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The obligate intracellular pathogen Chlamydia trachomatis, along with its close species relatives, is known to be strictly dependent upon the availability of iron. Deprivation of iron in vitro induces an aberrant morphological phenotype termed “persistence.” This persistent phenotype develops in response to various immunological and nutritional insults and may contribute to the development of sub-acute Chlamydia-associated chronic diseases in susceptible populations. Given the importance of iron to Chlamydia, relatively little is understood about its acquisition and its role in gene regulation in comparison to other iron-dependent bacteria. Analysis of the genome sequences of a variety of chlamydial species hinted at the involvement of unconventional mechanisms, being that Chlamydia lack many conventional systems of iron homeostasis that are highly conserved in other bacteria. Herein we detail past and current research regarding chlamydial iron biology in an attempt to provide context to the rapid progress of the field in recent years. We aim to highlight recent discoveries and innovations that illuminate the strategies involved in chlamydial iron homeostasis, including the vesicular mode of acquiring iron from the intracellular environment, and the identification of a putative iron-dependent transcriptional regulator that is synthesized as a fusion with a ABC-type transporter subunit. These recent findings, along with the noted absence of iron-related homologs, indicate that Chlamydia have evolved atypical approaches to the problem of iron homeostasis, reinvigorating research into the iron biology of this pathogen.
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INTRODUCTION

Being the fourth most abundant element in the Earth's crust, iron (Fe) has developed a rich evolutionary history with life on Earth (Frey and Reed, 2012). Iron is an essential micronutrient for nearly every organism with very few notable exceptions. One such exception is Borrelia burgdorferi, which is thought to substitute iron for other metals like manganese (Mn) in its metabolism (Posey and Gherardini, 2000). The requirement for iron is no less significant for the wide array of prokaryotic human pathogens, where the limitation of iron is generally lethal. This suggests biochemical intervention in iron-related pathways may be a promising medical avenue for the treatment of infectious disease. Pathogenic bacteria, like many other organisms, utilize iron in a wide array of conserved biochemical pathways, including prominent examples such as the tricarboxcylic acid (TCA) cycle and the electron transport chain (Oexle et al., 1999; Kim et al., 2012). However, in all organisms, iron dependency comes with significant problems that must be overcome. Biologically available iron is commonly in one of either two oxidative states: ferric (Fe3+) or ferrous (Fe2+) iron. Ferric iron is notorious for its insolubility at physiological pH, and therefore its biological utility is restricted unless reduced to Fe2+. Moreover, free Fe2+ can react with hydrogen peroxide in the Fenton reaction and generate hydroxyl radicals associated with cellular oxidative stress (e.g., DNA damage; Winterbourn, 1995). Indeed, perturbation of iron-dependent regulons has been demonstrated to facilitate the acquisition of antimicrobial resistance in E. coli, likely by dysregulating iron acquisition and promoting the accumulation of free iron that can participate in DNA mutagenesis (Mehi et al., 2014). Accordingly, iron-dependent organisms are presented with a tripartite challenge of acquiring iron that is in the appropriate oxidative state, in homeostatic amounts, and properly liganded to avoid collateral damage to the cell. For bacterial pathogens, this is complicated further by the important task of acquiring iron from the host. As such, pathogenic bacteria have evolved an impressive array of iron acquisition systems and iron-responsive regulatory networks to enhance their success when competing for iron. Iron acquisition and homeostasis have been extensively researched for many important prokaryotic organisms including Escherichia coli, Salmonella typhimurium, and Mycobacterium tuberculosis (Andrews et al., 2003). It is well-documented in the literature that the Chlamydiaceae are strictly iron-dependent (Raulston, 1997; Al-Younes et al., 2001; Freidank et al., 2001), but the long-standing genetic intractability of the organism has rendered many benchmark approaches to iron biology ineffectual in past chlamydial research. Consequently, our understanding of this fundamental biological process is incomplete in Chlamydiae.

The Chlamydiaceae includes many pathogens of humans and economically important animals, including Chlamydia trachomatis (genital and ocular human infections), Chlamydia pneumoniae (pulmonary human infection), Chlamydia pecorum (cattle/sheep) and Chlamydia suis (swine). Chlamydiae are Gram-negative obligate intracellular pathogens typified by a unique biphasic developmental cycle that interconverts an infectious and metabolically dormant elementary body (EB) to a vegetative and metabolically active reticulate body (RB) (AbdelRahman and Belland, 2005). Interestingly, Chlamydiae can deviate from their normal developmental cycle under stress conditions, resulting in the formation of aberrantly enlarged RB forms that fail to divide or differentiate and are distinguished by dysregulated gene expression (Wyrick, 2010). This aberrant state has been termed “persistence.” Importantly, abatement of the stress condition can rescue Chlamydia from a persistent state. Limiting the availability of iron to Chlamydiae has long been appreciated as an inducer of persistence, though the exact mechanism that facilitates this development is not understood (Raulston, 1997). Chlamydial persistence may contribute to the development of sub-acute pathologies and Chlamydia-associated chronic diseases. Only recently has bona fide in vivo evidence provided a clear example of the development of aberrant chlamydial forms in infected women, pigs and mouse models (Pospischil et al., 2009; Phillips Campbell et al., 2012; Lewis et al., 2014). These studies are far from definitive, as they represent small sample sizes and only note the presence of enlarged RB forms among inclusions of mixed populations. Regardless, it remains plausible to hypothesize that the limitation of iron, which induces persistence in vitro, may also stimulate aberrant development in vivo. Multiple lines of evidence suggest that Chlamydia may be exposed to fluctuating iron availability during infection. Specifically for C. trachomatis serovars responsible for genital infections (D-K, L1-3), fluctuations in lactoferrin concentrations in the female genital tract in response to estrogen signaling during menstruation could significantly alter iron availability to Chlamydia (Cohen et al., 1987; Kelver et al., 1996). Sequestration of iron in the mononuclear phagocyte system (MPS) may represent a host protective mechanism against Chlamydia infection by preventing iron trafficking to mucosal epithelia (Nairz et al., 2014; Ganz and Nemeth, 2015; Soares and Weiss, 2015). Iron limitation through the MPS could be especially important for Chlamydia species that invade monocytic cells, such as C. pneumoniae or C. trachomatis lymphogranuloma venereum (LGV) seorvars (L1-3) that presumably invade monocytes to proliferate to the local lymph nodes.

How Chlamydia might respond to these nutritive insults remains unclear. In the absence of genetic tools, past studies have relied on the chlamydial genome for clues in this regard. However, the chlamydial genome is relatively small, measuring only 1.04 Mb in C. trachomatis (Stephens et al., 1998). Correspondingly, only 894 open reading frames (ORFs) are predicted to be coded on the C. trachomatis chromosome. The small genome size of Chlamydiae is accounted for by their long history of co-evolution with specific host cells. This has resulted in severe reductive evolution with respect to the size and functionality of the chlamydial genomic repertoire (Clarke, 2011). Chlamydia consequently lack or possess truncated versions of many highly conserved metabolic pathways, such as amino acid and nucleotide biosynthesis. Obligate intracellular parasites are especially susceptible to the accumulation of deleterious mutations, sequence deletions and inversions as they discard functionality from their genome that can be compensated by their hosts (Andersson and Kurland, 1998). This perhaps helps to explain the fact that roughly 32% of the ORFs predicted in the genome of C. trachomatis are annotated as hypothetical, with no assigned function based on homology (Stephens et al., 1998). It is therefore no surprise that Chlamydia lack many highly conserved components of iron-related systems found in other pathogens.

In this review, we will detail our current understanding of chlamydial iron homeostasis, focusing on both acquisition and regulation, from an historical perspective contextualized with respect to what is understood in other pathogens. This will serve to starkly contrast Chlamydia against some of its most similar contemporaries. We also hope to highlight some of the primary difficulties that have stalled progress with respect to our understanding of iron homeostasis in Chlamydia. Furthermore, we will discuss some of the recent breakthroughs that we believe will facilitate a more in-depth understanding of iron-related processes in Chlamydia.

