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Abstract

Ancient bacteria originated from metal-rich environments. Billions of years of evolution directed 

these tiny single cell creatures to exploit the versatile properties of metals in catalyzing chemical 

reactions and biological responses. The result is an entire metallome of proteins that use metal co-

factors to facilitate key cellular process that range from the production of energy to the replication 

of DNA. Two key metals in this regard are iron and zinc, both abundant on Earth but not readily 

accessible in a human host. Instead, pathogenic bacteria must employ clever ways to acquire these 

metals. In this review we describe the many elegant ways these bacteria mine, regulate, and craft 

the use of two key metals (iron and zinc) to build a virulence arsenal that challenges even the most 

sophisticated immune response.
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The resting state of iron and zinc in the host

Bacterial pathogens must procure essential metals when they invade their mammalian hosts, 

but metal distribution within the host varies due to their respective chemistries and biological 

functions. Iron and zinc, the 2nd and 27th most abundant metals in the earth's crust, 

respectively1,2, are essential nutrients for virtually all living organisms3,4. Iron primarily 

exists as two cations, the oxidized ferric (Fe3+) form and the reduced ferrous (Fe2+) form5. 

The gain or loss of an electron from these ions is required for multiple important biological 

functions, such as oxygen carrying by hemoglobin, electron transport chain reactions, and 

DNA biosynthesis6,7. Zinc exists solely as Zn2+ and as such is unable to perform redox 

reactions8. Consequentially, organisms take advantage of these functional differences 

between iron and zinc to use the metals in distinctly different biological processes. Because 

oxygen is a major component of the air, we live in an oxidative environment, and as such the 

oxidized form of iron (i.e. Fe3+) is the most stable and dominant form (e.g. rust)5,9. 

However, this ferric form of iron is insoluble under common aerobic conditions. Thus, the 

incorporation of iron into biological structures can be challenging. In contrast, the ferrous 
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form of iron (Fe2+) is relatively soluble under aerobic conditions and is found in most 

natural water sources5,9.

Although iron makes up less than 0.01% of human body weight (2-4 grams)10, it is 

absolutely necessary for strong bones and oxygen binding to hemoglobin and myoglobin6,11. 

Zinc similarly comprises 2-3 grams of human body weight, which is distributed primarily in 

skeletal muscle and bone12. Zinc is found throughout the body and is redistributed from the 

blood to the liver during pathology, an action that presumably recycles this metal13. Both 

metals are intertwined with the host's immune system. The status of zinc affects important 

functions of host immunity, including lymphocyte production and function, monocyte 

recruitment, and cytokine production14–17. Iron is used to catalyze the formation of reactive 

oxygen species (ROS) during macrophage-based killing of bacteria18. A dedicated organelle, 

the phagolysosome, uses the ability of iron to cycle in Fenton reactions and generate ROS, 

which harms bacterial membranes, proteins, and DNA19. A description of common host and 

bacterial factors involved in the exploitation of metals is shown in Table 1. Trafficking of 

iron and zinc inside of the mammalian host remains parallel to each other. Iron is mainly 

absorbed from the diet in the duodenum and upper jejunum, in the forms of heme (e.g. meat) 

or non-heme (e.g. plant), both of which are fractionally absorbed (in the case of iron) 20,21. 

The majority of dietary zinc comes from red meat, poultry, and seafood22. Zinc is absorbed 

throughout the intestinal tract facilitated by membrane ZnT and Zrt-, Irt-like protein ZIP 

transporters as well as cysteine rich intestinal protein (CRIP)23,24. DMT1 (divalent metal 

transporter 1) and HCP1 (heme carrier protein 1) are responsible for iron and heme 

absorption, respectively, in the duodenum25,26. The majority of iron that pathogens 

encounter (∼75% of host iron) will be used as a heme cofactor incorporated into 

hemoglobin (e.g. during erythropoiesis) which coordinates oxygen for its delivery to tissues 

and cells25,27,28. Zinc, on the other hand, is more broadly used. This metal is incorporated 

into about 10% of human proteins, of which over 300 enzymes require Zn2+ for metabolic 

and regulatory functions2,4,29. An invading pathogen will find 90% of host zinc in skeletal 

muscle and bone, with some present in organs like the spleen, liver, and kidneys12,30. In 

these tissues and circulating cells, host zinc is present at 100-500 μM concentrations 

intracellularly, a large portion of which is bound to metallothioneins31,32. Intracellular zinc 

is further compartmentalized within the cytosol (50%), nucleus (30-40%), and 

membranes2,33. Like iron, the remaining zinc, about 0.1%, is present in blood serum 

(1.25μg/ml serum) bound to albumin (73-91%), macroglobin (9-27%), or various serum 

proteins and amino acids (2-8%)34–36. Iron and zinc are of such critical importance that their 

loss must quickly be replenished. For example, humans lose iron daily through sweating, 

shedding of surface cells, and gastrointestinal blood loss, making dietary replenishment of 

iron a necessary activity37. Too little iron results in anemia and is the most common and 

widespread nutritional disorder in the world21. The physiological importance of zinc to 

humans was first described in 1963, and today zinc deficiency is a global health concern – 

thought to affect prenatal development, childhood growth, and infection susceptibility38–41. 

