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Abstract

S-adenosyl-L-methionine (AdoMet) is an essential metabolite, playing a wide variety of metabolic roles. The enzyme that

produces AdoMet from L-methionine and ATP (methionine adenosyltransferase, MAT) is thus an attractive target for anti-

cancer and antimicrobial agents. It would be very useful to have a system that allows rapid identification of species-specific

inhibitors of this essential enzyme. A previously generated E. coli strain, lacking MAT (DmetK) but containing a heterologous

AdoMet transporter, was successfully complemented with heterologous metK genes from several bacterial pathogens, as

well as with MAT genes from a fungal pathogen and Homo sapiens. The nine tested genes, which vary in both sequence and

kinetic properties, all complemented strain MOB1490 well in rich medium. When these strains were grown in glucose

minimal medium, growth delays or defects were observed with some specific metK genes, defects that were dramatically

reduced if L-methionine was added to the medium.

INTRODUCTION

S-adenosyl-L-methionine (AdoMet) is an essential metabo-
lite for all known cellular organisms, and is required for a
wide range of biochemical processes including everything
from methyl transfer reactions to providing adenosyl radi-
cals for ribonucleotide reductase [1, 2]. Methionine adeno-
syltransferase (MAT; termed MetK in many bacteria) is
therefore an attractive target for potential anti-cancer or
antimicrobial agents [3]. AdoMet biosynthesis by MAT
involves the joining of L-methionine and ATP to produce
this critical metabolite [4].

An additional reason for interest in MAT/metK genes is
that AdoMet is required for biosynthesis of quorum signal-
ling molecules, including acyl-homoserine lactones (AHLs)
[5] and furanosyl borate diesters [6], that control virulence
in many Gram-negative bacterial pathogens. There is partic-
ular interest in identifying agents that would reduce bacte-
rial pathogenicity by interfering with quorum sensing, but
not with growth or viability, to minimize the strong selec-
tion for drug resistance [7–10]. Numerous research groups
have sought to block quorum sensing, by targeting AHL
synthases or the sensor proteins that bind AHLs [10–18],
approaches that are promising but have not yet produced

compounds with the desired properties and selectivity. Our
alternative approach to interference with quorum sensing
has been to identify methionine analogues that are sub-
strates for the bacterial MAT/MetK orthologues but yield
AdoMet analogues that are selectively non-functional in
AHL biosynthesis. This approach takes advantage of the
fact that AHL biosynthesis relies upon a unique enzyme-
catalysed AdoMet lactonization/cyclization reaction [19].
Accordingly, we have embarked on structural and func-
tional characterization of several AdoMet synthetase ortho-
logues from different bacterial pathogens, and tested their
respective abilities to use analogues of L-Met to form Ado-
Met analogues that are competent for methyl transfer and
all other non-AHL-biosynthetic roles, but not the lactoniza-
tion/cyclization reaction [20, 21].

To facilitate these studies we have developed a screening

system that will rapidly detect both inhibitors and alterna-

tive substrates for MAT/MetK orthologues from a range of

microbial pathogens and, for counter-screening, from

humans. We used a DmetK strain of E. coli, previously

developed and generously provided to us [22], that carries

an AdoMet transporter from Rickettsia prowazekii. Growth

of this strain is completely dependent upon exogenous
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AdoMet. We found that a surprising range of AdoMet var-
iants, produced in vitro from different methionine ana-
logues, support growth of this strain [23].

We report here that the introduction of MAT/metK genes
from a variety of different species, including human, make
this metK-deficient E. coli strain independent of exogenous
AdoMet. We have also characterized the orthologue-specific
growth defects of some of the complemented E. coli strains,
seen only during growth in a minimal medium.

