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Abstract

During infection invading pathogens must acquire all essential nutrients, including first row 

transition metals, from the host. To combat invaders, the host exploits this fact and restricts the 

availability of these nutrients using a defense mechanism known as nutritional immunity. While 

iron sequestration is the most well-known aspect of this defense, recent work has revealed that the 

host restricts the availability of other essential elements, notably manganese, during infection. 

Furthermore, these studies have revealed that the host utilizes multiple strategies that extend 

beyond metal sequestration to prevent bacteria from obtaining these metals. This review will 

discuss the mechanisms by which bacteria attempt to obtain the essential first row transition metal 

ion manganese during infection, and the approaches utilized by the host to prevent this occurrence. 

In addition, this review will discuss the impact of host-imposed manganese starvation on invading 

bacteria.
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1. Metal ions in biology

First row transition metals such as iron (Fe), zinc (Zn) and manganese (Mn) are essential for 

all forms of life. In biological systems between one-third and one-half of all proteins require 

interaction with a metal ion to facilitate their activity (Andreini et al. 2008). Metal ions 

predominantly perform either structural roles, such as in Zn-finger DNA-binding proteins, or 

serve as catalytic centers, i.e., activation roles in proteins. The capacity for metal ions to 

facilitate cellular chemistry is reflected in the prominence of metalloproteins throughout the 

six Enzyme Commission classes of proteins (Andreini et al. 2008; Waldron and Robinson 
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2009). Iron is present in almost every cell in all domains of life and was adopted early in 

evolution (Dupont et al. 2010). Iron is utilized as a cofactor by numerous proteins and 

enzymes where it facilitates oxygen evolution, signaling, energy metabolism, and cell 

replication. Zinc, which in biological systems is present as the divalent cation Zn2+, is 

important for a variety of cellular process including transcriptional regulation and signaling. 

More recently, Mn has emerged as a transition metal of significance for its roles in a range 

of enzymatic processes, including phosphorylation, hydrolysis, carbon metabolism, 

decarboxylation, and oxidative stress response (Papp-Wallace and Maguire 2006). 

Manganese, which predominantly occurs as Mn2+ in biological systems, is also increasingly 

being recognized as having an essential role in facilitating the virulence of numerous 

pathogenic bacteria.

Even though transition metals are essential for viability, in excess they can mediate 

significant toxicity. Our current understanding of metal toxicity is almost entirely derived 

from studies examining the roles and relative contributions of metal homeostatic pathways. 

While the precise molecular bases for metal toxicity remain unclear, indirect studies indicate 

that there are four general phenomena associated with metal toxicity. These are the 

generation of intracellular oxidative stress, genotoxicity, membrane perturbation and the 

impairment of protein function (Lemire et al. 2013). Metalloproteins are often susceptible to 

metal toxicity via the acquisition of an inappropriate metal ion, a mechanism also known as 

mismetallation (Lemire et al. 2013). The bioinorganic chemical basis for this phenomenon is 

attributable to conformational and dynamic flexibility that result in imperfect selection of 

metal ions by metal-binding proteins. The interaction of metal ions with proteins also 

involves consideration of the hard-soft acid-base chemical properties of the metal ions and 

the coordinating amino acid side chains [for a detailed review see Lippard and Berg (1994)]. 

However, in general the affinities of metal ions for proteins are significantly governed by the 

ligand field stabilization energies of the metal ions. As a consequence, this creates a 

universal order of preference, which for divalent metals is known as the Irving–Williams 

series: Mg2+/Ca2+ < Mn2+ < Fe2+ < Co2+ < Ni2+ < Cu2+ > Zn2+ (Irving and Williams 1953). 

It has been proposed, on the basis of cellular analyses of metal concentrations, that the 

Irving-Williams series underpins the biological abundance of each metal, such that selective 

metal binding by nascent protein chains can be achieved (Williams 2002; Waldron and 

Robinson 2009). From the perspective of metal toxicity, the functions of metal-dependent 

proteins and enzymes are likely to be disrupted if the ability to acquire the correct metal is 

abrogated due to competition from non-facile metal ions as a result of their over-

accumulation.

