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Abstract An ABC-type transporter in Escherichia coli that
transports both L- and D-methionine, but not other natural
amino acids, was identified. This system is the first func-
tionally characterized member of a novel family of bacte-
rial permeases within the ABC superfamily. This family
was designated the methionine uptake transporter (MUT)
family (TC #3.A.1.23). The proteins that comprise the
transporters of this family were analyzed phylogenetically,
revealing the probable existence of several sequence-di-
vergent primordial paralogues, no more than two of which
have been transmitted to any currently sequenced organ-
ism. In addition, MetJ, the pleiotropic methionine repres-
sor protein, was shown to negatively control expression of
the operon encoding the ABC-type methionine uptake
system. The identification of MetJ binding sites (in gram-
negative bacteria) or S-boxes (in gram-positive bacteria)
in the promoter regions of several MUT transporter-en-
coding operons suggests that many MUT family members
transport organic sulfur compounds.
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Introduction

Methionine transport and its regulation have been exten-
sively studied in both Escherichia coli and the phyloge-
netically related bacterium Salmonella typhimurium. E. coli
has been shown to have two transport systems for L-me-
thionine (Kadner 1974) but only one system for D-me-
thionine (Kadner 1977). Spontaneous mutants selected for
their capacity to grow on toxic methionine analogues were
generated. A metD mutant lacks both high-affinity uptake
activity for L-methionine (Kadner 1974) and lower affin-
ity uptake activity for D-methionine (Kadner 1977; Kad-
ner and Watson 1974). Specificity of the transport system
for L- and D-methionine and related compounds has been
examined (Kadner 1974, 1977), but inhibitory studies with
other amino acids have not been reported. A metD mutant
has also been isolated in S. typhimurium and exhibits
characteristics similar to those of the corresponding mu-
tant in E. coli (Ayling and Bridgeland 1972; Ayling et al.
1979; Betteridge and Ayling 1975; Poland and Ayling 1984).

Studies of energy coupling for methionine uptake in
E. coli have suggested that transport is driven by phos-
phate bond energy, presumably ATP (Kadner and Winkler
1975). Moreover, the MetD transport system has been
shown to be sensitive to osmotic shock and to inhibition
by arsenate in both E. coli and S. typhimurium (Cottam
and Ayling 1989; Kadner and Winkler 1975). It was there-
fore suggested that the major uptake system is an ATP-
binding cassette (ABC) transporter. ABC transporters usu-
ally consist of a transmembrane protein, a cytoplasmic
ATP-hydrolyzing (ABC) protein, and at least one sub-
strate-binding receptor.

The metD mutation was mapped to 4.8 minutes on the
E. coli chromosome (Berlyn 1998). Mapping of the metD



locus in S. typhimurium has revealed that several genes,
when mutated, give rise to the metD phenotype (Grundy
and Ayling 1992). In the work reported here, we identify
an ABC transporter mapping very near 4.8 minutes, which
proves to be the MetD transporter.

Methionine biosynthetic genes in E. coli are regulated
by the Met] repressor (Greene 1996; Sekowsha et al.
2000; Weissbach and Brot 1991), and a Met] DNA bind-
ing site consensus sequence has been derived (Saint-
Girons et al. 1984). Evidence is available suggesting that
methionine transport is also regulated by MetJ since cells
grown in medium containing methionine have lower lev-
els of methionine transport (Kadner 1975), and methion-
ine auxotrophs with a metJ mutation have higher transport
activity (Kadner 1975, 1977). The recent identification of
a Met]J binding site in the promoter region of the ABC
transporter mentioned above (Liu et al. 2001) corrobo-
rated this hypothesis.

Recently, Gal et al. (2002) and Merlin et al. (2002) re-
ported growth studies that led to the tentative molecular
identification of this transporter (abc-yaeE-yae-C) which
they renamed metNIQ. The Met] protein, in the presence
of methionine, but not in its absence, was also shown to
repress expression of the operon. Although no transport
studies have been reported, it has been suggested that the
three-gene cluster encodes the methionine transporter
characterized physiologically by Kadner and his collabo-
rators.

In this study, we confirm and substantially extend the
previously reported work. We (1) report the first transport
studies with this system, revealing that MetD transports
both L- and D-methionine and probably formyl methion-
ine; (2) resolve the question as to whether both L- and
D-methionine are recognized by the same receptor; (3) pro-
vide evidence that NIpA (Yamaguchi and Inouye 1988;
Yu et al. 1986) may, under certain conditions, serve as a
poor L- and D-methionine receptor, feeding inefficiently
into MetD; (4) show that MetJ represses expression of the

Table1 Strains and plasmids used in this study
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metD operon; and (5) provide detailed phylogenetic data
that define a novel family within the ABC superfamily,
which we have called the methionine uptake transporter
(MUT) family (TC #3.A.1.23).