METHODS

Bacterial strains, plasmids and growth conditions

Escherichia coli K-12 strains JM109, PS2209 and MOB1490
were used in this study. JM109 is endA1 glnV44 thi-1 relA1
gyrA96 recA1 D(lac-proAB) e14- [F’ traD36 proAB+lacI+

lacZDM15] hsdR17(rK
- mK

+) [24]. PS2209 is an essentially
wild-type derivative of E. coli W3110, carrying a deletion of
lacZ (laboratory stock; originally from B. Wanner). Strain
MOB1490, a derivative of BW25113 (lacIq rrnBT14 lacZWJ16

hsdR514 araBADAH33 rhaBADLD78), was kindly provided by
Dr David O. Wood [22]. MOB1490 carries DmetK (metK::
kan), plasmid pMW1402 specifying an AdoMet transporter
(and AmpR) and pMW1484, a pBAD-derived plasmid car-
rying rpoB (RifR). Parental MOB1490 requires exogenous
AdoMet (the standard concentration used for growth was
32 µM). LB medium or MOPS-based glucose minimal
medium (Teknova, Hollister CA) were used for some
experiments. MAT/metK genes were cloned into a pUC57
vector, modified to include the synthetic segment illustrated
in Fig. 1(b).

Amino acids and AdoMet

L-Methionine was prepared as a concentrated stock solution
in distilled water, sterilized using a 0.22 µm syringe filter
and diluted as needed with M63 medium [25] to achieve the
final concentrations. Standard AdoMet was obtained as a
32mM stock solution from New England Biolabs.

Growth behaviour of orthologue-complemented
strains of E. coli MOB1490

Each strain was grown overnight after inoculation at various
dilutions into LB medium, so that still-growing cultures
could be used to start the experiments. Following inocula-
tion at 1 : 2500 into 100 µl of LB or MOPS-glucose minimal
medium in 96-well microtitre plates, the plates were incu-
bated at 37

�

C in a heated FLUOstar Omega plate reader
(BMG Labtech, Ortenberg, Germany), that took hourly
readings of optical density at 600 nm. When added, D-arabi-
nose was 2%, L-Met was 100 µM,and AdoMet was 32 µM
(final concentrations).

Purification and kinetic assay of orthologues

Purification of the AdoMet synthetases from A. baumanni
(Aba), B. fragilis (Bfr), C. albicans (Cal), S. maltophilia
(Sma) and human MAT1A was performed as previously
described [20], with some modifications. E. coli BL21 (DE3)
cells, containing a pET28b or pET41a vector coding for a

polyhistidine-tagged AdoMet synthetase, were grown at
37

�

C in LB broth containing 50 µgml�1 of kanamycin up to
an OD600 of 0.6 to 0.8. Cultures were induced by adding
1mM isopropyl-b-D-1-thiogalactopyranoside (IPTG), and
further incubated for 18–24 h at 16

�

C. Cells were harvested
by centrifugation and stored at �80

�

C. Five grams of cell
paste were resuspended in Buffer A (50mM Tris-HCl pH
8.0, 500mM KCl, 5mM b-mercaptoethanol, 10% glycerol
and 25mM imidazole) and lysed by sonication. The lysate
was centrifuged at 11 000 g, and the filtered supernatant was
loaded into a 20ml Ni-IMAC column equilibrated with
Buffer A. A linear gradient of 25–400mM imidazole was
used to elute the bound enzyme. The active fractions con-
taining Aba, Sma and human MAT1A were dialysed against
Buffer B (50mM Tris-HCl, pH 8.0, 500mM KCl, 10% glyc-
erol and 1.0mM DTT) and stored at �80

�

C. In contrast,
fractions containing Bfr and Cal were pooled and dialysed
overnight against Buffer C [50mM Tris-HCl, pH 8.0,
50mM KCl, 5% glycerol and 1.0mM dithiothreitol (DTT)].
The protein samples were then loaded onto a 20ml Source
30Q anion exchange column. A linear gradient of 50–
500mM KCl was used to elute each enzyme. The collected
samples were then dialysed against Buffer D (50mM Tris-
HCl, pH 8.0, 50mM KCl, 5% glycerol and 1.0mM DTT)
and stored at �80

�

C.