During infection, pathogenic microorganisms must acquire essential transition metal ions 

from the host. Vertebrates take advantage of this fact to combat invading microorganisms by 

restricting their ability to acquire these essential nutrients, a defense known as nutritional 

immunity (Hood and Skaar 2012). The most well appreciated aspect of nutritional immunity 

is the sequestration of Fe. However, recently it has become apparent that the host also 

restricts access to other essential metals such as Mn. There is also a growing body of 

evidence that sequestration is not the only mechanism used to prevent pathogens from 

obtaining essential nutrients. This review will discuss the mechanisms utilized by bacteria to 

acquire Mn during infection, the approaches utilized by the host to restrict access to this 
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essential metal, and the impact of host-imposed Mn starvation on the pathogen during 

infection.

2. Manganese acquisition by bacteria

In order to obtain Mn from their environment, bacteria express dedicated Mn-import 

systems. The vast majority of bacteria appear to use Mn-specific transporters that belong to 

either the ATP-binding cassette (ABC) transporter superfamily or the natural resistance-

associated macrophage protein (Nramp) family (Papp-Wallace and Maguire 2006). ABC 

transporters have a conserved four-domain architecture comprising two cytosolic nucleotide-

binding domains that facilitate the binding and hydrolysis of ATP, linked to the two 

transmembrane domains that form the translocation pore [for a detailed review see Davidson 

et al. (2008)]. ABC transporters enable unidirectional transport of cargo across the cell 

membrane, and this has led to the division into two major subgroups, ABC importers and 

ABC efflux transporters. While ABC efflux transporters are present in all forms of life, 

ABC importers are almost exclusively found in bacteria. In addition to the ABC transport 

apparatus, Mn-specific ABC importers also require a high-affinity solute-binding protein 

(SBP), which scavenges Mn2+ ions from the host environment and delivers them to the 

transporter (Davidson et al. 2008; Lewis et al. 2012). Together, the ABC importer and its 

cognate SBP comprise an ABC permease. Nramp-type transporters are comprised of a single 

multipass membrane protein and facilitate the cotransport of protons and a divalent 

transition metal (Nevo and Nelson 2006; Papp-Wallace and Maguire 2006). Although there 

is limited data available on the affinity of Nramp transporters, recent work on the Nramp 

transporter from Staphylococcus capitis, ScaDMT, showed that it has an affinity (Kd) for 

Mn2+ of ~ 37 μM (Ehrnstorfer et al. 2014). In addition to these systems, there is a report of a 

Mn2+-specific P-type ATPase being used by Lactobacillus plantarum to obtain Mn, 

although additional investigations are needed (Groot et al. 2005). In general, almost all 

pathogenic bacteria employ at least one high-affinity Mn2+-acquisition pathway to facilitate 

acquisition of this metal during infection. Regardless of the mechanism utilized to acquire 

Mn, studies in numerous bacteria including Streptococcus pneumoniae, Streptococcus 

pyogenes, as well as other streptococci, Neisseria gonorrhoeae, Staphylococcus aureus and 

Salmonella species have demonstrated the critical importance of these systems to bacterial 

pathogenesis (Berry and Paton 1996; Horsburgh et al. 2002; Marra et al. 2002; Janulczyk et 

al. 2003; Paik et al. 2003; McAllister et al. 2004; Lim et al. 2008; Wichgers Schreur et al. 

2011; Kehl-Fie et al. 2013).

Manganese-specific ABC permeases have a prominent role in the virulence of the notable 

major human pathogens Streptococcus pneumoniae, Streptococcus pyogenes, S. suis, S. 

aureus and Salmonellae species (Berry and Paton 1996; Horsburgh et al. 2002; Marra et al. 

2002; Janulczyk et al. 2003; Paik et al. 2003; McAllister et al. 2004; Lim et al. 2008; 

Wichgers Schreur et al. 2011; Zheng et al. 2011; Kehl-Fie et al. 2013). Specificity of the 

ABC permeases is dictated by the SBP as, in general, the ABC transporter component of the 

permease does not contain internal binding sites for their cargo (Oldham et al. 2007; 

Davidson et al. 2008; Lewis et al. 2012). The SBPs are extra-cytosolic, ligand-binding 

proteins that function as receptors and bind to specific cargoes, delivering them to a cognate 

ABC transporter (Higgins 1992; Lewis et al. 2012) (Figure 1). In Gram-negative bacteria, 
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SBPs are found in the periplasm and are often referred to as periplasmic-binding proteins 

