Identification 

of a short highly conserved amino-acid sequence as the 

functional region required for posttranscriptional autoreg-

ulation of the cystathionine γ-synthase gene in Arabidop-

sis. J Biol Chem 277: 36380–36386

Onouchi H, Lambein I, Sakurai R, Suzuki A, Chiba Y and 

Naito S (2004) Autoregulation of the gene for cystathio-

nine γ-synthase in Arabidopsis: post-transcriptional regu-

lation induced by S-adenosylmethionine. Biochem Soc 

Trans 32: 597–600

Onouchi H, Nagami Y, Haraguchi Y, Nakamoto M, 

Nishimura Y, Sakurai R, Nagao N, Kawasaki D, 

Kadokura Y and Naito S (2005) Nascent peptide-mediated 

translation elongation arrest coupled with mRNA deg-

radation in the CGS1 gene of Arabidopsis. Genes Dev 

19: 1799–1810

Palenik B, Brahamsha F, Larimer M, Land L, Hauser P, 

Chain J, Lamerdin W, Regala E, Allen E, McCarren J, 

Paulsen I, Dufresne A, Partensky F, Webb EA and Water-

bury JB (2003) The genome of a motile marine Synechoc-
occus. Nature 424: 1037–1042

Park SD, Lee JY, Kim Y, Kim JH and Lee HS (1998) Isola-

tion and analysis of metA, a methionine biosynthetic gene 

encoding homoserine acetyltransferase in Corynebacte-
rium glutamicum. Mol Cells 8: 286–294

Ranocha P, McNeil SD, Ziemak MJ, Li C, Tarczynski MC 

and Hanson AD (2001) The S-methylmethionine cycle in 

angiosperms: ubiquity, antiquity and activity. Plant J 25: 

575–584

Ravanel S, Block MA, Rippert P, Jabrin S, Curien G, 

Rébeillé F and Douce R (2004) Methionine metabo-

lism in plants: chloroplasts are autonomous for de 

novo methionine synthesis and can import S-adeno-

sylmethionine from the cytosol. J Biol Chem 279: 

22548–22557

Ravanel S, Droux M and Douce R. 1995. Methionine 

biosynthesis in higher plants. I. Purification and char-

acterisation of cystathionine γ-synthase from spinach 

chloroplasts. Arch Biochem Biophys 316: 572–584

Ravanel S, Gakiere B, Job D and Douce R (1998) The spe-

cific features of methionine biosynthesis and metabolism 

in plants. Proc Natl Acad Sci USA 95: 7805–7812

Ravanel S, Job D and Douce R (1996) Purification and 

properties of cystathionine β-lyase from Arabidopsis 
thaliana overexpressed in Escherichia coli. Biochem J 

320: 383–392

Riesmeier J, Klonus D and Pohlenz HD (1993) Purification 

to homogenity and characterisation of homoserin kinase 

from wheat germ. Phytochemistry 32: 581–584

Rinder J, Casazza AP, Hoefgen R and Hesse H (2007) Regu-

lation of aspartate-derived amino acid homeostasis in 

potato plants (Solanum tuberosum L.) by expression of 

E. coli homoserine kinase. Amino Acids, DOI 10.1007/

s00726-007-0504-5

Rocap G, Larimer FW, Lamerdin J, Malfatti S, Chain P, 

Ahlgren NA, Arellano A, Coleman M, Hauser L, Hess 

WR, Johnson ZI, Land M, Lindell D, Post AF, Regala 

W, Shah M, Shaw SL, Steglich C, Sullivan MB, Ting 

CS, Tolonen A, Webb EA, Zinser ER and Chisholm SW 

(2003) Genome divergence in two Prochlorococcus eco-

types reflects oceanic niche differentiation. Nature 424: 

1042–1047

Rodionov DA, Vitreschak AG, Mironov AA and Gelfand 

MS (2004) Comparative genomics of the methionine 

metabolism in Gram-positive bacteria: a variety of regu-

latory systems. Nucl Acids Res 32: 3340–3353

Rowbury RJ and Woods DD (1964) O-Succinylhomoserine 

as an intermediate in the synthesis of cystathionine by 

Escherichia coli. J Gen Microbiol 36: 341–358

Ruckert C, Pühler A and Kalinowski J (2003) Genome-

wide analysis of the L-methionine biosynthetic pathway 

in Corynebacterium glutamicum by targeted gene dele-

tion and homologous complementation. J Biotechnol 104: 

