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Synthesis of the 31-amino acid, inner membrane protein MgtS
(formerly denoted YneM) is induced by very low Mg2+ in a PhoPQ-
dependent manner in Escherichia coli. Here we report that MgtS
acts to increase intracellular Mg2+ levels and maintain cell integrity
upon Mg2+ depletion. Upon development of a functional tagged
derivative of MgtS, we found that MgtS interacts with MgtA to
increase the levels of this P-type ATPase Mg2+ transporter under
Mg2+-limiting conditions. Correspondingly, the effects of MgtS
upon Mg2+ limitation are lost in a ΔmgtA mutant, and MgtA over-
expression can suppress the ΔmgtS phenotype. MgtS stabilization
of MgtA provides an additional layer of regulation of this tightly
controlled Mg2+ transporter and adds to the list of small proteins
that regulate inner membrane transporters.
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Bacteria live in rapidly changing environments, most of which are
suboptimal for growth, and use a variety of signal transduction

mechanisms to promptly respond to these varied conditions. The
response mechanisms include an extensive array of two-component
signal transduction systems, which typically consist of a membrane-
associated sensor kinase and its cognate response regulator, usually a
transcription factor (reviewed in ref. 1). One two-component system,
PhoPQ, has been shown to be critical to the virulence of many
Gram-negative bacteria, including uropathogenic Escherichia coli
and Salmonella enterica, where the system is best characterized
(reviewed in ref. 2). When S. enterica cells encounter a variety of
stress conditions, including low Mg2+ levels, an acidic environment,
and/or presence of antimicrobial peptides, some conditions that are
present in host phagocytes, the sensor kinase PhoQ is activated,
leading to the phosphorylation of the response regulator PhoP
(reviewed in ref. 3). Activated PhoP in turn induces transcription of a
large regulon and thereby promotes Mg2+ import, lipopolysaccha-
ride (LPS) modification, and increased resistance to acid and anti-
microbial peptides (reviewed in ref. 4), thus promoting survival.
In response to environmental signals, bacteria also induce the

synthesis of small regulatory RNAs (sRNAs) and, as has been
found more recently, small proteins that also act as regulators.
Genes encoding small proteins of 50 amino acids or fewer in
length are inadequately annotated in all organisms (reviewed in
ref. 5). The E. coli chromosome encodes more than 60 confirmed
small protein-encoding genes (6), but the physiological roles of the
majority are unknown. However, many are conserved and/or are
synthesized under very specific environmental conditions (6, 7),
implying that they perform critical functions. More than half of the
small proteins are predicted to contain an α-helical trans-
membrane (TM) domain (6), indicating membrane association.
Several small transmembrane proteins have been found to be

expressed upon Mg2+ limitation and/or have roles in Mg2+ ho-
meostasis. For instance, the 47-aa E. coli PhoQP-induced MgrB
protein interacts with the sensor kinase PhoQ and represses the
autophosphorylation of the kinase, thus forming a negative feed-
back loop that controls the dynamics of PhoP-target gene ex-
pression (8, 9). MgrB carries three cysteines and also modulates
PhoQ activity in response to changes in the oxidizing environment
of the periplasm in E. coli and S. enterica (10, 11). The 30-aa

S. enterica MgtR protein is coexpressed with its interaction
partner MgtC from PhoPQ-regulated mgtCBR operon (12). MgtR
mediates the FtsH-dependent degradation of MgtC (12), a
membrane-bound repressor of the F0α-subunit of the F1F0 ATP
synthase (13). MgtR also interacts with MgtA, a P-type ATPase
Mg2+ importer to promote turnover, possibly as a mechanism
to balance the levels of the MgtA and MgtB transporters under
conditions of low Mg2+ (14). These examples support the
general model that small membrane proteins are induced under
specific conditions to interact with and modulate the functions
of large membrane proteins.
The 31-amino acid YneM protein, here renamed MgtS, was

