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Editorial on the Research Topic 


Metal homeostasis in microbial physiology and virulence


Biological-relevant transition metals such as iron, zinc, manganese, and copper are at the center of a battle between pathogens and hosts, playing a major role in the outcome of bacterial and fungal infections. Hosts withhold metals from invading microbes or attempt to intoxicate them with metal overload. Microbes may employ numerous strategies to circumvent these host-imposed nutritional immunity mechanisms and ensure an appropriate metal supply for their physiological demands. In this Research Topic, a series of Review and Original Research Articles presents distinct facets of metal homeostasis in the context of microbe-host interactions.

Mycobacterium tuberculosis, one of the most important human pathogens, causes millions of tuberculosis cases worldwide. Rodriguez et al. provided an overview of the response of M. tuberculosis to changes in iron availability, emphasizing the relevance of iron to tuberculosis pathogenesis. The authors summarize the multiple mechanisms used by M. tuberculosis for iron uptake, focusing on the pathways involving the siderophores mycobactin and carboxymycobactin. The impact of iron limitation on many other aspects of M. tuberculosis physiology is also discussed, including upregulation of virulence factors, modification of the cell surface, increase of extracellular vesicle release, and metabolic switches toward quiescent, antibiotic tolerant states. Given the prominent role of iron for M. tuberculosis virulence, the authors suggest that key proteins involved in iron utilization could be new targets for therapeutic intervention. The Cornelissen group contributes two interesting Reviews on metal homeostasis in Neisseria meningitidis and Neisseria gonorrhoeae, two human-specific pathogens adapted to steal metals directly from host metal-binding proteins. Branch et al. provide a broad perspective of how these two pathogenic Neisseria that cause so distinct human diseases have evolved similar mechanisms to manage zinc, manganese, and copper in the context of human infections. The authors emphasize how the human host restricts these metals in the infection sites by increasing the release of calprotectin and how the pathogenic Neisseria sense and respond to such alterations by expressing surface transporters that pirate zinc from calprotectin. The authors also discuss the emergent field of host-mediated metal intoxication in the context of Neisseria infections. Stoudenmire et al. present a focused review of how N. gonorrhoeae, the bacterium that causes gonorrhea, bypasses human nutritional immunity by utilizing iron from host metalloproteins. As a pathogen unable to synthesize its own siderophores, N. gonorrhoeae relies on multiple iron-regulated TonB-dependent transporters to steal iron directly from host proteins such as hemoglobin (HpuAB), transferrin (TbpA), and lactoferrin (LbpA).

Heme is an abundant iron reservoir in humans, and many pathogens can use heme from host hemoproteins like hemoglobin. de Lima et al. established that the ChuPRSTUV system is required for heme and hemoglobin utilization in Chromobacterium violaceum, a Gram-negative environmental bacterium that causes severe human infections. Using a mouse model of acute infection, the authors demonstrate that C. violaceum requires the combined activities of Chu and its siderophores to acquired iron and display full virulence. Interestingly, the authors also discovered that the ChuP protein regulates siderophore utilization, providing an integrated mechanism by which C. violaceum may control iron acquisition via siderophore and heme during infection. Unlike C. violaceum, the obligate human pathogen Streptococcus pyogenes prefers heme as an iron source. Lyles et al. investigated the role of the protein HupZ in the heme metabolism of S. pyogenes. They showed that HupZ binds heme, but it has a weak heme degradation activity, suggesting that this protein may function as a heme chaperone and/or detoxifying protein. Using a murine model of vaginal infection, the authors demonstrated that HupZ contributes to S. pyogenes colonization of the host.

Two Original Research Articles reported particular aspects of the host nutritional immunity in response to bacterial infection. Grubwieser et al. investigated how alveolar epithelial cells adapt their cellular iron homeostasis in response to in vitro infection by Klebsiella pneumoniae and Escherichia coli, two species that frequently cause hospital-acquired pneumonia. The authors found that the extracellular pathogen E. coli induces an iron retention phenotype in A549 cells. In contrast, infection by the facultative intracellular bacterium K. pneumoniae promotes an iron export phenotype. These findings suggest that human alveolar cells can employ distinct iron-based nutritional immunity mechanisms as a defense against invading pathogenic bacteria. Baishya et al. explored novel roles of calprotectin in the biofilms of Pseudomonas aeruginosa and Staphylococcus aureus, during growth in laboratory culture medium and in a mouse model of chronic wound infection. Whereas the innate immune protein calprotectin has been primarily studied in the context of its metal chelating activities, little is known about its metal-independent antimicrobial activity. Using a number of microscopy techniques, the authors found that calprotectin stimulates bacterial encapsulation in mesh-like structures, an effect that seems to be independent of calprotectin’s ability to bind metals. These findings provide new clues about how calprotectin inhibits bacterial growth.