213–228

Saint-Girons I, Parsot C, Zakin MM, Barzu O and Cohen GN 

(1988) Methionine biosynthesis in Enterobacteriaceae: 

biochemical, regulatory, and evolutionary aspects. CRC 

Crit Rev Biochem 23 Suppl 1: S1–S42

Schell MA (1993) Molecular biology of the LysR family 

of transcriptional regulators. Annu Rev Microbiol 47: 

597–626

Sauter M, Cornell KA, Beszteri S and Rzewuski G (2004) 

Functional analysis of methylthioribose kinase genes in 

plants. Plant Physiol 136: 4061–4071

Sauter M, Lorbiecke R, OuYang B, Pochapsky TC and Rze-

wuski G (2005) The immediate early ethylene response 

gene OsARD1 encodes an acireductone dioxygenase 

involved in recycling of the ethylene precursor S-adeno-

sylmethionine. Plant J 44: 718–729

Schlenk F (1983) Methylthioadenosine. Adv Enzymol Relat 

Areas Mol Biol 54: 195–265

Schopf JW (2000) The fossil record: tracing the roots of 

the cyanobacterial lineage. In: Whitton BA and Potts M 

(eds), The ecology of cyanobacteria, pp 13–35. Kluwer 

Academic Publishers, Dordrecht, The Netherlands



110 Holger Hesse and Rainer Hoefgen

Schwarz R and Forchhammer K (2005) Acclimation of 

unicellular cyanobacteria to macronutrient deficiency: 

emergence of a complex network of cellular responses. 

Microbiology 151: 2503–2514

Sekowska A and Danchin A (2002) The methionine salvage 

pathway in Bacillus subtilis. BMC Microbiology 2: 8

Sekowska A, Mulard L, Krogh S, Tse JKS and Danchin A (2001) 

MtnK, methylthioribose kinase, is a starvation-induced pro-

tein in Bacillus subtilis. BMC Microbiology 1: 15

Shah SP and Cossins EA (1970) Pteroylglutamates and 

methionine biosynthesis in isolated chloroplasts. FEBS 

Lett 7: 267–270

Shen B, Li CJ and Tarczynski MC (2002) High free-methio-

nine and decreased lignin content result from a mutation 

in the Arabidopsis S-adenosyl-L-methionine synthetase 3 

gene. Plant J 29: 371–380

Steegborn C, Messerschmidt A, Laber B, Streber W, Huber R 

and Clausen T (1999) The crystal structure of cystathionine 

gamma-synthase from Nicotiana tabacum reveals its sub-

strate and reaction specificity. J Mol Biol 290: 983–996

Stefels J (2000) Physiological aspects of the production and 

conversion of DMSP in marine algae and higher plants. J 

Sea Res 43: 183–197

Sufrin JR, Meshnick SR, Spiess AJ, Garofalo-Hannan J, Pan 

X-Q and Bacchi CJ (1995) Methionine recycling path-

ways and antimalarial drug design. Antimicrob Agents 

Chemother 39: 2511–2515

Suzuki A, Shirata Y, Ishida H, Chiba Y, Onouchi H and Naito 

S (2001) The first exon coding region of cystathionine 

gamma synthase gene is necessary and sufficient for down-

regulation of its own mRNA accumulation in transgenic 

Arabidopsis thaliana. Plant Cell Physiol 42: 1174–1180

Tabe LM and Higgins TJV (1998) Engineering plant protein 

composition for improved nutrition. Trends Plant Sci 3: 

282–286

Thoen A, Rognes SE and Aarnes H (1978) Biosynthesis of 

threonine from homoserine in pea-seedlings. 2. Threonine 

synthase. Plant Sci Lett 13: 113–119

Thompson GA, Datko AH and Mudd SH (1982a) Methionine 

synthesis in Lemna: inhibition of cystathionine γ-synthase 

by propargylglycine. Plant Physiol 70: 1347–1352

Thompson GA, Datko AH, Mudd SH and Giovanelli J 

(1982b) Methionine biosynthesis in Lemna. Studies on 

the regulation of cystathionine γ-synthase, O-phospho-

homoserine sulphhydrylase, and O-acetylserine sulphhy-

rylase. Plant Physiol 69: 1077–1083

Tucker BJ and Breaker RR (2005) Riboswitches as versatile 

control elements. Curr Opin Struct Biol 15: 342–348

Urbanowski ML and Stauffer GV (1987) Regulation of the 

metR gene of Salmonella typhimurium. J Bacteriol 169: 

