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Regulation of the Salmonella typhimurium metA Gene by the
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The DNA sequence of the Salmonella typhimurium metA control region is presented. S1 nuclease mapping
was used to determine the transcription initiation site. By measuring 0-galactosidase levels in Escherichia coli
strains lysogenized with phage carrying a metA-lacZ gene fusion, the MetR protein was shown to activate the
metA gene. Homocysteine, an intermediate in methionine biosynthesis, plays a negative role in the MetR-
mediated activation mechanism. Gel mobility shift assays and DNase I protection experiments showed that the
MetR protein binds to a DNA fragment carrying the metA control region and protects a 26-bp region beginning
9 bp upstream of the -35 promoter sequence.

In Salmonella typhimurium and Escherichia coli, the first
step in the biosynthesis of methionine is the conversion of
homoserine to O-succinylhomoserine by homoserine succi-
nyltransferase, the metA gene product (Fig. 1) (for a review,
see reference 21). The metA gene, as well as all of the other
methionine biosynthetic genes except metH, is negatively
regulated by the MetJ repressor, with S-adenosylmethionine
acting as a corepressor. In addition to MetJ-mediated repres-
sion, at least two genes, the metE and metH genes, are

activated by MetR, a DNA-binding protein (4, 28). Although
homocysteine is required for the MetR-mediated activation
of the metE gene, homocysteine plays an inhibitory role in
the MetR-mediated activation of the metH gene (5, 29).

In S. typhmurium metE mutants, the metA gene is not
expressed during methionine-limited growth (22). Since ho-
mocysteine is expected to accumulate in metE mutants (Fig.
1) and plays a negative role in the MetR-mediated activation
of the metH gene, we tested whether homocysteine also
plays a negative role in regulation of the S. typhimurium
metA gene. We show here that the metA gene is positively
regulated by the MetR protein and that homocysteine plays
an inhibitory role in this MetR-mediated activation.

MATERIALS AND METHODS

Bacterial strains, bacteriophages, and plasmids. All bacte-
rial strains used in this study are derivatives of E. coli K-12
and are described in Table 1. Phage Xgt2 (18) was obtained
from R. Davis, and XcI90c17 (24) was obtained from M.
Feiss. Plasmids pBR322 (2), pMC1403 (6), and pMF7 (10)
were described previously. Other plasmids and phages were
isolated during this investigation.
Media. Luria agar and glucose minimal medium (GM)

have been described previously (25). GM was supplemented
with vitamin B1 (1 pLg/ml) and phenylalanine (50 p.g/ml),
since most strains carry the pheA905 and thi mutations.
Other supplements were added at the following concentra-
tions: ampicillin, 100 pLg/ml; tetracycline, 10 pLg/ml; amino
acids, 50 ,ug/ml; purines, 10 VLg/ml; 5-bromo-4-chloro-3-
indolyl-,3-D-galactoside (X-Gal), 40 Fig/ml; and DL-homocys-
teine, 100 p.g/ml.
DNA manipulations. Procedures for the isolation of DNA,
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restriction enzyme digestion, ligation, and bacterial transfor-
mation have been described previously (14).

Construction of plasmids containing the metA gene. S.
typhimurium chromosomal DNA (25 ,ug) was cut with the
restriction enzyme EcoRI under partial digestion conditions,
the DNA was electrophoresed on a 0.8% low-melting-tem-
perature agarose gel, and fragments of about 35 to 45 kb
were isolated (14). The DNA fragments were ligated into the
EcoRI site of the cosmid vector pMF7 (1 ,ug). The ligated
DNA was ethanol precipitated and dissolved in 12 RI of TE
buffer (10 mM Tris-HCl [pH 8], 1 mM EDTA), and a 4-p.l
aliquot was packaged with a Gigapack Gold A DNA packag-
ing kit (Stratagene, La Jolla, Calif.). The packaged DNA was