first predicted as a conserved small ORF in various entero-
bacterial species (15) in the intergenic region between ydeE,
encoding a predicted transporter, and ydeH (now dgcZ),
encoding a diguanylate cyclase (Fig. 1A). Subsequent studies
confirmed that this small protein is synthesized in E. coli (6).
MgtS is predicted to contain a single hydrophobic α-helix, and
assays of alkaline phosphatase and green fluorescent protein
fusions to MgtS showed that the 31-amino acid protein spans
the inner membrane and adopts a Cin–Nout orientation (16). It
was also discovered that a small, regulatory RNA named MgrR
is expressed convergently from mgtS in the ydeE–dgcZ inter-
genic region and that transcription of both the MgrR sRNA
and the mgtS (yneM) mRNA is induced by low Mg2+ in a
PhoPQ-dependent manner (17). Here we report that MgtS acts
to increase the intracellular Mg2+ concentration thus enabling
growth under Mg2+-limiting conditions by increasing the levels
of the Mg2+ transporter MgtA.

Significance

Proteins of fewer than 50 amino acids are overlooked by most
genomic and biochemical approaches and their functions are
generally unknown. Here we report that a 31-amino acid inner
membrane protein synthesized in response to limiting Mg2+

binds and stabilizes the major Mg2+ importer, thereby leading
to increased intracellular levels of this critical ion. This discov-
ery further supports the hypothesis that many of these over-
looked small proteins regulate the functions and stabilities of
larger membrane proteins.
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Results
Synthesis of the 31-Amino Acid Membrane Protein MgtS Is Induced by
Low Mg2+. To examine the kinetics of MgtS induction upon Mg2+

limitation, we assayed the levels of a derivative with a sequential
peptide affinity (SPA)-tag (18) expressed from the endogenous
chromosomal locus (MgtS-SPA). We first compared the levels of
the mgtS-SPA mRNA from cells grown in N-minimal medium

supplemented with 500 μM MgSO4 or without added Mg2+. Little
mgtS-SPA mRNA could be detected from bacteria grown with
500 μM Mg2+ (Fig. 1B). In contrast, mgtS-SPA mRNA was seen
immediately postwashing with N medium without added Mg2+ and
continued to increase upon growth. This induction by Mg2+ de-
pletion was dependent on PhoPQ as it was completely abolished in a
ΔphoP strain. We also probed the same blot for the known PhoPQ-
regulatedMgrR sRNA. In the wild-type but notΔphoP strain, MgrR
was detected upon growth in N medium with both 500 and 0 μM
Mg2+, in agreement with previous observations that the mgrR pro-
moter is induced by a broader range of low Mg2+ concentrations
(17). We next assayed the MgtS-SPA protein levels. Consistent with
the Northern results, MgtS-SPA protein was not detected during
growth in medium with 500 μM Mg2+, whereas levels were partially
induced by 15 min and dramatically elevated by 30 min after tran-
sition into N medium without added Mg2+ (Fig. 1B).

MgtS Protects Cells at Low Intracellular Mg2+ Levels. Given the
strong induction of MgtS-SPA by very low Mg2+, we examined the
consequences of deleting mgtS under conditions of Mg2+ limita-
tion. When wild-type cells were inoculated into N medium with a
sparing amount of Mg2+ (7.5 μM), cultures grew for ∼6 h, after
which the OD600 plateaued, presumably due to Mg2+ exhaustion
(Fig. 1C and SI Appendix, Fig. S1). ΔphoP cells had a reduced
doubling time initially and could not reach the same OD600 as
wild-type cells (Fig. 1C). Cells lacking MgtS had the same initial
doubling time as wild-type cells until 6 h postmedia switch, but
also reached a lower final OD600 with fewer colony forming units
(Fig. 1C and SI Appendix, Fig. S1). In contrast, the mutant lacking
the convergently transcribed sRNAMgrR had a growth curve like
the wild-type strain. Because the lower OD600 observed for the
ΔmgtS strain could be complemented by expressing mgtS on a
plasmid (see Effect of MgtS Is Reduced in an mgtA Deletion
Background), these observations suggest that MgtS is important
for cell growth and/or viability when Mg2+ is exhausted.
The Mg2+-specific defect of theΔmgtSmutant could be due to a