(Neu and Heppel 1965; Adler 1975). In Gram-positive microorganisms, SBPs are tethered to 

the cell membrane via an N-terminal lipid moiety (Gilson et al. 1988; Sutcliffe and Russell 

1995). Irrespective of whether they occur in Gram-negative or Gram-positive organisms, 

Mn-binding SBPs belong to the Cluster A-I (formerly Cluster IX) subgroup of ABC 

transporter-associated SBPs. Cluster A-I SBPs have a conserved fold, comprising a two-

lobed organization with N- and C-terminal (β/α)4-domains bisected by a cleft in which the 

metal ion binding site is formed. The metal-binding site is completely buried under the 

protein surface upon ligand binding (Counago et al. 2012; Lewis et al. 2012). Cluster A-I 

SBPs are involved in the acquisition of Mn2+, Fe2+ or Zn2+ (Lawrence et al. 1998; Lee et al. 

1999; Lee et al. 2002; Banerjee et al. 2003; Li and Jogl 2007; Loisel et al. 2008; Sun et al. 

2009; Ilari et al. 2011; McDevitt et al. 2011; Couñago et al. 2014). In general, the binding 

sites of cluster A-I SBPs are defined by four coordinating ligands. Regardless of the metal 

ion imported, the same types of ligands are found in three of the four positions: two Nε2 

atoms from absolutely conserved histidine residues and a carboxylate group from an 

aspartate or a glutamate residue. The fourth position has been postulated to be the key to 

receptor metal ion specificity. For Zn2+-specific SBPs, the ‘soft’ Nε2 atom from a histidine 

residue occupies this position (Banerjee et al. 2003; Chandra et al. 2007; Li and Jogl 2007; 

Ilari et al. 2011). By contrast, in Mn2+-specific SBPs a carboxylate group from a glutamate 

residue occupies this position (Adir et al. 2002; McDevitt et al. 2011; Gribenko et al. 2013). 

Crucially, the carboxylate groups can contribute one (monodentate) or two (bidentate) 

ligands each to metal ion coordination. Hence, the two carboxylate groups increase the 

coordination nature of the binding site in Mn2+-specific SBPs (up to 6), and this has been 

shown to be essential for Mn2+ binding, which has a preferred coordination number of 6. By 

contrast, the lower coordination number of the binding sites of Zn2+-specific SBPs (up to 5) 

is sufficient for Zn2+ binding, which has preferred coordination number of 4. Although other 

features also influence metal ion coordination, the nature of the amino acid side chains at the 

metal-binding sites have a major role in determining the metal specificity of ABC permeases 

in recruiting their cognate ions, with high affinity, from the host environment during 

colonization.

In contrast to the carefully poised intracellular concentration of metals, bacteria are unable 

to exert control over the extracellular environment and, as such, the prevailing abundances 

can result in mismetallation and inhibition of extracellular metalloproteins. Recent studies 

investigating PsaA, the SBP of the S. pneumoniae Mn-specific ABC permease, have 

revealed that the SBPs of Mn2+-specific ABC transporters are acutely sensitive to 

mismetallation (McDevitt et al. 2011; Couñago et al. 2014; Eijkelkamp et al. 2014). This 

susceptibility arises from the presence of the N-ligands in the binding sites of Mn2+-specific 

SBPs, which makes them permissive for also binding other metal ions, such as Zn2+. These 

factors result in a protein that binds metal ions other than Mn, such as those at the higher end 

of the Irving-Williams stability series, e.g. Zn2+, with greater stability. Although both Mn2+ 

and Zn2+ have zero crystal field stabilization energies, the smaller ionic radius of Zn2+ leads 

to a general increase in metal-complex stability relative to Mn2+ (Ma et al. 2009). The 

significance of this has been shown by the ability of Zn2+ to compete for interaction with 

Mn2+-specific SBPs and thereby block Mn2+-uptake (McDevitt et al. 2011; Eijkelkamp et al. 
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2014). Thus, Zn2+ and other divalent cations are capable of competing for interaction with 

Mn2+-specific SBPs and can abrogate Mn acquisition via mismetallation of the SBP. In S. 

pneumoniae, which relies on PsaA for Mn acquisition and virulence, elevated extracellular 

Zn:Mn ratios prevent Mn acquisition and inhibit bacterial growth (Figure 1) (McDevitt et al. 

2011; Eijkelkamp et al. 2014). These studies have revealed a potential weakness of Mn-

specific ABC transporters that may be exploited by the host during infection.