used to infect strain GS765 (hsdR4 hsdM+ metA28), and the
cells were plated on a GM plate supplemented with ampicil-
lin. Plasmid DNA was isolated from one Met' Apr (ampicil-
lin-resistant) transformant and designated pGS233. An
EcoRI digest of pGS233 showed the presence of several
EcoRI fragments. To reduce the size of the original insert,
plasmid pGS233 was digested with EcoRI, and the DNA
fragments were ligated into the EcoRI site of plasmid
pBR322. The ligation mixture was used to transform the
metA mutant strain AB1927, and the transformed cells were
plated on a GM plate supplemented with purines, arginine,
and tetracycline. Plasmid DNA was isolated from one Met'
Tcr (tetracycline-resistant) transformant and designated
pGS234. An EcoRI digest showed that plasmid pGS234
carries a single EcoRI insert fragment of about 28 kb. To
further reduce the size of the cloned DNA, a restriction map
of this plasmid was determined (data not shown). Three AseI
sites were located within the cloned fragment. Plasmid
pGS234 was digested with EcoRI and AseI, and the frag-
ments were ligated into the AseI and EcoRI sites of plasmid
pBR322. The ligated mixture was used to transform the
metA mutant strain AB1927, and the transformed cells were
plated on a GM plate supplemented with arginine, purines,
and tetracycline. Plasmid DNA was prepared from one Met'
Tcr colony and designated pGS235. Restriction enzyme
analysis showed the presence of a single 3.4-kb AseI-EcoRI
insert fragment.
DNA sequence analysis. DNA sequencing was done by the

method of Maxam and Gilbert (15).
Construction of a metA-lacZ gene fusion. A 527-bp HpaI-

XmnI DNA fragment that carries the metA control region
and the first 19 amino acid codons of the metA structural
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FIG. 1. The methionine biosynthetic pathway in E. coli and S. typhimurium (7, 21). The nonfolate branch includes the metA, metB, and
metC gene products and produces homocysteine. The folate branch includes the metF and glyA gene products and produces the methyl group
added to homocysteine to form methionine. The enzymes encoded by the metE and metH genes catalyze the transmethylation reaction. The
methionine made is used in protein synthesis or converted to S-adenosylmethionine (SAM), a principal methyl-group donor. S-Adenosyl-
homocysteine (SAH), a product of SAM-dependent methylation reactions, is converted to adenine and homocysteine by the cyclical
regenerative branch of the pathway (9), which has not been characterized genetically. THF, tetrahydrofolate.

gene was isolated from plasmid pGS235. This fragment was
ligated into the lac fusion vector pMC1403, which had been
cut with XmaI and whose ends had been filled in with
deoxynucleoside triphosphates and the large fragment of
DNA polymerase I. The reading frame of the metA gene and
the lacZ gene are maintained in this fusion. The ligation
mixture was used to transform the lac deletion strain GS245,
and the transformed cells were plated on Luria agar supple-
mented with ampicillin and X-Gal. Plasmid DNA was iso-
lated from one blue Apr transformant, and the metA-lacZ
fusion site was confirmed by DNA sequencing. The fusion
plasmid was designated pAlac.

Construction of A lysogens carrying the metA-lacZ gene
fusion. The EcoRI-SalI fragment in plasmid pAlac, which
carries the metA-lacZ gene fusion and the lacY and lacA
genes, was cloned into the EcoRI site of the temperature-
sensitive phage Xgt2 by a procedure described previously

TABLE 1. E. coli strain descriptions
Straina Genotype
GS162... Wild type
GS245.... AglyA::Mu
GS597... metJ97
GS718... metBI
GS719... metBI metJ97
GS722... metBI metJ97 AmetF::Mu
GS747... metBlmetJ97 metE163::TnJO
GS748... metJ97 AmetR::Mu
GS761... metBI metJ97 AmetR::Mu
GS765... metA28 gal Tl' endA sbc-15 hsdR4 hsdM+

malE52::TnJO thi
AB1927... metA28 argHl purFI xyl-7

a Strain AB1927 was obtained from the E. coli Genetic Stock Center. All
other strains were constructed in our laboratory. In addition to the genotypes
shown, all strains except AB1927 and GS765 carry the pheA905, thi,
A1acU169, araD129, and rpsL mutations.
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(26). This phage, designated AAlac, was then used to lysog-
enize appropriate bacterial strains as described previously
(26). Lysogens were tested for a single copy of AAlac phage
by infection with phage XcI90c17 (24).

,l-Galactosidase assay. P-Galactosidase activity was mea-
sured by the chloroform-sodium dodecyl sulfate lysis proce-
dure described by Miller (17). The results are averages of
two or more assays in which the values were determined in
triplicate for each assay.