decrease in the intracellular level of Mg2+ and/or an inability of
the cells to use Mg2+. To evaluate the cause of the defect, we
created a reporter for intracellular Mg2+ levels by fusing lacZ to
the Mg2+-responsive 5′-untranslated region (UTR) of E. coli
mgtA. Depending on the intracellular Mg2+ concentration, the
mgtA 5′-UTR has been shown to adopt alternative RNA sec-
ondary structures, which modulates transcription elongation into
the mgtA ORF through sequestration of a Rho-dependent tran-
scription terminator (19–21). Specifically, elongation into mgtA is
increased when free intracellular Mg2+ levels are low, whereas the
transcript is terminated in the 5′-UTR when Mg2+ levels are high.
Transcription of the lacZ reporter remained low in all strains
grown in 500 μM Mg2+, indicating higher levels of intracellular
Mg2+ (Fig. 1D). In the wild-type and ΔmgrR backgrounds, the
Plac-5′-UTRmgtA-lacZ fusion is induced minimally 30 min after
cells are transferred to N medium without added Mg2+ (Fig. 1D).
In contrast, the fusion is induced 2.9-fold in the ΔmgtSmutant and
4.3-fold in the ΔphoP mutant. This induction indicates that, upon
Mg2+ depletion, ΔmgtS cells, like ΔphoP cells, have lower in-
tracellular Mg2+ levels than wild-type cells.

MgtA Copurifies with Functional Tagged Derivatives of MgtS. To learn
more about how MgtS acts to affect intracellular Mg2+ levels, we
sought to identify proteins associated with MgtS. Because we
needed negative control mutants and an active-tagged form of the
protein, we set out to determine which of the 31 amino acids are
important for MgtS activity (Fig. 2A). We mutated six highly
conserved residues to alanine and assayed the effects of over-
expressing the mutants on expression of the Plac-5′-UTRmgtA-lacZ
reporter in a ΔmgtS background (Fig. 2B). With the empty vector,
reporter expression was elevated 2.0-fold upon growth in N me-
dium without added Mg2+ compared with media with 500 μMMg2+.
Overexpression of the wild-type MgtS eliminated induction of
the reporter. The G19A, L21A, and S26A mutants had wild-type
activity and the W29A mutant had an intermediate phenotype,

Fig. 1. MgtS contributes to cell growth and intracellular Mg2+ upon Mg2+

limitation. (A) ThemgtS gene is located between ydeE andmgrR, encoding a
PhoPQ-regulated sRNA. mgtS and mgrR do not overlap. (B) Expression of
MgtS-SPA is induced by Mg2+ starvation in a PhoP-dependent manner.
Northern and immunoblot analyses were carried out for mgtS-SPA phoP+

(GSO767) and mgtS-SPA ΔphoP::kan (GSO768) strains grown in N medium
with 500 μM Mg2+ or without added Mg2+ as described in SI Appendix.
(C ) ΔmgtS strain shows survival defect upon Mg2+ limitation. The OD600

of the cultures of wild-type (MG1655), ΔmgtS::kan (GSO229), ΔmgrR::kan
(GSO769), and ΔphoP::kan (GSO766) cells grown in N medium containing
7.5 μM Mg2+ was measured at the indicated times. The average of three
cultures is shown. (D) Cells lacking MgtS exhibit elevated Mg2+-reporter
activity upon Mg2+ limitation. β-Galactosidase activity was assayed for cul-
tures of wild-type (GSO770), ΔmgtS::kan (GSO772), ΔmgrR::kan (GSO773),
and ΔphoP::kan (GSO771) cells carrying the chromosomal Plac-5′-UTRmgtA-
lacZ fusion grown in N medium with 500 μMMg2+ or without added Mg2+ as
described in SI Appendix. The average of three independent assays is shown
(error bars represent one SD).
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whereas the D30A and D31A mutants had the same activity as the
empty vector, indicating the latter two mutants are nonfunctional.
We also determined the activity of MgtS mutants expressed from

