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Abstract

A tug-of-war between the mammalian host and bacterial pathogen for nutrients, including first-

row transition metals (e.g. Mn, Fe, Zn), occurs during infection. Here we present recent advances 

about three metal-chelating metabolites that bacterial pathogens deploy when invading the host: 

staphylopine, staphyloferrin B, and enterobactin. These highlights provide new insights into the 

mechanisms of bacterial metal acquisition and regulation, as well as the contributions of host-

defense proteins during the human innate immune response. The studies also underscore that the 

chemical composition of the microenvironment at an infection site can influence bacterial 

pathogenesis and the innate immune system.

Introduction

The bioinorganic chemistry of infectious disease examines metal homeostasis in the context 

of the host/pathogen interaction. Transition metal ions are essential nutrients for all 

organisms, and microbial pathogens must acquire these metal nutrients from the host to 

replicate and cause infection [1–5]. To counteract pathogenic invaders, the host mounts a 

metal-withholding response in an attempt to starve microbes and thereby prevent microbial 

growth. This innate immune response is often termed “nutritional immunity” [6]. The 

complex machineries employed by the host and microbe when competing for metal nutrients 

provide opportunities for discovery and mechanistic investigation, as we illustrate below, as 

well as possibilities for new therapeutic strategies to prevent and treat infectious disease.

In this Current Opinion, we highlight recent fundamental investigations of three different 

microbial metallophores. These metal-chelating secondary metabolites are biosynthesized 

and deployed by bacterial pathogens for nutrient metal acquisition in the host (Figure 1). 

Two vignettes address secondary metabolites of Staphylococcus aureus, a Gram-positive 

opportunistic human pathogen that causes infections ranging from pneumonia to sepsis 

[7,8]. We describe the discovery of staphylopine [9], a metallophore that S. aureus employs 

for acquiring multiple divalent first-row transition metals. Next, we present a link between 

*Corresponding author: lnolan@mit.edu, Phone: 617-452-2495, Fax: 617-324-0505. 

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be 
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

HHS Public Access
Author manuscript
Curr Opin Chem Biol. Author manuscript; available in PMC 2018 April 01.

Published in final edited form as:
Curr Opin Chem Biol. 2017 April ; 37: 10–18. doi:10.1016/j.cbpa.2016.09.012.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



staphylococcal heme uptake and the biosynthesis of staphyloferrin B, a high-affinity iron 

chelator or siderophore that is implicated in the virulence of S. aureus [10]. In the third 

vignette, we discuss enterobactin (Ent), a siderophore of Escherichia coli, and describe work 

that probes the interplay among Ent, other iron-chelating metabolites, and the human host-

defense protein lipocalin-2 (LCN2) [11]. Taken together, these advances illuminate small-

molecule metabolite biosynthesis and metal homeostasis, inform our understanding of the 

competition for transition metals in the host/pathogen interaction, and provide inspiration for 

further explorations of transition metals in human innate immunity and microbial 

pathogenesis.

Discovering staphylopine, a metallophore of Staphylococcus aureus

S. aureus is a Gram-positive opportunistic human pathogen and several of its metal transport 

systems have been shown to be important for its virulence, especially those involved in iron 

and manganese acquisition [12–15]. Nonetheless, S. aureus has metal requirements beyond 

iron and manganese, as exemplified by the recent discovery of staphylopine (Figure 1). This 

metal chelator allows S. aureus to acquire multiple metals, including nickel and zinc, from 

the host.