Gel mobility shift assay. The gel mobility shift assay was
based on the methods of Fried and Crothers (11) and Gamer
and Revzin (12). Plasmid pAlac was digested with EcoRI and
BamHI, and approximately 0.25 ,ug of the digested DNA was
added to 20-,ul reaction mixtures containing DNA-binding
buffer (DBB; 10 mM Tris-HCl (pH 7.5], 50 mM KCl, 1 mM
EDTA, 5% glycerol, 1 mM dithiothreitol) plus 125 ,ug of
bovine serum albumin (BSA) per ml and, where indicated, 1
mM L-homocysteine. The reaction mixtures were incubated
for 5 min at 37°C. Next, 2 pdl of purified S. typhimurium
MetR protein (3) in 2x DBB plus 125 ,ug of BSA per ml in a
twofold dilution series ranging from 0.8 to 0.1 pug of protein
was added, and incubation was continued for 15 min at 37°C.
One microliter of dye mix (0.1% xylene cyanol and 50%
glycerol in H20) was added to each reaction mixture, and the
samples were loaded immediately onto a 5% polyacrylamide
gel (bisacrylamide-acrylamide [1/30] buffered with 10 mM
Tris-HCl [pH 7.4], 0.38 M glycine, and 1 mM EDTA). The
gel was prerun at 9 V/cm for 1 h prior to loading.
DNase I protection assay. The DNase I protection assay is

based on the method of Schmitz and Galas (23) with modi-
fications. Plasmid pAlac, which carries the metA control
region, was digested with BamHI and labeled at the 3' ends
with [cX-32P]dGTP and T7 DNA polymerase. The labeled
DNA was digested with EcoRI, and a 527-bp fragment
carrying the metA control region was isolated by gel elec-
trophoresis (14). A 114-pd reaction mixture containing the
labeled fragment in DBB plus 125 ,g of BSA per ml was
incubated for 5 min at 37°C. Twelve microliters of MetR
protein (9.6 ,ug) in 2x DBB plus 125 ,ug of BSA per ml or 2x
DBB alone was added, and the mixtures were incubated for
an additional 15 min at 37°C. Six microliters of DNase I (1.25
,ug/ml dissolved in 20 mM sodium acetate [pH 71-32 mM
CaCl2) was added to the reaction mixtures, and incubation
was continued for 30 s. The digestions were stopped with 25
ptl of DNase I stop mix (3 M ammonium acetate, 0.25 M
EDTA, 15 pug of sonicated calf thymus DNA per ml), and the
mixtures were precipitated with ethanol. The DNase I diges-
tion products were resuspended in sequencing dye mix and
run alongside the Maxam-Gilbert sequencing reaction mix-
tures of the DNA probe.

Si nuclease mapping. The Si nuclease mapping procedure
of Weaver and Weissmann (31) was used with minor modi-
fications. Plasmid pAlac was digested with EcoRI and
BamHI, and the 527-bp EcoRI-BamHI DNA fragment con-
taining the metA control region was isolated and labeled at
the 5' ends with [_y-32P]ATP and T4 polynucleotide kinase
(14). The two strands were then separated on an 8% poly-
acrylamide gel, and the strand complementary to the metA-
lacZ transcript was isolated and used as a probe (15). Total
cellular RNA was isolated as described previously (1).
Twenty micrograms of total cellular RNA was precipitated
along with an aliquot of the 32P-labeled single-stranded DNA
probe. The DNA pellets were resuspended in 10 plI of
hybridization buffer {(0.4 M NaCl, 0.04 M PIPES [piperazine-
N,N'-bis(2-ethanesulfonic acid); pH 6.4], 1 mM EDTA},
heated to 90°C for 2 min, and then allowed to hybridize at

65°C for 1 h. A 100-pd portion of cold Si nuclease buffer (0.25
M NaCl, 0.06 M sodium acetate [pH 4.6], 1 mM ZnSO4, 5%
glycerol) and 300 U of Si nuclease were added, and digestion
was carried out at 20°C for 1 h. The Si nuclease-resistant
products were then precipitated and electrophoresed on a
DNA sequencing gel adjacent to the Maxam and Gilbert G
sequencing reaction ladder of the DNA probe.
Scanning densitometry. The optical density of each band

from the Si nuclease mapping autoradiogram was measured
with a scanning densitometer. The results from the scanning
densitometer were quantified by cutting out and weighing
peaks representing each band in photocopies of the tracings.
The percentages were calculated by comparing the ratio of
the weight of the band from each lane to the weight of the
band from 719XAlac without homocysteine.

Nucleotide sequence accession number. The nucleotide
sequence data reported have been deposited with the Gen-
Bank nucleotide sequence data base under accession num-
ber M74188.