Materials and methods

Bacterial strains and media

E. coli strains and plasmids used in this study are listed in Table 1.
All studies were conducted in the genetic background of strain
BW25113. Bacteria were cultured in Luria-Bertani (LB) broth or
M9 minimal medium at 37 °C (Sambrook et al. 1989). When ap-
propriate, ampicillin (Ap) and/or kanamycin (Km) was/were added
to the medium at 100 and/or 25 pg/ml, respectively. Unless other-
wise stated, chemicals were purchased from Sigma-Aldrich.

Generation of deletion mutants

Deletion mutants were generated using the methods described by
Datsenko and Wanner (2000). To prepare competent cells for trans-
formation, BW25113 containing pKD46 was cultured at 30 °C in
SOB broth (Sambrook et al. 1989) containing ampicillin and 2 mM
L-arabinose. When the ODy, reached 0.5, the culture was centrifuged
at 2,000xg for 5min, and the cells were washed three times with
cold 10% glycerol before being resuspended in a minimal volume
of 10% glycerol (1% of the original culture). The competent cells
were stored at —80 °C prior to use. PCR methods were used to
clone the kanamycin gene from pKD4 using the primers described
in Table2. The PCR products were purified using a Qiagen Kkit,
treated with Dpnl, and repurified by electrophoresis. BW25113
competent cells were transformed with the kanamycin gene by
electroporation (Gene Pulser, pulse controller at 2002, capaci-
tance at 250 uFD, and voltage at 2.5 kV). After electroporation, the
cells were grown with shaking in 1 ml of SOC (Sambrook et al.
1989) at 37 °C for 1h, and the cultures were plated onto LB agar
medium containing kanamycin. The kanamycin-resistant transfor-
mants were purified on new kanamycin-LB plates. The mutants in
which the target genes were replaced by the kanamycin gene were
verified by three PCRs using bacterial DNA as the template. The
first PCR used forward primer k,(5-CGGTGCCCTGAAT
G A ACTG C-3) and reverse primer k, (5-CGGCCACAG
TCGATGAATC C-3") (Datsenko and Wanner 2000), both of

Strain/plasmid Genotype Reference

Strain
LJ 3001 (BW25113) lacl9rrnBri4 AlacZyy6hsdRS 14 AaraBAD p33 ArhaBADy nrg Datsenko and Wanner 2000
LJ 3015 BW25113 Aabc-yaeE (AmetNI) This study
LJ 3016 BW25113 AyaeC (AmetQ) This study
LJ 3017 BW25113 AnipA This study
LJ 3018 BW25113 AyaeC AnipA This study
LJ 3019 BW25113 AyaeE-abc AykfD (AmetNI AmmuP) This study
LJ3020 BW25113 AykfD This study
LJ 3021 BW25113 AmetJ This study

Plasmid
pKD46 oriR101 repAl101(ts) araBp-gam-bet-exo Ap* Datsenko and Wanner 2000
pKD4 oriR, Ap"Km" Datsenko and Wanner 2000
pCP20 AcI857(ts) ts-rep Datsenko and Wanner 2000
pBAD24 Expression vector, Ap” Guzman et al. 1995

pBAD24-metD
pBAD24-met]

pBAD24 carrying metD operon
pBAD24 carrying metJ

This study
This study
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Table2 Primers used for generation and verification of BW25113 mutants. For all gene mutations, pKD4 was used as the template for

cloning the kanamycin gene

Gene Primers (5'—3)

abc-yaeE (metNI) Generation

GATGCGGTCGCCTGCGAACTGAATTAAATAAACCAGAATGACCAGGTGTAGGCTGGAGCTGCTTC (forward)
CTTAATGACGATATAAATAATCAATGATAAAACTTTCGAATATCCATATGAATATCCTCCTTAG (reverse)

Verification
abc-yaeE 3: CGTTACTTGCGAGTGACAGC
abc-yaeE 4: GCATGTGACGCTAGTATCGC

yaeC (metQ) Generation

TTACAAATTGTGGAAACAGCCTAAAAATTACCAGCCTTTAACAGCGTGTAGGCTGGAGCTGCTTC (forward)
AAGGAATAAGGTATGGCGTTCAAATTCAAAACCTTTGCGGCAGTGCATATGAATATCCTCCTTAG (reverse)

Verification
yaeC 3: ACAGCCGCTTAGCATGAGTG
yaeC 4: AATTCAGTTCGCAGGCGACC

nlpA Generation

ACCGCAGCGACCTTACCGCTATAGTCAGGTAATCATTAATAAAAGGTGTAGGCTGGAGCTGCTTC (forward)
TGAGAATTACCAGCCAGGCACCGCGCCACCGTTAAAAATGGTTTCCATATGAATATCCTCCTTAG (reverse)

Verification
nlpA 3: CGTGGTCAGTAAGAAGTGCC
nlpA 4: GCTGCTGATTCTGTCATCGG

ykfD (mmuP) Generation

GGTTGACTTTGCATTCTGTTAACAAACGCGGTATAACAAACCGTGTAGGCTGGAGCTGCTTC (forward)
GGTTGAGTAAGGAAATAAGCACCATAGCACAACGCAACAAACCATATGAATATCCTCCTTAG (reverse)