In prior studies, an ATP-binding cassette (ABC) metal transport system named CntABC 

(Cnt, cobalt-nickel transporter) (Figure 2A) was identified in S. aureus [16–19]. This ABC 

transporter allows S. aureus to internalize nickel and cobalt under low-zinc conditions, and 

was shown to contribute to S. aureus virulence in a murine model of urinary tract infection 

[16,17]. Subsequent biochemical and mass spectrometric investigations revealed that the 

solute-binding protein CntA recognizes and binds a nickel coordination complex composed 

of a single Ni(II) ion and a small molecule of unknown identity [20]. This observation 

suggested that S. aureus biosynthesizes and exports a secondary metabolite that scavenges 

nickel from the extracellular milieu and is subsequently captured by CntA. A similar 

scenario occurs in siderophore-mediated iron uptake where high-affinity Fe(III) chelators 

(siderophores) are biosynthesized and exported to scavenge Fe(III), and the ferric-

siderophore complexes are recognized by dedicated transport machineries [21]. In contrast 

to siderophore-mediated iron transport where hundreds of siderophores are known and many 

have been shown to be important in the host/microbe interaction [22], only a few examples 

of secondary metabolites that pathogens use to transport other metal ions have been 

identified [23,24,25].

Recently, a biosynthetic gene cluster (Figure 2B) for the biosynthesis of a putative 

staphylococcal metabolite was identified during two bioinformatics searches [9,20]. One 

investigation was a hunt for plant enzymes involved in the biosynthesis of nicotianamine, a 

metal chelator and biosynthetic precursor to the phytosiderophores [9]. A gene (hereafter 

cntL) cotranscribed with cntABC (the three genes encoding CntABC) and with low 

sequence similarity to the gene encoding Arabidopsis thaliana nicotianamine synthase 

(NAS) was found in staphylococcal genomes. Moreover, two additional putative 

biosynthetic genes (hereafter cntKM) were found in the same operon. These observations 

motivated efforts to isolate the putative metabolite and determine whether CntKLM are 

involved in its biosynthesis. Treatment of S. aureus culture supernatants with recombinant 
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His6-tagged CntA resulted in the capture of staphylopine coordinated to one of several first-

row transition metal ions (Co, Ni, Zn, Cu) [9]. Subsequent in vitro characterization of 

CntKLM established that these three enzymes are necessary and sufficient for the 

biosynthesis of staphylopine (Figure 2C). CntK is a L-His racemase, CntL is a NAS-like 

enzyme that accepts D-His as a substrate and catalyzes the nucleophilic attack of one α-

aminobutyric acid moiety of S-adenosylmethionine (SAM) to form an intermediate named 

xNA, and CntM is a NADPH-dependent dehydrogenase that catalyzes the reductive 

condensation of xNA with pyruvate to afford staphylopine.

Functional studies of metal binding and metal transport employing staphylopine 

demonstrated that staphylopine (i) coordinates a number of divalent first-row transition 

metals with high affinity (Figure 1) and (ii) enables transport of these metals into S. aureus 
via CntABC (Figure 2A) [9]. These observations indicate that staphylopine is a versatile 

metal chelator, and that the metal ions bound and transported will depend on metal 

availability. Moreover, bioinformatics analysis revealed that several other human pathogens, 

including Gram-negative Pseudomonas aeruginosa, harbor genes for putative biosynthetic 

enzymes and transport proteins that are homologous to genes of the cnt cluster, which 

suggests that biosynthesis and utilization of staphylopine (or a structurally related molecule) 

may not be limited to the staphylococci [9]. Of note, a recent study concluded that an as-yet 

unidentified siderophore is important for the growth of P. aeruginosa in airway mucus [26]. 

The genes identified for the production of this molecule share homology with the 

staphylococcal cnt genes, indicating that either staphylopine or a staphylopine-like molecule 

contributes to P. aeruginosa pathogenesis in the cystic fibrosis lung. The discovery and 

structural elucidation of staphylopine provides a foundation for future studies of this 

molecule in the context of metal homoeostasis, host/microbe and microbe/microbe 

interactions.

