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In Salmonella enterica, the Gen5-Related Acetyltransferase MddA
(Formerly YncA) Acetylates Methionine Sulfoximine and Methionine
Sulfone, Blocking Their Toxic Effects

Kristy L. Hentchel, Jorge C. Escalante-Semerena
Department of Microbiology, University of Georgia, Athens, Georgia, USA

Protein and small-molecule acylation reactions are widespread in nature. Many of the enzymes catalyzing acylation reactions
belong to the Gen5-related N-acetyltransferase (GNAT; PF00583) family, named after the yeast Gen5 protein. The genome of
Salmonella enterica serovar Typhimurium LT2 encodes 26 GNATS, 11 of which have no known physiological role. Here, we pro-
vide in vivo and in vitro evidence for the role of the MddA (methionine derivative detoxifier; formerly YncA) GNAT in the de-
toxification of oxidized forms of methionine, including methionine sulfoximine (MSX) and methionine sulfone (MSO). MSX
and MSO inhibited the growth of an S. enterica AmddA strain unless glutamine or methionine was present in the medium. We
used an in vitro spectrophotometric assay and mass spectrometry to show that MddA acetylated MSX and MSO. An mddA™
strain displayed biphasic growth kinetics in the presence of MSX and glutamine. Deletion of two amino acid transporters
(GInHPQ and MetNIQ) in a AmddA strain restored growth in the presence of MSX. Notably, MSO was transported by GInHPQ
but not by MetNIQ. In summary, MddA is the mechanism used by S. enterica to respond to oxidized forms of methionine, which

MddA detoxifies by acetyl coenzyme A-dependent acetylation.

he Gen5-related N-acetyltransferase (GNAT; PF00583) super-

family of proteins (>10,000 members) is present in all do-
mains of life. GNATS transfer the acetyl group from acetyl coen-
zyme A (acetyl-CoA) to proteins or small molecules (for reviews,
see references 1 and 2). The acetylation targets of GNATSs include
the N termini of proteins (3, 4), aminoglycoside antibiotics (5),
glutamate (6), spermidine (7), aminoalkylphosphonic acid (8),
dTDP-fucosamine (9), and tRNAs (10). Some of the first bacterial
GNATSs characterized were the aminoglycoside N-acetyltrans-
ferases from Enterococcus faecium (5) and Serratia marcescens (11),
demonstrating GNAT-dependent acetylation and inactivation of
antibiotics.

GNATS provide protection against a myriad of cellular stres-
sors (5, 11, 12), and it is possible that the diversity of stressors
controlled by GNATS correlates with the environment encoun-
tered by the cell. Therefore, the relevance of GNAT function to cell
physiology varies among organisms, with respect to not only cel-
lular stressors but metabolic pathways as well. For example, Sal-
monella enterica (13) and Escherichia coli (14) each contain ~26
GNATSs, yet actinomycetes, such as Streptomyces lividans (15), en-
code up to ~70 putative GNATSs. This suggests that S. lividans
occupies a more diverse environment while also maintaining a
more complex metabolism.

At present, there is limited to no information available on the
cellular processes several putative S. enterica GNATSs may affect.
Not surprisingly, the signals that trigger the synthesis of GNATSs,
the transcription factors involved in sensing such signals, and the
determinants of GNAT substrate specificity remain unknown.

In S. enterica, MddA (methionine derivative detoxifier A; for-
merly YncA [STM1590]) is a putative GNAT with no character-
ized function. Homology searches reveal the presence of MddA-
like proteins in Pseudomonas aeruginosa (63% identity) and
Acinetobacter baylyi (36% identity) and suggest a role for S. en-
terica MddA (SeMddA) in controlling the toxic effects of methio-
nine sulfoximine (MSX) and methionine sulfone (MSO) (Fig. 1)
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(12, 16). The protein structures of SeMddA homologues have
been solved in P. aeruginosa (Protein Data Bank [PDB] 2J8R) and
A. baylyi (PDB 2JLM), showing these enzymes contain the struc-
tural core representative of members of the GNAT family (12, 16,
17). The P. aeruginosa MddA homologue was solved in complex
with MSX and showed a conformational change in the active site
upon binding to MSX (12).

MSX is similar in structure to phosphinothricin (PHO) (Fig.
1), and at least some MddA homologues have been incorrectly
annotated as PHO acetyltransferases (12, 16), an activity per-
formed by the Bar acetyltransferase (18). The Bar protein is a
GNAT of Streptomyces spp. involved in protection against a self-
produced toxin, Bialaphos, a natural herbicide consisting of the
tripeptide PHO-Ala-Ala (19). The toxin is activated when PHO, a
glutamate analogue, is cleaved from the peptide. Bialaphos is a
potent herbicide, and plants have been genetically engineered to
be resistant by carrying the bar gene (18, 20). PHO and MSX
inhibit the activity of glutamine synthetase (GlnA). Notably,
MSX does not inhibit glutamine, y-aminobutyrate, glutamate
transaminases, or glutamate decarboxylase (21, 22). GInA plays an
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important role in nitrogen metabolism, converting glutamate to
glutamine using ATP and ammonium (23, 24).

MSX is found in the roots and seeds of members of the Con-
naraceae family of plant species and has been determined to be a
toxic component of these plants (25). While this is the only exam-
ple of naturally occurring MSX, in the late 1940s, MSX was iden-
tified as a toxic by-product in bleached flour (26-28). It was pro-
duced by addition of nitrogen trichloride, which reacted with
wheat proteins in the flour. This had severe effects on individuals
who consumed flour treated in this way, and around 1950, this
method of flour bleaching was discontinued. Researchers have
hypothesized that long-term exposure to MSX in processed foods
may account for an increase in neurodegenerative disorders in
humans, such as Alzheimer’s disease, Parkinson’s disease, and
amyotrophic lateral sclerosis (ALS) (29, 30).

Here, we present in vivo and in vitro evidence that SeMddA is
necessary for the survival of S. enterica in the presence of MSX and
MSO, that addition of glutamine or methionine prevents this tox-
icity, and that the SeMddA protein acetylates the nitrogen bound
to the alpha carbon of MSX. We report that deletion of two amino
acid transporters, MetNIQ and GInHPQ, fully restores the growth
of a AmddA strain exposed to MSX. Our data also indicate that the
transport of MSQO differs from that of MSX, as MetNIQ cannot trans-
port MSO. Taken together, these data demonstrate that SeMddA
acetylates MSX and MSO, thereby blocking their toxic effects.