RESULTS

Sequence of the metA control region. The metA gene was
initially cloned on an EcoRI DNA fragment in cosmid vector
pMF7 and subsequently subcloned on a 3.4-kb AseI-EcoRI
DNA fragment into plasmid pBR322 (see Materials and
Methods). The location and orientation of the metA gene in
this fragment was determined as follows. A physical map of
the fragment was prepared and compared with the physical
map deduced from the sequence of the E. coli metA gene
(16). Several restriction enzyme sites appeared to be com-
mon to the E. coli metA gene and the 3.4-kb AseI-EcoRI
fragment carrying the S. typhimurium metA gene. A 207-bp
sequence near an AlwNI site, deduced to be near the metA
promoter, was determined and compared with the E. coli
metA sequence. The sequence showed 90% homology with
the E. coli metA structural gene sequence (16). The DNA
sequence was then extended to include the metA control
region and the beginning of the metA structural gene (Fig. 2).

Regulation of a metA-lacZ gene fusion. To facilitate regula-
tory studies, we constructed a XAlac phage which carries a
metA-lacZ gene fusion (see Materials and Methods). This
fusion encodes a chimeric P-galactosidase whose synthesis
is directed by the transcriptional and translational signals of
the metA control region. The XAlac phage was used to
lysogenize strains GS162 (wild type), GS718 (metB), and
GS597 (metJ). The metB mutation results in methionine
auxotrophy and should cause overexpression of metA during
methionine-limited growth. The lysogens 162XAlac,
718XAlac, and 597XAlac were grown in GM and, where
indicated, supplemented with either L-methionine (repress-
ing condition) or D-methionine, and ,-galactosidase levels
were measured (D-methionine is converted to L-methionine
by the cells and serves as a limiting source of methionine
[13]). Expression of the metA-lacZ fusion was derepressed
about eight- and sevenfold in the wild-type lysogen 162XAlac
grown in GM or GM supplemented with D-methionine, re-
spectively, compared with L-methionine (Table 2). Expres-
sion of the metA-lacZ fusion was derepressed 44-fold in the
metB lysogen 718XAlac grown in the presence of D-methio-
nine in comparison with L-methionine. Expression of the
metA-lacZ fusion was further elevated in the metJ lysogen
597XAlac, and L-methionine did not significantly repress
expression of the fusion. These results are consistent with
the MetJ-mediated repression reported previously for the
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5'CAATCCCGGCGCCAGTGTTAACGCCATGTTCAACCAGCATCTTACCGATACCCTGACC

GCGCACGTCCGGATCTATAAACAGAGCATCCATATGCTCACCGGTAAGCAGCATAAACCC

TACCGGCTCATCCTGATCGGTCACGGCAACCCATAGTGGCGCTTCTGGCAGAAAATCGCT

CACCAGTTCTTCCAGTTCGGCCCGATAAGCGTTTGACAGAAAATCGTGCGTGGCATCGAC

TGAGCGACGCCAGATCGCAATCAGTTTTTCCCCTTCCTCATGCCTTGAACGGCGAATGTT

\ DNas. I

AATCATCATCTTCACTCCTTTTTTGCTTACTTCTATTCTAATGCAAATGCTGTCGTGAAA

Protected Region1 -35 -10 +1

CTTTCTCACCTTGAACTTGCAGACTCGACATTCGCCTGATTTCTGAGTATCTTCAGCTAT
* ****

Met Pro Ile
CTGGATGTCTAAACGTTTAAACGTATTGTCGTGAGGTTATCAGGTT ATG CCG ATT

Arg Val Leu Asp Glu Leu Pro Ala Val Asn Phe Leu Arg Glu
CGC GTG CTG GAC GAG CTA CCC GCC GTC AAT TTT TTA CGT GAG

Glu Asn Val Phe Asp Met Thr Thr Ser Arg Ala Ser Gly Gln Glu
GAG AT_GTC TTCGAC ATG ACG ACT TCT CGC GCA TCA GGT CAG GAA

XmnI

Ile Arg Pro Leu Lys Val Leu Ile Leu Asn Leu Met Pro Lys Lys
ATT CGC CCG CTA AAG GTT CTT ATC CTT AAC CTG ATG CCG AAG AAG

Ile Glu Thr Glu Ile Gln Phe Leu Arg Leu Leu Ser Asn Ser Pro
ATT GAA ACG GAA ATC CAG TTT CTG CGT TTG CTA TCG AAC TCG CCA

