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The S-box transcription termination control system, first identified in Bacillus subtilis, is used for regulation
of gene expression in response to methionine availability. The presence of the S-box motif provided the first
indication that the ykrTS and ykrWXYZ genes could play a role in recycling of 5�-methylthioadenosine, a
by-product of polyamine biosynthesis that can be converted to methionine. In this study we demonstrate a role
for the ykrTS and ykrWXYZ gene products in this pathway.

A common problem in the analysis of genomic sequence
data is the assignment of function to newly identified open
reading frames. It is often difficult to determine the functional
role of the newly identified open reading frame in the absence
of additional information on expression patterns or effects of
gene inactivation. One useful tool can be the recognition of
potential signals for regulation of gene expression. The S-box
regulon in gram-positive bacteria represents an example where
easily recognized regulatory signals provide a clear indication
of metabolic function.

The S-box regulon encompasses approximately 60 transcrip-
tional units in a variety of bacterial species, 11 of which are in
Bacillus subtilis (7; unpublished results). Members of the family
were identified on the basis of conserved leader region struc-
tural and sequence features and were proposed to be regulated
in concert at the level of transcription termination in response
to methionine availability (7). The conserved leader elements
include a transcriptional terminator and competing antitermi-
nator, as well as a highly conserved element that functions as
an anti-antiterminator and was postulated to be a target for
repression during growth in the presence of methionine. Roles
in methionine biosynthesis have been demonstrated or postu-
lated for a number of these genes (7, 8), and expression of
several of the genes in this group was shown to be repressed by
methionine (7; unpublished results). Conservation of the reg-
ulatory pattern suggested that other genes with these features
might have unknown functions in methionine metabolism, e.g.,
in alternate routes to the biosynthesis of methionine. The com-
bination of the regulatory clues and sequence similarity to
proteins of known function led us to investigate a role for the
ykrTS and ykrWXYZ S-box genes in recycling of 5�-methylthio-
adenosine (MTA).

MTA recycling. MTA is a sulfur-containing compound that
is generated as a by-product of polyamine biosynthesis and can
be recycled to methionine by a number of organisms, including
B. subtilis and Klebsiella pneumoniae (6, 16) (Fig. 1). Decar-
boxylated S-adenosylmethionine (SAM) is generated by the
speD gene product; the aminopropyl moiety of decarboxylated

SAM is then transferred to putrescine by spermidine synthase,
the product of the speE gene (15), generating spermidine and
MTA. MTA is cleaved by the mtn gene product, MTA/S-
adenosylhomocysteine nucleosidase (pfs gene product in Esch-
erichia coli), to yield adenine and 5-methylthioribose (MTR)
(2, 3, 4, 16). MTR is excreted in E. coli (14, 17), whereas B.
subtilis is capable of using either MTA or MTR as the sole
sulfur source (16).

The MTA recycling pathway is best characterized in K. pneu-
moniae, although few of the genes involved have been identi-
fied (6, 17). Examination of the intermediates in the pathway
identified in K. pneumoniae and analysis of enzymatic steps
likely to be required led us to hypothesize that the ykrTS and
ykrWXYZ S-box operons, as well as the nearby ykrU and ykrV
genes, were likely to be involved in this pathway in B. subtilis
(8) (Fig. 1). The K. pneumoniae gene encoding MTR kinase,
which converts MTR to MTR phosphate (MTRP; 5) has been
identified (GenBank accession number AF212863), and levels
of the enzyme were shown to be reduced during growth in the
presence of methionine (19), consistent with a role in methi-
onine production. The B. subtilis ykrT gene product is similar to
K. pneumoniae MTR kinase (data not shown). MTRP is con-
verted to 5-methylthioribulose-1-phosphate in K. pneumoniae
by an isomerase (6); the ykrY gene product, encoded in the
ykrWXYZ operon, is a likely candidate for this activity, based
on similarity to sugar isomerases. We previously noted that
YkrW is related to ribulose-1,5-bisphosphate carboxylase
(RubisCO), the key enzyme in CO2 fixation (7). However, no
homolog of ribulose kinase, which is required for production of
ribulose-1,5-bisphosphate, the substrate for RubisCO, could be
identified in the B. subtilis genome. The similarity of 5-meth-
ylthioribulose-1-phosphate to ribulose-1,5-bisphosphate and
the position of ykrW in an S-box operon adjacent to genes
implicated in the MTA recycling pathway led us to hypothesize
a role for this gene in this pathway (8). An intriguing connec-
tion between an unusual RubisCO homolog and sulfur metab-
olism has also been uncovered in Chlorobium tepidum (9). The
next step in the pathway requires an enolase-phosphatase, for
which the product of the ykrX gene is a candidate, while the
final steps could be catalyzed by YkrZ and YkrV; ykrV is
located between the divergent ykrTS and ykrWXYZ operons
and encodes a protein related to aminotransferases. No enzy-
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matic function could be attributed to YkrS in our analysis.
YkrS exhibits some similarity to eukaryotic translation initia-
tion factor eIF2B�, the significance of which is unknown; re-
lated genes are found in a variety of microorganisms, including
archaea (11), but no information about its physiological role is
available.