Elucidating a role for heme in the regulation of staphyloferrin B, a 

siderophore of Staphylococcus aureus

To fulfill its iron requirements, S. aureus employs heme- and siderophore-mediated iron-

acquisition systems (Figure 3A) [12,27]. The global transcriptional regulator Fur (Ferric 

uptake regulator) regulates expression of these iron-uptake pathways [28–30]. S. aureus 
obtains iron from heme using the iron-regulated surface determinate (Isd) system, which is 

composed of nine proteins (IsdABCDEFGHI) (Figure 3A) [31]. For siderophore-based iron 

uptake, S. aureus harbors two gene clusters for the biosynthesis and transport of the citrate-

based polycarboxylate siderophores, staphyloferrin A (SA) and staphyloferrin B (SB) 

(Figure 3B, shown only for SB) [27,32–36]. SB is considered to be a virulence factor of S. 
aureus [37–39]. The sbn gene locus (sbnABCDEFGHI) encodes machinery for SB 

biosynthesis (SbnABCEFGH) and efflux (SbnD) [37], and the genes of the nearby sir locus 

(sirABC) encode an ABC transporter (SirABC) that recognizes and transports Fe(III)-SB 

into the cytoplasm. (Figure 3A) [40].

Until recently, the function of sbnI, a gene conserved among S. aureus strains, was unknown. 

A sbnI-deficient mutant strain of S. aureus exhibited a severe growth defect under iron-
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limited growth conditions [10]; however, enzymology studies revealed that SbnI is not 

required for the in vitro biosynthesis of SB [40], and no evidence for a role of sbnI in SB 

transport was found. Indeed, recent investigations demonstrated that SbnI is a regulatory 

protein. It binds DNA upstream of sbnD and is required for the expression of SbnD and the 

biosynthetic enzymes SbnEFGH (Figure 3B) [10]. Further interrogation revealed that SbnI 

binds heme, and that formation of the SbnI-heme complex prevents the SbnI-DNA 

interaction. Thus, this study (i) indicates that S. aureus regulates SB production by switching 

SB biosynthesis on or off in the absence or presence of heme, respectively (Figure 3B), and 

(ii) suggests that SbnI is a heme sensor and regulatory protein, providing new insight into 

the regulation of SB biosynthesis [10]. This model is reminiscent of prior work that 

demonstrated S. aureus will preferentially use heme as an iron source when heme is 

available [40].

The heme-regulated biosynthesis of SB illustrates a new example where the regulation of 

siderophore biosynthesis extends beyond global regulators like Fur. It is noteworthy that 

expression of the sir gene locus is independent of SbnI and heme availability (Figure 3B). 

This organization indicates that S. aureus may import Fe(III)-SB when biosynthesis of the 

metabolite is turned off, which may provide a competitive advantage. S. aureus also 

biosynthesizes heme [42], and investigation of whether there is crosstalk between the heme 

and SB biosynthetic pathways will be informative.

Illuminating the tug-of-war for iron between the host and enterobactin, a 

siderophore of Escherichia coli

E. coli are both human commensal gut microbes and pathogens, and pathogenic strains 

cause diseases ranging from diarrhea to urinary tract infections and sepsis [43,44]. All E. 
coli biosynthesize the triscatecholate siderophore enterobactin (Ent, Figure 1) [45], and 

many pathogenic strains harbor additional siderophore biosynthesis and transport systems 

(e.g. salmochelins, yersiniabactin, aerobactin) [43]. The human innate immune system 

blocks Ent-mediated iron acquisition by deploying a host-defense protein named lipocalin-2 

(LCN2; also known as neutrophil gelatinase-associated lipocalin (NGAL), siderocalin (Scn), 

uterocalin, 24p3) [46,47]. In the canonical model for LCN2-mediated host defense, 

neutrophils or epithelial cells release this protein into the extracellular space where it 

captures Fe(III)-Ent (Figure 4) [46,47]. Structural and biophysical studies of LCN2 revealed 

that positively charged residues within its calyx provide electrostatic and cation-π 
interactions with this ferric siderophore [46,48], enabling the protein to coordinate Fe(III)-

Ent with high affinity. When abundant, LCN2 starves E. coli strains that rely on Ent for iron 

acquisition in the host [47,49,50]. Pathogens that biosynthesize so-called “stealth 

siderophores” (e.g. salmochelin S4, Figure 1) are able to evade the LCN2-mediated immune 

response because the sugar moieties prevent these molecules from being captured by LCN2 