3. Host mechanisms for withholding Mn from bacterial pathogens

3(a). Host sequestration of Mn

While Fe sequestration is the best characterized component of nutritional immunity, it has 

become apparent that Mn and Zn are also withheld by the host to combat invading 

pathogens during infection (Corbin et al. 2008; Kehl-Fie and Skaar 2010; Kehl-Fie et al. 

2013). Human Nramp-1 removes Mn from the phagolysosome (Papp-Wallace and Maguire 

2006). A series of studies using a combination of Nramp-1-deficient mice and bacteria 

lacking Mn uptake systems have shown that removing Mn from the phagolysosome 

contributes to controlling Salmonella Typhimurium infection (Janakiraman and Slauch 

2000; Boyer et al. 2002; Zaharik et al. 2004; Papp-Wallace and Maguire 2006). More 

recently, the application of advanced elemental imaging modalities, which produce two-

dimensional maps of metal distribution within tissue samples, revealed that Mn and Zn 

restriction occurred on a larger scale during infection than previously appreciated. In 

particular, laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) 

revealed that staphylococcal abscesses are rendered virtually devoid of detectable Mn and 

Zn ions (Corbin et al. 2008; Kehl-Fie et al. 2013). Notably, while the staphylococcal abscess 

is rendered devoid of these metal ions, there is little or no change in the total Mn and Zn 

content of the organ (Kehl-Fie et al. 2013). Subsequent investigations revealed that a critical 

component of this nutrient withholding response is the Mn and Zn binding protein 

calprotectin (CP) (Corbin et al. 2008; Kehl-Fie et al. 2011). This innate immune effector 

protein constitutes approximately 50% of the total protein in the neutrophil cytoplasm and 

can be present at sites of infection in excess of 1 mg.ml−1 (Clohessy and Golden 1995; 

Gebhardt et al. 2006). Additionally, epithelial cells can be induced by proinflammatory 

cytokines, such as interleukin-22, to produce CP (Blaschitz and Raffatellu 2010). LA-ICP-

MS revealed that CP-deficient mice have defects in Mn sequestration during staphylococcal 

infection (Corbin et al. 2008). The loss of Mn sequestration closely correlates with increased 

staphylococcal burdens during infection. In addition to S. aureus, CP-deficient mice are also 

more susceptible to a range of bacterial and fungal pathogens, including Acinetobacter 

baumanii, Klebsiella pneumoniae, Candida albicans and Aspergillus nidulans (Urban et al. 

2009; Bianchi et al. 2011; Achouiti et al. 2012; Hood et al. 2012). In vitro CP inhibits the 

growth of a wide range of pathogenic microorganisms, including both fungi and bacteria, by 

restricting their ability to acquire Mn and Zn (Figure 1) (Corbin et al. 2008; Urban et al. 

2009; Bianchi et al. 2011; Kehl-Fie et al. 2011; Achouiti et al. 2012; Hood et al. 2012; 

Damo et al. 2013).

The crucial importance of restricting Mn bioavailability has been demonstrated by in vivo 

experiments using staphylococcal Mn uptake mutants and CP-deficient murine models of 
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infection. S. aureus expresses two Mn2+ importers, MntABC, an ABC permease and, MntH, 

an Nramp family member (Horsburgh et al. 2002; Kehl-Fie et al. 2013). MntC is a cluster A-

I SBP associated with the Mn2+-specific ABC transporter (MntAB) and binds Mn2+ with an 

affinity of ~4 nM (Gribenko et al. 2013). A staphylococcal mutant lacking both acquisition 

systems (ΔmntCΔmntH) is twice as sensitive to CP-mediated Mn starvation as wild-type S. 

aureus (Kehl-Fie et al. 2013). Both MntABC and MntH have been shown to contribute to 

staphylococcal infection (Horsburgh et al. 2002; Kehl-Fie et al. 2013; Diep et al. 2014). In a 

systemic infection model, mice infected with a ΔmntCΔmntH mutant lose significantly less 

weight than wild-type mice and have lower bacterial burdens in the kidneys and liver (Kehl-

Fie et al. 2013). However, the livers of CP-deficient mice have comparable bacterial burdens 

when infected with either wild type S. aureus or the ΔmntCΔmntH mutant (Kehl-Fie et al. 