the chromosome. The results of growth upon Mg2+ depletion
correlated with the effects on 5′-UTRmgtA-lacZ reporter activity;
G19A and L21A grew similarly to the wild-type strain, whereas
D30A and D31A grew like the ΔmgtS strain, and W29A was in-
termediate between wild-type strain and deletion mutant (SI Ap-
pendix, Fig. S2A). The exception was S26A, which was only
partially functional in the growth assay. Immunoblot analysis of
the D30A mutant derivative fused to a FLAG tag indicates the
mutant was expressed at wild-type levels or higher, indicating
decreased protein levels do not account for the loss-of-function
phenotype (see Fig. 3).
Next, we found that neither the C-terminally SPA-tagged nor a

C-terminally His6-tagged wild-type version of MgtS could rescue
growth of the ΔmgtS strain in low Mg2+ (SI Appendix, Fig. S2B). To
determine whether any residues could be added to the C terminus
without compromising function, we constructed derivatives contain-
ing two additional aspartate residues (D32 and D33) or two glycine
residues (G32 and G33). Both extended mutants were functional (SI
Appendix, Fig. S2B). We thus used these two amino acid extensions
as linkers for a short epitope consisting of a modified FLAG tag
(DYKDDDD, referred to as FLAG throughout) (Fig. 2A). Both
linker FLAG-tagged derivatives of MgtS were functional in the
5′-UTRmgtA-lacZ reporter assay (Fig. 2C). We noted that the D30A
derivative of the DD-FLAG–tagged protein also was almost fully
functional when overexpressed, possibly due to the extra aspartate
residues in the linker compensating for the reduced charge. However,
the MgtS-D30A-GG-FLAGmutant was only partially functional and
thus was selected for use as a negative control.
To identify proteins associated with MgtS, cells were grown in

15 μM Mg2+ to exponential phase, and MgtS-DD-FLAG, MgtS-
GG-FLAG, or the MgtS-D30A-GG-FLAG control were overex-
pressed from pBAD24. Extracts from each culture were applied to
M2 anti–FLAG-affinity columns in the presence of 500 μM Mg2+,
and the eluates from each of the columns were analyzed by SDS/
PAGE (Fig. 2D). The proteins present in the most prominent
bands were identified by mass spectrometry. A band identified as
the P-type ATPase Mg2+ transporter MgtA was specifically
enriched in the DD-FLAG and GG-FLAG samples compared
with the D30A-GG-FLAG sample. A faint band identified as the
membrane protease FtsH was also more prominent for the wild-
type constructs, whereas bands corresponding to the HflK and
HflC proteins, which form a complex with FtsH, were detected for
all of the samples. Finally, a strong band corresponding to the
phage shock protein PspA was only prominent for the GG-FLAG
sample. The finding that MgtA specifically copurifies with the
active forms of MgtS was of interest, given the ΔmgtS phenotypes
(Fig. 1 C and D) upon Mg2+ limitation.

MgtS Copurifies with MgtA. To test the association between
MgtS and MgtA, we carried out reciprocal copurifications using
C-terminally tagged derivatives of MgtA shown to be functional
in vitro (22). In a first experiment, cells expressing either MgtA-
His6 or a control inner membrane protein AcrB-His6 were mixed
with cells expressing either MgtS-GG-FLAG or MgtS-D30A-
GG-FLAG. The mixed cells, as well as unmixed control sam-
ples, were homogenized and incubated with the mild detergent
dodecyl β-D-maltoside (DDM) to facilitate mixing of the membrane
fractions. All samples were then applied to nickel-nitrilotriacetic
acid (Ni-NTA) resin. After washing, the proteins retained on the
beads were examined by immunoblot analysis with either anti-His or
anti-FLAG antibodies (Fig. 3A). Both MgtA-His6 and AcrB-His6
were detected in the eluates of the unmixed cells as well as in the
cells mixed with MgtS-GG-FLAG and MgtS-D30A-GG-FLAG
cells, consistent with retention of both His6-tagged proteins on
the Ni-NTA resin. The FLAG-tagged MgtS derivatives were not
detected in the eluates of the unmixed cells. In contrast, a strong
signal was observed for MgtS-GG-FLAG cells mixed with the
MgtA-His6 but not the AcrB-His6 cells. These results support the
conclusion that the functional MgtS-GG-FLAG fusion protein as-
sociates with MgtA-His6. A significantly weaker signal was detected