[4,51,52] LCN2 levels are elevated in women with urinary tract infections caused by E. coli 
[11,53], and how this host-defense protein contributes to innate immunity in the urinary tract 

is a topic of current interest.
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Here, we highlight a recent investigation that evaluated how the chemical composition of 

urine influences LCN2-mediated growth inhibition of uropathogenic E. coli UTI89. This 

report provides an alternative model for the interplay between Ent and this host-defense 

protein (Figure 4) [11]. E. coli UTI89 biosynthesizes multiple siderophores (Ent, 

salmochelins, and yersiniabactin) [54]. In this work, growth studies performed in a 

chemically defined medium were in agreement with the canonical model and demonstrated 

that LCN2 provided maximal growth inhibition of a UTI89 mutant strain that can only 

biosynthesize Ent. In contrast, growth assays conducted in pooled human urine showed that 

LCN2 afforded maximal growth inhibition of a UTI89 mutant strain that cannot 

biosynthesize Ent. Under the same conditions, negligible growth inhibition was observed for 

mutant strains that produce Ent but are deficient in the biosynthesis of yersiniabactin and the 

salmochelins. It should also be noted that the antibacterial activity of LCN2 against wild-

type UTI89 was attenuated in pooled urine relative to the activity observed in chemically 

defined medium by ≈ 10-fold.

Further examination of urine samples from individual patients revealed that pH and aryl 

metabolites (e.g. aryl alcohols, catecholates) influence the antibacterial activity of LCN2 

[11]. In particular, the presence of aryl metabolites in urine enhanced the growth inhibitory 

activity of LCN2, which suggested that LCN2 can withhold iron from E. coli in a 

siderophore-independent manner by using aryl metabolites as cofactors (Figure 4). The 

ability of LCN2 to harbor Fe(III) complexes in the calyx upon binding catecholate 

metabolites was previously reported in studies of LCN2-mediated iron trafficking in the 

circulatory system [55], and later for LCN2 isolated from human urine [56]. Moreover, the 

recent work indicates that Ent appears to have the capacity to liberate Fe(III) from the 

LCN2-bound aryl metabolites in urine, thereby promoting E. coli growth [11]. Taken 

together, these in vitro assays indicate that the interaction of Ent and LCN2 depends on the 

growth conditions, and provide the basis for an alternative model where Ent enables UTI89 

to overcome LCN2-mediated growth restriction in urine.

The interplay among Ent, aryl metabolites and LCN2 appears to be markedly dependent on 

the individualistic chemical features of human urine [11], which underscores the complexity 

of the host environment and emphasizes that host-to-host variations exist and can alter the 

course of an infection. Whether aryl metabolites affect the growth inhibitory activity of 

LCN2 and growth of E. coli at other sites where infections occur (e.g. gut, blood) warrants 

consideration. Lastly, the sequestration of Fe(III)-Ent (or another siderophore) by LCN2 

presents a rather narrow-spectrum antibacterial mechanism where only strains that require 

the entrapped ferric siderophore for growth are affected. In contrast, employing available 

metabolites implicates a more general mechanism of iron-withholding that may allow for 

growth inhibition of multiple bacteria strains, and that can only be overcome by 

siderophores or other as-yet undetermined microbial metal acquisition machinery able to 

sequester the bound iron from LCN2.

Summary and perspectives

The recent advances about bacterial metallophores employed by human pathogens 

summarized here have provided remarkable insights into the chemistry and biology of the 
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host/pathogen interaction. The discovery of staphylopine has provided a new broad-

spectrum metallophore that appears to be an important virulence factor for S. aureus and will 

enrich future studies at the microbe/microbe and host/microbe interface. The recent 

demonstration of heme-dependent siderophore biosynthesis exemplifies how a pathogen can 

exquisitely regulate specific iron-acquisition strategies in response to available iron sources. 