MATERIALS AND METHODS

Culture media and chemicals. Nutrient broth (NB) (Difco) containing
NaCl (85 mM) was used as rich medium. The minimal medium used was
no-carbon essential (NCE) minimal medium (31) containing MgSO, (1
mM), Wolfe’s trace minerals (1X) (32), and glycerol (22 mM) as the sole
source of carbon and energy. When used, antibiotics were added at the
following concentrations: tetracycline, 20 wg ml~'; kanamycin, 50 g
ml ™~ '; chloramphenicol, 20 p.g ml~'; and ampicillin, 100 g ml~'. When
added to the medium, the calcium chelator EGTA was present at 10 mM,
and X-Gal (5-bromo-4-chloro-3-indolyl-B-p-galactopyranoside) was
added to a final concentration of 40 g ml~'. All chemicals were pur-
chased from Sigma-Aldrich unless otherwise noted: kanamycin, ampicil-
lin, NaCl, and HEPES (Fisher Scientific); tris(2-carboxyethyl)phosphine
hydrochloride (TCEP) (Soltec Ventures); IPTG (isopropyl B-p-1-thioga-
lactopyranoside) (IBI Scientific); dithiothreitol (DTT) (Gold BioTech-
nology); and [1-'*Clacetyl-CoA (Moravek).

Bacterial strains. All the strains are derivatives of S. enterica serovar
Typhimurium strain LT2 (unless otherwise specified) and are listed in
Table S1 in the supplemental material. Tn10d(tet™) refers to the trans-
posase-defective mini-Tn10 (Tn10A16A17) (33).
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Primers. All the primers used in this study were synthesized by IDT
(Coralville, TA) and are listed in Table S2 in the supplemental material.

Phage transductions. P22 phage-mediated transduction crosses were
performed as described previously (34), using the high-frequency general
transducing mutant of bacteriophage P22 HT105/1 int-210 (35, 36).
Phage-free, phage-sensitive transductants were isolated on nonselective
green indicator plates as described previously (37).

Construction of gene deletions. Strains carrying in-frame deletions of
each gene of interest were constructed following the protocol established
for E. coli (38). Briefly, PAGE-purified primers with 36 bp of homology
with the 5" and 3’ ends of the gene of interest (IDT, Coralville, [A) were
used to amplify the cat™ or kan™ cassette from template plasmid pKD3 or
pKD4, respectively. The PCR products were analyzed on a 1% agarose gel
and purified using the Wizard SV Gel and PCR Clean-Up System (Pro-
mega) according to the manufacturer’s protocol, followed by subsequent
construction of the deletion of the gene as described in the original pro-
tocol (38). PCR was used to confirm the insertion of the cat™ or kan™
amplicon compared to the wild-type allele size.

All mutations were reconstructed in the appropriate strain back-
ground using P22 phage-mediated transduction crosses. Briefly, P22
phage was propagated on a strain containing an allele of interest. P22
lysates were generated from these strains to transduce the original recipi-
ent strain to the appropriate antibiotic resistance, yielding a reconstructed
strain with the allele of interest (see Table S1 in the supplemental mate-
rial).

Plasmid construction. All the plasmids used in this work are listed in
Table S1 in the supplemental material. The cloning method using unique
BspQ1 restriction sites, as published elsewhere (39), was used to construct
all the plasmids in this study unless otherwise stated. DNA sequencing
(Georgia Genomics Facility, University of Georgia, Athens, GA) was used
to verify all the plasmids constructed in this study. Each gene of interest
was amplified from S. enterica serovar Typhimurium LT2 genomic DNA.

Genes of interest (mddA™, glnPQ™, and metNI") were cloned into the
L-(+)-arabinose-inducible vector pBAD24 (40) engineered to contain
BspQ1 sites (C. M. VanDrisse and J. C. Escalante-Semerena, unpublished
data). The resulting plasmids (pMDD8, pGLN2, and pMETN1) were used
in complementation studies.

Plasmid pTEV5 (41), which directs the synthesis of the protein with a
cleavable N-terminal hexahistidine tag, was modified to contain BspQ1
restriction sites. The resulting plasmid was named pTEV16 (VanDrisse
and Escalante-Semerena, unpublished) and used for overexpression of
wild-type SeMddA (SeMddA™", encoded by pMDD?7).

Site-directed mutagenesis was performed using primers designed us-
ing PrimerX (available at http://www.bioinformatics.org/primerx/) to
mutate the predicted catalytic residue of SeMddA™ ™, glutamate (E82), to
a noncatalytic glutamine residue (Q82) to construct a catalytic variant
(SeMddA"Q) in both the complementation (pMDD11) and overexpres-
sion (pMDD10) vectors.
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Growth behavior analyses. Starter cultures were grown overnight at
37°C with shaking in nutrient broth containing the appropriate drug
marker and used to inoculate fresh medium (1% [vol/vol]) in a volume of
200 pl per well of a 96-well plate with appropriate antibiotics. Strains
containing plasmids were induced with varying concentrations of .-(+)-
arabinose, as described in the figure legends. Additional chemicals, such as
glutamine, methionine, MSX, MSO, or PHO, were added at the concen-
trations indicated in the figures and figure legends. The plates were incu-
bated at 37°C with shaking for 20 to 48 h in a microplate reader (Bio-Tek
Instruments). Growth curves were determined in triplicate in three inde-
pendent experiments, with a representative growth curve shown. The data
were analyzed using Prism v6 (GraphPad) analytical software. Error bars
represent standard deviations.

Overproduction and purification of the SeMddAW" and SeMddA®#?Q
proteins. Vectors encoding SeMddA™" (pMDD7) and SeMddA®®2Q
(pMDD10) were transformed into E. coli C41(A\DE3). Overnight cultures
of the transformants were subcultured (1:100 [vol/vol] [inoculum/me-
dium]) in 1 liter of LB containing ampicillin (100 ug ml~ ). The cultures
were grown at 37°C with shaking to an optical density at 600 nm (ODy,)
0f 0.6, induced with IPTG (1 mM), and shaken overnight at ~28°C. Cells
were harvested by centrifugation at 6,000 X g for 15 min at 4°C. The
collected cell paste was resuspended in binding buffer A (HEPES buffer
[50 mM, pH 7.5] containing NaCl [500 mM] and imidazole [20 mM])
plus lysozyme (1 mg ml™"), DNase I (25 wg ml™'), and the protease
inhibitor phenylmethanesulfonyl fluoride (PMSF; 0.5 mM). The cells
were lysed by sonication for 1 min (2 s; 50% duty) for 2 rounds on ice
using a 550 Sonic Dismembrator (Fisher Scientific) at setting 4. Clari-
fied cell lysates were obtained after centrifugation for 45 min at 4°C
and 43,667 X g, followed by filtration of the supernatant through a
0.45-pm filter (Millipore). Samples were loaded onto a 2-ml HisPur Ni-
nitrilotriacetic acid (NTA) resin column (Thermo Scientific) at 4°C, pre-
equilibrated with binding buffer. The Ni™ column was washed first with
buffer B (HEPES buffer [50 mM, pH 7.5] with NaCl [500 mM]) that
contained 40 mM imidazole to remove nonspecifically bound proteins.
Following that, His,-tagged SeMddA proteins were eluted in the same
buffer system containing 500 mM imidazole.