Fig. 2. MgtA Mg2+ transporter copurifies with MgtS. (A) MgtS is present in
multiple enterobacteriaceae species. The sequences shown were aligned using
ClustalW (www.ebi.ac.uk/Tools/msa/clustalw2/). MgtS contains one predicted TM
domain with the C terminus in the cytoplasm (16). The arrows indicate the
alanine-substitution mutants generated. The sequences of the DD-FLAG and
GG-FLAG derivatives are shown below the alignment, with the modified FLAG
tag indicated in bold. (B) D30A and D31A derivatives of MgtS are defective.
(C) DD-FLAG and GG-FLAG derivatives of MgtS are active. For both B and C,
β-galactosidase activity was assayed for cultures of Plac-5′-UTRmgtA-lacZ ΔmgtS
(GSO774) cells carrying pBAD24 expressing indicated derivatives of MgtS as de-
scribed in SI Appendix. The average of two independent trials is shown (error
bars represent one SD). (D) MgtA copurifies with tagged MgtS. Cultures of
ΔmgtS (GSO775) cells carrying pBAD24 expressing indicated derivatives of MgtS
were grown in N medium with 15 μM Mg2+. Lysates were prepared and mixed
with M2 anti-FLAG antibodies conjugated to Sepharose beads as described in SI
Appendix. Bound proteins were analyzed by SDS/PAGE, and prominent bands
were identified as MgtA, HflK, HflC, and PspA by mass spectrometry.
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for MgtS-D30A-GG-FLAG mixed with MgtA-His6, indicating de-
creased binding of the partially active D30A mutant.
In a second experiment, exponentially growing cells with a

chromosomally encodedMgtS-GG-FLAGorMgtS-D30A-GG-FLAG
fusion with and without chromosomally encoded MgtA-HA were
placed in N medium without added Mg2+ for 2 h to induce the
expression of the fusion proteins from their native promoters.
Cells were homogenized and incubated with DDM as above and
then applied to anti-HA agarose beads. After washing, the pro-
teins retained on the beads were eluted and examined by immu-
noblot analysis with anti-HA and anti-FLAG antibodies (Fig. 3B).

As expected, MgtA-HA was detected in the eluates for all cells
carrying the gene for this fusion. The FLAG-tagged MgtS deriv-
atives were not detected in the eluates from cells without MgtA-
HA. Although the level of the MgtS-GG-FLAG protein was lower
than the level of the MgtS-D30A-GG-FLAG protein in the extracts
of the cells coexpressing MgtA-HA, the wild-type protein was
strongly enriched by copurification with MgtA-HA (30-fold) in
contrast to the mutant protein (0.7-fold). These results with en-
dogenous protein levels further support the conclusion that MgtS
associates with MgtA.

Effect of MgtS Is Reduced in an mgtA Deletion Background. To un-
derstand the biological consequences of the MgtS–MgtA in-
teraction, we examined the effects of MgtS on growth and
5′-UTRmgtA-lacZ reporter activity in a ΔmgtA background. In the
ΔmgtS strain, complementation with the empty pBAD24 vector
resulted in a reduced final OD600, whereas complementation with
wild-type mgtS increased the final OD600 in limited Mg2+ (7.5 μM)
(Fig. 4A). The ΔmgtA ΔmgtS double mutant with pBAD24 empty
vector reached a lower OD600 than the ΔmgtS mutant alone and
MgtS overexpression did not rescue this double mutant phenotype,
suggesting that MgtS is acting through MgtA. We observed similar
results with the Plac-5′-UTRmgtA-lacZ reporter assay. For the vector
control strains, the 5′-UTRmgtA-lacZ fusion was induced 2.5-fold in
the ΔmgtS mutant and 3.7-fold in the ΔmgtA ΔmgtS mutant. With
MgtS overproduction, the induction in the ΔmgtS background de-
creased to 0.8-fold, whereas induction was 3.4-fold in the ΔmgtA
ΔmgtS double mutant. Together these results show that effects of
MgtS are lost in the ΔmgtA background consistent with MgtS acting
through MgtA at limiting Mg2+ concentrations.