Lastly, the new model for the iron-withholding function of LCN2 and proposed role of Ent 

in liberating Fe(III) from this host-defense protein in the urinary tract emphasizes the need 

to consider how subtle changes in the chemical composition of an infection site or 

microenvironment affect virulence factors and pathogenicity. It also serves as a reminder that 

standard laboratory conditions and the host environment are markedly different. In closing, 

the outcomes of these three initiatives provide foundations for both fundamental and applied 

investigations that interface bioinorganic chemistry with microbial pathogenesis and 

infectious disease, including explorations of novel approaches to prevent and treat bacterial 

infections.
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Highlights

• Staphylopine is a metallophore that S. aureus deploys to acquire first-row 

transition metals.

• The protein SbnI provides a link between heme uptake and siderophore 

biosynthesis in S. aureus.

• Aryl metabolites may participate in the competition for iron between the host 

and microbe.
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Figure 1. 
Chemical structures of select metal-chelating metabolites produced by S. aureus and E. coli. 
The metal-coordinating groups and the relevant metal ions are shown in blue. Staphylopine 

coordinates and enables transport of multiple metal ions and the ordering reflects the relative 

metal-binding affinities.
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Figure 2. 
Overview of staphylopine-based metal acquisition by S. aureus. (A) Cartoon of staphylopine 

transport by S. aureus. Staphylopine is biosynthesized in the cytosol (not shown) and 

exported by CntE. Following formation of a coordination complex in the extracellular space, 

CntA recognizes and binds M(II)-staphylopine, and the complex is transported across the 

cell membrane and into the cytoplasm by CntBCDF. The mechanism for metal release from 

staphylopine is unknown. (B) The cnt operon encoding genes for the biosynthesis, efflux, 

and uptake of staphylopine. (C) Biosynthesis of staphylopine. Abbreviations: CW, cell wall; 

CM, cell membrane.
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Figure 3. 
Overview of heme- and siderophore-based iron acquisition by S. aureus. (A) Cartoon of 

heme- and SB-mediated iron uptake. Left: heme-mediated iron uptake. Four proteins 

(IsdABCH) are anchored to the peptidoglycan layer and are involved in the capture of the 

heme-binding proteins hemoglobin(Hb) and haptoglobin (Hp), removal of heme from these 

proteins, and transfer of heme across the cell wall, which results in delivery of heme to an 

ABC transporter (IsdDEF). Following cytoplasmic entry, heme oxygenases (IsdGI) degrade 

the heme and release iron. Right: SB-mediated iron uptake. SB is biosynthesized in the 

cytoplasm (not shown) and exported by SbnD. Following capture of Fe(III) in the 

extracellular space, Fe(III)-SB is recognized and transported into the cytoplasm by SirABC. 

The mechanism for iron release from SB is unknown, but likely involves a reductase. (B) 

The sir and sbn loci encoding gens for the biosynthesis, efflux, and uptake of SB. Under 
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low-iron conditions, both operons can be expressed because the global repressor Fur (not 

shown) is in the apo form and does not bind to the DNA.[30] Further regulation of the SB 

biosynthesis occurs as a result of the presence or absence of heme. Under low-heme 

conditions, the SbnI dimer binds to an internal promoter in the coding region of sbnC and 

promotes expression of sbnD-H, whereas under high-heme conditions, heme binding to SbnI 

prevents binding to the DNA and thereby reduces the production of SB. Abbreviations: CW, 

cell wall; CM, cell membrane.
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Figure 4. 
Cartoon depicting two models for how the host and E. coli compete for iron that involve 

enterobactin (Ent) and lipocalin-2 (LCN2). Canonical model: LCN2 sequesters Fe(III)-Ent 

in the extracellular space and thereby prevents Fe uptake by E. coli. Alternative model based 

on studies in human urine: LCN2 binds aryl metabolites present in urine and sequesters 

Fe(III). Metallation of Ent contributes to the demetallation of LCN2. Ent may prevent Fe(III) 

from binding to LCN2 and/or sequester Fe(III) from the Fe(III)-catechol-LCN2 complex, 

and the resulting Fe(III)-Ent provides nutrient iron to E. coli. Iron-bound LCN2 might be 

transported into host cells by receptor-mediated uptake. Abbreviations: CM, cell membrane; 

OM, outer membrane; IM, inner membrane.
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