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Abstract
The ability to control intracellular levels of transition metals such as
Mn2+, Fe2+ and Zn2+ is critical for the virulence of many pathogenic bacteria. In
this issue of Molecular Microbiology, Rosch et al. describe the first
identification of a Mn2+ efflux system in bacteria, MntE of Streptococcus
pneumoniae, and demonstrate that it is required for virulence in an animal
model. Disruption of the mntE gene leads to widespread transcriptional
changes that are distinct from responses to extracellular Mn2+. These findings
reveal, for the first time, that a bacterial trace metal efflux system plays a role
in disease. Thus, MntE represents a new lead for the development of
antimicrobials
homeostasis.
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Transition metals are essential for all living cells. Approximately a
quarter to a third of all proteins are metalloproteins. However, metals are
invariably toxic at high concentrations and, therefore, intracellular levels of
metal ions must be tightly controlled. Metal ion homeostasis is maintained
principally through the regulation of import and export across the cell
envelope.
In human and animal hosts, essential metals are generally in short
supply and bacterial growth depends upon the production of high-affinity
metal ion scavenging systems. High affinity uptake systems for metal ions
such as Fe2+ and Mn2+ are well-characterised in bacteria. In contrast,
relatively little is known about the contribution of efflux systems to Fe2+ or
Mn2+ homeostasis. Recently, a cation diffusion facilitator (CDF) family
member, FieF (YiiP), was shown to export Fe2+ from E. coli cells (Grass et al.,
2005). In this issue of Molecular Microbiology, Rosch et al. describe a new
member of the CDF family from Streptococcus pneumoniae, MntE, and show
that it is selective for Mn2+. This represents the first Mn2+ efflux system
identified in bacteria. Furthermore, MntE is shown to be critical for host
colonisation and virulence of S. pnuemoniae.
The existence of systems for Mn2+ efflux was demonstrated over 35
years ago in experiments tracking the accumulation of radiolabelled
manganese (54Mn) in Bacillus subtilis cells. When transferred to Mn2+-replete
medium, cells that had previously been incubated under Mn2+-limitation
rapidly imported Mn2+ to levels that inhibited protein and RNA synthesis
(Fisher et al., 1973). Within an hour, approximately 90% of the accumulated

Mn2+ was lost from cells, indicating that Mn2+ homeostasis depends upon an
active efflux system.
Evidence for the presence of a Mn2+ efflux system in S. pneumoniae
came from the analysis of a knockout mutant of locus Sp1552, encoding a
predicted CDF family export system. The mutant was sensitive to Mn2+, but
not to other metal ions including Cd2+, Co2+, Cu2+, Fe2+, Ni2+ or Zn2+ (Rosch et
al., 2009). Further investigation revealed that the Sp1552 (mntE) mutant
accumulated >3-fold more intracellular Mn2+ than the isogenic wild-type,
providing powerful evidence that MntE effluxes Mn2+ (Rosch et al., 2009). It
now seems likely that Mn2+ efflux from B. subtilis cells is due to a CDF family
protein homologous to S. pneumoniae MntE. Four proteins predicted to be
encoded in the Bacillus subtilis 168 genome share >20% amino acid identity
with S. pneumoniae MntE. Of these, only the most distantly related protein,
CzcD, has been characterised. It is an exporter of Zn2+, Cu2+ and Co2+
(Guffanti et al., 2002). Thus, the contributions of other CDF proteins to metal
ion homeostasis in B. subtilis remain to be determined.
Members of the CDF family are found in virtually all bacteria, archaea
and eukaryotes (Nies, 2003). In mammals, all characterized CDF proteins
predominantly transport Zn2+. Currently, there is little information on the
mechanism of transport by mammalian CDF transporters. However, these
proteins seem to be involved in regulating physiological homeostatic control,
rather than in responses to the presence of pathogens. Most bacterial CDF
proteins that have been characterised to date are involved in efflux of Zn2+
(Nies, 2003). In some cases, other cations might also be transported at
physiological concentrations. Recently, the E. coli CDF protein FieF (YiiP)

was shown to export ferrous iron (Fe2+) from cells (Grass et al., 2005), which
represents the first description of a bacterial iron exporter. Although Mn2+
efflux systems have not been reported previously in bacteria, there is
evidence that CDF proteins are involved in Mn2+ efflux from eukaryotic cells.
Thus, heterologous expression of MTP11 CDF protein from Arabidopsis or
poplar in Mn2+-sensitive Saccharomyces cerevisiae mutants restores Mn2+
tolerance to wild-type levels (Peiter et al., 2007). In their native hosts, MTP11
proteins localise to the trans-Golgi network, suggesting that they mediate
Mn2+ export by pumping Mn2+ cations into the Golgi and out of cells by
exocytosis (Peiter et al., 2007). However, transporters that efflux Mn2+ cations
directly from the cytoplasm into the extracellular milieu in either prokaryotes or
eukaryotes have not been identified.