MgtS Modulates MgtA Protein Levels. MgtS could be influencing
the levels or the activity of the Mg2+ transporter. Thus, we ex-
amined the effect of MgtS on MgtA levels by monitoring chro-
mosomally encoded MgtA-HA at different time points after a
shift to N medium without added Mg2+ in either the wild-type or
ΔmgtS backgrounds (Fig. 5A). Wild-type cells consistently had
higher MgtA-HA levels upon Mg2+ limitation compared with
ΔmgtS cells, suggesting that MgtS is important for establishing
high MgtA levels. This conclusion was supported by the obser-
vation that there were high MgtA levels in strains overexpressing
MgtS compared with the vector control strain (Fig. 5B). We also
compared the levels of MgtA-HA in cells exposed to a 30-min
pulse or continuous MgtS expression. There was no decrease
from the initial MgtA-HA levels after 30 min of MgtS synthesis,
but sustained MgtS expression resulted in significantly higher
MgtA-HA levels (Fig. 5C), suggesting that MgtA accumulation
requires continued MgtS production.
Given that FtsH weakly copurifies with wild-type tagged MgtS,

we wondered whether MgtS might be acting to block MgtA
cleavage by the FtsH protease. However, directly assaying the
effect of loss of ftsH on MgtA levels proved difficult, as the ftsH
mutant strains were unable to grow in the Mg2+-limited N media
in which we observed MgtA expression. To circumvent this
problem, we overexpressed the bacteriophage λ-cII protein, a
known substrate of FtsH (23), as a competitor. In contrast to the
vector control strain, MgtA was observed to accumulate in the
ΔmgtS strain overexpressing cII (Fig. 5D).
Overall, these results indicate that MgtS stabilizes MgtA by

inhibiting FtsH, leading to increased levels of MgtA in the inner
membrane and presumably higher Mg2+ import and thus higher
intracellular Mg2+ when the cation is most limiting. Consistent with
this interpretation, we found that overexpression of MgtA was able
to partially suppress the ΔmgtS effect on Plac-5′-UTRmgtA-lacZ in-
duction (SI Appendix, Fig. S3).

Discussion
Increasing numbers of small membrane proteins are being iden-
tified in a range of organisms, but their functions are largely
unknown. In this study, we found that the 31-amino acid PhoPQ-
regulated MgtS protein modulates intracellular Mg2+ levels to

Fig. 3. MgtS copurifies with MgtA. (A) MgtS-GG-FLAG copurifies with MgtA-
His6 in cell extracts. ΔmgtS mutant cells (GSO776) carrying pBAD24 derivatives
expressing MgtS-GG-FLAG or MgtS-D30A-GG-FLAG were mixed with ΔmgtS
mutant cells (GSO775) carrying pBAD24 derivatives expressing MgtA-His6 or
AcrB-His6 at a ratio of 3:1. The cells were then homogenized and applied to Ni-
NTA columns as described in SI Appendix. Control unmixed cells were treated
similarly except that buffer was added to give the same volume. Bound proteins
were eluted and analyzed on immunoblots using anti-His or M2 anti-FLAG an-
tibodies. (B) Chromosomally encoded MgtS-GG-FLAG and MgtA-HA copurify.
Cells expressing MgtS-GG-FLAG or MgtS-D30A-GG-FLAG with or without MgtA-
HA (GSO777, GSO779, GSO778, and GSO780), all from the chromosome, grown
for 2.5 h in N medium without added Mg2+, were homogenized and applied to
Pierce anti-HA agarose as described in SI Appendix. Aliquots of cells (c) taken
before lysis and bound proteins eluted from the beads (b) were analyzed on
immunoblots using anti-His or M2 anti-FLAG antibodies.
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maintain cellular integrity upon Mg2+ limitation. We report that
MgtS is synthesized under conditions of extreme Mg2+ limitation,
associates with the Mg2+ transporter MgtA, and increases the levels
of MgtA. A critical tool in our characterization of MgtS was the
development of a functional tagged derivative. One barrier in the
study of small proteins has been the fact that even the shortest
affinity tags contribute substantially to the size of a small protein
and some tags are even longer than the protein itself and thus have
a greater potential for impacting activity, stability or localization
than for a higher molecular weight protein.
The effect of MgtS on MgtA adds to the extensive regulation