MAMMALIAN IRON METABOLISM

Iron metabolism in mammals has been extensively studied and this work has been condensed into comprehensive reviews (for reference see Andrews, 2000; Hentze et al., 2010; Winter et al., 2014). It will suffice here to briefly recount the primary mechanisms by which iron is trafficked to cells, further disseminated throughout the body and how these processes are regulated. Each of these steps represent opportunities for pathogens to siphon iron from their host or for the host to limit iron to pathogens. In humans and all other mammals, ferric iron, obtained through diet, must be reduced before transport across the intestinal epithelium. This process is dependent on a cytochrome b-like ferrireductase (Dcytb) for reduction to the ferrous state (McKie et al., 2001), and on Divalent metal transporter-1 (DMT-1; AKA Nramp2) for transport of the divalent cation into the cytoplasm of the epithelial cell (Fleming et al., 1997, 1998). DMT-1 was shown to transport several different divalent cations, including Mn2+ and Zn2+, in a proton-coupled symport mechanism (Gunshin et al., 1997). Export across the basolateral membrane of the intestinal epithelium is accomplished via ferroportin-1 (Donovan et al., 2000). Two ferroxidases, ceruloplasmin and hephaestin, are responsible for the re-oxidation of ferrous iron to the ferric form (Osaki et al., 1966; Vulpe et al., 1999; Hellman and Gitlin, 2002). This re-oxidation is important for binding by the serum carrier protein, transferrin (Tf). Tf is a high affinity Fe3+ binding protein, with an association constant of approximately 1036 for the trivalent metal at a near neutral pH (Ratledge and Dover, 2000). Approximately, 30% of serum transferrin is saturated with iron at any given time, which drives a near immediate sequestration of ferric iron in plasma (Crichton, 2016). Conformational changes occur upon the diferric saturation of transferrin, which, at neutral pH, allows the specific recognition of the diferric-holotransferrin (dfTf) over apo-transferrin at the cell surface by transferrin receptors (TfR) (Cheng et al., 2004). Once bound, these dfTf-TfR complexes localize to clathrin-coated pits and are endocytosed (Harding et al., 1983). In the early endosome, proton pumps cause the decrease of vesicular pH, destabilizing the iron-transferrin complex. While the apo-transferrin-TfR complex is not stable at a neutral pH, at an acidic pH, this complex remains intact and is recycled back to the plasma membrane, where the return to neutral pH causes the dissociation of the apo-Tf, starting the cycle anew (Dautry-varsat et al., 1983). The ferric iron released in the early endosome must be reduced before its transport into the cytosol by DMT-1 (Fleming et al., 1998). This reduction is accomplished by another membrane bound ferrireductase, STEAP3 (Ohgami et al., 2005).

Once in the cytosol, iron is either immediately incorporated into iron utilizing proteins (termed the labile iron pool) or stored by the ferritin complex. Ferritin storage complexes exist as multimers, which are composed of two subunits, designated the heavy (H) and light (L) chains. These subunits surround an iron core that may contain up to 4,500 iron atoms (Harrison and Arosio, 1996; Hentze et al., 2004). The H-subunit possesses ferroxidase activity and can convert the Fe2+ molecules into the Fe3+ form (Lawson et al., 1989). Little is known about how iron is released from ferritin complexes, although it is assumed that complex degradation functions in this process (Hentze et al., 2004). In erythroid cells, cytosolic iron is used predominantly in the biosynthesis of hemoglobin, which utilizes iron to bind oxygen, and circulate it throughout the body. Indeed, approximately 25 mg of iron per day is devoted to hemoglobin biosynthesis (Hentze et al., 2010). Reduced Fe2+ is trafficked to the mitochondrial matrix, the site of heme biosynthesis, where at the last enzymatic step ferrochelatase inserts Fe2+ into protoporphyrin IX to form heme (Chung et al., 2012). Importantly, senescent erythroid cells (primarily red blood cells) can be phagocytosed by macrophages which then degrade heme and incorporate the liberated Fe2+ into their labile iron pool or direct it to transferrin-mediated trafficking pathways.

Iron homeostasis in mammals is predominantly regulated by one of two mechanisms: The IRP/IRE system or the small peptide hepcidin (Hentze et al., 2010). There are two iron regulatory proteins (IRP1 and IRP2) which function as regulators by binding iron-responsive elements (IRE) in the untranslated regions (UTRs) of mRNA (Rouault, 2006). Notably, IRP1 has a dual function as a cytosolic aconitase when it contains an intact Fe-S cluster, which has led to the “Fe-S switch” model for IRP activation, whereby the regulator is activated in the absence of Fe due to degradation of the Fe-S cluster. Several mRNAs contain IREs, and the regulation of these IREs by IRPs varies. For TfR mRNA, binding of IREs by multiple IRPs stabilizes the mRNA and protects it from endonucleolytic degradation, thus increasing TfR expression (Casey et al., 1989). For ferritin L- and H-chain mRNA, however, IRE binding by a single IRP impedes translation by a steric hindrance mechanism, decreasing ferritin content in the cell (Rouault et al., 1988). IRP1 and IRP2 function redundantly to some extent, as independent knock out models demonstrate significant iron-related phenotypes but double-knockouts are embryonic lethal (Wilkinson and Pantopoulos, 2014). Hepcidin was first thought to be an antimicrobial peptide but was soon found to be critical for proper iron metabolism. Hepcidin was shown to be induced in response to iron overload and hepcidin knock-out mice suffer an iron-overload phenotype, connecting the function of hepcidin to iron homeostasis (Bennoun et al., 2001; Pigeon et al., 2001). It was later shown that hepcidin exerts its effect on iron metabolism mechanistically by binding to and internalizing the iron exporter ferroportin, leading to its degradation (Nemeth et al., 2004). By preventing the transport of iron through the basolateral membrane and thus preventing the dissemination of dietary iron throughout the body, hepcidin has been termed the “master iron regulator.” Interestingly, innate immune signaling induces hepcidin expression and consequently much work has shown that hepcidin is expressed in response to infection by some pathogens, potentially limiting iron from pathogens (Drakesmith and Prentice, 2012). Conversely, in other infection models such as chronic hepatitis C virus infection, hepcidin expression is repressed, and it is thought this may promote iron overload conditions such as hepatic iron accumulation. In total, the circulation of iron through the human body presents many opportunities for pathogens to intervene in their pursuit for iron. Some prominent examples will be discussed below.

IRON ACQUISITION IN INTRACELLULAR BACTERIAL PATHOGENS

Intracellular pathogens compete for iron sequestered in host proteins, often by intercepting or interrupting mammalian iron trafficking pathways. Iron acquisition follows a general paradigm in intracellular pathogens: Iron, in one form or another, is recognized by the bacteria and translocated across the bacterial membrane(s), generally by a permease system, where it can then be utilized. There are four predominant mechanisms by which this occurs: the biosynthesis of siderophores, transferrin/lactoferrin capture, heme capture, or direct acquisition of ferrous iron. We will briefly recount these mechanisms, but the reader is directed to several detailed reviews on the subject for further reading (Marx, 2002; Andrews et al., 2003; Caza and Kronstad, 2013).

The biosynthesis of small iron-chelating molecules, known as siderophores, represent a primary mechanism of ferric iron acquisition among bacteria. Model siderophores, such as enterobactin, have a notably high affinity for Fe3+, (Ka = 1051), which allows them to directly chelate iron bound in host proteins such as transferrin (Carrano and Raymond, 1979). Siderophores are then transported across the outer membrane by a TonB-dependent receptor protein, bound in the periplasm by a siderophore-binding protein and trafficked through an inner membrane permease system where the siderophore can then be dissociated from Fe3+ to facilitate reduction to Fe2+. These systems are represented by homologs of E. coli fepABCDEG and fhuABCDEF, the respective permease systems of enterochelin and ferrichrome. (Fecker and Braun, 1983; Pierce et al., 1983; Ozenberger et al., 1987). The mechanism of TonB-dependent energy transduction from the inner membrane to the outer membrane remains a hotly debated subject of research. What can be concluded from the available data is that the association of TonB with the accessory proteins ExbB and ExbD results in the charging of TonB with potential energy as a function of the proton motive force across the inner membrane (Gresock et al., 2015). Several hypotheses have existed for how the “charged” TonB then delivers energy to the outer membrane receptor proteins which depend on it for the translocation of important nutrients into the periplasm. Recent studies suggest that in contrast to models that posit the shuttling of TonB through the periplasm to the outer membrane, TonB is stationary at the inner membrane and confers energy transduction from this position (Gresock et al., 2011). Most of the iron acquisition systems in Gram-negative bacteria utilize TonB-dependent outer membrane receptors.