Knowledge gleaned from bacterial

systems will inform studies on CDF proteins from plants or animals.
There is abundant evidence that bacterial Mn2+ homeostasis is
important during a range of infections. Manganese uptake systems are
indispensible weapons for the virulence of many Gram-negative and Grampositive pathogens, including S. pneumoniae (reviewed by Papp-Wallace and
Maguire, 2006). A key function of Mn2+ in streptococci is for protection against
oxidative stress. In S. pneumoniae, disruption of the PsaBCA Mn2+
scavenging system results in hypersensitivity to superoxide and H2O2
(Johnston et al., 2004). The identification of the MntE Mn2+ efflux protein
allowed Rosch et al. (2009) to investigate the role of Mn2+ hyperaccumulation
on oxidative stress and virulence. In line with previous studies, high levels of
intracellular Mn2+, accumulated in a mntE mutant, protected against oxidative
stress induced by nitric oxide or superoxide. Interestingly, H2O2 production

was increased in the mntE mutant compared with the isogenic wild-type,
specifically at high cell densities. This might reflect increased survival and,
hence, prolonged metabolic turnover in the mutant under elevated H2O2
stress. Nevertheless, increased tolerance of oxidative stress did not lead to
enhanced virulence of the mntE mutant; conversely, this strain was less
pathogenic than wild-type bacteria in a mouse model (Rosch et al., 2009).
The ability of S. pneumoniae to cause disease is profoundly influenced
by gene regulation pathways (Hava et al., 2003). Expression of the virulencerelated pilus gene locus is down-regulated under high Mn2+ in a PsaRdependent manner (Johnston et al., 2006). Since the mntE mutant
accumulates more Mn2+ than wild-type, it seemed likely that pilus genes might
be further down-regulated in this strain, thus providing a possible explanation
for the reduced virulence of the mntE mutant. However, assessment of pilus
gene expression by quantitative RT-PCR and Western blotting demonstrated
that these genes were up-regulated in the mntE mutant (Rosch et al., 2009).
These data prompted Rosch et al. to investigate the global transcription
responses
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hyperaccumulation of Mn2+ in the mntE mutant (Fig. 1).
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perhaps,
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extracellular Mn2+ and to accumulation of Mn2+ within cells were quite distinct
(Rosch et al., 2009). In total, 52 genes were regulated >two-fold in wild-type
S. pneumoniae TIGR4 following exposure to high (500 µM) exogenous Mn2+.
The most strongly regulated genes included the psaBCA Mn2+-scavenging
system and a ferric iron uptake system (Fig. 1B). On the other hand,
comparison between S. pneumoniae TIGR4 and the mntE mutant, both

cultured in high (500 µM) Mn2+, identified 172 genes whose expression was
changed >two-fold. Carbohydrate metabolism was apparently restructured in
the mntE mutant and several insertion sequence elements were activated,
possibly indicating a stress response. The expression of several known or
putative virulence factors was altered, including neuraminidase (nanB), serine
protease (prtA), and a homologue of the S. gordonii platelet-binding protein
Hsa/GspB (Xiong et al., 2008). Only six genes were regulated in response to
both extracellular and intracellular Mn2+, four of which (psaBCA and prtA) are
known targets of the PsaR Mn2+-dependent regulator (Kloosterman et al.,
2008).
The above data indicate that S. pneumoniae possesses mechanisms
for sensing extracellular Mn2+ that are different from intracellular Mn2+sensing. How could this be achieved? One possibility is that the Mn2+dependent regulator PsaR interacts with the Mn2+ import system PsaBCA to
sense flux through the transporter. Alternatively, a surface-exposed Mn2+
sensor might be involved in the response to extracellular Mn2+. A candidate
for this function is the two component system TCS04, which has been shown
to control the expression of psaBCA and, in at least one strain of S.
pneumoniae, mntE (McCluskey et al., 2004).
The study by Rosch et al. (2009) emphasises the importance of metal
ion homeostasis for bacterial virulence. To date, the roles of microbial metal
ion efflux systems in bacterial pathogenesis have received little attention.
However, given the ubiquitous presence of putative metal efflux genes in the
genomes of almost all organisms (Nies, 2003), it seems likely that metal ion
efflux systems are central to cellular physiology. It is imperative to

characterise the roles of these transporters in the pathogenic processes of
different bacteria, since microbial metal ion homeostasis is potentially a highly
promising target for the rational development of novel antimicrobial agents.

Figure legend
Schematic model of changes in Mn2+ transport (A) and gene
transcription (B) in S. pneumoniae under high extracellular or high intracellular
Mn2+ (based on data from Rosch et al., 2009). A. In wild-type S. pneumoniae
TIGR4 under low Mn2+, the PsaBCA transporter (blue) mediates Mn2+ uptake,
whilst MntE exports Mn2+ to maintain homeostasis. Under high extracellular
Mn2+ concentrations, Mn2+ might enter the cell via an unknown low affinity
transporter such as that proposed by Dintilhac et al. (1997). PsaBCA is downregulated, preventing over-accumulation of Mn2+ within cells. PsaBCA is
further decreased in a mntE knockout mutant. Manganese enters cells
through a low affinity transporter and/or via low residual levels of PsaBCA (not
shown). Higher Mn2+ concentrations are indicated by a more intense pink
colour either side of the membrane. B. Key features of the transcriptional
responses of S. pneumoniae to high extracellular Mn2+ or high intracellular
Mn2+ (mntE mutant). Accumulation of Mn2+ within cells leads to more wideranging transcriptional changes, and a different set of genes regulated,
compared with adding Mn2+ to the growth medium. Only a small number of
genes (e.g. the psaBCA Mn2+ permease genes) were regulated in response to
both extracellular and intracellular Mn2+.
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