that has already been described for this high-affinity Mg2+ trans-
porter in S. enterica and E. coli. First, transcription initiation of the
mgtA locus is controlled by the PhoP two-component response
regulator (24). Second, the mgtA mRNA has a long 5′-UTR, used
as a tool in this study, which encodes an Mg2+-responsive ribos-
witch (19) as well as a proline-rich leader peptide that renders
transcription elongation and translation responsive to proline and
Mg2+ levels (21, 25). In S. enterica, the small MgtR protein re-
duces MgtA stability (14). Additionally, the activity of the trans-
porter in vitro was recently found to be elevated by cardiolipin and
inhibited by high concentrations of Mg2+ (22). We now show that
the PhoPQ-dependent small MgtS protein appears to enhance
MgtA stability in low Mg2+ in E. coli. Interestingly, MgtS levels
reciprocally were lower in a ΔmgtA background, suggesting the
MgtA also stabilizes MgtS (SI Appendix, Fig. S4).
The observations above evoke the question of why synthesis of

this Mg2+ transporter is so extensively regulated. Several possi-
bilities can be considered. First, MgtA has been shown to
transport cations other than Mg2+ (26), and tight repression of
MgtA levels and activity under all conditions other than Mg2+

limitation might be needed to protect against osmotic stress.
Second, tight regulation at each step of MgtA synthesis allows
for a graded response to different Mg2+ concentrations. Third, a

number of feedback loops, which control the timing and extent
of PhoPQ activation, have been described (27). PhoPQ activa-
tion of MgtS, which in turn increases intracellular Mg2+ levels,
represents yet another such loop.
It is noteworthy that several other small proteins modulate

target protein stability both positively and negatively. The
aforementioned MgtR decreases the stability of both MgtC and
MgtA in S. enterica by promoting an interaction with the FtsH
protease (14). In contrast, the 26-aa SpoVM protein of Bacillus
subtilis (28) and the 44-aa cIII protein of bacteriophage λ (29)
competitively inhibit FtsH and thus can stabilize substrate proteins.
Given that FtsH weakly copurifies with wild-type tagged MgtS, we
suggest that MgtS is similarly acting to block FtsH. The finding that
the C-terminal D30 and D31 amino acids are essential for MgtS
activity is noteworthy in the context of reports that aspartic acid

Fig. 5. MgtS modulates MgtA stability. (A) Chromosomally encoded MgtA
levels are lower in a ΔmgtS strain upon Mg2+ depletion. Cultures of mgtS+

mgtA-HA (GSO784) and ΔmgtS mgtA-HA (GSO786) were grown in N medium
with 1 mMMg2+ to OD600 ∼0.4–0.6, whereupon one aliquot was taken (0 min).
The remaining cells were washed and incubated with N medium without
added Mg2+ as described in SI Appendix. (B) Chromosomally encoded MgtA
levels are elevated upon MgtS overexpression. Cultures of ΔmgtS mgtA-HA
(GSO786) cells carrying pBAD24 or pBAD24-MgtS were treated as in A, except
that after cells were washed, arabinose was added. (C) MgtA accumulation
requires continued MgtS production. Cultures of ΔmgtS mgtA-HA (GSO786)
cells carrying pBAD24-MgtS were grown as in B, except that after 30 min in N
medium with arabinose but lacking Mg2+, one aliquot was taken (0 min), and
the remaining culture was split and one fraction was washed and grown in N
medium lacking Mg2+ and arabinose, whereas the second fraction was washed
and grown in Nmedium lackingMg2+with arabinose. (D) MgtA is stabilized by
overexpression of the FtsH substrate cII. Overnight cultures of ΔmgtSmgtA-HA
(GSO786) cells carrying pBAD24 or pBAD24-cII were treated as in B. In A–D,
aliquots taken at each time point indicated were pelleted, resuspended to
OD600 ∼50 in SDS loading buffer, and separated by SDS/PAGE for immunoblot
analysis using anti-HA antibodies.