Measurement of AdoMet synthetase activity and kinetic
parameters, with ATP, L-methionine and the alternative
substrates, used our previously published coupled enzyme
assay protocol [20]. Briefly, the production of NADPH at
340 nm ("=6.22mM�1 cm�1) was monitored on a Spectra-
Max 190 microplate reader (Molecular Devices) at room
temperature. The assay buffer contains 20mM Tris-HCl,
pH 7.6, 16mM MgCl2, 0.1mM ATP, 0.1mM L-methionine,
1mM uridine-5¢-diphosphoglucose, 1mM NADP, 10 µM
glucose 1,6-bisphosphate, 0.8 units of glucose-6-phosphate
dehydrogenase, 0.8 units of phosphoglucomutase and 0.1
units of uridine-5¢-diphosphoglucose pyrophosphorylase.

RESULTS

Cloning of metK genes

We cloned the MAT/metK genes from a variety of Gram-
negative pathogenic or opportunistic bacteria, including
Acinetobacter baumannii (Aba, [26]), Bacteroides fragilis
(Bfr, [27]), Campylobacter jejuni (Cje, [28]), Escherichia coli
[Eco, [29]], Neisseria meningitidis [Nme, [30]], Pseudomo-
nas aeruginosa (Pae, [31]) and Stenotrophomonas malto-
philia (Sma, [32]). In addition, we cloned the human
MAT1A gene and the equivalent gene from the fungal path-
ogen Candida albicans (Cal, [33]). Humans and other mam-
mals produce three forms of MAT, and MAT1A yields two
of those forms that differ in being either homodimeric or
homotetrameric [34]. The amino acid sequences of these
AdoMet synthetases are shown in Fig. 1(a), along with the
second human gene for MAT (MAT2A, the catalytic sub-
unit of MAT II) for comparison. These sequences range, in
identity to EcoMetK, from 75% (AbaMetK) down to 42%
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(CjeMetK), with the three eukaryote sequences each 58%
identical to EcoMetK. This sequence-level range is illus-
trated in Fig. 1(c), with these nine sequences annotated
among the diverse family of over 40 000 nonidentical MAT/
MetK genes in GenBank’s non-redundant protein database.
These enzymes also vary kinetically. While there are limita-
tions to comparing the catalytic efficiencies of related
enzymes via the kcat/Km ratios for their substrates [35], we

have done so here not to assert that one enzyme is a better
catalyst than another, but just to test whether their kinetic
diversity mirrors their sequence diversity. We determined
kcat/Km for each of the orthologues with respect to the natu-
ral substrates (L-Met and ATP; Table 1), and the results
show that these enzymes do indeed have a range of kinetic
properties (Fig. 1d) in addition to their range of sequences.
Table 1 also shows that the various MetK/MAT orthologues

Fig. 1. Sequences relevant to the study. (a) Aligned amino acid sequences for the nine MAT/metK genes used in this study, plus a sec-

ond human sequence for comparison. Residues fully conserved among this set are shaded grey, yellow shading indicates that all three

eukaryotic sequences differ from the bacterial ones, while cyan shading indicates that both human sequences differ from the others,

including the eukaryotic (fungal) pathogen. Abbreviations: bacterial MetK proteins from Acinetobacter baumannii (Aba), Bacteroides fragi-

lis (Bfr), Campylobacter jejuni (Cje), Escherichia coli (Eco), Neisseria meningitidis (Nme), Pseudomonas aeruginosa (Pae) and Stenotropho-

monas maltophilia (Sma); and eukaryote MAT proteins from Candida albicans (Cal) and Homo sapiens (Hsa). The reference sequence

(EcoMetK) is shown on the top line, while the three eukaryote sequences (CalMAT, HsaMAT1 and HsaMAT2) are at the bottom in bold

type. Percentage identity to the reference sequence, and accession numbers for each sequence, are indicated. (b) Synthesized

sequence inserted into vector pUC57 for the various MAT/metK complementation plasmids, indicating restriction sites, a promoter and

location of gene insertion. (c) Sequence diversity of a total of 125 MAT (~) and metK (.) genes, with the nine tested orthologues indi-

cated as rank position of the Blast-link (BLink) match score [51] to EcoMetK. Only non-identical sequences from complete genomes

were included, so some match scores were individually determined and added (names in parentheses). (d) Kinetic diversity of the nine

enzymes is illustrated by plotting kcat/Km for L-methionine vs that for ATP.
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varied considerably in their ability to utilize three different
L-methionine analogues. These nine enzymes thus represent
a reasonable test of the flexibility of an E. coli-based
system for identifying species-specific MAT inhibitors or
substrates.