2013). As CP-deficient mice do not sequester Mn away from staphylococcal liver abscesses 

(Corbin et al. 2008), this latter finding indicates that, in the absence of Mn sequestration, the 

Mn abundance of liver tissue is sufficient to support the full virulence of S. aureus. This 

result also further highlights the crucial importance of restricting Mn bioavailability during 

infection and the ongoing struggle between host and pathogen for this metal. Surprisingly, 

these studies also revealed that the kidneys of CP-deficient mice do not have increased 

bacterial burdens (Kehl-Fie et al. 2013). This result is explained by the subsequent 

observation that loss of CP does not prevent the host from removing Mn from 

staphylococcal kidney abscesses (Kehl-Fie et al. 2013). As CP is found in both kidney and 

liver abscesses, this result indicates that the host possesses redundant organ-specific 

mechanisms for sequestering Mn (Corbin et al. 2008; Kehl-Fie et al. 2013). This latter 

observation also highlights the importance of directly assessing Mn levels at sites of 

infection.

CP is a member of the S100 EF-hand family of calcium binding proteins. While members of 

this family are typically homodimers, CP is a heterodimer of S100A8 and S100A9. In 

addition to being a heterodimer, CP differs from other S100 proteins in that it has two non-

identical transition metal binding sites as a result of its heterodimeric nature (Korndorfer et 

al. 2007; Kehl-Fie et al. 2011). Typical transition metal binding S100 proteins, such as 

S100A7 and S100A12, contain two identical binding sites, each composed of three 

histidines and one aspartic acid residue. Two of the histidines come from one monomer and 

are arranged in an HXXXH motif, while the third histidine and the aspartic acid are 

contributed by the other monomer (Brodersen et al. 1999; Moroz et al. 2003; Moroz et al. 

2009). The first site of CP, based on homology with other S100 proteins, was originally 

predicted to be comprised of H17 and H27 from S100A8 and H91 and H95 from S100A9 

(Korndorfer et al. 2007; Kehl-Fie et al. 2011). However, subsequent investigations, 

discussed below, revealed that two additional histidines (H103 and H105) from S100A9 also 

contribute to transition metal binding (Damo et al. 2013). The second site resembles the 

canonical transition metal binding site present in other S100 proteins and is comprised of 

H83 and H87 from S100A8 and H20 and D30 from S100A9 (Korndorfer et al. 2007; Kehl-

Fie et al. 2011). Unexpectedly, initial investigations revealed that CP bound two Zn2+ ions 

but only one Mn2+ ion tightly (Kehl-Fie et al. 2011).
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Subsequent studies have found that Site I binds both Mn2+ and Zn2+ tightly (subsequently 

referred to as the Mn/Zn site), while Site II only binds Zn2+ tightly (subsequently referred to 

as the Zn site) (Brophy et al. 2012; Damo et al. 2013; Hayden et al. 2013). High-resolution 

structural studies have also revealed that in addition to the four predicted histidine residues, 

the Mn/Zn site contains two additional histidine residues, H103 and H105, contributed by 

the C-terminal extension of S100A9 (Damo et al. 2013). The C-terminal extension is unique 

to S100A9 amongst the S100 proteins, and all other S100 proteins studied to date do not 

bind Mn2+ (Brophy et al. 2013; Damo et al. 2013). The six histidine residues bind Mn2+ 

with near perfect octahedral geometry, with the tail of S100A9 wrapping around the Mn2+ 

ion (Damo et al. 2013). Constructs lacking residues H103 and H105 but otherwise 

possessing an intact Mn/Zn site do not bind Mn2+ tightly, confirming their crucial 

importance in binding of this metal (Brophy et al. 2013; Damo et al. 2013). The same 

variants, however, retain the ability to bind two Zn2+ atoms tightly (Damo et al. 2013). The 

hexahistidine coordination represents a new mode of Mn2+ binding that has not been 

previously reported for proteins. Subsequent EPR-based studies have confirmed the initial 

finding that the tail of CP has a crucial role in the high-affinity binding of Mn2+ and 

facilitating the octahedral coordination of the metal ion (Brophy et al. 2013).

Isothermal titration calorimetry (ITC) indicated that CP binds Mn2+ and Zn2+ with affinities 

(Kd) of 10 nM or less (Kehl-Fie et al. 2011; Damo et al. 2013; Lisher and Giedroc 2013). 