To cleave the tag, His,-TEV protease (rTEV) was purified as described
previously (42), and cleavage of tagged SeMddA proteins was performed
as follows: r'TEV was added to the eluted protein supplemented with DTT
(I mM) at a 1:100 protease/tagged-protein ratio, and the mixture was
incubated at room temperature for 3 h. Proteins were dialyzed at 4°C in
buffer C (HEPES buffer [50 mM, pH 7.5] containing NaCl [500 mM],
TCEP [0.5mM], and EDTA [0.5 mM]). The dialyzed, cleaved protein was
reloaded onto the column and eluted using a 40 mM imidazole wash step,
followed by an imidazole wash (500 mM, which allowed separation of the
untagged [SeMddA™" or SeMddA™?] from the tagged [Hiss-TEV pro-
tease] protein). SeMddA™T and SeMddA®**? eluted from the column
during the wash step. The proteins were stored in HEPES buffer (50 mM,
pH 7.2) containing NaCl (100 mM), TCEP (0.5 mM), and glycerol (10%
[vol/vol]); drop frozen in liquid nitrogen; and stored at —80°C. Both
proteins were purified to 99% homogeneity, as determined using Total
Lab v2005 software (Nonlinear Dynamics).

Analytical gel filtration. Experiments were performed at 4°C. Per run,
a 500- ] sample volume of 100 g of SeMddA™ " or SeMddA™*? protein
was injected onto a Superdex 200 HR 10/30 gel filtration column (GE
Healthcare) attached to an AKTA purifier fast protein liquid chromatog-
raphy (FPLC) system that was equilibrated with buffer D (HEPES [50
mM, pH 7.4] and NaCl [100 mM]). A calibration standard containing a
mixture of molecular masses ranging from 1.35 to 670 kDa (Bio-Rad) was
used to generate a standard curve to determine the molecular mass. The
standards mixtures contained vitamin B, (1.35 kDa), equine myoglobin
(17 kDa), chicken ovalbumin (44 kDa), bovine gamma globulin (158
kDa), and thyroglobulin (670 kDa). The negative control used was injec-
tion of the protein storage buffer, with no peak in absorbance observed. A
flow rate of 0.5 ml min~ ' was used to develop the column, and elution
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peak analysis was performed using UNICORN v4.11 software (GE
Healthcare Life Sciences). Data were graphed and analyzed using Prism v6
(GraphPad) analytical software. Linear regression analyses of the standard
curves yielded r* values of 0.98.

Thin-layer chromatography. Reaction mixtures included HEPES
buffer (50 mM, pH 7.0), containing TCEP (1 mM), [1-'*Clacetyl-CoA
(20 wM), substrate (0.5 mM), and SeMddA™" or SeMddAF®2Q (1 ng).
The reaction mixtures were incubated at 37°C for 30 min, spotted onto a
polyester-backed silica gel plate (Whatman Ltd.), and developed in a
chamber preequilibrated with a mobile phase of n-butanol, acetic acid,
and distilled H,O (dH,O) (3:1:1). Thin-layer chromatography (TLC)
plates were incubated for 3 to 4 h, dried, and developed with a phosphor
screen overnight. The resulting phosphorimage was detected using a Ty-
phoon Trio+ Variable Mode Imager (GE Healthcare) with ImageQuant
v5.2 software.

SeMddA in vitro activity assays. A SpectraMax Plus 384 microplate
spectrophotometer (Molecular Devices) equipped with SoftMax Pro v4
software was used for data acquisition. Assays were performed at 30°C in
100-pl volumes in 96-well microplates using a continuous spectrophoto-
metric assay that employed 5,5'-dithiobis-(2-nitrobenzoic acid) (DTNB)
(Ellman’s reagent) as a reporter of free sulthydryl groups at 412 nm (43,
44). Reaction mixtures contained HEPES buffer (50 mM, pH 7.2), DTNB
(0.3 mM), acetyl-CoA, SeMddA, and MSX or MSO. Reactions were initi-
ated by the addition of SeMddA enzyme. A control containing enzyme but
lacking acetyl-CoA was used to correct for background. A secondary neg-
ative control containing MddA®2® (96 nM), acetyl-CoA, and MSX was
also used. In the above-mentioned controls, absorbance measurements
were not higher than the background control. Data were acquired every 10
s over a 2-min period.

To determine kinetic parameters when MSX or MSO was the sub-
strate, SeMddA was present at 96 nM, acetyl-CoA was used at a saturating
concentration (1 mM), and MSX or MSO concentrations were varied
from 0.010 to 2 mM. In assays where the acetyl-CoA concentration was
varied (from 0.050 to 2 mM), MSX was present at a saturating concentra-
tion (1 mM). SeMddA enzyme was present in the reaction mixture at 96
nM. Kinetic parameters were determined using Prism v6 (GraphPad)
analytical software. The molar extinction coefficient used for the concen-
tration of the TNB? ™~ anion was 14,150 M~ ' cm ™! (45).

Synthesis and identification of acetyl-methionine sulfoximine and
acetyl-methionine sulfone. To confirm the location of acetylation of
MSX and MSO, acetyl-MSX (Ac-MSX) and acetyl-MSO (Ac-MSO) were
generated enzymatically. The reaction components included acetyl-CoA
(1 mM), MSX or MSO (0.5 mM), SeMddA™™ (20 wg), and ammonium
bicarbonate (20 mM) in a reaction volume of 500 pl. A no-enzyme con-
trol reaction was also performed. The reaction mixtures were incubated at
37°C for 2 h. SeMddA™™ was removed from the reaction mixture by
filtration using Amicon Ultra centrifugal filters (Millipore) with a molec-
ular weight cutoff of 3,000 (3K), according to the manufacturer’s proto-
col. Samples were concentrated in a Vacufuge plus speed vacuum (Eppen-
dorf) at 30°C and resuspended in 50% acetonitrile, 50% dH,O, with 1%
formic acid. The identities of acetyl-MSX and acetyl-MSO were con-
firmed by mass spectrometry (MS) (Protein and Mass Spectrometry Fa-
cility, UGA). Electrospray ionization (ESI)-MS was performed after sam-
ple dilution in acetonitrile and run on an Esquire 3000 Plus (Bruker) Ion
Trap Mass Spectrometer at 0.3 ml/h.