AlwNI

Leu Gln Val Asp Ile Gln Leu
TTG CAG GTC GAT ATT CAA CTA '3

FIG. 2. DNA sequence of the S. typhimurium metA control
region. The transcriptional start point (+1) was determined by S1
nuclease mapping (Fig. 5). The most likely -35 and -10 promoter
regions are overlined and were assigned on the basis of their
locations relative to the transcription start site. The 26-bp region of
DNA protected from DNase I digestion by the MetR protein (Fig.
4) is indicated by the bracket. The interrupted palindrome 5'-
TGAANNTNNCTCA-3' (N = any nucleotide) that may constitute
the MetR recognition sequence is indicated by asterisks. The AlwNI
site that was used to determine the location and orientation of the
metA gene in the cloned fragment and the XmnI site that was used
to construct the metA-1acZ gene fusion are indicated.

intact S. typhimurium metA gene (22), indicating that the
XAlac fusion is regulated normally.

Effect of homocysteine on metA-lacZ expression. Homocys-
teine has been shown to play a positive role in MetR-

mediated activation of the metE gene but a negative role in
activation of the metH gene (29). To determine whether
homocysteine is involved in regulation of metA gene expres-
sion, the XAlac phage was used to lysogenize strain GS719
(metJ metB). This strain does not accumulate high levels of
homocysteine because of the metB mutation (Fig. 1), and it
can be used to test the effect of homocysteine supplementa-
tion on the expression of the metA-lacZ gene fusion. How-
ever, homocysteine cannot be completely eliminated be-
cause of the cyclical branch of the methionine pathway (Fig.
1). The metJ mutation eliminates changes in P-galactosidase

TABLE 2. Reguation of the metA-lacZ gene fusion

3-Galactosidase activity with indicated
Lysogen Relevant supplementa

genotype
No addition L-Methionine D-Methionine

162AAlac Wild type 81 10 74
712XAlac metB NDb 10 443
597AAlac metJ 1,490 1,480 1,357

a Units of activity are Miller units (17). Cells were grown in GM and, where
indicated, supplemented with either L-methionine or D-methionine.

b ND, not determined (since GM alone does not support growth).

TABLE 3. Effects of homocysteine on expression of the
metA-lacZ gene fusion

P-Galactosidase activity with
Relevant indicated supplementaLysogen genotype D-Methionine D-Methionine plus

homocysteine

719XAlac metJ metB 1,302 551
722XAlac metJ metB metF 487 368
747XAlac metJ metB metE 694 538

"Units of specific activity are Miller units (17). Cells were grown in GM
supplemented with D-methionine, either with or without DL-homocysteine.

levels being mediated by the MetJ repressor. Lysogen
719AAlac was grown in GM supplemented with D-methio-
nine or D-methionine plus homocysteine, and 3-galactosi-
dase levels were determined. In lysogen 719XAlac, homo-
cysteine supplementation resulted in about a 2.4-fold
decrease in 3-galactosidase activity (Table 3).
The XAlac phage was also used to lysogenize strains

GS722 (metJ metB metF) and GS747 (metJ metB metE). The
metE and metF mutations should result in the accumulation
of intracellular levels of homocysteine (8) through the cycli-
cal regenerative branch of the methionine pathway (Fig. 1).
When lysogens 722AAlac and 747AAlac were grown in GM
plus D-methionine, ,-galactosidase levels were significantly
reduced compared with lysogen 719AAlac (Table 3). The
addition of homocysteine to the growth medium resulted in a
small but reproducible decrease in ,-galactosidase levels.
These results suggest that homocysteine has an inhibitory
role in the regulation of the metA-1acZ gene fusion.

Effect of the MetR protein on metA-lacZ expression. To
determine whether the MetR protein mediates the inhibitory
effect of homocysteine on metA-lacZ expression, strains
GS719 (metJ metB), GS748 (metJ metR), and GS761 (metJ
metB metR) were lysogenized with the XAlac phage. These
lysogens were grown in GM supplemented with D-methio-
nine or D-methionine plus homocysteine, and P-galactosi-
dase levels were determined. In the metR lysogens 748AAlac
and 761XAlac grown in GM supplemented with D-methio-
nine, P-galactosidase levels were about 2.9- and 3.1-fold
lower than in the metR+ lysogen 719XAlac (Table 4). Homo-
cysteine supplementation still resulted in a small but repro-
ducible decrease in 3-galactosidase levels in these lysogens.