Fig. 4. MgtS acts via MgtA. (A) The ability of MgtS overexpression to com-
plement the ΔmgtS growth curve defect requiresmgtA. The OD600 of cultures of
ΔmgtS (GSO775) and ΔmgtS ΔmgtA (GSO781) carrying pBAD24 or pBAD-MgtS
were measured at the indicated times as in Fig. 1C. The average of three cultures
is shown. (B) Repression of Mg2+-reporter activity by MgtS is dependent on
mgtA. β-Galactosidase activity was assayed for cultures of Plac-mgtA 5′-UTR-lacZ
ΔmgtS (GSO774) or Plac-mgtA 5′-UTR-lacZ ΔmgtS ΔmgtA (GSO782) cells carrying
pBAD24 or pBAD24-MgtS cells as described in SI Appendix. The average of three
independent trials is shown, and the error bars represent one SD.
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residues block FtsH-mediated degradation (30, 31). We were un-
able to directly test the effects of the membrane protease on MgtA
levels because ftsH is essential and, even with suppressor mutations,
strains lacking ftsH did not grow in N medium with limited Mg2+.
However, overexpression of cII as an FtsH substrate competitor
increasedMgtA levels in theΔmgtS background, strongly suggesting
that MgtA is indeed an FtsH substrate.
MgtS also fits the reoccurring theme that small proteins mod-

ulate transporters. Previous studies showed that the 49-aa E. coli
AcrZ protein affects the specificity of the AcrAB-TolC efflux
pump (32) by binding to a specific transmembrane groove in the
inner membrane component AcrB (33). The 42-aa E. coli MntS
protein is proposed to inhibit the MntP transporter, thus blocking
Mn2+ export when intracellular Mn2+ levels are low, though an
interaction between the two proteins has not been demonstrated
(34). A final example is the mammalian sarcoplasmic reticulum
Ca2+-ATPase (SERCA) membrane pump responsible for the reup-
take of Ca2+ during muscle relaxation, which has been found to be
inhibited by three small transmembrane-domain proteins, 31-aa
sarcolipin (SLN), 52-aa phospholamban (PLN), 46-aa myoregulin
(MLN) (35), and activated by a fourth, 34-aa DWORF (36). In-
triguingly, both the MgtA and SERCA cation pumps are P-type
ATPases, and MgtA has been reported to share biochemical
properties with SERCA (22). It will be interesting to see how many
other P-type ATPases are modulated by small proteins and
whether features of the small proteins can be exploited to activate,
modify, or block these important transporters.

Materials and Methods
Strains and Plasmids. All strains are derivatives of a laboratory stock of E. coli
K-12 MG1655 unless noted otherwise and are listed in Dataset S1. Plasmids
used in this study are listed in Dataset S1. Details about strain and plasmid
construction are provided in SI Appendix. The oligonucleotides used in these
constructions are listed in Dataset S1.

Bacterial Growth. Cells were cultured in Luria broth (LB) or N-minimal me-
dium (pH 7.4) (37) (N medium) at 37 °C with indicated concentrations of
Mg2+ as described in SI Appendix.

Northern and Immunoblot Analysis. Specific RNAs were detected by Northern
analysis with oligonucleotide probes and tagged proteins as well as GroEL
were detected by immunoblot analysis using commercially available anti-
bodies as described in detail in SI Appendix.

β-Galactosidase Assays. β-Galactosidase activity was assayed as described (38);
specific details are provided in SI Appendix.

Tagged Protein Purification. The FLAG-, His6- and HA-tagged proteins were purified
based on their tags using commercial resins as described in detail in SI Appendix.
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