Isolation of a Tn10d(tet") insertion in an mddAl::cat* strain by
transposon mutagenesis. To identify mutations that allow the growth of
an mddAI:cat™ strain in the presence of MSX, a mutagenesis screen using
Tn10d(tet") transposons was utilized. To obtain a phage pool lacking the
mddA gene, a transposition experiment was performed by transducing a
P22 phage stock carrying a pool of Tn10d(tet") transposons inserted
throughout the S. enterica genome into an mddAI::cat™ strain containing
a plasmid carrying a transposase (JE18543). This was done to prevent the
recovery of growth due to repair of the mddA1:cat* deletion. The trans-
duction reaction mixtures were plated on NB plates containing tetracy-
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FIG 2 MSX and MSO inhibit growth of an mddA::cat™ strain. The growth of S. enterica mddA™ and mddA1::cat” strains was examined in the presence of MSX
(10 pM or 50 pM) or MSO (50 wM or 100 M), as indicated. NCE minimal medium with glycerol (22 mM) or nutrient broth was used in these experiments.
Growth curves were determined using a microplate reader (Bio-Tek Instruments) as described in Materials and Methods. The following strains were analyzed:
JE10079 (mddA™), JE18333 (mddAl:cat™), JE18961 (mddAl:cat [pMDD8 mddA™ ), and JE19029 (mddAl::cat” /[pmDD11 mddA™ [encoding SeMddA***]).

The error bars represent standard deviations.

cline (20 g ml ') to select for transposon insertion. An estimated total of
61,308 colonies were pooled, resulting in ~13.5-fold coverage of the S.
enterica genome.

A P22 lysate grown on this pool of strains was used to transduce an
mddAl:cat™ strain (JE18333) to tetracycline resistance (20 wg ml™') on
NB plates, followed by replica printing onto NCE minimal medium plates
containing glycerol (22 mM) and MSX (10 uM). Colonies arising on the
selection plates were freed of phage, patched onto NB plates, incubated for
4 to 6 h at 37°C, and replica printed to several selection plates, including
NB with tetracycline (20 pg ml™'), NB with chloramphenicol (20 pg
ml™ '), and NCE minimal medium with MSX (10 uM). Strains that grew
under all of these conditions were freed of phage, and P22 lysates were
generated. The resulting phage lysate was used as a donor in crosses with
the parental mddAI::cat™ strain (JE18333). Transductions were plated on
NB with tetracycline (selecting for the transposon) and, after 24 h of
growth at 37°C, replica printed to plates containing MSX (10 wM) to
confirm the phenotype.

The location of the insertion on the chromosome was determined in
the reconstructed strain by sequencing the DNA flanking the Tn10d(tet")
element using a PCR-based protocol. A DNA product was amplified with
degenerate primers and primers derived from the Tn10d(tet™) insertion
sequences as reported previously (46) and used as a template for sequenc-
ing reactions. DNA sequencing was performed using BigDye Terminator
v3.1 protocols (Applied Biosystems), and the reactions were analyzed at
the University of Georgia Genomics Facility.

RESULTS

MSX and MSO inhibit growth of an mddAl:cat* strain. We
examined the ability of an S. enterica mddAl:cat™ strain
(JE18333) to grow in the presence of MSX or MSO (Fig. 2). In the
absence of MSX or MSO, no growth differences were observed
between the mddA™ and mddAl::cat™ strains in either rich or
minimal medium (data not shown). Addition of MSX (10 uM)
caused complete growth inhibition of the mddA1::cat™ strain in
minimal medium (Fig. 2A, diamonds). The same concentration of
MSX did not have any effect on the growth of the mddA™ strain
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(Fig. 2A, inverted triangles). The observed effects were different
when strains were grown in rich medium. Under these conditions,
MSX partially inhibited growth of the mddAl:cat" strain, but
only when the MSX concentration was at least 50 WM (Fig. 2B,
triangles).

Addition of MSO (50 wM) also negatively affected the growth
of the mddA1I::cat™ strain relative to that of the mddA™ strain in
minimal medium, but the effect was less severe than the effect
caused by MSX (Fig. 2C, triangles). A short delay in the onset of
exponential growth was observed for the mddAl:cat” strain in
rich medium containing 200 uM MSO (Fig. 2D, triangles).

SeMddA activity blocks the negative effects of MSX and
MSO. We performed in vivo experiments to determine whether
SeMddA played a role in circumventing the toxic effects of MSX
and MSO. For this purpose, plasmid pMDD8 (mddA™) was intro-
duced into the mddAl:cat™ strain (JE18333), yielding strain
JE18961. As a control, an inactive variant of SeMddA in which the
predicted catalytic residue E82 was changed to Q82 (SeMddA"**<Q)
was constructed by site-directed mutagenesis. The presence of
plasmid pMDD11 encoding the SeMddA™*? variant did not re-
store growth of the mddAl:cat™ strain in the presence of MSX
(Fig. 2A, circles). However, the wild-type mddA™ allele in trans
(pMDDB8) supported the growth of the mddAI::cat™ strain in the
presence of MSX or MSO (Fig. 2A, squares, and D, inverted trian-
gles). It should be noted that at higher levels of inducer, i.e., =250
UM L-(+)-arabinose, an mddAl::cat™ strain synthesizing the
SeMddA®? variant grew in medium containing MSX (10 M),
albeit with an extended lag phase, indicating that SeMddA"**?
retained some catalytic activity (see Fig. S1 in the supplemental
material).

High levels of MSX are inhibitory to wild-type S. enterica. An
increase in the lag phase of a culture of the mddA™ strain
(JE10079) was seen at higher levels of MSX (20 to 50 uM). How-
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FIG 3 The effect of increasing MSX concentration on mddA™ and mddA::cat” strains is detrimental to growth. The growth of S. enterica mddA™ and
mddA1:cat” strains was examined with increasing concentrations of MSX, as indicated. The minimal medium used was NCE with glycerol (22 mM), and the rich
medium used was nutrient broth. Growth curves were determined using a microplate reader (Bio-Tek Instruments) as described in Materials and Methods. The
following strains were analyzed: JE10079 (mddA™) and JE18333 (mddA1::cat™). The error bars represent standard deviations.

ever, the strain eventually grew at the same rate observed in me-
dium devoid of MSX and reached the same optical density as a
culture not exposed to MSX (Fig. 3A). The effect of MSX in rich
medium was notably different, as the mddA™ strain showed no
inhibition when the MSX concentration was 500 uM (data not
shown), and only partial inhibition of growth occurred at 1 mM
(Fig. 3B, triangles). In sharp contrast, as stated previously, no
growth of the mddAI::cat™ strain was observed in the presence of
as little as 10 uM MSX in minimal medium (Fig. 3C); however, in
rich medium, growth of the mddAl::cat™ strain was abolished
onlyata concentration of 1 mM MSX (Fig. 3D, inverted triangles).