Expression of the metE gene requires a functional MetR
protein (30). Thus, metR mutants are phenotypically like
metE mutants. Since homocysteine would be expected to
accumulate to high levels in metR mutants, it is possible that
the reduced 3-galactosidase levels in the metR lysogens

TABLE 4. Effect of MetR protein on expression of the
metA-lacZ gene fusion

,B-Galactosidase activity
with indicated supplementa

Relevant
Lysogen genotype D D-Methionine

Methionine Plus homo-cysteine

719XAlac metJ metB 1,302 551
748XAlac metJ metR 444 369
761AAlac metJ metB metR 420 342
761XAlac(pGS69) metJ metB metRlmetE+ 343 322

a Units of specific activity are Miller units (17). Cells were grown in GM
supplemented with D-methionine, either with or without DL-homocysteine.
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FIG. 3. Gel mobility shift assay for binding of MetR protein to

the metA control region. Plasmid pAlac, which contains the metA
control region, was digested with EcoRI and BamHI and then
incubated with various dilutions of MetR protein to allow specific
protein-DNA complexes to form. The samples were then electro-
phoresed on a nondenaturing 5% polyacrylamide gel. The effect of
homocysteine on DNA-MetR complexes was determined by adding
1 mM L-homocysteine to the binding reaction mixtures. Lanes 1, 3,
5, and 7, twofold dilutions of purified MetR protein from 0.8 to 0.1
,ug; lanes 2, 4, 6, and 8, twofold dilutions of purified MetR protein
from 0.8 to 0.1 ,ug and 1 mM L-homocysteine; lane 9, no MetR
protein; lane 10, 1 mM L-homocysteine and no MetR protein. The
arrow indicates the position of the DNA-MetR complex.

748XAlac and 761AAlac are due to high intracellular levels of
homocysteine rather than to the absence of a functional
MetR protein. To determine which of these possibilities is
most likely, lysogen 761XAlac was transformed with plasmid
pGS69, a multicopy plasmid containing the S. typhimurium
metE gene (30). Although the metE gene is expressed at only
about 5% of the wild-type level in metR mutants, the
multiple copies of the metE gene in the transformed cells
provide sufficient homocysteine transmethylase levels to
utilize homocysteine produced by the cyclical pathway.
Thus, if high intracellular homocysteine were responsible for
decreased metA-lacZ expression in the metR mutants, ,B-ga-
lactosidase levels would be expected to increase in lysogen
761XAlac (pGS69). As shown in Table 4, ,-galactosidase
levels in lysogen 761XAlac (pGS69) were not changed signif-
icantly from those in the untransformed cells, suggesting that
the MetR protein is required for full metA-lacZ gene expres-
sion.
Binding of the MetR protein to the metA control region. The

MetR protein has been shown to activate metE gene expres-
sion by binding to metE promoter region DNA (4, 28). A gel
mobility shift assay was used to determine whether the MetR
protein binds to the metA control region and whether homo-
cysteine contributes to the binding of this protein. Plasmid
pAlac was digested with EcoRI and BamHI to generate a
527-bp EcoRI-BamHI fragment containing the metA control
region. The DNA was incubated with or without MetR
protein and with or without 1 mM L-homocysteine (see
Materials and Methods). The protein-DNA complexes were
then analyzed on a nondenaturing 5% polyacrylamide gel.
The addition of the MetR protein shifted the normal mobility
of the DNA fragment to a more slowly migrating form (Fig.
3, lanes 1 to 8). As the amount of MetR protein decreased
from 0.8 to 0.1 R,g, a decreasing amount of the DNA
fragment was shifted. The addition of 1 mM L-homocysteine
did not significantly alter the affinity of binding of the MetR
protein to the DNA.

FIG. 4. Protection from DNase I digestion of the metA control
region by the purified MetR protein. The 32P-labeled 527-bp metA
DNA probe was incubated with (lane 2) or without (lane 1) 9.6 ,ug of
purified MetR protein and then subjected to partial DNase I diges-
tion. The reaction mixtures were run alongside Maxam and Gilbert
sequencing reaction mixtures of the same DNA fragment. The
region of the probe protected from DNase I digestion is indicated by
the bracket and is shown in Fig. 2.

Location of the MetR-binding site. A DNase I protection
assay was used to locate the binding site for the MetR
protein on the 527-bp EcoRI-BamHI DNA fragment carrying
the metA control region (see Materials and Methods). As
shown in Fig. 4, the MetR protein protected a 26-bp region
from DNase I attack (lane 2). This region was not protected
in the absence of MetR protein (lane 1). The sequence
protected by the bound MetR protein is indicated by the
bracket in Fig. 2.