Verification
ykfD 3: GACTTGTTCGCACCTTCC
ykfD 4: GGCTGTCGGCTAAGTTAC

metJ Generation

TGGTCTGGTCTCAATTTATTGACGAAGAGGATTAAGTATCTCATGGTGTAGGCTGGAGCTGCTTC (forward)
TAGCGCATCAGGCGATTCCACTCCGCGCCGCTCTTTTTTGCTTTACATATGAATATCCTCC AATG (reverse)

Verification
met] 3: CAACTGTGTGGTCTGGTCTC
met] 4: TGCGATGAGCGAGAGATCTG

which are designed from the internal kanamycin gene. The second
PCR used primer k, and primer 4 (reverse, Table 2). The third PCR
used primers 3 and 4 (Table 2). To delete the kanamycin gene from
the chromosome, pKD46 was removed from the cells by growing
the bacteria at 37 °C, and then pCP20 was introduced by transfor-
mation. The transformants containing pCP20 were grown over-
night with shaking at 42 °C, and the cultures were plated on LB
agar without antibiotics. Colonies were tested for sensitivity to
kanamycin and ampicillin. To verify the loss of the kanamycin
gene, the last PCR using primers 3 and 4 (see above, Table 2) was
repeated. Growth experiments were carried out in M9 minimal me-
dium, with MgCl, replacing MgSO, and with 20 UM L-methionine
or 100 uM D-methionine serving as the sole sulfur source.

DNA manipulations and gene cloning

Standard methods were used for chromosomal DNA isolation, re-
striction enzyme digestion, agarose gel electrophoresis, ligation,
and transformation (Sambrook et al. 1989). Plasmids were isolated
using spin miniprep kits (Qiagen, Chatsworth, Calif., USA), and
PCR products were purified using Qiaquick purification kits (Qia-
gen). For gene cloning, the metD operon (abc-yaeE-yaeC) and metJ
gene were amplified from wild-type E. coli BW25113 chromoso-
mal DNA by PCR. The following primers were used for gene am-
plification (restriction sites Kpnl, Xbal and HindIII are underlined)
—for metD,5>-CGCGGTACCGATAAAACTTTCG

AATATCACC3and5-CGCCTCTAGATTACA
AATTGTGGAAACAGCC-3, and for met/, 5-G A A
TCTAGACATGGCTGAATGGAGCGGCG-3
and - CGCCAAGCTTAGTATTCCCACGTCT
C C G-3’. The PCR products were purified, treated with Kpnl and
Xbal (for metD) or with Xbal and HindIIl (for metJ), and then
cloned into pPBAD24 (Guzman et al. 1995).

Transport assays

Cells grown in M9 minimal medium were harvested in the expo-
nential growth phase, washed once in Tris-maleate (TM) buffer,
pH 7.0, and resuspended in the same buffer containing 0.5% D,L-
lactate plus 100 g chloramphenicol/ml. Uptake studies were con-
ducted at 37 °C over a 10-min time interval with the cell density at
an ODyg, of 0.10 and 0.40 and the methionine concentration at
0.5uM (50,000 cpm/ml; 55 pCi/umol) and 5.0 uM (50,000 cpm/
ml; 5.5 uCi/umol), respectively, for the L- and D-isomers. 1-[1*C]L-
and D-methionine were purchased from American Radiolabeled
Chemicals. Aliquots (100 pul) were periodically removed from the
1-ml cell suspensions. Cells were transferred to 10 ml of ice-cold
TM buffer, filtered (0.45-um Millipore filters) and washed twice
with the same buffer. After drying the filters, radioactivity was
measured by scintillation counting using 10ml of Biosafe NA
scintillation fluid (Research Products International, Mt. Prospect,
Ill., USA). For comparison of the uptake of L-methionine between



the abc-yaeE and the abc-yaeE mmuP mutants, L-methionine con-
centrations of 13 and 103 uM (12 uCi/umol) were used since the
low-affinity L-methionine transporter was analyzed. Initial uptake
rates were inhibited over a 5-min time interval for both L- and
D-methionine. Unless otherwise stated, the concentration of the
non-radioactive inhibitory amino acid was ten times the methionine
concentration. The uptake activity attributed to MetD alone was
obtained by subtracting the activity remaining in the absence of
MetD function from the wild-type activity (e.g., see Table 3), as-
suming that loss of MetD does not activate some other transporter.

Computer methods

Sequences of the proteins that comprise the three constituents of
MUT family permeases were obtained by initial BLAST searches
(Altschul et al. 1997) using the sequences of the three E. coli MetD
permease constituents as query. The resulting hits were filtered
through a program manipulating the BLAST program to eliminate
the sequences more related to other families in the ABC superfam-
ily (C. Tran and M.H. Saier, Jr., unpublished program).