These MAT/metK genes, some PCR-amplified from geno-
mic DNA and others obtained by synthesis, were each
cloned into a pUC57 plasmid vector and driven by a PBAD
promoter for expression (Fig. 1b). Thus the nine genes have
the same vector (so presumably the same copy number),
and the same expression sequences which do not include
the native regulatory elements even in the case of E. coli
metK. Each of these plasmids was transformed into an
E. coli strain (MOB1490), in which the chromosomal metK
gene is disabled. In every tested organism, metK deletion is
lethal; however, some intracellular parasites produce trans-
port proteins that allow them to take up AdoMet produced
by their hosts [36, 37]. Strain MOB1490 carries the gene for
a rickettsial AdoMet transporter, and can grow essentially
normally without metK complementation if sufficient exog-
enous AdoMet is provided [22].

Growth of E. coli MOB1490 with heterologous metK

genes

Each of the nine complementation plasmids rescued the
growth of the metK knock-out E. coli strain in rich medium
(LB broth) in the absence of exogenous AdoMet, demon-
strating that these heterologous genes all produce functional
MAT enzymes in E. coli (Fig. 2a). The group that developed
strain MOB1490 had used it to show that the metK gene
from Rickettsia prowazekii also complements in LB medium
[22]. LB is a complex, undefined medium that does not
contain AdoMet, but has amino acids, peptides, sugars, vita-
mins and a variety of other components [38, 39]. The log-
phase growth rates were similar, with ~1 h doubling times
for each of the E. coli strains complemented with bacterial
orthologues. For comparison, this is the same growth rate
observed when the uncomplemented strain MOB1490 is
provided with sufficient exogenous AdoMet in LB medium
(Fig. 2 of [23]). For the strains complemented with MAT/
metK orthologues from the eukaryotes C. albicans and
H. sapiens, there was a longer lag time compared to the bac-
terial metK-complemented strains. However, once that lag
time ended, the log-phase growth rate was only slightly
lower for the eukaryotic-complemented strains than those
observed with the bacterial MetK orthologues. Similarly, the
maximum cell densities achieved were similar for each of
these complemented strains, except for the human MAT1-
complemented strain, which ceased growing at a final cell
density roughly 20% lower than that of the other strains
(Fig. 2a). So, when grown in LB medium, this E. coli strain
can be rescued with a fairly wide range of MAT/MetK
orthologues possessing quite different kinetic properties.

Because some of the compounds we seek to study are L-Met
analogues [23], it was necessary also to examine cell growth
in defined minimal media to avoid background chemical
contamination. When grown in MOPS glucose minimalT
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medium [40], the various complemented strains behaved in
more diverse manners (Fig. 2b). Under these conditions the
growth curve for the human MAT1-complemented strain
was now found to be similar to those of most of the other
strains. Each of these complemented strains required at least
5 h before growth commenced. However, a lag nearly three
times that long was shown by the strain containing
CalMAT, and the strain with NmeMetK never appeared to
initiate exponential growth (Fig. 2b). Surprisingly, the strain
containing EcoMetK, which is the native orthologue,
showed a roughly 12 h lag. Furthermore, once the Eco-
MetK-complemented strain began growth, the doubling
time was about fourfold longer than most of the other
strains (10 h vs ~2.5 h for all others except the NmeMetK
strain). For comparison, when the uncomplemented strain
MOB1490 is provided with 8 µM exogenous AdoMet in
MOPS glucose medium, the doubling time is just under 4 h
(Fig. 2 of [23]).

We observed that the lag, and slow growth, associated with
the EcoMetK strain were only seen when colonies taken
from LB agar plates were used to inoculate the MOPS-glu-
cose overnight cultures, before our growth experiments.
This lag likely reflects selection of some mutation in the
host E. coli strain. If the strain is first plated onto glucose
minimal agar, and then those colonies are used to inoculate
overnight cultures, growth was substantially improved
(Fig. 2c). Specifically, when colonies are re-streaked from
LB agar onto minimal glucose agar, the initial plate shows

poor growth for the two poorly growing strains in Fig. 2(b)
(EcoMetK and NmeMetK, top row of Fig. 3), while the
other strains grow well. However, when colonies were re-
streaked from the initial minimal glucose agar onto new glu-
cose plates, growth was robust for those strains (bottom
rows of Fig. 3).