Transcriptional regulation of the metA gene. To determine
whether regulation of the metA-lacZ gene fusion by the
MetR protein and homocysteine occurs at the transcriptional
level, an Si nuclease assay was used to measure relative
levels of metA-lacZ mRNA (see Materials and Methods).
The cellular RNA used was prepared from lysogens
719XAlac and 761XAlac grown in GM supplemented either
with D-methionine or with D-methionine plus homocysteine.
The results are shown in Fig. 5. The relative amounts of
metA-lacZ mRNA were quantitated from the autoradiogram
by densitometry (see Materials and Methods). For lysogen
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FIG. 5. Transcriptional regulation of the metA-1acZ gene fusion
by the MetR protein and homocysteine. Lysogens 719XAlac and
761XAlac were grown in GM supplemented with either D-methionine
or D-methionine plus homocysteine and were used to prepare total
cellular RNA. Equal amounts of RNA from each culture were

hybridized to a 32P-labeled DNA probe containing the S. typhimu-
rium metA control region and then digested with S1 nuclease. The
Si nuclease-resistant products (arrow) were run on a DNA sequenc-
ing gel adjacent to the G sequencing reaction mixture of Maxam and
Gilbert (15). Lane 1, 719XAlac grown with D-methionine; lane 2,
719AAlac grown with D-methionine plus DL-homocysteine; lane 3,
761XAlac grown with D-methionine; lane 4, 761XAlac grown with
D-methionine plus DL-homocysteine.

719XAlac, the addition of homocysteine resulted in about a
fourfold decrease in metA-lacZ mRNA (Fig. 5; compare
lanes 1 and 2). For lysogen 761XAlac, grown either with or
without homocysteine, there was a 9- to 10-fold decrease in
metA-lacZ mRNA compared with 719AAlac grown with
D-methionine (Fig. 5; compare lane 1 with lanes 3 and 4).
These results suggest that homocysteine and the MetR
protein control metA-lacZ gene expression at the level of
transcription.

DISCUSSION

The S. typhimurium metA gene was cloned, and the
nucleotide sequence of the control region and the beginning
of the structural gene was determined (Fig. 2). The sequence
determined is similar to that of the metA control region from
E. coli (16) and allowed us to predict the promoter region and

translation start site. The -10 and -35 promoter sequence
elements are identical in E. coli (16) and S. typhimurium and
show matches of 4 and 5 out of 6 bp with the promoter
consensus sequences (20), respectively. From Si nuclease
mapping (Fig. 5), it was deduced that transcription initiates 6
bases downstream from the proposed -10 sequence. This is
the same transcription start site found in E. coli. A second
transcriptional start site reported for the E. coli metA gene
(16) at position -76 was not found in S. typhimurium by Si
nuclease mapping. The translation start codon is preceded
by a 48-base leader transcript.
A AAlac phage carrying a metA-lacZ gene fusion (AAlac)

was constructed in order to study regulation of the metA
gene. In the wild-type lysogen 162AAlac, methionine re-
pressed metA-lacZ expression about 8-fold (Table 2),
whereas in the metB lysogen 718Alac, methionine repressed
expression 44-fold. In the metJ lysogen 597XAlac, methio-
nine-mediated repression was lost (Table 2). These results
indicate that the metA-lacZ gene fusion is expressed from
the normal metA control region.
Homocysteine has been shown to play a positive role in

MetR-mediated activation of the metE gene and a negative
role in activation of the metH gene (29). In the metJ metB
lysogen 719XAlac, which does not accumulate high levels of
homocysteine because of the metB mutation, homocysteine
supplementation of the medium resulted in a 2.4-fold de-
crease in P-galactosidase levels (Table 3). In lysogens
722XAlac and 747XAlac, the metF and metE mutations result
in the accumulation of intracellular homocysteine produced
endogenously from S-adenosylmethionine by the cyclical
branch of the methionine pathway (Fig. 1). These strains
have low ,-galactosidase levels without homocysteine sup-
plementation. The addition of homocysteine, however, still
results in a small but reproducible decrease in P-galactosi-
dase levels. We have no explanation for why this additional
decrease occurs. The results indicate that homocysteine
plays an inhibitory role in metA-lacZ expression.