Multiple sequence alignments were constructed using the
Clustal X program (Thompson et al. 1997). The gap penalty and
gap extension values used with the Clustal X program were 10 and
0.1, respectively, although other combinations were tried. The
HMMTOP (Tusnady and Simon 1998, 2001) and TMHMM
(Krogh et al. 2001; Sonnhammer et al. 1998) programs were used
to determine the predicted numbers of transmembrane segments.
Phylogenetic trees were derived from alignments generated with
the Clustal X program using the BLOSUM 62 scoring matrix. The
trees were drawn using the TreeView program (Page 1996). Com-
plementary trees were constructed using the Phylo_win program
(Galtier et al. 1996) with the neighbor-joining method and PAM
distances as the model of evolution. This study was conducted in-
dependently for the three protein constituents of the ABC trans-
porters that comprise the MUT family, and the sequences obtained
were checked manually to see whether all three ABC elements had
been identified for each transporter.

G+C content was analyzed with the GeeCee program (Rice
et al. 2000), and codon usage was analyzed with the Countcodon
program from the Codon Usage Database website (http://www.
kazusa.or.jp/codon/countcodon.html). The lipoproteic structure of
the receptors was predicted with the Lipop section of the PSORT
program (http://psort.nibb.ac.jp). S-boxes were predicted with the
RNApattern program (Vitreschak et al., unpublished program).

Results
Growth studies

Figure 1 shows the growth of the isogenic strains described
above with 100 uM D-methionine as the sole source of
sulfur. The wild-type strain, the n/pA mutant, and the ykfD
(Thanbichler et al. 1999) mutant grew equally well, but
the abc-yaeE mutant and the yaeC nlpA double mutant as
well as the abc-yaeE-ykfD triple mutant grew very poorly.
Both the growth rates and growth yields were substan-
tially depressed. These effects were completely reversed
by inclusion of a plasmid (pBAD24) bearing the metD
(abc-yaeE-yaeC) operon (data not shown, see supplemen-
tary Fig. S1 in the electronic supplementary material). The
yaeC single mutant grew substantially better than the two
double mutants but much less well than the wild-type strain.
When 20 uM L-methionine served as the sole source of
sulfur, the difference between the wild-type and the dou-
ble mutants was less pronounced than when D-methionine
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Fig.1 Growth of Escherichia coli as a function of time in M9
minimal medium in which MgSO, was replaced by 1 mM MgCl,
and D-methionine was added at a concentration of 100 uM as the
sole sulfur source present. The growth experiments were con-
ducted three times, and the results were averaged. The following
strains were examined: wild-type (BW25113) (®), Aabc-yaeE
(M), AyaeC (A), AnipA (@), AyaeC-AnlpA (<), AykfD ([J) and
Aabc-yaeE AykfD (A). Error bars indicate standard deviations
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Fig.2 Uptake of 1-['*C]L-methionine (a) and 1-['*C]p-methionine
(b) by wild-type (BW25113) (@), Aabc-yaeE (B), AyaeC (A),
AnipA (@), AyaeC-AnipA (<), AykfD (OJ) and Aabc-yaeE AykfD (A)
cells. Cells grown in M9 minimal medium were prepared as de-
scribed in Materials and methods. Uptake assays were carried out at
37 °C over a 10-min time interval with the optical densities (600 nm)
at 0.1 (a) or 0.4 (b) and the methionine concentrations at 0.5 uM
(55 uCi/umol) or 5 uM (5.5 uCi/umol) (both at 50,000 cpm/ml), re-
spectively, for the L- or D-isomers. Values are expressed in pmol
L- or D-methionine retained per mg bacterial dry weight. The exper-
iment was conducted three times, and the results reported represent
an average of the values obtained. Error bars indicate standard de-
viations
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was used (Fig. 1; data not shown). However, depressed
growth suggested that the transporter could accept both
D- and L-methionine as substrates.

Transport studies

Figure 2 shows the uptake of ['*C]L-methionine (Fig.2a,
0.5uM) and ["“C]p-methionine (Fig.2b, 5uM), respec-
tively. Relative rates of uptake of the two substrates by the
wild-type and mutant strains were essentially the same.
Thus, the wild-type, and the mutant strains ykfD and nlpA
took up the amino acids at nearly the same rate; the two
double mutants (abc-yaeE and yaeC nipA) took up both
substrates poorly, and the yaeC single mutant took up
both substrates poorly but slightly better than the double
mutants. These depressed uptake rates were largely re-
versed by inclusion of the plasmid-encoded metD operon
in these strains (data not shown; see Fig.S2 in the elec-
tronic supplementary material). It was therefore con-
cluded that: (1) both L- and D-methionine are substrates of
the Abc-YaeE-YaeC transporter, and (2) the binding re-
ceptor YaeC, and possibly NIpA, can activate both D- and
L-methionine uptake. If NIpA acts as a receptor for the

Abc-YaeE system, it is a much less effective receptor than
YaeC. For both isomers, residual uptake was observed in
the abc-yaeFE mutant, suggesting that a second transporter
exists both for L- and for D-methionine. We tested the
transport of L- and D-methionine at concentrations of 10 and
100 uM in the mmuP abc-yaeFE triple mutant, but no sig-
nificant difference was observed relative to the abc-yaeE
mutant (data not shown). This result is consistent with the
indistinguishable growth rates between the abc-yaeE-yaeC
and the abc-yaeE-yaeC mmuP mutants observed by Gal et
al. (2002) in a methionine auxotrophic strain grown in
minimal medium supplemented with L-methionine. It can
therefore be assumed that the S-methylmethionine perme-
ase MmuP is not responsible for the residual transport of
L- or D-methionine observed in the abc-yaeE mutant.