Effect of induction and supplementation on the
growth of metK-complemented strains

While each of the MAT/MetK orthologues supported E. coli
growth in glucose minimal medium to some extent, to be
able to test the poorly growing strains with methionine ana-
logues it was necessary to understand why these strains had
orthologue-specific growth defects in minimal medium.
Accordingly, we next explored the unexpectedly poor
growth of the EcoMetK and NmeMetK strains in the glu-
cose minimal medium, and examined the PaeMetK and
human MAT1 strains in parallel for comparison. First, to
determine whether cell growth is limited by the expression
levels of the different MAT orthologues, despite their genes
being carried on multi-copy plasmids, the cells were
regrown in the presence of arabinose. This compound indu-
ces MAT/metK gene expression, as the cloned genes are
under control of the PBAD promoter (Fig. 1b). When grown
in LB medium (Fig. 4, circles), arabinose slightly reduced
growth in all four of the metK-complemented strains, sug-
gesting possible mild toxicity due to higher-level expression.
In unsupplemented MOPS glucose medium (Fig. 4,
squares), the growth defect for EcoMetK and NmeMetK is

Fig. 2. Ability of various MAT/metK genes to complement the AdoMet dependence of DmetK E. coli. (a) Growth curves in LB broth. The

nine strains are all in the same background (E. coli MOB1490), and all with a pUC57-derived plasmid carrying the sequence shown in

Fig. 1(b) and a gene for each of the nine AdoMet synthetases shown in Fig. 1(a). (b) Growth curves as in (a), but in MOPS minimal glu-

cose medium. (c) Growth curves as in (b), but showing only the EcoMetK strain, where the overnight culture was inoculated with a col-

ony from an LB agar plate (‘stock’) or from a minimal glucose plate (‘plate’).
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again evident, and arabinose induction either had no effect
(NmeMetK; panel B) or reduced growth (EcoMetK; panel
A). This suggests that the growth defect with these strains is
not due to underexpression of MetK. For those strains with-
out growth defects (panels C and D), arabinose has either
no effect (HuMAT1; panel D) or, as in LB, a slight negative
effect on growth (PaeMetK; panel C).

Next, we tested whether the poor growth of the EcoMetK

and NmeMetK strains in glucose minimal medium seen

in Fig. 2(b) could be reversed by the addition of L-Met

with or without exogenous AdoMet. In these experiments

the L-Met was included because AdoMet is a co-repressor

for MetJ (Fig. 5), which represses methionine biosynthesis

[41]. Under normal circumstances the cell would never

contain AdoMet in the absence of L-Met, but strain

MOB1490 in minimal medium supplemented with Ado-

Met results in starvation for L-Met [42]. Unlike our mini-

mal medium conditions, LB medium contains ~6mM L-

Met [39]. As shown in Fig. 4 (panels A and B, dia-

monds), the growth defect with the EcoMetK- and Nme-

MetK-complemented strains was reversed by the addition

of 0.1mM L-Met, whether or not AdoMet was also
added. L-Met also had lesser stimulatory effects on the
PaeMetK strain (panel C), and had no effect on growth
of the MAT1 strain (panel D). These results suggest that
the observed growth defects with some strains are due to
starvation of L-Met. One possible explanation is that the
EcoMetK and NmeMetK enzymes might accumulate to
higher levels, and/or have higher activity, than the other
enzyme forms (at least in the E. coli environment). This
could lead to over-accumulation of AdoMet and strong
MetJ-dependent repression of methionine biosynthetic
genes (Fig. 5a). If this model is correct, then partial
inhibitors of EcoMetK or NmeMetK would actually pro-
mote growth of those strains in minimal glucose medium,
and could be screened for in that manner. Alternatively,
putting the EcoMetK and NmeMetK genes onto lower-
copy plasmid vectors might also eliminate the growth
limitation.