In addition to siderophore-mediated acquisition of ferric iron, many Gram-negatives possess mechanisms for the acquisition of ferrous iron, which is presumed to freely flow through the outer membrane, possibly via porins. This strategy is dependent upon ferrireductase activity, which is thought to be either cell-associated or translocated into the extracellular space. Several bacteria have been shown to display ferrireductase activity, but few ferrireductases have been directly identified. Notably, riboflavin has been implicated as a ferrireductase in the Gram-negative pathogens Campylobacter jejuni and Helicobacter pylori (Worst et al., 1998; Crossley et al., 2007). It was recently shown that Legionella pneumophila secretes a pylomelanin pigment that indeed reduces Fe3+ to Fe2+, and some fungal ferrous iron permease homologs have associated ferrireductases (Kosman, 2003; Chatfield and Cianciotto, 2007). Ferrous iron import systems are generally represented by homologs of E. coli feoABC and Yersinia pestis yfeABCD (Kammler et al., 1993; Bearden and Perry, 1999). Intriguingly, it has been demonstrated in Shigella flexneri that homologs of both ferrisiderophore and ferrous iron uptake systems are induced during host cell invasion and intracellular proliferation (Runyen-Janecky and Payne, 2002; Pieper et al., 2013). This suggests not only that intracellular bacteria experience iron deprivation likely as a protective mechanism of the host, but additionally that direct acquisition of iron ions may represent a “path-of-least-resistance” for intracellular pathogens in their quest for sufficient iron. Moreover, these mechanisms are redundant in S. flexneri, indicating that intracellular pathogens have access to both oxidative states of iron in the host cell (Runyen-Janecky et al., 2003). However, because Shigella replicates within the host cell cytoplasm (Mellouk and Enninga, 2016), it is not clear if pathogens that reside within intracellular vacuoles could similarly or as effectively utilize these sources of iron.

The serum iron-binding protein transferrin (Tf) is abundant in mammalian blood, and represents an iron resource for extracellular pathogens. Tf is endocytosed by mammalian cells, via holo-Tf recognition by the transferrin receptor (TfR; Harding et al., 1983). Upon endocytosis, TfR-holo-Tf vacuoles are trafficked through the endocytic recycling pathways. This pathway provides an opportunity for intracellular pathogens to obtain holo-Tf and thus iron. Neisseria species possess sophisticated mechanisms for the acquisition of transferrin. Neisseria meningitidis access host Tf by manipulating Tf-trafficking in the cell, redirecting it to sites of bacterial colonization (Barrile et al., 2015). Transferrin can then be acquired by Neisseria via fusion of Tf-containing endosomes with the pathogen-containing vacuole. Two transferrin binding proteins, TbpA and TbpB, are involved in binding and transporting transferrin across the outer membrane in N. gonorrhoeae (Cornelissen et al., 1992; Anderson et al., 1994). The two proteins function coordinately, where the outer membrane lipoprotein TbpB acts as a co-receptor to bind transferrin and help direct it to transmembrane TbpA where it can then be transported across the membrane (Ostberg et al., 2013). TbpA is TonB-dependent, the energy from which aids in initiating a conformational change that facilitates the dissociation of apo-transferrin from iron (Noinaj et al., 2012a,b). Free iron can then be transported into the periplasm and bound by the periplasmic ferric binding protein FbpA. The fbpABC operon encodes the periplasmic FbpA in conjunction with the inner membrane permease FbpB and the nucleotide-binding FbpC, which facilitate the translocation of Fe3+ across the inner membrane (Adhikari et al., 1996).

Most iron in the mammalian body is sequestered in heme molecules. Due to the cytotoxicity of free heme, most heme is bound in hemoproteins such as hemoglobin. Hemoproteins are ubiquitously expressed in mammalian cells, as they play crucial functions in metabolism (e.g., electron transport chain). Thus, hemoproteins and heme represent an ample pool of iron to intracellular pathogens. The acquisition of heme from the host is well-characterized in Yersinia species, and is representative of systems found in other pathogens such as Neisseria and Bartonella (Rohde and Dyer, 2004; Parrow et al., 2009). The hmuRSTUV operon encodes the full complement of gene products necessary to receive heme at the outer membrane (HmuR), shuttle it through the periplasm (HmuT), transport it across the inner membrane (HmuUV) and traffic it through the bacterial cytoplasm (HmuS; Thompson et al., 1999). Some pathogens, such as Brucella abortus, N. meningitidis and Bradyrhizobium japonicum encode heme oxygenases that facilitate the use of heme as an iron source by degrading the tetrapyrrole ring and liberating the coordinated iron (Zhu et al., 2000; Puri and O'Brian, 2006; Ojeda et al., 2012). Yersinia enterocolitica encodes an hmuRSTUV analog, hemRSTUV (Stojiljkovic and Hantke, 1992). Interestingly, Y. pestis has a secondary hemophore-dependent heme-protein acquisition system encoded by hasRADEB (Carniel et al., 2001). This system functions similarly to both hmuRSTUV and hemRSTUV with the exception that HasA encodes a secreted heme-binding protein, or hemophore, that can coordinate hemin and shuttle it to the receptor HasR (Lefèvre et al., 2008; Kumar et al., 2013). Intriguingly, essentially none of these receptor mechanisms are identifiable by homology in obligate intracellular pathogens.

Very little is presently understood about iron acquisition and homeostasis in obligate intracellular pathogens. Interestingly, many do not appear to have strict dependencies on iron availability. For example, Coxiella burnetii seem to prefer a low-iron environment, potentially as a mechanism to avoid the oxidative stress associated with free iron (Mertens and Samuel, 2012). This is supported by the fact that iron-depleted cell culture systems and animal models actively promote the growth and replication of C. burnetii (Briggs et al., 2008). Additionally, only three putative iron-regulated genes appear to be regulated by C. burnetii Fur transcriptional repression as determined by a two-plasmid reporter assay (Briggs et al., 2008). Correspondingly, Rickettsia rickettsii demonstrate inhibited growth in response to iron-depletion only at very high (500 μM) concentrations of the iron chelator desferrioxamine mesylate (DFO), and only 12 genes appear differentially expressed in response to this stimulus, most of them being hypothetical (Ellison et al., 2009). Moreover, whereas expression of Nramp1 in macrophages affects significant killing of Salmonella, Coxiella are resistant to the depletion of metal ions by this transporter (Cockrell et al., 2017). Neither Coxiella nor Rickettsia have any apparent functional homologs to siderophore biosynthesizing enzymes, but it is interesting to note that Coxiella possesses a frameshifted ORF for a siderophore synthase, suggesting that reductive evolution of the genome is actively remodeling the iron requirement of this pathogen (Briggs et al., 2008; Ellison et al., 2008). Contrastingly, Ehrlichia species are known to require iron. Both E. chaffeensis and E. sennetsu fail to proliferate in the presence of only 15 μM DFO and co-localize with TfR to possibly acquire iron (Barnewall et al., 1999). Moreover, supplementation of holo-TfR to Ehrlichia-infected THP-1 monocytes treated with the inflammatory cytokine gamma-interferon (IFN-γ) abrogates IFN-γ killing of E. chaffeensis, demonstrating the importance of iron availability to Ehrlichia pathogenesis (Barnewall and Rikihisa, 1994). Still, despite evidence that iron availability may modulate Ehrlichia pathogenesis, the only known iron acquisition protein in Ehrlichia is a homolog of FbpA (Doyle et al., 2005). Chlamydia species are somewhat distinguished from other obligate intracellular pathogens insofar as the iron-dependency of the organism has been an active subject of research within the field for nearly two decades. Like studies in other bacteria, attempts to dissect iron acquisition in Chlamydia began with investigations into chlamydial responses to iron deprivation.

Chlamydial Response to Iron Starvation

The interest in chlamydial iron biology originated from work done in the laboratory of Jane Raulston, which demonstrated that restricting iron to C. trachomatis serovar E-infected epithelial cells by DFO treatment resulted in a significant reduction in infectious progeny and the development of aberrant, morphologically enlarged RBs that exhibited a delayed maturation (Raulston, 1997). Importantly, the addition of holo-Tf to the cell culture medium resulted in the recovery of infectious progeny, indicating that the effect was reversible. These results closely mirrored what had been known for some time with respect to the development of chlamydial persistence in response to IFN-γ treatment (Byrne et al., 1986; Thomas et al., 1993; Beatty et al., 1994). Therefore, based on similarity to IFN-γ-mediated persistence, iron depletion became recognized as an inducer of chlamydial persistence. This discovery prompted research into how exactly Chlamydia responds to iron starvation, with the hopes of uncovering molecular mechanisms that function in iron acquisition and homeostasis, and perhaps even persistence. Studies were thus conducted in several other chlamydial species and serovars. Depriving C. pneumoniae of iron inhibited growth and resulted in the depletion of infectious progeny and the development of abnormal inclusion and chlamydial morphology (Al-Younes et al., 2001; Freidank et al., 2001). Interestingly, iron chelation seemed to have a more pronounced impact on C. pneumoniae than on C. trachomatis, as demonstrated by smaller inclusions and markedly fewer recoverable infectious particles following equimolar treatment with DFO. This prompted the investigation of whether iron availability was predictive of C. pneumoniae-associated heart disease (Sullivan and Weinberg, 1999). Indeed, samples from patients operated on for stenotic aortic heart valves who also tested positive for C. pneumoniae infection showed a greater than 20-fold enrichment for iron, implicating iron availability as a factor in C. pneumoniae-associated development of aortic stenosis (Nystrom-Rosander et al., 2003).