Organisms must have ways to regulate metal concentrations however, since excessive levels 

are toxic. Excess iron can result in iron overload or haemochromatosis25,42, a case of iron 

toxicity that damages organs because iron catalyzes Fenton reactions which generate 

damaging and toxic ROS43–46. Haemochromatosis also fosters a more beneficial 
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environment for invasive and opportunistic pathogens47. Unlike iron that has two stable 

oxidation states (Fe2+ and Fe3+), zinc only has one stable oxidation state (Zn2+), and thus 

cannot directly induce generation of ROS. However, excess zinc facilitates ROS formation in 

neuronal cells, an effect caused by mitochondrial zinc transport and subsequent disruption of 

the mitochondrial membrane48–50. Zinc toxicity can lead to nausea, vomiting, and diarrhea 

in humans, which is associated with the suppression of copper absorption and alteration of 

lipoprotein profiles51,52.

The sequestration of iron and zinc by the host

Frustratingly for the pathogen, they cannot directly access the host reserves of iron and zinc, 

as their availability is very low due to nutritional immunity. Nutritional immunity is the term 

given to the host's ability to restrict bacterial access to critical nutrients upon an infection, 

during which metals such as iron and zinc are heavily sequestered by high affinity binding 

proteins or kept in organelles that are not accessible to bacteria53. In addition, these metals 

are strongly associated with cellular components (such as iron in hemoglobin and ferritin 

and zinc bound to proteins, nucleic acids, and membranes) and therefore are not readily 

available unless the cell is in a diseased state2. Free zinc levels of mammalian hosts have 

been measured in the picomolar range for cytosol and plasma – while that of iron is 10-24 M 

in mammalian blood54–56 – although micromolar concentrations of zinc can be present in 

airway epithelia and mucosal membranes57.

Mining the metals a bacterium needs to replicate, grow, and survive is challenging, and 

mammals use a variety of tactics to keep iron and zinc away from bacterial pathogens. Some 

of these mechanisms include the global regulation of metal homeostasis on a systemic basis. 

This includes the production of the hormone hepcidin, the host master iron balance 

regulator58,59. Elevated levels of hepcidin leads to degradation of ferroportin, the only 

known cellular iron exporter in vertebrates that facilitates the release of iron to the 

circulatory system25,26,60. Hepcidin also induces a decrease in the expression of proteins 

regulated by the IRE/IRP (IRE: iron response element, IRP: iron response proteins) system, 

including duodenal iron absorption proteins and HCP125,26,60. Similarly, global regulation 

of zinc storage is mediated by hormones. Glucagon and epinephrine increase 

metallothionein expression and zinc storage in liver tissue61. Likewise, detection of bacterial 

invaders via LPS can induce IL-6 expression which in turn increases metallothionein 

expression and reduces free zinc concentrations62,63. Conversely, glucocorticoid signaling 

can induce zinc secretion from pancreatic cells64.

Other mechanisms of regulation use secreted or circulating factors that keep metals 

sequestered. This includes transferrin and NGAL (neutrophil gelatinase-associated 

lipocalin). The blood protein transferrin sequesters free iron in the circulatory system such 

that only the peripheral cells expressing the cognate transferrin-iron receptors can transport 

the transferrin-bound iron65. There is evidence that bacteria commonly target host 

transferrin, as it is undergoing rapid evolution to avoid recognition by bacterial pathogens66. 

However, transferrin is not the only molecule with iron sequestering properties, as NGAL 

binds ferric-siderophore complexes67,68. Siderophores are small, high affinity ferric iron 

binding molecules synthesized by bacteria that constitute an important cog of bacterial iron 
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uptake69. Siderophore-NGAL binding further increases proinflammatory cytokine (e.g. IL6) 

production, likewise increasing stimulation of the host immune responses70. The main host-

secreted zinc chelation protein is calprotectin. This protein is secreted by neutrophils at the 

site of infection and binds zinc and manganese to limit their availability to the pathogen71. 

Indeed, calprotectin is found in zinc depleted abscesses of S. aureus and can limit other 

forms of microbial growth in vitro72,73. Overall, the net effect of the above host actions 

during inflammation is that the amount of free metals in the circulatory system and tissue 

remains very low, keeping iron and zinc out of the hands of pathogenic bacteria74. Moreover, 

the alteration of the cellular iron and zinc availability may have other consequences 

including lymphocyte proliferation and activation75–77.

The bacterial acquisition of metals from the host

Facing the obstacles posed by nutritional immunity, a successful bacterial pathogen must 

develop efficient strategies to acquire metals from various host resources to facilitate their 

infection, survival, and replication. Because of the importance of these metals to the host as 

well, such resources are seemingly plentiful. The challenge, however, is to usurp the 

multiple ways the host limits access to these resources which include transferrin/lactoferrin, 

heme, and iron storage proteins (e.g. ferritin) as shown in Figure 1. They also include the 

zinc storage protein metallothionein and the zinc chelation protein calprotectin, along with 

zinc-associated proteins like serum albumin, alpha-2 macroglobulin, metalloproteases, and 

zinc-finger regulatory proteins. Here, we discuss known strategies pathogenic bacteria use to 

raid host resources by mining these metals.