High concentrations (e.g., 200 uM) of other methionine de-
rivatives, such as methionine sulfoxide and buthionine sulfoxi-
mine (BSX), did not affect the growth rate of either the mddA™ or
the mddAl:cat" strain in minimal medium (doubling times [h]:
with methionine sulfoxide, 1.4 and 1.5, respectively; with BSX, 1.6
and 1.7, respectively).

SeMddA does not block the inhibitory effects of PHO. Addi-
tion of PHO (100 wM) was inhibitory to S. enterica growth; how-
ever, the mddA and mddAl:cat” strains were equally affected,
indicating that the deleterious effect of PHO could not be blocked
by SeMddA (Fig. 4). At present, it is unclear whether PHO is
acetylated in S. enterica, and if so, which acetyltransferase catalyzes
the reaction.

Inhibition of an S. enterica mddAl::cat™ strain by MSX or
MSO is alleviated by the addition of glutamine or methionine.
MSX and MSO are glutamate analogues that inhibit glutamine
synthetase (GInA). GInA function is essential in nitrogen metab-
olism, and MSX has been shown to bind tightly to the enzyme,
causing irreversible inhibition of activity (47, 48). This inhibition
is partially resolved by the addition of the product, glutamine,
bypassing the requirement for GInA (49). When glutamine (200 uM)
was present in the culture medium, exposure of an mddAl:cat™
strain to MSX (10 M) resulted in a modest increase in the growth
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yield, plateauing at an ODg;, of ~0.2 (Fig. 5A). The addition of
higher concentrations of glutamine (i.e., 500 and 1,000 uM) cor-
related with higher growth yields (Fig. 5A), suggesting that satu-
ration of the GInA active site with glutamine outcompeted bind-
ing of the inhibitor.

Growth of an mddAl::cat™ strain exposed to MSO (50 uM)
was restored to wild-type levels with higher levels of glutamine
(i.e., 500 and 1,000 puM) in the medium (Fig. 5C). Addition of
glutamine to an mddAl:cat” strain exposed to either MSX or
MSO in rich medium allowed the strain to grow at a rate similar to
that of the mddA ™ strain, and it reached a growth yield similar to
wild-type levels (see Fig. S2A and B in the supplemental material).

| mdda*—»

mddA::cat*

Absorbance at 630 nm

0 10 20 30
Time (h)

FIG 4 SeMddA does not prevent growth inhibition by PHO. Growth of the S.
enterica mddA™ and mddAl::cat™ strains was examined with or without PHO
(100 wM). NCE minimal medium supplemented with glycerol (22 mM) was
used in these experiments. Growth curves were determined using a microplate
reader (Bio-Tek Instruments) as described in Materials and Methods. The
following strains were analyzed: JE10079 (mddA™) and JE18333 (mddAl:
cat™).
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FIG 5 Glutamine and methionine counteract the deleterious effects of MSX and MSO on growth in the absence of MddA. The growth of S. enterica mddA™ and
mddAT:cat’ strains was examined in the presence of MSX (10 uM) and MSO (50 M), with the addition of glutamine (200 wM, 500 wM, or 1,000 uM) or
methionine (500 wM) to the medium. NCE minimal medium supplemented with glycerol (22 mM) was used in these experiments. Growth curves were
determined using a microplate reader (Bio-Tek Instruments) as described in Materials and Methods. The following strains were analyzed: JE10079 (mddA™) and

JE18333 (mddAl:cat™). The error bars represent standard deviations.

It is clear that MSX and MSO inhibit GInA activity (47, 50-54);
however, it is less clear whether these compounds inhibit other
cellular processes that could account for the observed growth phe-
notypes.

Previous work showed that the addition of methionine to wild-
type S. enterica exposed to MSX restored growth (for wild-type
cultures within 8 h), possibly alleviating toxicity by competing
with the uptake of MSX (49). The growth behavior of mddA™ and
mddA1:cat" strains in medium containing methionine (500 M)
and MSX (10 pM) or MSO (50 M) was investigated (Fig. 5B and
D). Addition of methionine improved the growth of an mddA1::
cat™ strain exposed to MSX, but not to wild-type levels. Methio-
nine also decreased MSX toxicity in the mddA™ strain, resulting in
cultures reaching stationary phase ~10 h sooner than cultures
growing in the presence of MSX and in the absence of methionine
(Fig. 5B). When MSO was used in lieu of MSX, growth of the
mddAl:cat™ strain was restored to wild-type levels when methi-
onine was added to the culture medium (Fig. 5D).

SeMddA is a dimer in solution. SeMddA™" is a 516-residue,
19.2-kDa protein. SeMddA"“" and the SeMddA"**? catalytic vari-
ant were isolated to 99% homogeneity using Ni* affinity chroma-
tography (see Materials and Methods) (Fig. 6A). To determine the
oligomeric state of the proteins in solution, FPLC gel filtration
analysis was performed using commercially available molecular
mass standards. Under the conditions tested, SeMddA™" and
SeMddA"**? eluted ~30 min after injection. The retention time
was consistent with that of a protein whose mass was approxi-
mately 40 kDa, compared to the elution times of molecular mass
standards. Since the calculated molecular mass of SeMddA"™" was
approximately 19 kDa, we inferred that SeMddA ™" was a dimer in
solution (Fig. 6B). The oligomeric state of SeMddA was consistent
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with those of MddA homologues from P. aeruginosa (PA4866)
and A. baylyi (ACIAD1637) (12, 16).