Attempts have been made to limit iron to C. trachomatis without the use of a chemical chelator, namely by the over-expression of the iron exporter ferroportin (Dill and Raulston, 2007; Paradkar et al., 2008). In Dill and Raulston's report, ponasterone A-inducible ferroportin was over-expressed in HEK293 cells, and no changes in recoverable infectious progeny or morphology were observed in C. trachomatis serovar E. In contrast, Paradkar et al. were able to demonstrate that over-expression of ferroportin in HEK293 cells leads to smaller chlamydial inclusions in both C. psittaci and C. trachomatis infection models. Upon treatment of the infected cells with the major iron regulator hepcidin, inclusion development was rescued, implicating the over-expression of ferroportin as the primary mediator of the phenotype. The authors further demonstrated that this phenotype was reproduced in primary bone marrow macrophages derived from flatiron mutant mice, which possess a missense mutation in one allele of ferroportin, resulting in improperly sorted ferrorportin that is retained in intracellular compartments (Zohn et al., 2007). It is not entirely clear why Paradkar et al. obtained such different results from Dill and Raulston's study. However, Paradkar et al. note that in contrast with Dill and Raulston, they included a 24 or 48 h iron-loading step (supplementation of the media with 10 μM ferric citrate) prior to both ferroportin over-expression in HEK293 cells and C. pisttaci infection of the flatiron mouse-derived macrophages, respectively. Because a non-iron loaded control was not reported in their study, it is not clear the effect that iron-loading may have had on chlamydial growth or host iron homeostasis.

Several studies have investigated changes in gene and protein expression in models of iron limitation for Chlamydia. Differential transcript expression analyses revealed significant down-regulation of genes associated with cell wall morphology (ompA, omcB) and nucleoid condensation (hctB) in C. pneumoniae, thought to represent part of the genetic foundation for the hallmark aberrant morphology observed during persistence (Timms et al., 2009). This study also revealed a significant induction of generic stress-response genes in C. pneumoniae, such as htrA (21.14-fold) and ahpC (8.56-fold), encoding a DO serine protease and thioredoxin peroxidase, respectively. In a parallel study on differential protein expression in iron-starved C. pneumoniae, marked discrepancies were apparent, such as the 2.3-fold induction of OmpA and unchanged expression of OmcB (Mukhopadhyay et al., 2006). Notable changes were also observed between the transcriptional responses of C. pneumoniae and C. psittaci, where the transcriptional repressor of developmentally late genes, euo, was induced 2.94-fold in C. pneumoniae, but repressed nearly 5-fold in C. psittaci (Goellner et al., 2006; Timms et al., 2009). It has been proposed that the induction of euo late in infection in response to persistence contributes significantly to the inability of Chlamydia to continue its normal development (Belland et al., 2003a). It is not entirely clear where the discrepancies between these studies originate. Some amount of disagreement is expected between species, as well as between transcript and protein expression studies. However, these studies only examined the expression of select genes from defined gene ontology groups, as opposed to examining global transcriptomic changes, possibly excluding similarities, and differences. Importantly, the transcriptional studies, predominantly relying on qRT-PCR, normalized their expression data to an internal reference gene, commonly 16S rRNA. It has been demonstrated that this is a less informative methodology for Chlamydia, as 16S rRNA expression levels are observed to decrease dramatically in response to global stresses such as those that induce persistence (e.g., IFN-γ; Ouellette et al., 2006). Iron limitation studies in C. trachomatis serovar E wherein transcript abundance was normalized to genomic DNA reported no significant difference in the expression of euo, ompA, or omcB (Dill et al., 2009). However, ahpC transcript expression was still found to be moderately up-regulated, and expression was substantially induced at the protein level.

Investigation of the global transcriptomic response of C. pneumoniae to an iron starvation model of persistence by microarray analysis revealed a broad down-regulation of transcription machinery, suggesting that a stalled transcriptome may facilitate the development of persistence (Mäurer et al., 2007). This study reported the down-regulation of omcB and hctB, however euo expression was unaffected, contributing further confusion to the body of transcriptomic data. Global proteomic studies in iron-limited C. trachomatis models have identified between 19 and 25 proteins induced in response to iron limitation, however it remains unclear whether the majority of these proteins participate directly in iron acquisition or homeostasis (Raulston, 1997; Dill et al., 2009). The identification of chlamydial Hsp60 as iron-regulated did however raise the possibility that iron availability plays a crucial role in sub-acute pathologies of C. trachomatis, such as tubal factor infertility, being that patients are often seropositive for chlamydial Hsp60 (Toye et al., 1993; LaRue et al., 2007). Unfortunately, this hypothesis has remained largely unaddressed. An analogous study in an iron-limited C. pneumoniae model only identified differential expression among six proteins, most notably the chromosome partitioning protein ParB and the thioredoxin reductase TrxB (Wehrl et al., 2004). Again, the participation of any of the identified iron-responsive proteins in iron homeostasis was unclear.

A potential contributor to the general lack of clarity produced by past studies on chlamydial responses to iron limitation has been the decision to monitor differential gene/protein expression late in infection following prolonged treatments with iron chelators. These extended treatments meant that most comparisons have been made between highly abnormal, persistent chlamydiae and their untreated, replicative and differentiating counterparts. As such, the results from these studies have been harder to interpret given that it is unclear if the phenotypes observed are a true response to iron limitation or if the organisms are simply abnormal. In part this may have been judged to be necessary, as DFO is a relatively inefficient iron chelator. DFO displays a discriminatory binding affinity for the different valence states of iron, having specific preference for ferric over ferrous iron (Keberle, 1964). Moreover, DFO is relatively membrane impermeable, effectively chelating iron only from the extracellular environment and potentially from within lysosomes into which it can be pinocytosed (Lloyd et al., 1991; Richardson et al., 1994; Cable and Lloyd, 1999; Persson et al., 2003; Glickstein et al., 2005). Thus, for an intracellular pathogen such as Chlamydia, extensive DFO treatments would be required to elicit sufficient iron starvation. Other iron chelators have been explored in Chlamydia infection models, such as desferasirox and deferriprone, which are more membrane permeable than DFO and thus have greater access to intracellular iron pools (Neufeld, 2006; Paradkar et al., 2008). While both chelators display moderate advantages over DFO regarding their ability to reduce host ferritin levels and inhibit growth of chlamydial inclusions, neither chelator was investigated thoroughly enough to suggest that they induced a more robust or rapid response to iron limitation in Chlamydia.

The shortcomings of DFO with respect to iron starvation in Chlamydia prompted the investigation of a more efficient chelator of iron, leading to the discovery that the membrane permeable 2,2-bipyridyl (Bpdl) was substantially more effective at depriving Chlamydia of iron (Thompson and Carabeo, 2011). First, Bpdl is more efficient at promoting an iron-starved “persistent” phenotype as 48 h treatment starting at the time of infection produces enlarged RBs accompanied by the noticeable lack of EBs in the inclusion lumen, whereas an identical treatment of DFO produces inclusions that resemble untreated 24 h post infection (hpi) inclusions. This is reinforced by the observation that Bpdl treatment predictably modulates the expression of persistence markers, euo and omcB, where euo expression remains elevated late in infection and omcB expression is suppressed throughout a 48 h time course (Belland et al., 2003b; Ouellette et al., 2006; Timms et al., 2009). DFO, however, fails to significantly alter the expression of either marker for persistence, demonstrating that Bpdl is much more effective at producing a relevant iron starvation phenotype. This agreed with reports from Dill et al. (2009) which showed that DFO treatment did not modulate the transcript abundance of persistence markers. Second, the reduction in recoverable infectious progeny from Bpdl treatment can be reversed not only by the addition of exogenous ferric iron (Fe(III)Cl3), but also by the addition of exogenous ferrous iron (Fe(II)SO4), demonstrating that Bpdl, unlike DFO, can be saturated, and thus chelate both ferric and ferrous species of iron. Finally, Bpdl induces a much more robust iron starvation transcriptional response than DFO. Treatment with Bpdl significantly induces the expression of two previously identified iron-responsive transcripts, ahpC and devB, while equimolar DFO treatment does not affect ahpC expression and only marginally induces devB expression following 30 h of treatment (Dill et al., 2009). In sum, the utility of Bpdl in chlamydial iron starvation studies was demonstrated by its potent induction of persistence, its broader spectrum of iron chelation, and its ability to modulate the expression of known iron-responsive transcripts.