DISCUSSION

We found that a wide range of MAT/metK genes, with as
little as 42% identity to the native E. coli metK, were

Fig. 3. Growth of various complemented strains on minimal glucose agar plates. The experiment is shown schematically at the left,

with cells taken from a frozen stock (LB broth +20%glycerol, stored at �80
�

C), streaked onto LB agar (not shown in the photograph)

and then isolated colonies re-streaked onto minimal glucose agar (top row). Colonies from these glucose plates were then re-streaked

onto fresh minimal glucose plates (bottom two rows). All plates were incubated for 24 h at 37
�

C and then refrigerated until

photographed.
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capable of complementing a DmetK defect in E. coli. This

extends the work of the group that originally developed

strain MOB1490 [22], who had demonstrated comple-

mentation by metK genes from Rickettsia species (66%

identical to the E. coli orthologue). The ability of the

human MAT1a gene to function in E. coli is particularly

significant, as it will allow counter-screening by growth

for compounds that are inhibitors for bacterial but not

human MAT/MetK enzymes. We have not yet tested the

human MAT II, in part because – unlike MAT I/III – it

is a heterodimer with a catalytic and a regulatory subunit

[34]. However we have included its sequence in Fig. 1(a),

which reveals that 17% of residues (66/395; yellow and

cyan shading) are distinct between the set of bacterial

MetKs and the two human genes for MAT catalytic subu-

nits. High-resolution structures of MetKs have previously

Fig. 4. Effects of various supplements on the growth of complemented E. coli strains. For growth of E. coli strain MOB1490,

carrying different metK/MAT genes, was monitored in rich LB medium ±2%arabinose (circles), MOPS minimal glucose medium ±arab-

binose (squares) or MOPS medium supplemented with L-Met ±AdoMet (diamonds). Arabinose addition tests the effects of elevated

expression of the cloned MAT/metK gene, which is under the control of PBAD. 32mM AdoMet tests for insufficient activity of the cloned

MAT/metK gene, while 100mM L-Met tests for excessive activity of those genes (explained in Fig. 4) (a) E. coli-complemented (Eco-

MetK), (b) N. meningitidis-complemented (NmeMetK), (c) P. aeruginosa-complemented (PaeMetK) and (d) human MAT1-complemented

MOB1490 strains.
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been determined for the enzyme from E. coli [43] and
the human MAT1A [44], as well as our structure for the
C. jejuni MetK [20]. The campylobacterial orthologue is a
dimer in solution, unlike the tetrameric structures of the
other family members. A comparison of the E. coli and
C. jejuni enzyme structures [20] has identified critical dif-
ferences that support the possibility that inhibitors spe-
cific for bacterial MetKs can be found. We note that
growth-based screening using E. coli dependent on Hsa-
MAT1 might reveal small molecules stimulatory for that
enzyme, which could ultimately be useful in treating
some forms of human MATI/III deficiency, known as
Mudd’s Disease [45, 46].

These results support the use of a library of E. coliMOB1490
strains, each carrying a distinct MetK/MAT orthologue, in
growth-based screening for orthologue-specific inhibitors
(or, in the case of the human orthologue, stimulatory mole-
cules). The fact that such a wide range of orthologues func-
tion well enough in E. coli to support growth indicates that
neither post-translational modifications nor protein–protein
interactions are key to the proper functioning of any of these
enzymes – at least to the level of providing sufficient levels of
AdoMet to support growth. This is despite the existence of
evidence in support of each phenomenon – for example,
EcoMetK activity is modulated by lysine acetylation [47]
while the HsaMAT1 enzyme interacts in human cells with
the oncogene product PDRG1 [48]. This functional flexibil-
ity of AdoMet synthetases is striking, but consistent with
other studies in which a range of orthologues are used to
complement a specific defect (e.g. [49, 50]).

The results of these complementation studies clearly indi-
cate that a wide variety of MAT/MetK orthologues can
function sufficiently well to support growth of E. coli, even

in the more metabolically demanding conditions imposed
by minimal medium.
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