Transferring iron from transferrin

Transferrin, the blood plasma glycoprotein that preferentially binds ferric iron, is the 

primary tool for delivering absorbed iron to cells. Lactoferrins are proteins of the transferrin 

family and are found in various secretory fluids (e.g. milk and tears)58. In pathogenic 

Neisseria species, the outer membrane anchored protein TbpB (Transferrin-binding protein 

B) binds and transfers holo-transferrin to the outer membrane receptor TbpA, where iron is 

extracted and shuttled across the outer membrane78. Resembling the Fe-Ent transport system 

in non-pathogenic E. coli79, TbpA-mediated iron uptake requires the TonB-ExbB-ExbD 

complex to transduce energy and allow a conformational change in the N-terminal plug 

domain, dislodging it from the channel and allowing iron to pass through where it is picked 

up by the periplasmic protein FbpA (Ferric binding protein component A)78. Finally, FbpA 

shuttles the iron to the inner membrane ABC transporter FbpBC that transports iron into the 

cytoplasm, and this process is influenced by periplasmic anion content78,80. In a similar way, 

the outer membrane proteins LbpAB (lactoferrin binding protein AB) are involved in ferric-

lactoferrin complex uptake in pathogenic Neisseria species81,82. Haemophilus influenzae 
also contains a homolog of TbpA and is able to remove iron from host transferrin83. For 

Mycobacterium tuberculosis, the iron from the holo-transferrin can be either extracted by its 

siderophore carboxymycobactin, subsequently transported in via a mycobactin-dependent or 

mycobactin-independent pathway, or holo-transferrin itself can be internalized involving 

GAPDH and other surface proteins84. Thus, although transferrin is a major component of 
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nutritional immunity, and exhibits growth restrictive properties, pathogenic bacteria have 

also evolved transport systems to target transferrin as an iron source85.

Mining heme iron

Heme and heme-containing proteins account for the most abundant source of iron in the 

host. Not surprisingly, bacterial pathogens have developed various strategies to mine iron 

from this resource. There are several mechanisms by which bacteria gain access to host 

heme86. Free heme is recognized by TonB-dependent outer membrane receptors in gram 

negative bacteria or cell wall anchored receptors in gram positive bacteria86. Free heme is 

also recognized and bound by secreted bacterial proteins named hemophores that have high 

affinity for the heme moiety and are made by both gram positive and gram negative 

bacteria87. Hemophores also actively extract heme from heme-containing proteins88,89, 

utilizing specific residues in the heme binding pocket to promote the loss of heme from 

hemoglobin90. Additionally, the hemophores may stimulate the dissociation of hemoglobin 

tetramers into dimers and monomers, which have a lower affinity for the heme and increase 

its loss from the globin91. The hemophores have a higher affinity for heme, which will be 

bound at equilibrium. Once bound, the heme can be transferred to cognate surface receptors 

where it is then moved across the cell wall or membrane into the cytoplasm, where heme can 

be degraded to liberate iron89. For example in Bacillus anthracis, the causative agent of 

anthrax, the surface anchored proteins IsdC (Isd: iron-regulated surface determinant), Hal 

(heme-acquisition leucine-rich repeat protein), and possibly BslK (Bacillus surface layer 

protein K) are involved in scavenging the heme moiety from heme containing proteins92–94. 

B. anthracis also secretes two hemophores IsdX1 and IsdX2, which extract heme from host 

heme containing proteins and shuttle them to receptors in the bacterial envelope95. Both the 

receptors and the hemophores use the NEAT (N-terminal near-iron transporter) domains to 

interact with the heme moiety through a highly conserved YXXXY motif96. It is interesting 

to note that, Hbp2 (heme/hemoglobin-binding protein 2), a NEAT-domain containing 

hemophore in Listeria monocytogenes, can scavenge heme but its activity is dependent on a 

non-canonical tyrosine residue, suggesting an unprecedented mechanism of heme binding by 

this protein97. The NEAT domain has been recognized as being very important in gram-

positive biology. In addition to important roles in making bacteria more virulent93, they also 

may serve as recombinant vaccine candidates for pathogens such as Staphylococcus 
aureus98,99 and B. anthracis (Balderas and Maresso, unpublished data). In gram negatives, 

HasA (heme acquisition system component A) represents a family of highly conserved 

hemophores identified in Serratia marcescens, Pseudomonas aeruginosa, Pseudomonas 
fluorescens, Yersinia pestis, and Yersinia enterocolitica87. HasA is secreted via the type I 

secretion pathway and may capture heme from hemoglobin. The TonB–dependent outer 

membrane receptor HasR interacts with HasA to facilitate heme transfer and uptake87.