Contrasting research in other bacteria, such as E. coli and Salmonella, where investigating iron-deprived responses yielded the discovery of many components of iron acquisition and homeostasis, results from the analogous chlamydial studies did not provide the same degree of clarity. This may have been a result of the general disagreement between studies, serovars and species. Alternatively, as the characterization of Bpdl has shown, this may have resulted from non-ideal methodologies. It has therefore required more indirect approaches to begin to understand the molecular basis of iron acquisition in Chlamydia.

Iron Acquisition in Chlamydia

Analysis of the genome sequence of C. trachomatis serovar D reveals that C. trachomatis does not possess homologs for heme capture mechanisms, transferrin or lactoferrin receptors, siderophore biosynthesis pathways, or TonB (Stephens et al., 1998). The notable lack of iron-acquisition homologs is a common feature amongst the C. trachomatis serovars and species within the Chlamydiaceae (Kalman et al., 1999; Read et al., 2000, 2003; Thomson et al., 2008; Grinblat-huse et al., 2011; Mojica et al., 2011; Donati et al., 2014). A protein estimated to be 30 kDa in size with an isoelectric point of 5.5 was originally identified by Jane Raulston in the initial set of 19 iron-regulated proteins differentially expressed in response to extended DFO treatment (Raulston, 1997). However, this was overlooked as a participator in iron acquisition being that another protein which had a molecular weight of roughly 37 kDa and an unusually basic isoelectric point (>9.0) appeared to closely resemble the biochemical properties of the periplasmic Fe3+-binding protein FbpA in Neisseria (Mietzner et al., 1984). However, a subsequent study addressing the actual identity and activity of this protein was never reported. It wasn't until a subsequent study that aimed to understand which antigenic chlamydial proteins are iron-responsive that the 30 kDa protein was identified as YtgA, the first ORF in the ytgABCD operon (Raulston et al., 2007). Based on sequence analysis, YtgA is a 37 kDa substrate-binding periplasmic protein, involved in the trafficking of divalent metals from the outer membrane to an ABC permease system in the inner membrane, closely resembling the Zn2+-binding TroA from Treponema pallidum (Lee et al., 1999). YtgA migrated with an apparent molecular weight of 30 kDa in both of Raulston's studies, despite its predicted size of 37 kDa. Subsequent investigation regarding the function of YtgA demonstrated that YtgA had a specific affinity for Fe3+ in vitro, where radiolabeled 59Fe3+ could not be competed off purified recombinant YtgA when either Mn2+ or Zn2+ were added to the system (Miller et al., 2009). However, the affinity of YtgA for Fe2+ was not reported. Additionally, prolonged exposure to DFO demonstrated that YtgA was more highly expressed 36 hpi and onward compared to untreated controls, but exposure to other insults such as penicillin treatment did not alter YtgA protein expression. It was also observed that YtgA localized predominantly to chlamydial membranes, with a substantial proportion localized within the periplasm, as determined by immunogold labeling. Interestingly, this localization was disrupted in response to DFO treatment, with a pronounced reorganization of YtgA to the cytoplasm, suggesting that iron transport is disrupted during persistence. These localization data confirmed previous experiments that had observed YtgA localized to chlamydial membranes around the periphery of the inclusion by immunofluorescent microscopy (Bannantine and Rockey, 1999). Importantly, in validating Bpdl as a more efficient iron chelator for Chlamydia, Thompson and Carabeo observed the induction of ytgA transcripts in response to Bpdl treatment (Thompson and Carabeo, 2011). This demonstrated for the first time that ytgA was iron-regulated at the transcript level. While these studies suggested a role for YtgA in the acquisition of iron in C. trachomatis, it remained unclear from where Chlamydia siphoned iron from the host.

Early studies regarding the establishment of the chlamydial inclusion upon invasion monitored the association of classical endosomal markers—such as TfR—with the inclusion as it developed. Endocytosed TfR follows two distinct recycling pathways back to the plasma membrane that are distinguished by their association with particular Rab family GTPases (Mayle et al., 2012). Upon internalization into the early endosome, TfR-containing vesicles are Rab5-positive. These Rab5-positive TfR-containing endosomal vesicles acquire both Rab4 and Rab7 and are promptly recycled to the plasma membrane within 30 min following internalization. However, TfR-containing vesicles can be routed to the sorting endosome, where they acquire Rab11 GTPases. These TfR-containing Rab11-positive vesicles are trafficked back to the plasma membrane with notably slower kinetics, potentially in a Rab4-dependent manner, and represent the slow-recycling pathway of TfR (van der Sluijs et al., 1992; Sönnichsen et al., 2000). Landmark studies in the laboratories of Ted Hackstadt, Joanne Engle and Thomas Meyer demonstrated that TfR-containing vesicles localize around the chlamydial inclusion in both C. trachomatis and C. pneumoniae-infected epithelial cells (Scidmore et al., 1996; van Ooij et al., 1997; Al-younes et al., 1999). Interestingly, these studies did not conclusively demonstrate that Chlamydia infection modulates the recycling of TfR, suggesting the inclusion association with endocytic vesicles may be fluid and dynamic. Moreover, Scidmore et al. reported that Tf localized to the inclusion periphery but never within the inclusion lumen, eliminating the possibility that Chlamydia directly acquire Tf. However, the relation of TfR localization around the chlamydial inclusion to the success of the pathogen was not addressed in these studies.

A later study identified a small molecule that specifically inhibits the slow-recycling pathway of transferrin by preventing Tf-containing Rab11-positive vesicular fusion with Rab4-positive vesicles on their way back to the plasma membrane (Ouellette and Carabeo, 2010). This molecule was identified initially because of its potent anti-chlamydial activity. The inhibition of Rab11-Rab4 hybrid vesicle formation effectively stalled Tf-recycling at the chlamydial inclusion, leading to the accumulation of Tf-containing vesicles around the inclusion membrane. Chlamydial killing was likely caused by exposure to inhibitory amounts of free iron, as removing the transferrin-containing fraction from the serum alleviated inhibition of chlamydial growth. While this study did not directly observe iron transport into the chlamydial inclusion, it determined that normal development of Chlamydia is strictly dependent upon the uninhibited recycling of Tf through the slow-recycling endosomal pathway. This finding coincides with the result of an earlier study that observed knocking down expression of Rab11, and thus disrupting Tf recycling, blocks the development of infectious progeny in C. trachomatis (Lipinski et al., 2009). Therefore, normal chlamydial development is dependent upon association with Rab11-positive endosomes, which are critical for intracellular trafficking of Tf. Mycobacterium avium-containing vacuoles also interact with Rab11-positive organelles, including the endocytic recycling compartments (ERC), but the biological significance of this interaction is unknown (Halaas et al., 2010). M. tuberculosis binds holo-transferrin on its surface via a number of proteins, including glyceraldehyde-3-phosphate dehydrogenase (GAPDH). After binding, transferrin is internalized into the bacterial cell (Boradia et al., 2014). The interaction of the Mtb-containing vacuole with ERC-derived Rab11-positive vesicles would be consistent with this transferrin capture strategy. Indeed, such an association was reported during infection of macrophages (Tailleux et al., 2003).

The requirement of Rab11-positive vesicles may help explain why Dill and Raulston's attempt to phenocopy iron starvation in Chlamydia by ferroportin over-expression failed (Dill and Raulston, 2007). While ferroportin exports cytosolic iron, Chlamydia utilizes intravesicular iron prior to their transport to the cytosol. Chlamydial iron acquisition is a process independent, at least in part, of the dissemination of Fe2+ from the endosome into the cytosol (e.g., by the activity of STEAP3 ferrireductase and DMT1 transporter). If so, it would not be expected that increased iron export would impact Chlamydia in the absence of unaltered endocytic TfR internalization. These data help support the notion that the chlamydial inclusion functions as a pathogen-specified parasitic organelle, siphoning resources in homeostasis with the subcellular trafficking pathways of the host (Moore and Ouellette, 2014). It is worth mentioning here that it has been reported that Chlamydia can propagate in serum-free media, i.e., media lacking transferrin (Maass et al., 1993; Ouellette and Carabeo, 2010). However, the biological significance of this is unclear given that iron is predominantly sequestered in host proteins such as transferrin and ferritin in vivo, and eukaryotic host cells uptake iron not in the free elemental form, but bound in macromolecular complexes. Therefore, the concentration of free iron under normal conditions is already likely quite low. This may however indicate that other mechanisms are at work beyond the acquisition of iron via vesicular trafficking of transferrin.