Metal homeostasis in the context of fungal-host interaction is the theme of two Original Research Articles. Souza et al. investigated the exoproteome of the fungus Paracoccidioides brasiliensis in response to iron deprivation by mass spectrometry. In previous works, the group has demonstrated that this human pathogen responds to iron deprivation by increasing production of siderophores and the activity of cell surface associated ferric reductases. In the current work, the authors identified 141 proteins, 64 of which were predicted to be secreted. The exoproteome data was validated by the demonstration that Cyb5 is a secreted iron-binding protein. Another important fungal pathogen, the airborne human mold Aspergillus fumigatus, has complex systems for maintaining copper homeostasis, which are required for A. fumigatus pathogenicity. Yap et al. reported that the availability of certain amino acids (especially histidine) and proteins increases resistance to copper in A. fumigatus. The authors provide several lines of evidence that the mechanism of protection involves histidine inhibition of low-affinity copper acquisition systems by extracellular copper complexation, and demonstrate that iron limitation decreases copper resistance. As copper resistance of A. fumigatus is crucial to its survival during infection, this work provides novel insights into how this pathogen may avoid nutritional immunity strategies that are imposed by the host.

This Research Topic sheds light on the complex mechanisms used by bacterial and fungal pathogens to scavenge essential metals from their hosts, as well as how the host can employ nutritional immunity to restrict access to these metals. By understanding such mechanisms, we will be able to develop new strategies to combat these pathogens and reduce the prevalence of diseases they cause.
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The transition metals iron and copper are required by virtually all organisms but are toxic in excess. Acquisition of both metals and resistance to copper excess have previously been shown to be important for virulence of the most common airborne human mold pathogen, Aspergillus fumigatus. Here we demonstrate that the ambient availability of amino acids and proteins increases the copper resistance of A. fumigatus wild type and particularly of the ΔcrpA mutant that lacks export-mediated copper detoxification. The highest-protecting activity was found for L-histidine followed by L-asparagine, L-aspartate, L-serine, L-threonine, and L-tyrosine. Other amino acids and proteins also displayed significant but lower protection. The protecting activity of non-proteinogenic D-histidine, L-histidine-mediated growth inhibition in the absence of high-affinity copper uptake, determination of cellular metal contents, and expression analysis of copper-regulated genes suggested that histidine inhibits low-affinity but not high-affinity copper acquisition by extracellular copper complexation. An increase in the cellular copper content was found to be accompanied by an increase in the iron content, and, in agreement, iron starvation increased copper susceptibility, which underlines the importance of cellular metal balancing. Due to the role of iron and copper in nutritional immunity, these findings are likely to play an important role in the host niche.
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Introduction

The mold Aspergillus fumigatus’ arsenal of nutrient-acquiring mechanisms allows its survival in the environment and diverse host niches, which makes this opportunistic pathogen the major cause of invasive pulmonary aspergillosis in immunocompromised patients worldwide (Latgé and Chamilos, 2019). In particular, the redox-active metals iron (Fe) and copper (Cu) have been previously shown to be important for its survival and virulence (Gerwien et al., 2018; Raffa et al., 2019; Misslinger et al., 2021). On the one hand, the redox potential makes Cu an excellent cofactor for many enzymes such as cytochrome oxidase (CoxB), superoxide dismutase (SodA), or laccases such as ferroxidase (FetC), which is involved in reductive Fe assimilation (Oberegger et al., 2000; Blatzer et al., 2011; Anabosi et al., 2021). On the other hand, the very same redox potential of Cu can result in toxicity as Cu catalyzes the formation of reactive oxygen species (ROS) via Fenton-like chemistry or cause mismetallation such as displacement of Fe in Fe–sulfur cluster-containing enzymes leading to their inactivation (Gerwien et al., 2018; Raffa et al., 2019).

Owing to this toxicity, Cu has been used for centuries in different chemical combinations as an antimicrobial agent against plant pathogens, as “self-sanitizing” Cu-alloy surfaces to prevent nosocomial infections, or as ointments to treat superficial infections of animals and humans (Festa and Thiele, 2011; Besold et al., 2016). Remarkably, Cu toxicity is also employed by the mammalian innate immune system to fight invading pathogens because massive amounts of Cu are pumped into the phagolysosome to support killing of phagocytosed pathogens (Gerwien et al., 2018).