5eMddA™™ acetylates toxic methionine derivatives. TLC was
used to identify the substrate(s) of SeMddA™™. An in vitro activity
assay was used to monitor the SeMddA-dependent transfer of the
“C-labeled acetyl moiety from [1-'*Clacetyl-CoA to putative
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FIG 6 SeMddA is a dimer in solution. (A) SeMddA™" and the catalytic variant
SeMddA®2Q (~19 kDa) were purified using a two-step nickel affinity purifi-
cation. An SDS-PAGE gel shows the molecular mass standards (kDa) (left
lane), purified SeMddA™" protein, and purified SeMddA®2?, Both proteins
were purified to >99% homogeneity. (B) The molecular masses of SeMddA™™"
and SeMddA®*?? in solution were estimated by gel filtration chromatography
as described in Materials and Methods. The molecular mass standards (open
circles) were thyroglobulin (bovine; 670 kDa), gamma globulin (bovine; 158
kDa), ovalbumin (chicken; 44 kDa), myoglobin (horse; 17 kDa), and vitamin
B,, (1.35 kDa).
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TABLE 1 Kinetic parameters of S. enterica MddA™ ™

Substrate K, appy (MM) Keatcappy (871 koK, M71s™h)
MSX 576 = 89 35+2 6 X 10*
MSO 230 = 56 31+2 1% 10*
Acetyl-CoA 156 = 41 23+ 1 2 X 10*

“ The apparent kinetic parameters of the SeMddA™" protein were determined using a
spectrophotometric assay described in Materials and Methods. The catalytic variant
SeMddAF#2Q was used as a negative control.

substrates that were analogous in structure to MSX (see Materials
and Methods). Phosphorimaging showed SeMddA""-dependent
acetylation of MSX, MSO, methionine sulfoxide, BSX, methio-
nine, and glutamine (see Fig. S3 in the supplemental material).
Transfer of the radiolabel was not seen when PHO, glutamate, or
arginine was used as a substrate or when SeMddA"™*? was used as
the negative control (see Fig. S3 in the supplemental material).

To examine the specificity of the SeMddA™" enzyme for the
substrates identified by TLC, a spectrophotometric assay using
DTNB was used to determine the kinetic parameters of Se-
MddAWT (see Materials and Methods) (Table 1). No acetyltrans-
ferase activity was detected, under the conditions tested, when
PHO, methionine sulfoxide, BSX, methionine, or glutamine was
used as the substrate (data not shown). Activity of SeMddA ™" was
seen for MSO {apparent K, [K,,(app)]> 230 = 56 WM} and MSX
(Koappy 576 = 89 wM]. Inhibition of SeMddA™" activity was
observed at MSO concentrations of >1.5 mM, while no inhibition
was seen when MSX was tested (<2 mM). Also, concentrations of
acetyl-CoA of >750 uM were inhibitory to SeMddA™™.

The SeMddA™2? catalytic variant (96 nM; negative control)
displayed no activity at saturating substrate concentrations (MSX
and acetyl-CoA, 1 mM each), and appreciable activity of
SeMddA"™**? was not observed until a 50-fold-higher protein con-
centration (5 wM) was reached. Although the activity of
SeMddA"¥< was substantially decreased in vitro, the residual ac-
tivity observed may account for the growth of an mddAl::cat™
strain containing a plasmid encoding SeMddA™?< in medium
with MSX (10 wM) at high levels of induction [0.25 to 1 mM
L-(+)-arabinose] (see Fig. S1 in the supplemental material).

Location of acetylation of MSX and MSO. To confirm the
location of acetylation of MSX and MSO, Ac-MSX and Ac-MSO
were generated enzymatically (see Materials and Methods), and
the structures were resolved by mass spectrometry (Protein and
Mass Spectrometry Facility, UGA). Signals for the predicted
masses of acetylated MSX (m/z 221) and acetylated MSO (m/z
222) were observed using ESI-MS (data not shown). Liquid chro-
matography-tandem MS (LC-MS-MS) of the Ac-MSX signal re-
sulted in a strong peak at m/z 142 (data not shown), indicative of
the location of the acetyl group on the nitrogen bound to the alpha
carbon.

S. enterica cannot use MSX or acetyl-MSX as a source of me-
thionine. To try to understand the fate of Ac-MSX, the ability of
the compound to be utilized by S. enterica as a methionine source
was tested. We used a methionine auxotroph that could acetylate
MSX (i.e., strain JE6583 [metE mddA™]). Strain JE6583 was grown
in minimal medium that lacked methionine (negative control) or
that contained methionine (positive control; 100 uM), MSX (100
M), or methionine and MSX (100 wM each). Growth was ob-
served only when methionine was present (Fig. 7). These results
indicated that neither MSX nor its acetylated form was used by
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strain JE6583 to generate methionine, or if generated, it was not to
levels high enough to satisfy the methionine requirement for
growth.

An mddA™ strain displays biphasic growth at higher MSX
concentrations with the addition of glutamine. Growth of the
mddA™ strain (JE10079) exposed to MSX with the addition of
glutamine (200 wM) was examined at various concentrations of
MSX (50 to 200 wM). Under these conditions, cultures of the
mddA™ strain exhibited biphasic growth, with the initial growth
onset occurring at the same time, followed by a plateau with an
increasing lag phase. The observed lag in growth correlated with
higher concentrations of MSX (greater than 5 uM MSX) (Fig. 8A).
Interestingly, after the onset of growth, the growth rates for all
conditions were similar (doubling times [h]: 1.4 [5 pM], 2.1 [50
PM], 2.4 [100 M], and 3.2 [200 wM]).

Ectopic overexpression of mddA™* provides resistance to
higher concentrations of MSX. An mddA* strain carrying
mddA™ on a plasmid under the control of an inducible promoter
(JE18961) was grown in minimal medium with MSX (50 pM) and
various levels of inducer [50 to 500 wM L-(+)-arabinose]. At
higher concentrations of the inducer, cultures of strain JE18961
grew with lag times shorter than those of the noninduced control
(Fig. 8B). These data were consistent with the idea that increased
SeMddA protein levels provided greater protection against the
toxic effects of MSX.

Identification of genetic loci whose functions are required
for MSX toxicity. We took a genetic approach to find loss-of-
function derivatives of an mddAI::cat™ strain (JE18333) that grew
in the presence of MSX (10 wM). For this purpose, a P22 phage
lysate grown on a pool of S. enterica mddAl:cat™ strains carrying
Tn10d(tet") elements randomly inserted in the chromosome was
used as the donor to transduce the mddA I::cat™ strain to tetracy-
cline resistance (for details, see Materials and Methods). Tetracy-
cline-resistant (Tet") colonies (~50,000) were replica printed
onto minimal medium supplemented with glycerol (22 mM), tet-
racycline (20 pg ml™"), and MSX (10 uM). A total of 22 mutant
strains that grew under these conditions were analyzed further. To

1metE mddA*

: Methionine

Absorbance at 630 nm

Time (h)