Taken together, the present data allow the construction of a model by which Chlamydia may acquire iron (Figure 1). This model proposes that upon receptor-mediated endocytosis of Tf bound to TfR, a small portion of Tf is trafficked in Rab11-positive vesicles to the periphery of the chlamydial inclusion, possibly where a “kiss-and-run”-type mechanism may facilitate the entry of free iron into the inclusion lumen. In the absence of a ferrireductase homolog in the chlamydial genome, it is possible that both Fe2+ (reduced by STEAP3) and Fe3+ diffuse into the inclusion lumen upon vesicular fusion with TfR-containing Rab11-positive endosomes. However, it has been suggested that riboflavin may act to reduce Fe3+, as riboflavin biosynthetic genes (ribBA, ribC, and ribH) have been reported to be induced by 1 h post-infection (Humphrys et al., 2013). However, no additional experimental data exists to support this hypothesis. Iron transport across the outer-membrane could be mediated by an as yet unidentified siderophore/receptor mechanism that funnels Fe3+ to YtgA. The existence of unidentified siderophores is in part supported by the observation that neutrophil gelatinase-associated lipocalin (Lcn-2) is involved in host-mediated suppression of chlamydial growth (Bellmann-Weiler et al., 2013), possibly via sequestering iron-loaded bacterial siderophores, although siderophore candidates would have to be novel or non-traditional (Flo et al., 2004; Berger et al., 2006; Nairz et al., 2009). Siderophore uptake may be dependent upon a system of energy transduction, as Chlamydia possess both ExbB and ExbD, the canonical TonB accessory proteins. However, the evidence for such a system is highly circumstantial at present, as no homolog for siderophore biosynthesizing enzymes or TonB have been identified (Stephens et al., 1998). Ferrous iron may passively diffuse through outer membrane porins into the periplasm. YtgA can then traffic Fe3+, and possibly Fe2+, to the inner membrane heterodimeric permease likely formed by YtgC and YtgD. The ATP-binding YtgB provides the energy to transport iron across the inner membrane by ATP hydrolysis to ADP. If transported, Fe3+ must be reduced by an unidentified chlamydial cell-associated ferrireductase analog to become biologically utilizable. An alternate scenario may provide Chlamydia with ferrous iron, exported by DMT1 from the TfR-containing endosomes to the host cell cytosol. This cytosolic pool of unliganded iron could be passively transported across the inclusion membrane and chlamydial outer membrane to be sequestered by YtgA or some other divalent metal binding protein. However, as the ferroportin over-expression system demonstrated, this alternate pathway may not provide the bulk of iron to Chlamydia. In addition, cytosolic Fe2+ would likely be captured by host ferritins, intensifying competition for this iron pool. Further, Chlamydia may access the intracellular labile iron pool. For example, it is understood that the chlamydial inclusion associates with lysosomes to acquire nutrients such as oligopeptides, and Chlamydia may further interact with mitochondria and autophagosomes for acquisition of nutrients (Matsumoto et al., 1991; Al-Younes et al., 2004; Derré et al., 2007; Ouellette et al., 2011). However, without properly identifying the subcellular location of the labile iron pool accessed by Chlamydia, and in the absence of straight-forward tools to interrogate the interaction between Chlamydia and the labile iron pool, questions regarding chlamydial access of the labile iron pool remain difficult to address. The available data thus provides a testable framework within which to continue investigations into chlamydial iron acquisition and begin to delineate which model of acquisition predominates in Chlamydia.
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FIGURE 1. Schematic of chlamydial iron acquisition. Solid black arrows denote iron trafficking pathways of the host whereas dashed-line arrows indicate possible mechanisms of iron acquisition by Chlamydia. The depiction of endosome-associated Rab-family GTPases is not intended to be exhaustive and is based on the findings of Ouellette and Carabeo (2010). Ferric iron (Fe3+) is bound by apo-transferrin (Tf) and endocytosed upon recognition by the transferrin receptor (TfR). The holo-Tf-TfR complex proceeds into the early endosome, upon which TfR-containing endosomes acquire DMT1, STEAP3, and Rab5. Acidification of the early endosome potentiates the dissociation of Fe3+ from Tf, which can then be reduced to ferrous iron (Fe2+) by STEAP3. Fe2+, exported from the endosome by DMT1 into the cytoplasm, is shunted to ferritin for iron storage or incorporated into host iron metabolic processes such as the electron transport chain or TCA cycle. It is possible that labile Fe2+ is passively transported through the inclusion membrane and the chlamydial outer membrane to be sequestered in the periplasm and trafficked into the bacterial cell. A fraction of the TfR-containing endosomes will acquire Rab11 and Rab4, proceeding through the slow recycling endosomal pathway to be trafficked back to the eukaryotic plasma membrane. In an Chlamydia-infected cell, slow recycling Tf-containing endosomes associate with the chlamydial inclusion, where a “kiss & run” mechanism may deliver free ferric or ferrous iron into the inclusion lumen. Novel siderophores, siderophore receptors or porins may function to traffic iron to the periplasm. This outer membrane transport may be dependent upon TonB-like energy transduction, given that Chlamydia possess ExbB and ExbD homologs. Once inside the periplasm, Fe3+ can be bound by YtgA and shuttled to the membrane permease likely formed by YtgC and YtgD. ATP hydrolysis mediated by YtgB likely provides the energy to import iron into the chlamydial cytosol. The reduction of Fe3+ to biologically useful Fe2+ may be performed by an unidentified ferrireductase. Upon acquisition of Fe2+, Chlamydia can then incorporate iron into the electron transport chain via porphyrin biosynthesis, divert iron to Fe-S cluster biosynthesis or utilize iron in other metabolic processes.



BACTERIAL IRON-DEPENDENT TRANSCRIPTIONAL REGULATION

That iron availability represents a critical developmental parameter for most organisms implies that the pathways that utilize it must be under tight regulation. Iron-dependent regulation, therefore, has been widely researched in many organisms, including pathogenic bacteria. Following the isolation of mutant strains of E. coli and S. typhimurium that constitutively expressed iron acquisition machinery, it has been appreciated that bacteria globally regulate iron acquisition in response to iron availability (Ernst et al., 1978; Hantke, 1981). The strains isolated in these studies were classified as fur mutants, reflecting the observation that ferric iron uptake was dysregulated. It was later concluded, based upon complementation studies, that the fur locus operated as a negative regulator of iron acquisition (Hantke, 1982). The specific repressor activity of Fur is dependent upon Fe2+ availability and even early studies were elucidating the role of Fur in E. coli virulence (Bagg and Neilands, 1987; Calderwood and Mekalanos, 1987). Fur is now recognized as an iron-dependent master regulator in E. coli and many other pathogens, the diverse roles of which have been reviewed extensively (Hantke, 2001; Lee and Helmann, 2007; Carpenter et al., 2009). The Fur family of repressors includes many members for which the repressor activity is dependent upon another divalent cation, such as the Zn2+-dependent Zur in E. coli and B. subtilis or the Ni2+-dependent Nur in S. coelicolor (Gaballa and Helmann, 1998; Outten et al., 2001; Ahn et al., 2006). Due to the instability of Fe2+ in aerobic environments, many other divalent cations, including Mn2+, Co2+ and Cu2+ have been used in biochemical studies of Fur (de Lorenzo et al., 1987). Fur is known to bind to a consensus “Fur-box” sequence of 19 nucleotide bases forming a palindrome (de Lorenzo et al., 1987). Fur has been shown to act both as a repressor and an activator, in both Fe2+-dependent and independent ways. However, these activities are not strictly or uniformly dependent on the consensus Fur box sequence. The general mechanism for Fur repression is based on competition with the RNA Polymerase holoenzyme (RNAP), where bound Fur prevents RNAP from associating with a given promoter region (Escolar et al., 1997, 1998; Pohl et al., 2003). Alternatively, when activating transcription, Fur can presumably facilitate the association of RNAP at a target promoter by binding upstream of the promoter element, thus leaving the association of RNAP uninhibited (Alamuri et al., 2006; Gancz et al., 2006). It has also been established that Fur autoregulates its own expression, directly by binding its own promoter region and indirectly by regulating the expression of the small non-coding RNA RyhB, which prevents Fur translation (Vecerek et al., 2007). Notably, Fur negatively regulates RyhB expression and thus indirectly regulates RyhB targets, which are predominantly positively regulated, including components of the TCA cycle and bacterial ferritin proteins (Gottesman and Masse, 2002). The biological insight gained from studies on Fur inspired investigations into other metal dependent regulators in bacteria, of which the iron-dependent DtxR has emerged as the opposing family-defining member.