5841–5844

Urbanowski ML and Stauffer GV (1989) Genetic and bio-

chemical analysis of the MetR activator-binding site in 

the metE metR control region of Salmonella typhimurium. 

J Bacteriol 1171: 5620–5629

Val DL and Cronan Jr JE (1998) In vivo evidence that 

S-adenosylmethionine and fatty acid synthesis intermedi-

ates are the substrates for the Lux I family of autoinducer 

synthases. J Bacteriol 180: 2644–2651

Vermeij P and Kertesz MA (1999) Pathways of assimilative 

sulphur metabolism in Pseudomonas putida. J Bacteriol 

181: 5833–5837

Wallsgrove RM, Lea PJ and Miflin BJ (1983) Intracellular 

localization of aspartate kinase and the enzymes of threo-

nine and methionine biosynthesis in green leaves. Plant 

Physiol 71: 780–784

Wang SY, Adams DO and Lieberman M (1982) Recycling of 

5′-methylthioadenosine-ribose carbon atoms into methio-

nine in tomato tissue in relation to ethylene production. 

Plant Physiol 70: 117–121

Waterbury JB, Watson SW, Guillard RR and Brand LE 

(1979) Widespread occurrence of a unicellular marine 

planktonic cyanobacteria. Nature 277: 293–294

Weissbach H and Brot N (1991) Regulation of methionine syn-

thesis in Escherichia coli. Mol Microbiol 5: 1593–1597

Welsh DT (2000) Ecological significance of compatible sol-

ute accumulation by micro-organisms: from single cells to 

global climate. FEMS Microbiol Rev 24: 263–290

Whitfield CD, Steers Jr EJ and Weisbach H (1970) Purification 

and properties of 5-methyltetrahydropteroyltriglutamate-

homocysteine transmethylase. J Biol Chem 245: 390–401

Whitman WB, Coleman DC and Wiebe WJ (1998) Prokary-

otes: the unseen majority. Proc Natl Acad Sci USA 95: 

6578–6583

Winkler WC and Breaker RR (2005) Regulation of bacterial 

gene expression by riboswitches. Annu Rev Microbiol 59: 

487–517

Wu WF, Urbanowski ML and Stauffer GV (1992) Role 

of the MetR regulatory system in vitamin B
12

-mediated 

repression of the Salmonella typhimurium metE gene. 

J Bacteriol 174: 4833–4837

Yamagata S (1987) Partial purification and some proper-

ties of homoserine O-acetyltransferase of a methionine 

auxotroph of Saccharomyces cerevisiae. J Bacteriol 169: 

3458–3463

Yang SF and Hoffman NE (1984) Ethylene biosynthesis and 

its regulation in higher plants. Annu Rev Plant Physiol 

35: 155–189

Yang Z, Rogers LM, Song Y, Guo W and Kolattukudy PE 

(2005) Homoserine and asparagine are host signals that trig-

ger in planta expression of a pathogenesis gene in Nectria 
haematococca. Proc Nat Acad Sci USA 102: 4197–4202

Zeh M, Casazza AP, Kreft O, Rössner U, Biebrich K, 

Willmitzer L, Höfgen R and Hesse H (2001) Antisense 

inhibition of threonine synthase leads to high methionine 

content in transgenic potato plants. Plant Physiol 127: 

792–802

Zeh M, Leggewie G, Höfgen R and Hesse H (2002) Cloning 

and characterization of a cDNA encoding a cobalamin-

independent methionine synthase from potato (Solanum 
tuberosum L.). Plant Mol Biol 48: 255–265

Zehr JP and Ward BB (2002) Nitrogen cycling in the ocean: 

new perspectives on processes and paradigms. Appl Envi-

ron Microbiol 68: 1015–1024