FIG 7 Neither MSX nor acetyl-MSX permits growth of a methionine auxo-
trophin S. enterica. Growth of an S. enterica strain auxotrophic for methionine
(metE mddA™) was tested in NCE minimal medium (glycerol, 22 mM) in the
absence of methionine or with methionine (100 uM), MSX (100 wM), or
methionine and MSX (100 M each). Growth curves were determined using a
microplate reader (Bio-Tek Instruments) as described in Materials and Meth-
ods. The strain analyzed was JE6583 (metE205 mddA ™). The error bars repre-
sent standard deviations.
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FIG 8 An mddA™ strain exhibits biphasic growth in minimal medium containing glutamine and MSX. (A) Growth of the S. enterica mddA™ strain in NCE
minimal medium supplemented with glycerol (22 mM) was examined in the presence of glutamine (200 uM) and increasing concentrations of MSX (5 to 200
M), as indicated. The strain analyzed was JE10079 (mddA™). (B) Growth of the S. enterica mddA™ /[pMDD8 mddA™ strain was examined in the same medium
in the presence of MSX (50 M) and increasing concentrations of inducer [L-(+)-arabinose; 50 to 500 wM], as indicated. The strain analyzed was JE18955
(mddA™ [pMDD8 mddA ™). Growth curves were determined using a microplate reader (Bio-Tek Instruments) as described in Materials and Methods. The error

bars represent standard deviations.

confirm that growth of the mddAl:cat” strain was due to the
inheritance of a Tn10d(tet") element, P22 phage was grown on
these strains to generate a phage lysate that was used as the donor
to transduce the original mddAlI:cat™ recipient strain to Tet".
Only one of the 22 MSX" mutants grew on medium containing
MSX after reconstruction. The other mutants contained a muta-
tion(s) not linked to the Tn10d(tet") element. After freeing the
reconstructed MSX" strain from phage, the location of the trans-
poson insertion was identified by arbitrary PCR and subsequent
DNA sequencing (46).

The transposon insertion in this strain was located within the
gInP gene (insertion at bp 384 out of 660), which encodes the
membrane component subunit of the glutamine ABC transporter
GInHPQ (Fig. 9A). The reconstructed mddAl:cat* ginPI1561:
Tn10d(tet") strain (JE20027) grew on minimal medium contain-
ing MSX (10 uM) (Fig. 9B, triangles). Identification of this mu-
tant was not surprising, as the amino acid transporters MetNIQ
(methionine permease) and GInHPQ (glutamine permease) are
responsible for transporting MSX in S. enterica. To our knowl-
edge, transport of MSO has not been investigated (55).

Deletion of two amino acid transport systems relieves MSX
toxicity. A deletion of gInP in combination with glnQ (ATP-bind-
ing subunit, strain JE20064) was constructed to ensure that the cell
was devoid of transporter. Growth of the mddA™ and AmddA2
strains in the absence of GInPQ was examined in medium con-
taining MSX (20 wM) (Fig. 10A). A gInPQI1562::cat™ strain
(JE20064) exposed to MSX reached stationary phase faster than
the wild-type strain (~10 h) (Fig. 10A, inverted triangles). A
AmddA2 ginPQ1562::cat™ strain (JE20065) displayed an increased
lag phase compared to the wild-type strain, but once the culture
started growing, it grew at a rate similar to that of the glnPQ
mddA™ strain (Fig. 10A, diamonds). Ectopic synthesis of glnPQ in
the AmddA2 glnPQ1562::cat™ strain (JE20073) restored the ap-
parent transport of MSX and abolished growth in medium con-
taining MSX (Fig. 10A, circles).

Transport of MSX has been examined in S. enterica in relation
to the transport of amino acids (Met) (56, 57). These studies dem-
onstrated that the uptake of MSX and methionine sulfoxide was
inhibited when both glutamine permease (GInHPQ) and methi-
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onine permease (MetNIQ) were blocked. As seen in Fig. 10B,
growth of a AmddA2 ginPQI1562::cat™ metNI2703:kan™ strain
(JE20067) lacking both transporters was examined in the presence
of MSX. Strain JE20067 grew better than the wild-type strain, with
no observed lag when MSX was added to the medium (Fig. 10B,
open squares). The AmddA2 metNI2703::kan™ strain behaved
similarly to the AmddA2 glnPQ1562::cat” strain (Fig. 10B, dia-
monds).

Ectopic synthesis of MetNI in the AmddA2 metNI2703::kan™
strain background also failed to support growth in the presence of
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FIG 9 Growth of the mddAl:cat™ glnP1561::Tn10d(tet") strain in the pres-
ence of MSX. (A) Transposon mutagenesis [Tn10d(tet*)] of an mddA1::cat™
strain determined that inactivation of glnHPQ (glutamine permease) restored
growth in the presence of MSX (10 wM). (B) Growth of the reconstructed S.
enterica mddAl:cat™ glnP1561::Tn10d(tet") strain identified in the mutagen-
esis screen was examined in NCE minimal medium supplemented with glyc-
erol (22 mM) and MSX (10 uM). Growth curves were determined using a
microplate reader (Bio-Tek Instruments) as described in Materials and Meth-
ods. The following strains were analyzed: JE10079 (mddA™ gInP™), JE18622
(AmddA2), and JE20027 [mddAl::cat™ glnP1561:Tn10d(tet")].
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FIG 10 Deletion of two amino acid transporters (GInHPQ and MetNIQ)
restores growth of a AmddA2 strain exposed to MSX and MSO. (A to D)
Growth of S. enterica mddA™ and AmddA2 strains with or without glutamine
permease (glnPQ) or methionine permease (metNI) was examined in the pres-
ence of MSX (20 uM) or MSO (50 M) in NCE minimal medium with glyc-
erol (22 mM). Plasmids were induced with 10 pM L-(+)-arabinose. Growth
curves were determined using a microplate reader (Bio-Tek Instruments) as
described in Materials and Methods. The following were analyzed: mddA™
gInPQ" metNI" (JE10079), AmddA2 (JE18622), glnPQ1562::cat™ (JE20064),
AmddA2 gInPQ1562::cat”™ (JE20065), metNI2703::kan™ (JE19583), AmddA2
metNI2703:kan™ (JE19730), AmddA2 metNI2703:kan™ glnPQ1562::cat™ (JE20067),
AmddA2 glnPQ1562::cat* [pGLN2 glnPQ™* (JE20073),and AmddA2 metNI2703::
kan* /pMETN1 metNI* (JE20329) strains. The error bars represent standard
deviations.
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MSX, confirming that GInHPQ and MetNIQ transport MSX into
the cell and that deletion of these two systems supports growth of
an mddA strain on medium containing MSX (Fig. 10B, circles). It
is interesting that in either the AmddA2 glnPQ1562::cat” or the
AmddA2 metNI2703::cat™ strain, growth occurred at a rate similar
to that in the mddA™ strain, but with a longer lag phase.

MSO is transported by GInHPQ but not by MetNIQ. Similar
growth experiments using the above-mentioned strains were car-
ried out with the addition of MSO (50 wM) to investigate the
transport of MSO (Fig. 10C and D). Deletion of glnPQ in a
AmddA2 strain background (JE20065) restored growth to wild-
type levels (Fig. 10C, diamonds), suggesting that a decreased
amount of MSO was being transported into the cell. This effect
was reversed when glnPQ™ were expressed in trans (Fig. 10C, solid
circles).