Later dye competition studies revealed that the Zn site binds Zn2+ with a Kd of less than 10 

pM, while the Mn/Zn site has an affinity of less than 240 pM (Brophy et al. 2012). The lack 

of available techniques for measuring high affinity Mn2+ binding has hampered attempts to 

obtain a more precise affinity, and other groups have observed weaker Mn2+ binding than 

the low/subnanomolar affinities observed by ITC (Hayden et al. 2013). However, the in 

vitro Mn2+-binding affinities obtained by ITC are consistent with the ability of CP to 

abrogate Mn acquisition by bacteria expressing Mn2+-specific ABC permeases, which also 

bind Mn2+ with low nanomolar or subnanomolar affinities (McDevitt et al. 2011; Gribenko 

et al. 2013; Lisher and Giedroc 2013; Abate et al. 2014). Interestingly, the affinity of CP for 

Mn2+ and Zn2+ is influenced by calcium availability (Brophy et al. 2012; Hayden et al. 

2013). In the absence of calcium the affinity of CP for Mn2+ decreases to ~ 5 μM and the Kd 

for Zn increases to ~133 pM for the Zn site and ~219 nM for the Mn/Zn site (Brophy et al. 

2012; Hayden et al. 2013). The calcium dependence of transition metal binding is likely due 

to the location of the Mn/Zn and Zn sites at the end of α-helices that are predicted to become 

elongated upon calcium binding (Hsu et al. 2009). Relative to the extracellular space, the 

host cell cytoplasm is calcium-deplete. Thus, it seems highly probable that the calcium-

dependent metal binding functions as a switching mechanism (Brophy et al. 2012; Hayden 

et al. 2013) that prevents CP from binding Mn2+ and Zn2+ ions until secreted into the 

calcium rich extracellular space.

A major challenge to studying the impact of nutritional immunity is the ability to 

specifically withhold individual metals in a biologically relevant manner. While much has 

been learned through the use of chemical chelators, their use has significant caveats. They 

are frequently membrane permeable, have off target cellular effects, and bind more than one 

metal (Shumaker et al. 1998; Graham et al. 2009; Veyrier et al. 2011). The generation of CP 
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variants with altered metal binding properties has allowed the individual impact of Mn and 

Zn sequestration to be evaluated using a highly specific and biologically relevant molecule. 

Similar to wild-type CP, the staphylococcal ΔmntCΔmntH mutant is twice as sensitive as 

wild-type S. aureus to the ΔZn site mutant, which retains Mn binding. However, the 

ΔmntCΔmntH mutant and wild-type S. aureus are equally sensitive to the ΔMn/Zn site 

mutant, which cannot bind Mn (Damo et al. 2013; Kehl-Fie et al. 2013). This result 

demonstrates that these CP variants can be used to interrogate the respective contributions of 

Mn and Zn starvation to host defense. Utilization of these reagents revealed that both Mn 

and Zn sequestration contribute to the antimicrobial activity of CP. Surprisingly, these 

investigations also revealed that maximal antimicrobial activity towards a wide range of 

pathogens, including S. aureus, S. epidermidis, Enterococcus faecalis, Pseudomonas 

aeruginosa, Acinetobacter baumanii, and Shigella flexneri, requires Mn2+ sequestration 

(Damo et al. 2013). This observation further emphasizes the importance of restricting the 

ability of pathogens to acquire Mn during infection.

3(b). Metal intoxication as a mechanism to starve invaders

Zinc is the second most abundant transition element in humans and is of critical importance 

for immune development and function (Haase and Rink 2009). Zn deficiency results in 

compromised immune defense and an increased susceptibility to infection (Haase and Rink 

2009). Although severe Zn deficiency is rare, mild to moderate Zn deficiency affects about 2 

billion people worldwide (Prasad 2003). Diseases associated with Zn deficiency account for 

~800,000 deaths per year (1.4% of global mortalities) making it the 11th greatest risk factor 

for global burden of disease (Guilbert 2003; WHO 2003). Bacterial infections associated 

with Zn deficiency are predominantly acute respiratory and enteric infections (i.e., 

pneumonia or diarrhea) (Zaidi et al. 2009). Clinical trials of Zn supplementation therapies 

have shown that the morbidity and mortality of pneumococcal pneumonia and enteric 

disease can be significantly reduced (Bhutta et al. 1999; Lassi et al. 2010; Valavi et al. 