In the metJ metR lysogen 748AAlac and the metJ metB
metR lysogen 761AAlac, where the MetR protein is inacti-
vated, metA expression is decreased 2.9- to 3.1-fold (Table
4). Since metR mutants behave phenotypically like metE
mutants and are expected to accumulate high intracellular
levels of homocysteine, the decrease in P-galactosidase
synthesis in the metR lysogens could be due to an absence of
the MetR protein, high homocysteine levels, or both. How-
ever, when the metJ metB metR lysogen 761XAlac was
transformed with the multicopy plasmid pGS69, which car-
ries the S. typhimurium metE gene, P-galactosidase levels
were essentially the same as in the untransformed cells
grown in GM plus D-methionine (Table 4). The multiple
copies of metE provide enough homocysteine transmethy-
lase to keep intracellular homocysteine concentrations low.
These results suggest that the MetR protein is a positive
activator of the metA gene. It should be noted that in the
metR lysogens, homocysteine addition to the growth me-
dium still results in a small but reproducible decrease in
P-galactosidase levels. It is possible that part of the homo-
cysteine effect occurs via a second mechanism independent
of the MetR protein.
Although the MetR protein appears to serve as a positive

regulator for the metA gene, its absence does not completely
eliminate metA-lacZ expression (Table 4). Similar results are
also observed for MetR-mediated activation of the E. coli
glyA gene (19) and the S. typhimurium metH gene (27). This
is consistent with previous reports that although metR
mutants reduce metE gene expression sufficiently to cause
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-61 -35

metE TTCGATCATGAAAGTCCTTCACTTCGCCATGAACAAATTGCGCTTGAGG
-56

metH

-35

TGGCAAGCTGAACATGTCTCATGTTGCCCGTTGTTCTCTTTTCC

-57 -35

metA TGCTGTCGTGAAACTTTCTCACCTTGAACTTGCAGACTCGACA

FIG. 6. Comparison of the 26-bp MetR-binding sites from the S.
typhimurium metE (28), metH (27), and metA genes. The interrupted
palindromes are underlined, and the -35 promoter regions are
overlined. The number at the center of each interrupted palindrome
is the distance from the respective transcription start site.

methionine auxotrophy, vitamin B12 supplementation allows
slow growth via the alternate MetH transmethylase, imply-
ing that homocysteine is produced by the nonfolate branch at
levels high enough to sustain slow growth (30).
Although the Si nuclease mapping results suggest that

homocysteine and the MetR protein control metA-lacZ gene
expression at the level of transcription, we are not certain
why there is not a better correlation between the levels of
mRNA and the levels of 3-galactosidase. For lysogen
719XAlac, the addition of homocysteine resulted in about a
4-fold decrease in metA-lacZ mRNA (Fig. 5; compare lanes
1 and 2) and about a 2.4-fold decrease in 3-galactosidase
levels (Table 3). For lysogen 761XAlac, grown either with or
without homocysteine, there was a 9- to 10-fold decrease in
metA-lacZ mRNA (Fig. 5; compare lane 1 with lanes 3 and
4), and about a 3.1-fold decrease in P-galactosidase levels
(Table 4). It is possible that metA is also regulated posttran-
scriptionally. We are constructing appropriate metA-lacZ
transcriptional fusions to test this possibility.
A gel mobility shift assay showed that the MetR protein

binds to a DNA fragment carrying the metA control region
(Fig. 3). Homocysteine did not significantly alter the DNA-
binding affinity of MetR protein. Similar results have been
found for the S. typhimurium metE and metH genes (3, 28).
By using a DNase I footprinting assay with purified MetR

protein, a 26-bp segment beginning 9 bp upstream from the
-35 promoter sequence that is protected from DNase I
attack was identified (Fig. 4). This 26-bp region was com-
pared with the DNA sequences of the control regions of the
S. typhimurium metE (28) and metH (27) genes, which are
also activated by MetR. Within the protected region is an
interrupted 8-bp palindrome showing a match of 7 out of 8 bp
with the palindrome found in the metE promoter region and
a match of 8 out of 8 bp with the palindrome found in the
metH promoter region (Fig. 6). The interrupted palindrome
is conserved in the E. coli metA sequence (16), suggesting
that MetR plays a role in regulating the metA gene in this
organism as well. The center of the palindrome for the MetR
binding site is located 23 bp upstream from the -35 promoter
region of the metA gene. The analogous distances are 24 bp
for the metH gene (27) and 29 bp for the metE gene (28). It
is interesting that homocysteine plays a positive role in metE
expression (29) but an inhibitory role in both metH (29) and
metA expression. The results are consistent with the hypoth-
esis that the 5- or 6-bp difference in spacing between the
MetR-binding site and the -35 promoter elements plays a
role in the opposite effects of homocysteine on expression of
the metE gene and on expression of the metA and metH
genes.
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