Roles of ykrTS and ykrWXYZ genes in growth on MTA or
MTR. Since B. subtilis efficiently scavenges sulfur-containing
compounds, we used a genetic background in which the metB
gene, encoding homoserine O-acetyltransferase, is defective,
so that the normal pathway of methionine biosynthesis is
blocked. Strains in which ykrT (BR151-YkrTKO) or ykrS
(BR151-YkrSKO) were inactivated were generated and com-
pared to an isogenic control strain (BR151-ZKO). For the ykrT
mutant, expression of the downstream ykrS gene was left under
the control of the normal ykrTS promoter and leader region, so
that normal expression levels were maintained. This was im-
portant since inactivation of ykrS was previously shown to
result in reduced expression of S-box genes (7). No growth was
observed for any strain containing the metB allele in media
containing sulfate alone, and all strains grew equally well in the
presence of methionine (Fig. 2). MTA or MTR could replace
methionine for growth of the control strain, but mutation of
either ykrT or ykrS resulted in total loss of growth on MTA or

MTR, indicating that both genes are required for utilization of
these compounds. The defect in utilization of MTA and MTR
confirms a role for ykrT and ykrS in this pathway. Similar
results were obtained by Sekowska et al. (18), who also dem-
onstrated that the ykrT gene product exhibits MTR kinase
activity in vitro.

Insertional inactivation of the ykrWXYZ operon resulted in a
partial defect in growth on MTA (Fig. 2D), suggesting that
these genes are also involved in MTA recycling and that there
may be an alternate pathway for generation of methionine
from MTRP in B. subtilis. This is supported by the apparent
absence of genes related to ykrWXYZ in organisms in which
ykrT is found (data not shown). Inactivation of the yitJ gene,
which is in the primary pathway of methionine biosynthesis (7,
8) (Fig. 1), resulted in loss of growth in the absence of methi-
onine, but growth on MTA was unaffected (Fig. 2E), indicating
that the pathway for methionine generation from MTA is
independent of the normal biosynthetic pathway.

Regulation of ykrTS and ykrWXYZ expression. Previous stud-
ies indicated that expression of ykrTS responds to methionine
availability (7). Identification of a role in the MTA recycling
pathway led us to test expression during growth in the presence
of MTA. A ykrT-lacZ transcriptional fusion, containing the
promoter, leader, and leader region terminator fused to a lacZ

FIG. 1. Methionine biosynthesis pathways in B. subtilis. Genes that are preceded by S-box regulatory elements are shown with a boxed “S.” The
“y” designation in gene names indicates genes whose function has not been experimentally established; possible assignments to enzymatic steps
demonstrated in K. pneumoniae (6, 19) are shown but have not yet been tested (8). The function of the ykrS gene product is not known. SAM,
S-adenosylmethionine; SAH, S-adenosylhomocysteine; SRH, S-ribosylhomocysteine; MT, methylthio; KMTB, 2-keto-4-methylthiobutyrate; THF,
tetrahydrofolate.
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reporter gene, was integrated in single copy into the B. subtilis
chromosome using an SP� prophage. Strains were grown to
early exponential phase in the presence of methionine, the
cultures were split, and growth was continued in the presence
or absence of methionine or MTA. In a metB strain (BR151-
ZKO), expression was very low during growth in the presence
of exogenous methionine and was induced 1,300-fold when
cells were starved for methionine (Table 1), as previously re-
ported (7). Replacement of methionine by MTA resulted in
moderate expression of the ykrT-lacZ fusion, consistent with
the ability of the cells to utilize this compound to generate
intracellular methionine. Growth in the presence of both me-
thionine and MTA resulted in nearly complete repression of
ykrT-lacZ expression, indicating that utilization of MTA is
repressed during growth in the presence of exogenous methi-
onine. Similar results were obtained with MTR in place of
MTA (data not shown).

Expression of the ykrT-lacZ fusion responded normally to
methionine availability in strain BR151-YkrTKO or BR151-
YkrSKO, in which the ykrT or ykrS gene was inactivated (Table
1), although expression under inducing conditions was reduced
somewhat, as previously reported for a ykrS mutant (7). Since
inactivation of ykrT and ykrS resulted in a similar decrease in
ykrT-lacZ expression, this effect may in some way be due to
disruption of the MTA recycling pathway. Addition of MTA
(or MTR) had no repressive effect on expression, in contrast to
the results for the parent strain. This is consistent with the
inability of the ykrT and ykrS mutant strains to convert MTA or
MTR to methionine, so that expression of ykrTS remained fully
derepressed during growth in the presence of MTA or MTR.

Our results on regulation of ykrTS expression in response to
methionine differ from those of Sekowska et al. (18), who
found little effect of addition of exogenous methionine. How-
ever, those studies were performed using a methionine pro-
totroph, so that intracellular methionine pools were high dur-
ing growth in sulfate, masking the substantial effect of

methionine deprivation in cells unable to generate endogenous
methionine.

Expression of a ykrW-lacZ fusion was also induced by me-
thionine starvation (Table 1), consistent with the presence of
an S-box leader and a role in methionine biosynthesis. Expres-
sion during growth in the presence of methionine was not as
tightly repressed by methionine availability as was expression
of ykrT. The expression pattern was similar to that of ykrT
during growth in MTA.

The effect of MTA on expression of the yitJ gene, which is in
the primary pathway of methionine biosynthesis (Fig. 1), was
also tested to determine if this compound generally affects
expression of S-box genes. Expression of a yitJ-lacZ fusion was
induced by starvation for methionine, as previously reported
(7), and was moderate during growth in the presence of MTA
(Table 1), as was observed for the ykrT-lacZ fusion. This indi-
cates that the partial repression of ykrTS expression observed
during growth on MTA and MTR is likely to be a consequence
of the intracellular methionine generated by the recycling
pathway and reflects the general pattern of regulation of genes
in the S-box family rather than a specific regulatory effect for
genes directly involved in this pathway.
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