Inhibition studies

Table 3 summarizes the inhibitory effects of several non-
radioactive amino acids present at ten-fold the concentra-
tion of the radioactive amino acid on uptake of both L- and
D-methionine. Uptake of L-methionine by the wild-type
bacteria was strongly inhibited by L-methionine and weakly

Table 3 Inhibition of L-me-

thionine (top) and D-methion- Inhibitor Wild-type Aabc-yaeE Wild-type—Aabc-yaeE*
Lo bosomars of several Rate % Rate % Rate %
aimno acids. Assays were done 688.8+88 100  230.4%16 100 4585472 100
as described in Materials and L.
methods with the non-radioac- L-Methionine 47.55 7 41.848 18 5.743 1
tive inhibitory amino acids at D-Methionine 635.3+45 92 298.6£16 129 336.8+£30 73
10x the concentrations of the N-Formyl-L-methionine  268.3+18 39 258.9+13 112 9.3+5 2
radioactive substrate. Rate of | _Alanine 627.4%56 91 176.9420 77 451.1+35 98
?3‘111;61;2 Z’;Pffvs:;ig %f]?ﬁ}/ p-Alanine 6495440 94 281.6+22 122 367.9+18 80
type—Aabc—yyaeE is the uptake L-Leucine 581.8+40 84 179.7+16 78 402.1+£24 88
activity attributed to MetD D-Leucine 677.5£56 98 245.6136 107 431.9+20 94
alone L-Valine 528.1+£50 77 159.1+18 69 369.0+31 80
L-Serine 833.2+105 121 271.7£17 118 561.5+88 122
D-Serine 590.3+57 86 304.8+25 132 285.5+34 62
L-Threonine 612.7£76 89 151.7£25 66 461.051 101
D-Threonine 649.8+72 94 245.6+34 107 404.1+£38 88
Inhibitor Wild-type Aabc-yaeE Wild-type—-Aabc-yaeE
Rate % Rate % Rate %0
- 287.8+31 100 68.4+11 100 219.3£20 100
D-Methionine 34.2+4 12 28.8+5 42 5.4+1 2
L-Methionine 66.7£12 23 36.5+5 53 31.1x6 14
N-Formyl-L-methionine  71.6+11 25 45.81£8 67 25.734£3 12
L-Alanine 273.0+25 95 77.81£9 114 195.2+16 89
D-Alanine 306.5£29 106 73.1£7 107 2333322 106
L-leucine 269.1+24 94 75.4+14 110 193.7+£10 88
D-Leucine 258.2+26 90 84.0+4 123 174.2+22 79
L-Valine 232.6+21 81 65.319 95 167.2+12 76
L-Serine 327.5+£36 114 70.8£10 103 256.7+26 117
D-Serine 338.3+23 118 85.617 125 252.8+17 115
L-Threonine 345.3+£33 120 84.0£11 123 261.31£22 119
D-Threonine 329.8+33 115 87.916 128 241.9+27 110




inhibited by N-formyl L-methionine. However, no other
amino acid inhibited strongly. Uptake by the abc-yaeE
mutant was most strongly inhibited by L-methionine and
to a lesser extent by L-threonine, L-valine, L-alanine, and
L-leucine. When uptake of D-methionine was studied in
wild-type E. coli, L-methionine was most inhibitory fol-
lowed by N-formyl L-methionine and D-methionine in that
order, but no other amino acid inhibited. In the abc-yaeE
mutant, only L-methionine inhibited strongly. The mild in-
crease of transport rate observed in the presence of some
amino acids is unexplained. The results are consistent
with the conclusion that the MetD transporter is specific
for L- and D-methionine as well as N-formyl-L-methion-
ine. The relative inhibitory effects of L- and D-methionine
on uptake of these two radioactive substrates are in line
with the relative affinities reported by Kadner (1974,
1977) (K,, values of 75nM for L-methionine (Kadner
1974) and 1.2 uM for D-methionine (Kadner 1977)). Inhi-
bition studies of D-methionine uptake were also conducted
with 100- and 1,000 fold excess of both L- and D-methio-
nine. The results were consistent with the existence of a
second low-affinity transporter for methionine (data not
shown). Surprisingly, the uncharacterized methionine trans-
porter present in the mutant is also fairly specific for me-
thionine.

The effects of energy poisons were also examined (data
not shown; see Fig.S3 in the electronic supplementary
material). The conditions used were essentially the same
as those reported in Zhang et al. (2003). Five mM sodium
arsenate virtually abolished uptake of both L- and D-me-
thionine under the same conditions used in the experiment
reported in Fig.2. FCCP (carbonyl cyanide 4-trifluoro-
methoxyphenylhydrazone) at a concentration of 2 uM was
substantially less inhibitory (see Fig.S3 in the electronic
supplementary material). The results clearly suggest that
uptake is energy dependent and are consistent with the ex-
pectation that ATP is the energy source.