The existence of the DtxR regulator was postulated as far back as 1974 as a possible mechanism for controlling the iron-dependent expression of the diphtheria toxin in Corynebacterium diphtheriae (Murphy et al., 1974). Isolation of the dtxR locus and characterization of its activity against the diphtheria toxin (tox) promoter demonstrated that DtxR functions as a negative regulator of tox expression in an iron-dependent manner, while being unable to functionally complement repression of Fur-regulated promoters (Boyd et al., 1990). Accordingly, Fur is incapable of repressing tox promoter-driven reporter expression, suggesting that Fur and DtxR are not complementary repressors. This coincides with the low nucleotide and amino acid sequence homology observed between the two repressors. Purified DtxR binds the tox promoter region in the presence of either Fe2+, Ni2+, Co2+, or Mn2+ and is dependent upon a nine base-pair interrupted palindrome (Schmitt et al., 1992; Tao et al., 1992). DtxR additionally regulates siderophore biosynthesis in C. diphtheriae along with several other iron-regulated promoter regions (Schmitt and Holmes, 1991, 1994; Lee et al., 1997; Kunkle and Schmitt, 2005). Importantly, a 19 bp consensus sequence for DtxR regulation has been defined, and exhibits limited sequence homology to the Fur consensus sequence (Schmitt and Holmes, 1994). Functional studies have demonstrated that DtxR has two important metal binding sites, with metal site 2 being essential for activation (Spiering et al., 2003). Interestingly, metal binding appears to facilitate homo-dimer stability, demonstrating how DtxR may function as an iron-sensor protein via an innate dependence on iron for dimerization and thus repressor activity. DtxR dimers aggregate around DNA in groups of two and, similarly to Fur, prevent RNAP association at the promoter region. M. tuberculosis encodes an iron-dependent DtxR-homolog annotated IdeR that appears to function analogously to DtxR in coordinating iron homeostasis via transcriptional repression, but appears to additionally act as a transcriptional activator (Gold et al., 2001). TroR in T. pallidum is a Mn2+-dependent transcriptional repressor, which autoregulates its own operon, but little else is understood about its broad regulatory function (Posey et al., 1999). Similarly, both C. diphtheriae and B. subtilis encode Mn2+-dependent MntR, which regulates manganese homeostasis by transcriptional repression under high manganese conditions (Que and Helmann, 2000; Schmitt, 2002). Interestingly, B. subtilis MntR also activates transcription of the mntABCD operon under low manganese conditions. Importantly, Fur- and DtxR-like family members can function cooperatively, such as in E. coli where both Fur and MntR coordinately regulate the expression of manganese uptake (Patzer and Hantke, 2001).

Unlike Fur and DtxR, the activity of which is modulated by coordination of Fe2+, many α-proteobacteria such as B. japonicum possess iron response regulators (Irr) that are instead regulated by the availability of heme (Hamza et al., 1998). The association of ferrocheletase with Irr inactivates the protein after which heme binding facilitates the degradation of Irr (Qi et al., 1999; Qi and O'Brian, 2002). Irr is expressed alongside a Fur homolog in B. japonicum, which represses irr expression in a Mn2+-dependent manner, while Irr itself acts as an iron-dependent antirepressor of irr expression (Hamza et al., 2000; Hohle and O'Brian, 2010). Irr has been shown to function both as an iron-dependent transcriptional repressor and activator in B. japonicum (Sangwan et al., 2008; Small et al., 2009). Irr regulation is generally dependent on a cis-acting iron control element (ICE) in the promoter region of target genes, consisting of an AT-rich 21 bp incomplete inverted repeat (Nienaber et al., 2001; Rudolph et al., 2006). The putative Irr-dependent regulon includes many genes associated with iron homeostasis, including heme-uptake (hmuR, hmuT, etc.) and iron receptor proteins (fcuA, blr3904; Rudolph et al., 2006). In sum, bacterial metallo-regulation is remarkably diverse, functioning in multiple capacities to control a wide array of pathways. Correspondingly, it is important to thoroughly interrogate putative metallo-regulators with respect to these various functions, including the examination of multiple possible metal cofactors, regulatory activities (i.e., negative vs. positive regulation, direct vs. indirect regulation) and prospective regulons. With respect to chlamydial metallo-regulation, we are only just beginning to tackle each of these criteria.

Chlamydial Iron-Dependent Regulation

The early studies of chlamydial responses to iron deprivation invigorated interest in identifying the underlying modes of gene regulation. However, sequence homology did not indicate the existence of an obvious homolog to known iron-dependent regulators such as Fur, DtxR or Irr in the chlamydial genome. In fact, to date only eight transcriptional regulators have been characterized in Chlamydia, many of which were not immediately identified by sequence homology (Wyllie and Raulston, 2001; Wilson and Tan, 2002; Carlson et al., 2006; Koo et al., 2006; Schaumburg and Tan, 2006; Case et al., 2011; Rosario and Tan, 2012; Thompson et al., 2012). Moreover, no iron-dependent post-transcriptional mechanisms, such as RyhB homologs, have been identified. Technologies to mutagenize or transform Chlamydia to screen for iron-related phenotypes have only recently been developed and as such were not viable research strategies to address iron regulation initially. Despite these hurdles, Wyllie and Raulston endeavored to identify candidate iron-dependent regulators by more rigorously surveying the available sequence data. CLUSTAL sequence alignment revealed five ORFs that demonstrated limited sequence homology to Fur in other Gram-negative bacteria (Wyllie and Raulston, 2001). Among these five ORFs, CT296 emerged as a strong candidate Fur homolog following several lines of evidence: CT296 was specifically recognized by Pseudomonas aeruginosa Fur-specific polyclonal antiserum, ectopic expression of recombinant CT296 complemented a Fur-repression phenotype in E. coli, and CT296 bound a consensus Fur-box sequence in an electrophoretic mobility shift assay (EMSA). CT296 co-migrated with DNA in the presence of both Zn2+ and Mn2+; however, Fe2+ was not assayed in this study due to precipitation of the protein upon incubation with the biometal. Together, these data prompted the renaming of CT296 to divalent cation-dependent regulator (DcrA), and represented the first characterized transcriptional repressor in Chlamydia. These studies were then extended when a subsequent investigation utilized a Fur titration assay (FURTA) screen to identify regions of the chlamydial genome recognized by E. coli Fur (Rau et al., 2005). Selected candidate Fur-binding sequences were then screened for DcrA interaction by EMSA, identifying CT733, mreB, glgP, and tolR as possible DcrA regulatory targets. This work held the promise of beginning to define the scope of metallo-regulation in Chlamydia. However, later structural modeling, both by ab initio computational modeling and X-Ray crystallography, revealed that CT296 displayed no structural similarity to Fur and moreover contained no conserved DNA-binding motifs (Kemege et al., 2011). Furthermore, this study could not reproduce both the EMSA and the Fur-complementation assays previously reported by Wyllie and Raulston. Unfortunately, the function of CT296 has not been explored in further depth.

Perhaps unsurprisingly, the identification of a subsequent metallo-regulator in Chlamydia again required the implementation of a more specific and tailored examination of the available sequence data. By analyzing 240 predicted ORFs from the C. trachomatis serovar D genome using an in silico functional assignment algorithm, CT069 was identified as a candidate transcriptional regulator containing a C-terminal DtxR-like HTH domain (Akers et al., 2011). This was a surprising discovery given that CT069 encodes YtgC, annotated as an integral membrane permease that functions in concert with the ytgABCD operon. More careful inspection of the YtgC sequence revealed that this assignment was based on sequence homology of the N-terminus of YtgC to TroC in T. pallidum, but interestingly, the C-terminus possesses high identity to TroR, the Mn2+-dependent transcriptional repressor of the troABCDR operon (Posey et al., 1999). Akers et al. characterized the function of this C-terminal domain, YtgR, by demonstrating that YtgR could bind and repress the ytg promoter region in a Zn2+-dependent fashion in vitro and in a heterologous E. coli system. Curiously, this study reported on the activity of YtgR in the presence of Zn2+ and Mn2+, but not Fe2+. Given that the expression of YtgA was previously demonstrated to be iron-responsive and functioned to specifically bind Fe3+ over both Mn2+ and Zn2+, there existed strong evidence that the ytg system functioned in iron transport (Miller et al., 2009). The Zn2+-dependent function of YtgR did not appear to correspond with what was known about the ytgABCD operon and the authors did not provide an explanation as to how zinc availability may influence iron acquisition. It is plausible that the ytgABCD permease functions as a broad-spectrum divalent metal importer, and thus may be regulated by Zn2+ and import various divalent cations, but this was not addressed in this study. Regardless, the decision not to address the potential iron-dependency of YtgR left questions unanswered, especially considering the recognized variety of metal corepressors documented in Fur and DtxR activity. In addition, Akers et al. did not directly address how this YtgC-YtgR fusion could function as a transcriptional repressor if YtgC was indeed sequestered in the chlamydial inner membrane.