2011). The observation that Zn2+ irreversibly binds to the SBP of Mn2+-specific importers 

and prevent acquisition of this metal has led to the proposition that Zn may not only promote 

proper immune development but also contribute to nutritional immunity (McDevitt et al. 

2011; Gribenko et al. 2013; Abate et al. 2014; Couñago et al. 2014; Eijkelkamp et al. 2014).

Analyses of tissue metal ion concentrations have revealed that in niches colonized by S. 

pneumoniae, Zn concentrations increased by more than 3-fold during infection, whereas 

almost all other transition metals had negligible changes (McDevitt et al. 2011). These 

changes in extracellular metal ion abundance closely correlate with alterations in the 

expression profiles of the metal ion uptake pathways of S. pneumoniae (McDevitt et al. 

2011; Eijkelkamp et al. 2014; Plumptre et al. 2014). Notably, the observed in vivo Zn:Mn 

ratios were sufficient to inhibit Mn2+ uptake via PsaBCA and inhibit the in vitro growth of 

S. pneumoniae (McAllister et al. 2004; Eijkelkamp et al. 2014). More recent studies have 

also implicated Zn2+ mobilization as a major component of phagolysosomal killing of 

bacterial pathogens within immune effector cells. Here, the immune cell depletes essential 

metal ions, notably Mn2+ and Fe2+, by active efflux, while importing ‘toxic’ ions such as 

Zn2+ and Cu2+ (Jabado et al. 2000; Cellier et al. 2007; White et al. 2009; Botella et al. 

2011). Recent in vitro studies of S. pyogenes M1T1 have shown Zn co-localized with the 
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bacterial pathogen within human neutrophils (Ong et al. 2014). Although the precise 

molecular mechanism of bacterial killing by these immune effector cells has not been 

elucidated, the bacteria could be rescued by depleting the host cell of Zn using chemical 

chelators (Ong et al. 2014). This finding represents an additional way in which local changes 

in metal abundance may be manipulated by the host to starve bacteria, and thereby aid their 

clearance. Collectively, there is a growing body of evidence suggesting that the host actively 

manipulates local Zn concentrations, in turn altering the Zn2+ to Mn2+ ratio in an attempt to 

prevent bacteria from obtaining host Mn.

4. The impact of manganese starvation on bacterial pathogens

Whether by removing it from sites of infection or using the toxicity of other metals, it is 

clear that preventing pathogens from acquiring Mn is an important aspect of nutritional 

immunity. Given the numerous processes that Mn is involved in, restricting access to this 

metal has the potential to disrupt many processes in invading microbes. However, the 

specific Mn-dependent processes that are disrupted by this host defense are largely 

unknown. This uncertainty stems from difficulties in predicting metal dependency a priori 

and the ability of many metal-dependent enzymes to be activated by multiple metals in vitro 

and in vivo. This latter observation is exemplified by E. coli, which replaces Fe with Mn 

when experiencing oxidative stress in order to preserve enzyme function and reduce the 

formation of hydroxyl radicals via Fenton chemistry (Anjem et al. 2009; Sobota and Imlay 

2011; Imlay 2013). While the specific processes that are disrupted by host-imposed metal 

starvation are largely unknown, they can be divided into two categories: those that are 

essential for bacterial viability and those that are non-essential, such as virulence factors. 

Although the specific factors that are disrupted by host-imposed Mn limitation are unknown, 

the reduced antimicrobial activity of the ΔMn/Zn site variant of CP indicates that essential 

processes are inhibited by host-meditated Mn sequestration (Damo et al. 2013; Kehl-Fie et 

al. 2013). Similarly, studies employing S. pneumoniae have demonstrated that Zn2+ toxicity 

inhibits Mn-dependent processes that are essential for viability (McDevitt et al. 2011; 

Eijkelkamp et al. 2014). Potential essential processes that may be disrupted by host-imposed 

Mn-starvation include enzymes involved in central metabolism, cell wall synthesis and 

DNA synthesis (Keele et al. 1970; Andreini et al. 2008; Ogunniyi et al. 2010; Wu et al. 

2010; Cotruvo and Stubbe 2011; Aguirre and Culotta 2012).