Surprisingly, the kinetics of growth of the AmddA2
metNI2703:kan™ strain (JE19730) (Fig. 10D, diamonds) and the
AmddA2 strain (JE18622) (Fig. 10D, triangles) in the presence of
MSO were similar, demonstrating that deletion of the methionine
transporter did not prevent inhibitory levels of MSO from enter-
ing the cell. Expression of metNI" in trans in the AmddA2
metNI2703::kan™ strain (JE20329) (Fig. 10D, open circles) re-
sulted in growth that was similar to that of the AmddA2 strain (Fig.
10D, triangles). Taken together, these results implied that, unlike
MSX and methionine sulfoxide, MSO was not transported
through the methionine permease.

DISCUSSION

SeMddA is necessary for cell survival in the presence of MSX in
minimal but not in rich medium. On minimal medium, S. en-
terica strains lacking MddA cannot grow in the presence of MSX;
however, in rich medium, a higher concentration (5X) of MSX is
needed to observe even a delay in growth (Fig. 2). This raises the
question as to what enzymes or metabolites are present under rich
medium conditions that help prevent MSX toxicity in the absence
of MddA. One explanation could be differences in the availability
of glutamine or methionine in rich versus minimal medium, since
the addition of these compounds restored growth of a AmddA
strain in the presence of MSX (Fig. 5). Other possibilities include
increased expression of glnA (the gene encoding the enzyme
known to be affected by MSX) and the presence of antioxidant
compounds in rich medium.

SeMddA does not acetylate PHO. SeMddA and its homo-
logues have been annotated as PHO acetyltransferases (like the
Bar protein of Streptomyces spp.), an activity that MddA homo-
logues in several organisms do not posses (12, 16). Although PHO
is inhibitory to S. enterica when present at 100 wM, it is clear that
the deleterious effect of PHO is affected by the absence or presence
of MddA (Fig. 4). In contrast, our data support the conclusion that
a physiological role of MddA in S. enterica is to block the harmful
effects of oxidized methionine derivatives, such as MSX and MSO
(Fig. 2 and 8 and Table 1).

The fact that SeMddA can acetylate MSX and MSO but not
PHO suggests a relatively high degree of specificity of the enzyme
for structural analogues of its bona fide substrates (Fig. 2 and 4).
There are, however, examples of homologues of the Streptomyces
Bar protein that efficiently acetylate PHO and MSX. Such homo-
logues are found in Streptomyces hygroscopicus and Rhodococcus
spp. (24, 58). Whether PHO is acetylated by another S. enterica
GNAT remains an open question.

January 2015 Volume 197 Number 2


http://jb.asm.org

Comparison of enzyme activities between MddA homo-
logues. The activity of an MddA-related homologue in P. aerugi-
nosa, PITA (PA4866), has been investigated (12). The authors of
the study observed a K,,,,,) of 1.3 mM for both MSX and MSO,
while we observed much lower K, values (MSX, 576 pM;
MSO, 230 pM), with MSX having a 2-fold-higher K,,,,,,, than
MSO (Table 1). The activity of PITA versus MddA also differs in
the turnover number. The k., of PITA ranged from 505 s~
(MSX) to 610 s~ ' (MSO), while the k_,, of MddA varied from 34.5
s~ (MSX) to 30.6 s' (MSO), indicating that the PITA enzyme
has a faster turnover than MddA. It is also interesting that the
authors saw no inhibition of enzyme activity when using ~20 mM
substrate. We observed inhibition of MddA activity when the con-
centration of acetyl-CoA was >750 pM and when the concentra-
tion of MSO was >1,500 wM. Comparison of the catalytic effi-
ciencies (M~ ! s™!) of MddA when MSO (1.3 X 10°) or MSX
(6.0 X 10*) was the substrate also suggests that MSO is a better
substrate than MSX.

Expression of mddA is induced in response to MSX. In the
presence of glutamine with increasing concentrations of MSX, an
mddA™ strain grows biphasically. Clearly, the addition of glu-
tamine allows the initial onset of growth, but at a certain point, the
cell either runs out of available glutamine or GInA is inhibited by
MSX, leading to growth arrest (Fig. 8). Not surprisingly, the
higher the concentration of MSX, the longer growth arrest per-
sists. We hypothesize that during growth arrest there may be an
increase in the expression of mddA™ in response to the level of
MSX. Once the MSX is acetylated and rendered innocuous, the
cell can resume growth, a conclusion that is supported by the fact
that growth rates remain similar when growth is restored.

How does a strain devoid of MddA and either transporter
grow in the presence of MSX? On the basis of the growth data
presented (Fig. 9 and 10), we conclude that a deletion of only one
of the MSX transport systems still allows inhibitory concentra-
tions of MSX into the cell, which raises the question of how the
mddA ginPQ and mddA metNI strains can survive the toxic effects
of MSX. A plausible explanation is the existence of an enzyme with
SeMddA-like activity whose k,, for MSX is slower than that of
SeMddA but sufficient to support growth under such conditions.
Examples of redundant functions in cells are not rare (e.g., MetE
and MetH [methionine synthases] and PurN and PurT [glyci-
namide ribonucleotide transformylase]). It should also be noted
that mutations in GInA that prevent MSX binding and inhibition
while retaining activity have been characterized (59, 60). It is also
interesting that while both MSX and methionine sulfoxide are
transported through the methionine permease MetNIQ, our data
indicate that the structural analogue MSO is not (Fig. 10), shed-
ding light on the specificity of the MetNIQ transporter.

Why does SeMddA acetylate oxidized methionine deriva-
tives? There is precedent for the role of GNATs in detoxifying
toxic compounds (5, 11) by using acetylation as a means to inac-
tivate antibiotics. While our data clearly demonstrate that MddA
of S. enterica can prevent the deleterious effects of MSX and MSO
(Fig. 2 and 8), it is less clear what environmental conditions ex-
pose S. enterica to MSX and MSO.

MSX has been identified in processed foods (in the 1940s) and
occurs naturally in the roots and stems of some plant species (25).
It is also possible that these compounds are produced as a conse-
quence of the host response and reactive nitrogen or oxygen spe-
cies (61) or are synthesized endogenously as a by-product of a
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normal metabolic process (62), which would not be unprece-
dented for S. enterica. Oxidation of methionine residues of pro-
teins can generate methionine sulfoxide, but no studies looking at
protein oxidation have detected the production of MSO (63-65).
Although the sources of MSX and MSO are currently unknown,
MddA function is necessary for S. enterica growth when these
compounds are present. Future studies aim to understand the role
of acetylation with respect to environmental stressors.
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