Prospecting for ferritin iron

Ferritins are tightly regulated storage proteins that deposit and release iron to maintain its 

safe level within the host100. Normally, ferritins are cytosolic and their extracellular 

concentrations are very low (<0.01% of the extracellular transferrin)101. In sputum and 

bronchoalveolar lavage fluid, there are higher levels of ferritin, which increases during 

diseased states (e.g. cystic fibrosis patients)101. Not surprisingly, lung pathogens possess the 
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ability to take advantage of this iron source. For example, P. aeruginosa secretes extracellular 

proteases that lyse the ferritin and release its stored ferric iron, which are reduced by 

secreted bacterial molecules (e.g. pyocyanin) and possibly get transported in via the Feo iron 

transport system101. Similarly, another lung pathogen, Burkholderia cenocepacia, can use 
ferritin as an iron source in a protease-dependent manner102. Bacillus cereus also uses 
ferritin as an iron source. In this pathogen, the surface protein IlsA (iron-regulated leucine 
rich surface protein type A) recognizes and binds ferritins, leading to the destabilization and 
subsequently release of ferric iron ions, which are chelated by the bacterial siderophore 
bacillibactin and transported via the cognate membrane transporter FeuABC (ferric 

bacillibactin uptake protein components ABC)103. Thus, it appears that when labile iron in 
circulation is not available, bacteria can prospect into deep host reserves such as ferritin to 
satisfy their requirement for this metal.

Bacterial countermeasures to overcome host iron sequestration

Some pathogenic bacteria can chemically modify their secreted siderophores to evade 

recognition by host siderophore-binding proteins like NGAL. For example, Salmonella 
species, uro- and avian pathogenic E. coli strains, and certain Klebsiella strains (e.g. K. 
pneumonia) are able to synthesize variations of the catecholate siderophore Ent that is 

glycosylated104. The glycosylation benefits these bacterial pathogens and contributes to 

virulence by interfering with NGAL binding through steric hindrance of the added bulky 

glucose groups104–106. Yersinia species, some E. coli and K. pneumoniae strains are able to 

synthesize a structurally different siderophore termed yersiniabactin (a mixed ligands 

siderophore). The uptake of yersiniabactin depends on the TonB-dependent outer membrane 

receptor FyuA and its importance for bacterial virulence was demonstrated in Y. 
enterocolitica, E. coli and K. pneumonia but not in Y. pestis107–110. Strains of E. coli, S. 
flexneri, and K. pneumonia produce the hydroxamate siderophore aerobactin, whose role in 

pathogenesis is important in some cases but dispensable in others111–114. Another way to 

fine tune the siderophore based iron uptake system in bacterial pathogens is to “amplify” its 

iron uptake ability. An example is the asymptomatic bacteriuria caused by E. coli strain 

83972. When compared to its commensal counterpart, it has additional abilities to synthesize 

and transport in salmochelin, aerobactin, and yersiniabactin106. The redundancy of the iron 

transport systems contributes significantly to its colonization in the urinary tract106. This 

feature gives the pathogen the versatility to satisfy its iron needs in different environmental 

niches.

Deep prospecting: iron uptake by intracellular bacteria

Nutrient levels in the extracellular milieu are under tight control by the host. The 

intracellular environment, however, is very nutrient rich with higher concentrations of 

several growth-promoting factors. The intracellular environment offers additional benefits 

for bacteria in that there is a low level of antimicrobial peptides, antibiotics, and humoral 

antibodies. But entry into host cells comes at great risk for bacteria; eukaryotic cells have 

intracellular sensors that activate alarms if bacterial components are detected115. In addition, 

cells contain specialized organelles called phagolysosomes that harness the harmful effects 

of low pH and/or reactive oxygen species to kill bacteria116. However, some bacteria are 

ideally adapted to survive and replicate in this environment, which confers a selective 
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advantage by occupying a niche where very few bacteria are capable of thriving. For 

example, all Shigella subgroups, S. flexneri, S. sonnei, S. dysenteriae, and S. boydii, are able 

to grow intracellularly in host epithelial cells117. Multiple iron uptake systems in S. flexneri 
contribute to iron uptake intracellularly, including the Iuc (transporter for the native 

siderophore aerobactin), Feo, and Sit (transporter for manganese and ferrous iron)111,112. 

Each of the three iron uptake systems is dispensable when tested in a cell culture model but 

a triple mutant cannot survive in cells111. Furthermore, monitoring gene expression during 

intracellular pathogenesis shows activation of the sitA and fhuA promoters, indicating they 

may have a role in intracellular iron acquisition in S. flexneri112. Francisella tularensis is 

also capable of replicating intracellularly by escaping the phagosome of macrophages. Once 

inside of the macrophages, F. tularensis upregulates the host transferrin receptor TfR1118. 

The increased level of transferrin receptors is believed to benefit F. tularensis intracellular 

growth due to the increase of the labile iron pool, which represents a freely available iron 

source for intracellular bacterial pathogens118. Similarly, once inside of the monocytes, N. 
gonorrhoeae upregulates hepcidin, NGAL, and NRAMP1 (Natural resistance-associated 

macrophage protein 1, which shuttles iron from the late endosome and phagolysosome to the 

cytosol to store in ferritins), downregulates labile iron-detoxifying enzyme BDH2 (short 

chain 3-hydroxybutyrate dehydrogenase), with a net effect being an increase of the labile 

iron pool to facilitate N. gonorrhoeae survival intracellularly119. Thus, it would seem that 

some of the same mechanisms used by extracellular bacteria to gain access to and modulate 

iron levels are also used by intracellular bacteria in the host cytoplasm.