Regulation of metD operon expression by MetJ

A metJ knockout mutant was constructed, and metJ was
cloned into plasmid pBAD24 for complementation stud-
ies. Using ['“C]D-methionine as the uptake substrate, the
effects of metJ expression plus and minus L- and D-me-
thionine were studied (Fig.3). In Fig.3a, it can be seen
that the presence of either L- or D-methionine substantially
reduced uptake of D-methionine into wild-type cells. In
Fig. 3b, the same experiment conducted with the met/ mu-
tant revealed that (1) the loss of met/ enhanced uptake
above that observed for the wild-type strain grown with-
out methionine and (2) methionine present during growth
did not exert a repressive effect. In Fig. 3c, it can be seen
that the plasmid bearing metJ depressed methionine up-
take activity in the wild-type background and depressed
the much greater activity of the met/ mutant even more.
As expected, the wild-type strain expressing metJ on the
plasmid exhibited lower D-methionine uptake than ob-
served for the metJ mutant bearing the same plasmid. These
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Fig.3a—¢ Uptake of ['*C]p-methionine by cells grown in M9 me-
dium with or without L- or D-methionine. Uptake experiments
were conducted as described in the legend to Fig.2. a Wild-type
cells grown without methionine (4), with 25uM L-methionine
(M), or with 25 UM p-methionine (A). b The same conditions and
symbols were used for the metz/ mutant. ¢ Complementation stud-
ies with the met/ bearing pBAD24 plasmid. Wild-type cells bear-
ing pPBAD24 (#), wild-type cells bearing pBAD24-metJ (M), metJ
mutant with pBAD24 (A), metJ mutant with pBAD24-met] (@®).
All cells in (¢) were grown in medium M9 containing 100 pg ampi-
cillin ml~! and 2 mM L-arabinose

results are in accord with the expected met/ gene dosages.
Measurements of L-methionine uptake were similar, but
differences were substantially less pronounced as expected
(data not shown).

Phylogenetic studies

Our preliminary results suggested that the E. coli ABC
methionine transporter identified by Gal et al. (2002) and
Merlin et al. (2002) and in the work described here belongs
to a novel family within the ABC superfamily. Surprisingly,
this family is more closely related to the polar amino acid
uptake transporter (PAAT) family (TC# 3.A.1.3) than to
the hydrophobic amino acid uptake transporter (HAAT)
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Fig.4a—c Phylogenetic trees
of the three constituents of the
MUT family of ABC trans-
porters: a ATP-binding cas-
sette (ABC) constituents,

b membrane constituents,

¢ solute binding receptors. The
multiple alignments were gen-
erated with the Clustal X pro-
gram (Thompson et al. 1997)
using the BLOSUM 62 scoring
matrix. The trees are based on
the neighbor-joining method
and were drawn with the Tree-
View program (Page 1996).

¢ * refers to a receptor that is
not encoded with a gene for an
ABC protein or a membrane
protein
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family (TC# 3.A.1.4). We have termed this family the me-
thionine uptake transporter (MUT) family (TC# 3.A.1.23).

We identified the three constituent proteins that com-
prise MUT family permeases (Table4). Most organisms
having MUT family representation have only one homo-
logue within this family, but a few have two. Organisms
with two paralogues include Salmonella typhimurium,
Yersinia pestis, and Pseudomonas aeruginosa (all y-Pro-
teobacteria) as well as Bacillus anthracis, Staphylococcus
aureus, and two species of Listeria (all low G+C gram-
positive bacteria). No organism has three or more par-
alogues within the MUT family. The database entry for
the Hin membrane protein-encoding gene in Haemophilus
influenzae was found to be truncated at both the N- and
C-termini due to (1) an incorrect initiation codon assign-
ment and (2) a frameshift mutation in the structural gene.
This frameshift mutation has been shown to be authentic
and not due to a sequencing error. Hin may therefore be
encoded by a pseudogene. The reconstructed protein was
198 residues long. The database entries for the Vch and
Bha receptors were also found to be erroneous due to in-
correct initiation codon assignments (Table 4).

The phylogenetic trees shown in Fig.4a, b, c¢ for the
ABC, membrane and receptor protein constituents of the
transporters, respectively, were analyzed according to phy-
logenetic cluster. Cluster 1 includes the E. coli methionine
uptake transporter, and only y-proteobacterial proteins are
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represented. All of the members of cluster 1 have lipopro-
teins as receptors. The phylogenies of the proteins follow
those of the organisms thereby suggesting orthology. One
system, Vch, has its ABC protein and its receptor in clus-
ter 1, but its membrane protein is loosely clustered with
the a-proteobacterial proteins of clusters 7 and 13. This
may possibly represent an unusual case of shuffling of
constituents between systems (Kuan et al. 1995). Only the
membrane protein behaved anomalously. However, using
PAM distances with the Phylo_win program (Galtier et al.
1996), the membrane constituent Vch clustered together
with other cluster 1 proteins. For all complete cluster 1
members, predicted Met] boxes were found in the pro-
moter regions of the operons as shown in Fig. 5.