Independently, it was observed that the expression of ytgA at the transcript level was significantly induced in response to iron chelation by 2,2-bipyridyl, which was discussed in detail above (Thompson and Carabeo, 2011). This observation added more evidence to support the hypothesis that A.) the ytgABCD operon functions in iron transport and B.) that the ytgABCD operon was controlled by an iron-dependent system of regulation. Therefore, Thompson et al. conducted independent in silico analyses and confirmed the presence of the C-terminal DtxR-like domain within the YtgC coding sequence (Thompson et al., 2012). Importantly, critical DtxR metal-coordinating residues were highly conserved in the YtgC repressor domain (Pohl et al., 1999). Accordingly, the authors re-evaluated YtgR repressor function, to address both the ability of the repressor to utilize Fe2+ as a corepressor and act as a transcriptional repressor when physically fused with an integral membrane domain. Thompson et al. demonstrated that YtgR specifically bound the ytg promoter region in a Fe2+-dependent manner by in vitro repressor-DNA interaction assays. Importantly, YtgR was screened for DNA-binding activity against an assortment of divalent cations, including zinc, manganese, copper and cobalt, and observed no YtgR binding to the promoter with any of these possible alternative corepressors. This was in clear disagreement with the Zn2+-dependent activation of YtgR reported by Akers et al. It is possible that Zn2+ confers activation of YtgR at a higher concentration, and thus the DNA-binding assay employed by Thompson et al. simply failed to detect this activation. This would partly agree with the observation that equimolar concentrations of Zn2+ only partially activate DtxR DNA-binding in comparison with Fe2+ (Tao and Murphy, 1992). On that point, it is worth noting that Akers et al. relied on an E. coli Zn2+-efflux mutant (zntA zitB) to demonstrate Zn2+-dependent YtgR repression in vivo, concentrating Zn2+ in their heterologous experimental system. Given that some metallo-regulators, such as B. japonicum Mur and Fur, alter their metal affinity and thus repressor activity in different cellular environments (Hohle and O'Brian, 2016), it is unclear how artificially increased Zn2+ concentrations may affect YtgR metal specificity and activity. Ultimately, the new data reported by Thompson et al. suggested a strong preference for Fe2+ in YtgR activation.

Thompson et al. additionally observed that YtgR undergoes cleavage from YtgC during infection, as CT069 (YtgC) antisera detects two bands which migrate at approximately 49 and 28 kDa, likely representing the uncleaved YtgC and the YtgR cleavage product, respectively. Intriguingly, in purified EB preparations, only the 28 kDa species is detectable, suggesting that the EB is primed for iron-dependent regulation upon invasion. In agreement with the results obtained by Akers et al. the authors demonstrated that ectopically expressed recombinant YtgR can repress transcription from the ytg promoter in a heterologous E. coli system. Importantly, however, it was also demonstrated that ectopically expressed recombinant full-length YtgC displayed the same phenotype, suggesting that functional YtgR was cleaved from YtgC in this heterologous system. Indeed, this hypothesis was supported by immunoblot analysis of ectopically expressed recombinant YtgC in E. coli, which revealed several C-terminal cleavage products, a likely consequence of non-specific cleavage. Despite non-specific cleavage events, the E. coli reporter assay suggests that at least one of the cleaved products acted to repress transcription from the ytg promoter. It is possible that this data indicates that full-length YtgC can also function as a transcriptional repressor, perhaps similarly to membrane-anchored LacI (Görke et al., 2005). However, given that the C-terminal domain is liberated endogenously, cleavage likely represents a critical step in the processing of the repressor domain. Intriguingly, the authors identified the presence of orthologous permease-repressor fusion proteins in 11 bacterial phyla, suggesting that this mechanism of transcriptional regulation may exist throughout the bacterial kingdom.

Thus, the present model for iron-dependent regulation in Chlamydia involves first the import of iron through the Ytg permease system, which allows, upon the accumulation of sufficient iron, cleaved YtgR to coordinate Fe2+ and subsequently autoregulate the expression of the iron uptake machinery likely by out-competing RNAP for DNA binding (Figure 2). While cleavage of YtgR from YtgC was observed, a protease responsible for this cleavage has not yet been identified. However, the observation that YtgC is also cleaved heterologously in E. coli may indicate that the culprit protease is represented by a chlamydial homolog of a known E. coli protease. The stimulus that induces YtgC cleavage and thus liberation of YtgR has not been described. It is worth noting, however, that regardless of the exact stimulus, the requirement of cleavage imposes an additional level of regulation on chlamydial iron homeostasis at the level of the protease. The protease in turn may be regulated, further extending the tight control Chlamydia exerts on iron acquisition. At present, it is not clear how YtgR binding of DNA accomplishes transcriptional repression. As a DtxR homolog, YtgR may similarly complex around operator sites as a couplet of homodimers (Pohl et al., 1999). However, this model will require direct investigation of YtgR binding ratios and structural analyses to be verified. The identification of YtgR as an iron-dependent transcriptional repressor should potentiate subsequent studies of the iron regulon in Chlamydia, allowing researchers to address both functional and categorical aspects of iron-dependent regulation in a more systematic manner.


[image: image]

FIGURE 2. YtgR-mediated transcriptional regulation. To enable regulation, YtgR must be cleaved from the integral membrane YtgC domain. This cleavage is poorly understood and is depicted here as an integral membrane protease only for convenience. The stimuli that induce cleavage of YtgC in Chlamydia are not known. Under low iron conditions, expression of the ytgABCD operon is uninhibited, and the RNA polymerase holoenzyme (RNAP) can associate with the promoter region and initiate transcription. In contrast, when iron concentrations are sufficiently high, presumably following high expression of the ytgABCD operon and thus increased iron uptake, Fe2+ can activate YtgR-dependent transcriptional repression. This may occur by the association of pairs of YtgR homodimers binding to the operator sequence (depicted in red) as has been observed for DtxR. Transcriptional repression is thus accomplished by occlusion of RNAP from the promoter region of the operon.



CONCLUDING REMARKS

For 20 years it has been understood that iron represents a critical nutrient for the proper development of Chlamydia. Only in the latter half of this period have we begun to cement our understanding of chlamydial iron homeostasis in terms of molecular mechanisms. Thus, we can now place the ytgABCD operon squarely at the center of our knowledge regarding iron acquisition in Chlamydia. This agrees with the iron-dependent autoregulatory function of the cleavage product of YtgC, the YtgR repressor domain. Recent data also strongly suggests that iron is trafficked to the chlamydial inclusion via the slow recycling pathway of transferrin. Moreover, we now have more adequate tools with which to address important questions surrounding chlamydial iron biology. The iron chelator 2,2-bipyridyl should facilitate more robust studies on the responses of Chlamydia to iron starvation. The advantages of bipyridyl over previous methods may provide the opportunity to begin to truly understand the primary response of the organism to iron deprivation, as compared to the response of fully persistent aberrant chlamydial forms. In addition, as the golden age of chlamydial genetics has now dawned upon the field, we can ask more prying questions into the molecular basis underlying chlamydial iron responses by manipulating chlamydial, as well as host proteins, and understand in greater detail the iron-dependent regulon of Chlamydia and the ways in which Chlamydia acquires and traffics iron away from their host. Fully elucidating the regulatory function of YtgR and the mechanism of the ytg iron acquisition system will likely require the introduction of subtle mutations, such as base substitutions, given the potential indispensability of these systems for proper chlamydial development. Technologies such as CRISPR/Cas9 will be invaluable in these studies. Chlamydia appears to defy stereotypes at every turn, and we can no longer make assumptions on mechanisms or simply rely on referencing systems present in other organisms if we are to understand the basic biology of this pathogen.
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