The bacterial acquisition of zinc

Plundering host zinc is also critical for the survival of intracellular pathogens. Many of them 

require the Zn ABC transporters for replication and full virulence. This is true for Listeria 
monocytogenes, Salmonella enterica, Brucella abortus, and Yersinia pestis120–122. Under 

Zn2+ deficient conditions, like those thought to be encountered in the intestine or in blood, 

bacteria employ ABC transporters homologous to the ZnuABC system in E. coli. Here, the 

periplasmic binding protein ZnuA binds a single zinc ion with high affinity, and upon 

contact with the ZnuB permease, the complex actively transports zinc through the inner 

membrane driven by ATP hydrolysis of the ZnuC ATPase123,124. These ABC transporters 

are found across Gram positive and Gram negative species125, and are commonly considered 

virulence factors121,126,127. Importantly, these transporters can serve as antigenic targets for 

vaccines, and inoculation of mutant strains lacking transporters can confer resistance to 

wild-type infections128,129. Conversely, host-induced zinc toxicity is likely a problem, as 

putative zinc efflux pumps are required for M. tuberculosis to survive in macrophages130. 

Interestingly, N. meningitidis was recently shown to scavenge host zinc from calprotectin, 

suggesting a mechanism to subvert neutrophil-mediated killing131. Unfortunately, little is 

known about the ability of other bacterial pathogens to target host zinc-binding proteins for 

zinc acquisition.

The regulation of bacterial metal uptake

Generally, iron uptake systems are regulated by the bacterial protein Fur (ferric uptake 

regulator), with evidence that small RNAs are involved as well132–136. When facing iron 

deficient conditions, such regulation allows bacteria to increase the expression of the genes 
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needed to import iron. The basic principles of bacterial iron transport also hold true for zinc. 

Similar to bacteria employing Fur to regulate intracellular iron levels, they rely on Zur (zinc 

uptake regulator), which is a Fur family homolog protein, to regulate Zn2+ uptake 

mechanisms. Interestingly, E. coli derived Fur binds zinc to form active dimers, but this zinc 

binding activity is not necessary for Fur mediated regulation in other bacteria137,138. This 

evidence suggests possible crosstalk between iron and zinc homeostasis mechanisms. Upon 

binding Zn2+, Zur proteins actively bind to DNA and suppress transcription of downstream 

genes associated with zinc import, like the ABC transporters139. This negative feedback loop 

prevents the toxic buildup of intracellular zinc and induces expression of zinc acquisition 

mechanisms when the metal is limiting. Bacteria might also import zinc into the cytosol with 

ZIP transporters; however, they are only known to be present in E. coli140,141. While their 

presence is generally necessary for full virulence, it is unclear whether these transporters 

alone are sufficient to maintain an infection, or if like iron, some liberation of zinc from host 

protein and cellular stores is also required. Finally, some non-specific transporters can 

import both metals. This is true of ZupT (Zinc uptake protein component T), which in 

addition to transporting zinc can also transport ferrous iron141.

The use of metals to power bacterial virulence

Bacteria use the metals they acquire to drive key cellular processes, some of which were 

briefly mentioned above. These activities are necessary for growth and replication of the 

microbe, which in turn sustains and propagates the infection. What sometimes is lost in this 

consideration is that acquired metals are important catalysts for two broadly conserved and 

critically important types of bacterial hydrolases that directly interface with the host and/or 

the host response to infection. Examples include the production of metalloproteases and 

lactamases that require zinc for their catalytic activity. It is becoming increasingly clear that, 

much like iron, zinc is essential to the survival of a pathogen during host infection, but 

perhaps in a different way. Whereas iron serves as a co-factor in processes related to energy 

transduction through respiration, zinc can be crafted into factors that interact with the host 

on several levels. In the final part of this review, we consider the importance of metals in the 

use of bacterial weapons of warfare – the very virulence factors bacteria use to overcome the 

host barriers to infection.

Proteases are enzymes that hydrolyze peptide bonds in proteins or peptides. They can be 

exoproteases – which cleave at the amino or carboxy terminus of proteins, or endoproteases 

– which are capable of cleaving at one or multiple sites within a protein. Proteases are 

categorized by the catalytic residue in their active site. This includes aspartic, threonine, 

serine, and cysteine proteases, with these residues driving catalysis. For a comprehensive 

review on the classes and activities of the multitude of known proteases, please see 

references142–144. A critical feature of many proteases is that one or more metals serve as a 

co-factor for catalysis, the so-called metalloproteases. Most bacterial metalloproteases are 

secreted and use zinc as the metal cofactor. Zinc metalloproteases contain variations on the 

typical HEXXH binding motif, which coordinates a single Zn2+ ion with three amino acids, 

usually histidine and glutamate, but sometimes aspartate and cysteine residues. The catalytic 

cleft is composed of a tridentate site with a coordinated water molecule145,146. 

Mechanistically, zinc metalloproteases cleave peptide bonds via nucleophilic attack on the 
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carbonyl carbon in the peptide – an action performed by the deprotonized water molecule. 