Cluster 2 consists of proteins from streptococci and a
closely related lactic acid bacterium. These proteins are
also probably orthologous to each other.

Cluster 3 proteins from Helicobacter pylori and Fu-
sobacterium nucleatum always cluster together in spite of
the great phylogenetic distance between these two organ-
isms. It seems possible that horizontal transfer had oc-
curred. Therefore, the G+C contents and codon usages of
the genes encoding the ABC transporters of these two or-
ganisms were compared, but no significant differences
were observed relative to those of the genomes. This neg-
ative result does not eliminate the possibility of horizontal
transfer.
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a Eco AGACGTCT GGATGCCT TAACATCC =67
Styl  AGACGTCT GGATGCCT TAACATCC -68
Ypel AGCCGTCT AGACGCCT TAACATCC -64
vch AGACGTCT AGACGTAA AAATATCT -92
Hin AGCAATCT AGACATCT -39
Pmu GGAAATCT AGACGTCT -40

b o 8/8 5/8 4/8
Styl 8/8 5/8 4/8
Ypel 7/8 7/8 4/8
Vch 8/8 6/8 5/8
Hin 5/8 7/8
Pmu 5/8 8/8

Fig.5a, b Conserved MetJ binding sites (Met boxes) found be-
tween abc and yaeD from enterobacteria. a An alignment of pro-
posed Met boxes from Escherichia coli (Eco), Salmonella ty-
phimurium (Styl), Yersinia pestis (Ypel), Vibrio cholerae (Vch),
Haemophilus influenzae (Hin), and Pasteurella multocida (Pmu).
Protein abbreviations are as indicated in Table 4. The numbers at
the right indicate the distance from the start codon of abc. b The
number of matches to the consensus Met box sequence
(AGACGTCT) is shown for each predicted Met box

Clusters 4—13 consist of only one or two proteins per
cluster. In clusters 7 and 11, the two proteins in each clus-
ter are from o-Proteobacteria, suggesting orthology. How-
ever, some of the distantly related proteins belong to
closely related organisms (e.g., Sty2 and Ype2; Nme and
Rso). This clearly suggests that sequence-divergent pri-
mordial proteins resulted from early gene duplication
events and that these early paralogues were not transmit-
ted to most of the organisms. Moreover, this conclusion is
confirmed by the presence of several lipoproteic receptors
from gram-negative organisms (Ccr, Nme, Tpa) although
most are soluble (Table 4).

Cluster 14 consists of y-proteobacterial proteins except
for Ccr, which is from an o-proteobacterial species. The
clustering patterns in Fig. 4a, c are consistent with orthol-
ogy, but the clustering of Ccr in Fig. 4b is anomalous, and
the same topology was obtained using PAM distances as a
model of evolution.

Clusters 15 and 16 clearly represent two sequence-di-
vergent groups of paralogues, both represented in Bacillus
anthracis and two Listeria species. Staphylococcus au-
reus as well as Bacillus subtilis and Bacillus halodurans
encode within their genomes only the second of these ho-
mologues (cluster 16). The clustering of Bha in Fig. 4c is
anomalous, and this was also observed for the tree drawn
using PAM distances. S-boxes have been predicted up-
stream of the operons encoding all transporters in clusters
15 and 16 with the exception of Bha (data not shown).

Cluster 19 includes a single chlamydial protein although
three chlamydial species have been sequenced. In spite of
their close phylogenetic relationship, the other two close
relatives of Chlamydophilia pneumoniae must have lost
the corresponding orthologues.

Finally, in cluster 20, Cac and Cje are always together
(Fig.4a, b, c). Because of the great distance between

Clostridium acetobutylicum (a gram-positive bacterium)
and Campylobacter jejuni (a gram-negative €-proteobac-
terium), we suggest that horizontal transfer has occurred.
However, this assumption can not be confirmed as both
organisms have similar overall G+C content, and the G+C
content and codon usage patterns of the MUT genes did
not prove to be different from those of the complete
genomes. An S-box was also predicted in the region of the
operon encoding the Cac system.

With the exception of Lla, all receptors from gram-
positive organisms were predicted to be lipoproteins. For
Lla, a signal peptide with high similarity to those of Spn,
Spy, and Smu was found. However, the conserved cys-
teine residue essential for lipid anchorage was replaced by
a glycine residue. This might be explained by a sequenc-
ing error or by a single-point mutation since the codons
for these two residues differ by only one nucleotide.

Discussion

The results presented here confirm and extend the molec-
ular characterization of the MetD transporter identified
earlier in the laboratories of Kadner and Ayling. abc and
yaeE encode, respectively, the ATP-binding cassette (ABC)
and membrane proteins of the MetD transporter. YaeC, the
receptor encoded with the other components of the trans-
porter, is the major binding protein for both L- and D-me-
thionine. Inhibition studies revealed that the transporter is
specific for both methionine isomers and their analogues
including N-formyl methionine (Table3; Kadner 1974,
1977). However, the YaeC-related paralogue NIpA (lipo-
protein 28) may also exhibit the slight capacity to bind the
two isomers of methionine. The abc-yaeE-yaeC genes
were renamed metNIQ by Gal et al. (2002) and Merlin et
al. (2002).