By contrast, considerable advances have been made in elucidating the virulence factors that 

are inhibited by host-imposed Mn starvation. Studies utilizing S. pneumoniae and S. aureus 

have investigated the impact of Mn sequestration and Zn inhibition of Mn uptake on the 

ability to resist oxidative stress and neutrophil-mediated killing (Figure 1). In the case of S. 

aureus, Mn sequestration by CP inhibits the activity of the two superoxide dismutases 

(SOD) expressed by the bacterium, both of which are reported to be Mn-dependent 

(Clements et al. 1999; Valderas and Hart 2001; Kehl-Fie et al. 2011; Damo et al. 2013; 

Kehl-Fie et al. 2013). This, in turn, results in increased sensitivity to chemically-induced 

oxidative stress and neutrophil-mediated killing (Kehl-Fie et al. 2011; Damo et al. 2013; 

Kehl-Fie et al. 2013). Infection experiments utilizing SOD mutants and CP-deficient mice 

revealed that staphylococcal SOD activity is inhibited by host-imposed Mn starvation during 

infection (Kehl-Fie et al. 2011). Similarly, toxic levels of Zn2+ reduce pneumococcal SOD 
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activity and render S. pneumoniae more sensitive to oxidative stress and neutrophil-

mediated killing (McDevitt et al. 2011; Eijkelkamp et al. 2014). For both S. aureus and S. 

pneumoniae, inhibition of SOD activity does not explain the general growth defect observed 

in the presence of CP or toxic levels of Zn, as SOD mutants in both organisms have minimal 

if any growth defects in the absence of stress (Yesilkaya et al. 2000; Karavolos et al. 2003; 

Kehl-Fie et al. 2011; Eijkelkamp et al. 2014). It seems likely that in addition to inhibition of 

SOD activity other virulence factors may also be disrupted by host-imposed Mn starvation, 

however these systems have yet to be identified.

5. Conclusions

Nutritional immunity has long been recognized as a critical defense utilized by the host to 

combat invading microorganisms. Recently, the scope of nutrients sequestered has evolved 

beyond the ‘Fe-withholding’ response of the host to now include other transition metal ions, 

notably Mn and Zn. Simultaneously, it has become apparent that the host can also leverage 

the chemical properties of metals, such as Zn, to aid in mediating nutrient starvation. 

However, despite the imposition of metal restriction on invaders, bacteria remain capable of 

causing devastating disease. This indicates that successful pathogens must have specific 

adaptations that allow them to circumvent the impact of host-imposed metal starvation.

The increasing prevalence and spread of antibiotic resistance has lead the Centers for 

Disease Control and World Health Organization to state that the end of the antibiotic era is 

upon us and call for the development of new approaches to treat infectious diseases (CDC 

2013; WHO 2014). Elucidating how successful pathogens circumvent nutritional immunity 

has the potential to identify new therapeutic targets, the disruption of which will enhance the 

efficacy of the innate immune response. Essential to developing these new therapies is a 

comprehensive understanding of the temporal and spatial aspects of how the host utilizes 

metal abundance, i.e., sequestration or intoxication, as weapons against invasive bacterial 

pathogens. From the perspective of the pathogen, elucidation of the mechanisms that 

mitigate host-mediated metal stress, i.e., nutrient restriction and protein mismetallation, will 

potentially reveal new targets for novel antimicrobials.
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Figure 1. The two routes for host-mediated manganese starvation
Cartoon representation of how the host imposes Mn starvation. The top left shows Mn2+ and 

Zn2+ competing with each other for the SBP of a Mn2+-specific ABC permease 

mismetallated by a Zn2+ ion. This competition inhibits the ABC transporter function and 

leads to Mn starvation in organisms that only express an ABC type Mn2+- acquisition 

system. Top right shows calprotectin sequestering and removing Mn and Zn from the local 

environment, starving the bacteria for these metals. The bottom shows the impact of Mn 

deprivation on a model bacterial cell. This starvation inactivates Mn-dependent superoxide 

dismutases resulting in increased sensitivity to oxidative stress. The two arrows indicate the 

two steps involved in detoxifying superoxide, the conversion to hydrogen peroxide by 

superoxide dismutase and subsequent conversion to water by other cellular factors. The red 

X indicates inactivation of the first step in this process during Mn starvation. This starvation 

also inactivates other unidentified essential bacterial processes as well. Inactivation of these 

processes may be mediated by a reduction in absolute intracellular metal levels or by altered 

metal ratios that lead to increased metalloprotein mismetallation.
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