During the transition state, zinc helps to stabilize the negatively charged intermediate 

product. The final products exit the catalytic site upon hydrolysis by the water molecule and 

creation of amine and carboxyl termini on the new peptide fragments147. Metalloproteases 

typically exhibit broad specificity, as has been described for vEP of Vibrio fulnificus, InhA1 

of Bacillus anthracis, and ZmpB of Burkholderia cenocepacia148–150. The broad specificity 

of bacterial metalloproteases may actually suit the pathogen's needs by facilitating the 

disruption of physiologically important host processes, including the breakdown of barriers, 

the destruction of key signaling intermediates, and the release of nutrients such as metals 

from host metalloproteins. For example, collagen is the main component of skin, tendons, 

and cartilage. It is a fibrous, structural protein that is present in connective tissues and 

comprises 25-33% of all proteins in mammals. It is also a common target of zinc 

metalloproteases, resulting in compromised host barriers that spread infection and delay 

immune clearance151. Some examples of collagenolytic proteases are B. anthracis Npr599 

and InhA1, both of which cleave collagen types I and IV in vitro149, and the Burkholderia 
cenocepacia metalloproteases ZmpB and ZmpA150,152. Tissue disruption can also occur by 

cleavage of tight cell junctions. Zona occluden-1 is a tight junctional protein which is 

cleaved by Pseudomonas aeruginosa pseudolysin, Vibrio cholera hemagglutinin, and B. 
anthracis InhA1; the latter thought to cause increased blood brain barrier permeability and 

dissemination of bacilli153–155. Immune components can also be directly cleaved by 

metalloproteases. This is true for the IgA protease of Streptococcus sanguis and the 

immunoglobulin protease of S. marcescens156,157. This also includes mirabilysin of Proteus 
mirabilis and pseudolysin of P. aeruginosa which both cleave IgG158,159. Interestingly, the 

host is thought to directly target the zinc status of bacteria in infected tissues as a nutritional 

immunity strategy. Specifically, neutrophils that are recruited to infection sites secrete the 

metal chelator protein calprotectin, which mainly binds zinc and manganese. As stated 

above, calprotectin is found in zinc-depleted S. aureus abscesses, and it can reduce other 

forms of microbial growth in vitro72,160,161. It may be that the chelation of zinc by the host 

has a direct effect of preventing bacterial metalloproteases from acquiring this critical metal 

co-factor.

Metalloproteases can also interfere with immune clearance by interfering with signaling 

cascades. Lethal toxin from B. anthracis induces endothelial disruption by cleaving MAP 

kinases162. InhA1 can also cleave prothrombin and factor X to induce clotting163. Similarly, 

fibrinogen is cleaved by Serratia marcescens to interfere with the extracellular matrix and 

coagulation cascade157. Cytokines or interleukins (IL) are the recruitment signal for 

neutrophils and macrophages, and they can also be disrupted by pathogenic bacteria to avoid 

immune clearance. Examples include the cleavage of IL-2 by Legionella pneumophila 
metalloprotease, and cleavage of the IL-6 receptor by supernatants of S. marcescens and 

other bacteria164,165. An overview of zinc metalloprotease virulence mechanisms and their 

host substrates is shown in Figure 2. The broad use of such metals in mechanisms like these 

further supports the notion that blocking the ways bacteria attain these metals might serve as 

both an anti-infective and anti-virulence strategy.

An intriguing an understudied aspect of metalloproteases is their potential role in nutrient 

acquisition. Much work has been done to elucidate the amino acid acquisition systems of 
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intracellular pathogens. These bacteria redirect host autophagy and lysosomal degradation 

pathways to liberate free amino acids, a concept termed nutritional virulence166,167. 

Extracellular proteases are known to degrade hemoglobin, transferrin, and other iron and 

heme containing compounds168–170. Presumably these functions are dedicated to acquiring 

iron, but their potential role in amino acid acquisition has not yet been defined. However, it 

was recently discovered that V. cholera employs the metalloprotease VchC to help utilize 

collagen as its sole nutrient source171, and that B. anthracis metalloprotease InhA1 can 

degrade hemoglobin as an amino acid source in vitro172. With this information we should 

consider the possibility that metalloproteases and proteases in general not only interfere with 

host defense mechanisms, but can also release essential metals and amino acids from a 

distance for bacteria to scavenge.

Finally, metals like zinc are important in other bacterial processes, including the break-down 

of life-saving antibiotics. It is widely recognized that modern medicine is on the precipice of 

a microbial-induced disaster. The rise of strains (and enzymes) that are resistant to (and can 

inactivate) commonly used and recently developed antibiotics is risking nearly 80 years of 

progress in successfully treating once life-threatening bacterial infections. Much of this 

resistance is driven by a large class of enzymes localized to the bacterial surface termed 

metallo-β-lactamases. These enzymes cleave the β-lactam ring of antibiotics that include the 

penicillins, carbapenems, cephalosporins, and monobactams173. Similar in mechanism to the 

metalloproteases, metallo-β-lactamases require zinc cations in the catalytic cleft to exert 

their full activity. A water molecule performs nucleophilic attack on the carbonyl carbon in 

the β-lactam ring while zinc stabilizes the negatively charged intermediate. This reaction 

breaks the β-lactam ring, which can no longer inactivate the bacterial transpeptidase that 

makes the cell wall174. Metallo-β-lactamases are distributed across dozens of gram-positive 

and gram-negative species, with the most notorious in recent times being NDM-1 (first 

discovered in a K. pneumoniae strain isolated from a patient that visited New Delhi)174–176. 