We confirmed Kadner’s observation that L-methionine
effectively competes for D-methionine transport while D-me-
thionine does not strongly compete for L-methionine trans-
port. This led Kadner to suggest that the metD locus en-
codes a component of at least two transport systems but
may not encode the initial methionine-binding site (Kad-
ner 1977), a suggestion reiterated by Merlin et al. (2002).
However, the data presented here show that MetD is a sin-
gle transport system with a single major methionine-bind-
ing receptor. The difference in inhibition observed for the
two isomers is a consequence of the low K, for L-methio-
nine (75 nM) (Kadner 1974), which is 15-fold lower than
that for D-methionine (1.2 uM) (Kadner 1977). We further
demonstrate that MetJ is an effective repressor of metD
expression.

Phylogenetic analyses led to the conclusion that MetD
belongs to a new ABC family, which we named the methio-
nine uptake transporter (MUT) family (TC #3.A.1.23). The
MUT family is widely represented among bacterial subdi-
visions. All homologues of each of the three components
are of a similar size, and all membrane proteins exhibit
five putative transmembrane o-helical segments (TMSs).
The overall topology of the trees presented does not fol-



low the phylogenies of the organisms, suggesting that sev-
eral genetic duplications encoding these systems had oc-
curred early during the evolutionary history of the family.
The existence of several sequence-divergent primordial
paralogues is likely to explain the topology of the phylo-
genetic trees. However, no more than two of these par-
alogues have been transmitted to any currently sequenced
organism.

It is interesting to note that Yersinia pestis and Salmo-
nella typhimurium, two close relatives of E. coli, possess
two paralogous systems within the MUT family whereas
only the receptor is present twice in E. coli. The possibil-
ity that the common ancestor of these three organisms had
two paralogous systems, and that E. coli specifically lost
the membrane and ABC proteins of one of them is highly
unlikely. Ype2 and Sty2 do not cluster with Ypel and Sty1
although the two receptors, Eco2 and Ecol, are found to-
gether in cluster 1. We therefore propose that nlpA (en-
coding Eco2) arose by a much more recent duplication of
the yaeC gene precursor (encoding Ecol). This conclu-
sion is corroborated by the observation that both Sty2 and
Ype2 are not lipoproteins although Ecol and Eco?2 are.

Cluster 1 includes a group of y-proteobacterial proteins
conserved in all three trees. For this cluster, the phyloge-
nies of the proteins agree with those of the organisms. More-
over, we identified MetJ binding sites in the promoter re-
gions of all members of this cluster, and all cluster 1 re-
ceptors are predicted to be lipoproteins. These observa-
tions strongly suggest that all cluster 1 systems are orthol-
ogous methionine transporters, a suggestion confirmed by
the presence of the functionally similar MetD transporter
in S. typhimurium (Ayling and Bridgeland 1972; Ayling et
al. 1979; Betteridge and Ayling 1975; Poland and Ayling
1984).

Several members of the MUT family from gram-positive
bacteria are likely to transport sulfur compounds. Thus,
almost all cluster 15 and 16 constituents (Figs. 4a-c) are
encoded in operons regulated by S-boxes (Grundy and
Henkin 1998). S-boxes are gram-positive bacterial con-
sensus sequences for the transcriptional control of sulfur
metabolism (Grundy and Henkin 1998). The presence of
transporters likely to be involved in sulfur acquisition in
positions throughout the phylogenetic tree suggests that
this entire family may be involved in the transport of or-
ganic sulfur compounds. Further experimentation will be
required to determine the substrate ranges of the trans-
porters in this family.

The MUT family is of pharmaceutical interest since sev-
eral members are required for bacterial pathogenicity. sfbA
of S. typhimurium is found in a pathogenicity islet and is
essential for infection in a mouse model (Pattery et al.
1999), although its specific contribution to pathogenicity
is unknown. sfbA was predicted to encode the binding
protein of an ABC transporter for iron because its expres-
sion was increased under iron-limiting conditions. Despite
its regulation by iron, a Fur regulatory binding site was
not found close to this operon (Panina et al. 2001). Based
on the analyses presented here, we suggest that the Sfb
transporter is involved in the uptake of an amino acid or
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sulfur compound during infection. The H. influenzae hipA
gene is not essential for infection, but a mutation in this
gene results in reduced invasion in rats (Chanyangam et
al. 1991). Helicobacter pylori also contains a MUT fam-
ily transporter (AbcBCD) of unknown function that is re-
quired for maximal production of urease, essential for col-
onization (Hendricks and Mobley 1997). Since many Yer-
sinia pestis strains require exogenous methionine (Bru-
baker 1972), methionine transporters may be drug targets
for these organisms.
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