Since then, NDM-1 has been discovered in clinical isolates in the United Kingdom, Japan, 

Pakistan, United States, and Canada, and is found in multiple gram-negative genre like 

Escherichia and Acinetobacter177. Despite the critical importance of such enzymes in 

undermining the medical miracle of antibiotics, it is not understood the sources of, or 

mechanism by which host zinc is incorporated into these enzymes.

Future work and perspectives

Not all bacteria are pathogens. A number of bacteria, which are now recognized as the 

microbiome and commonly found on or in body surfaces such as the gastrointestinal and 

respiratory tract, skin, and nares, often exert beneficial effects on our health178,179. One 

commensal bacterium that lives in the human gut is Escherichia coli, and it utilizes several 

iron-uptake mechanisms to compete not only with the host but also other bacteria occupying 

the intestinal niche. One such mechanism is to synthesize siderophores, which are secreted 

into the surrounding environment. Siderophores bind free iron by virtue of their high affinity 

and are then imported via the cognate membrane transporters180. A second mechanism 

commensal E. coli uses to attain iron is through the use of two transport systems. The ferric-

dicitrate transport system transports in citrate181. Citrate is a common component of our 

daily diet and can be found in many foods such as green leafy vegetables and fruits and thus 
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found in our intestinal tract182. It also, by virtue of its structure, can weakly chelate iron and 

often is bound to this metal. The ferrous iron transport system shuttles in free ferrous 

iron183. Due to the fact that most commensal bacteria live in the lower intestine where 

anaerobiosis and acidification are common and favors ferrous iron184, having this system 

may be a benefit in this environment. Finally, bacteria of the intestinal microbiome can 

utilize xenosiderophores. Xenosiderophores are siderophores that demonstrate cross species 

and even cross kingdom activity, i.e. synthesized by one species but are able to be utilized by 

different species.

Bacteroides species are opportunistic pathogens and another representative of the 

commensal bacteria179. Similar to E. coli, Bacteroides species possess the ferrous iron 

transport system185. B. fragilis has a putative siderophore mediated iron transport system186, 

but the siderophore has not yet been identified187. B. fragilis, however, has the ability to 

utilize heme and hemoglobin as an iron source, a feature that is associated with it being an 

opportunistic pathogen and distinguishes itself from the discussion of commensals that take 

up metals such as the nonpathogenic strains of E. coli188,189. Recently, one member of 

Bacteroidetes phylum demonstrated iron acquisition from transferrin, but the medical 

significance of this finding is not known190.

In summary, although there are clear examples of commensal bacteria that inhabit the skin 

or GI tract and utilize a multitude of systems to attain essential metals, the fact that they are 

utilized for colonization of the host would suggest that they also can be perceived as 

virulence factors. In this context, they may not directly participate in the pathological 

consequences of the infection but certainly are needed to maintain a relationship with the 

host that may “break bad” when the host is immunocompromised.

When a bacterial pathogen infects the host, it also encounters a polymicrobial environment, 

and must develop ways to compete for essential nutrients such as iron and zinc with the 

microbiome. One strategy is to take advantage of other microbes to fulfill nutrient 

requirements via inter- and intraspecies metabolite usage191 S. aureus is an opportunistic 

pathogen mostly found in the human respiratory tract and on the skin, and represents a good 

example of the interspecies metabolite usage192. In the presence of S. aureus, P. aeruginosa 
produces a staphylolytic protease LasA, which targets the glycyl-glycine and glycyl-alanine 

bonds of the pentaglycine interpeptide bridge in the S. aureus peptidoglycan, leading to S. 
aureus lysis. The lysed S. aureus serves as the iron pool for P. aeruginosa to support its 

growth193. H. influenza also benefits from the presence of S. aureus because the hemolysins 

(α, β, and γ) produced by S. aureus help lyse erythrocytes to release nutrients (e.g. heme) to 

facilitate H. influenza growth. The mixture of staphylococcal strains deficient in 

menaquinone biosynthesis with those lacking heme biosynthesis reaches the wild type level 

of growth in vitro and remains fully virulent when tested in a murine model of 

osteomyelitis194. The restoration is explained by the ability of the menaquinone biosynthesis 

mutant to synthesize and supply heme to the population194. As more investigation focuses 

on the ecosystem of the microbiome and its relation to human disease, the mechanisms by 

which interspecies nutrient exchange occurs will become more evident.
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The importance of metal uptake during infections and the seemingly continuous 

development of resistance against antibiotics compels consideration of the inhibition of 

metal uptake for antibacterial drug development195,196. Indeed, an increasing number of 

studies have evaluated the effectiveness of targeting bacterial iron metabolism as an 

antibacterial strategy, with efficacy demonstrated in some cases but not others197–201. 

Additionally, the “Trojan horse” strategy shows promise, where siderophore-like molecules 

are loaded with toxic drugs196,202. Considering the multiple roles metalloproteases display 

in virulence, as well as the critical requirement of metals in β-lactamase activity, there exists 

a need to understand how these important enzymes become loaded with zinc. Future studies 

should be directed towards testing the clinical validity of these ideas as well as exploring 

new therapeutic entry points that disrupt bacterial metal homeostasis.
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Figure 1. Bacterial iron uptake in the host
Under normal conditions, commensal bacteria of the GI tract use siderophore-based iron 

uptake systems to obtain iron. Upon infection, the host uses nutritional immunity to restrict 

bacterial access to essential nutrients including iron (top panel). Host iron limitation includes 

hepcidin- mediated reduction of circulatory iron and/or the production of NGAL to prevent 

siderophores from chelating free iron. Additionally, iron is kept unavailable for bacteria by 

being bound to heme or proteins such as transferrin or ferritin. Bacterial pathogens employ 

diverse strategies to counter nutritional immunity (bottom panel), including the utilization of 
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transferrin/lactoferrin, heme/heme-containing proteins, iron storage proteins such as ferritin, 

blocking the host from recognizing their siderophores, utilizing other species siderophores, 

and even invading into the cytoplasm of host cells.
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Figure 2. The role of zinc in bacterial pathogenesis
A. Bacterial pathogens encounter higher concentrations of zinc at epithelial surfaces, where 

lysed cells release metallothioneins that liberate zinc upon oxidative stress. To combat Zn2+ 

toxicity, bacteria employ efflux transporters like RND, ZnT and Pit. ZUR proteins are bound 

to bacterial DNA and prevent transcription of zinc uptake mechanisms. Metalloproteases 

cleave mucins, glycoproteins, and tight cell junctions to allow bacteria to translocate into 

other tissues. B. At sites of infection and translocation, the host can reduce available zinc by 

secreting the zinc chelator calprotectin. Once in zinc deficient environments, bacterial ZUR 

proteins relieve transcriptional repression and zinc uptake mechanisms are expressed, such 

as the Znu ABC transporter. Here, metalloproteases can cleave collagen, cytokine receptors, 

cytokines and immunoglobulins to further disrupt tissues and interfere with immune 

signaling. C. When present in the bloodstream, host α-2-macroglobulin can inactivate 

metalloproteases via entrapment. However, metalloproteases can cleave fibrinogen, 

prothrombin, and factor X to disrupt the clotting cascade and permit further dissemination.
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Table 1

Host and bacterial factors involved in iron and zinc exploitation.

Iron Protein Type Localization Function Reference

Host sources of iron Heme containing proteins Cell membranes, Cytoplasm Transport electrons and 
oxygen during respiration

203

Transferrin Blood, interstitial fluid Sequester iron in blood and 
interstitial fluid

65,203

Lactoferrin Secretory fluids Sequester iron in secretory 
fluids

58

Ferritin Cytoplasm Store iron to balance 
intracellular iron 
concentrations

100

labile iron pool Cytoplasm Buffer intracellular iron 
concentrations

204

Iron acquisition systems Membrane receptors Cell membranes Actively transport iron from 
the environments

205

ABC transporters Cell membranes Actively transport iron from 
the environments

206

Siderophores Secreted Chelates iron with high 
affinity

207–209

Utilization of acquired 
iron

Heme biosynthesis Cytoplasm Transport electrons and 
bind diatomic gases in 
respiration, defend 
oxidative stress

210

Iron-sulfur protein biosynthesis Cytoplasm Synthesize dNTPs, produce 
energy, and defend against 
oxidative stress

211

Zinc Protein Type Localization Function Reference

Host sources of zinc Metallothioneins Cytoplasm Zinc buffering, suppress 
inflammatory cytokine 
secretion

32,212

Zincosomes Cytoplasm Zinc storage and buffering 33

Metalloproteinases Cytoplasm, membrane, and 
secreted

Degrade extracellular 
matrix, direct cellular 
differentiation and tissue 
morphogenesis

213–215

Calprotectin Cytoplasm – secreted by 
neutrophils

Chelate zinc and manganese 
at site of infection

71

S100 proteins Cytoplasm – secreted by 
neutrophils

Regulate cell proliferation 
and differentiation. Chelate 
metals at site of infection

216

Zinc fingers Cytoplasm/nucleus Transcription factors, 
nucleases, polymerases, 
ribosomes

217,218

Serum albumin Blood, interstitial fluid Maintain osmotic pressure, 
carry metabolites

219

α-2-macroglobulin Blood Inhibits bacterial proteases 
via entrapment

220

Zinc acquisition systems ZIP (Zrt-Irt-like protein) Cell Membrane Diffusion 140

Znu (ABC) Cell Membrane Active Transport 13

Zincophores Secreted Putatively bind zinc for 
transport

221
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Iron Protein Type Localization Function Reference

Calprotectin Binding Protein Secreted Binds calprotectin for 
transport

131

Utilization of zinc during 
pathogenesis

Metalloproteases Secreted Compromise epithelial and 
endothelial barriers, 
interfere with clotting 
cascade, cleave immune 
proteins to evade clearance.

146,149,222
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