Maintenance of Cu homeostasis in A. fumigatus, which has to ensure sufficient Cu supply in combination with avoidance of Cu toxicity, is based on a sophisticated transcriptional regulation. During Cu limitation, the Cu-sensing transcription factor Mac1 activates high-affinity Cu uptake mediated by the Ctr family members CtrA2 and CtrC (Park et al., 2014; Cai et al., 2017; Kusuya et al., 2017; Wiemann et al., 2017). Consequently, inactivation of Mac1 causes a growth defect under Cu limitation. On the other hand, the Cu excess-sensing transcription factor AceA activates Cu detoxification mediated mainly by cellular Cu export via the P-type ATPase CrpA (Wiemann et al., 2017; Cai et al., 2018). Consequently, inactivation of either AceA or CrpA increases the susceptibility of A. fumigatus to Cu. Both Mac1 and AceA have been shown to be important for A. fumigatus pathogenicity (Cai et al., 2017; Wiemann et al., 2017; Cai et al., 2018).

Mac1 was reported to also play a role in Fe regulation in A. fumigatus (Park et al., 2018), which could not be confirmed by us (Yap et al., 2020). In the latter study, we noticed that the nitrogen source used in the growth medium influences Cu resistance, i.e., Cu resistance was higher with glutamine (Gln) compared to nitrate. The aim of this study was thus to analyze the impact of nitrogen sources and ambient availability of amino acids (AAs), proteins, and Fe on Cu resistance.



Materials and Methods


Fungal Strains and Growth Conditions

If not otherwise stated, the A. fumigatus strain used was A1160, termed wild type (wt) here, and derived mutant strains Δmac1 (lacking Mac1), ΔaceA (lacking Ace1), and ΔcrpA (lacking CrpA), which have been described previously (Cai et al., 2017; Cai et al., 2018). Furthermore, A. fumigatus strains Afs35 (a Ku70 lacking a derivative of the clinical isolate D141) (Krappmann et al., 2006), the clinical isolate Af293 (Nierman et al., 2005), Afs77 (a Ku70 lacking a derivative of the clinical isolate ATCC46645), and the Afs77-derived ΔcccA (Gsaller et al., 2012) and ΔsidA (Schrettl et al., 2004) mutant strains were used. The strains were grown at 37°C either on solid complex media (CM) or on/in solid/liquid Aspergillus minimal media (AMM) according to Pontecorvo et al. (1953) with 0.03 mM FeSO4 as Fe source (unless otherwise noted), 1% glucose as carbon source, and the nitrogen source described in the respective experiment. The Cu (CuSO4) concentration used is described in the respective experiments. For limitation of Cu or Fe, addition of the respective metal was omitted. CM contained 1% glucose, 2 g/l peptone (Carl Roth GmbH + Co. KG, Karlsruhe, S.T.U, Germany), 1 g/l casamino acids (Sigma-Aldrich Chemical Co., St. Louis, MO, USA), 1 g/l yeast extract (Lab M Limited, Bury, Lancs, UK), and trace elements according to Pontecorvo et al. (1953) but without Cu and Fe. Amino acid (AA) supplements are described in the respective experiment; if not noted otherwise, AAs were used in the L-configuration and were not denominated “L.” The nitrogen sources used were 20 mM ammonium (ammonium tartrate dibasic, (NH4)2C4H4O6), 20 mM Gln, 20 mM nitrate (sodium nitrate, NaNO3), 20 mM nitrite (sodium nitrite, NaNO2), and 20 mM urea. For plate growth assays, 1 × 104 conidia were point-inoculated; AMM plates were incubated for 48 h at 37°C, and CM plates were incubated for 30 h at 37°C. For culturing in liquid medium, 100 ml AMM in 0.5-l Erlenmeyer flasks inoculated with 106/ml conidia was shaken at 200 rpm at 37°C for 24 h. Bovine serum albumin and bovine pancreatic RNase A were from Sigma-Aldrich Chemical Co., St. Louis, MO, USA.



Quantification of Cellular Cu and Fe Contents

The mycelia from liquid cultures were harvested by filtration, washed with distilled water, and freeze-dried to determine the dry weight of the biomass. For determination of the total cellular Fe content, 50 mg of freeze-dried mycelia was decomposed in closed polytetrafluorethylene vessels containing 2 ml of HNO3 and 0.5 ml of hydrogen peroxide using a high-performance microwave digestion unit (MARS 6, CEM Microwave Technology, Buckingham, UK). Appropriate dilutions were made with distilled water, and the total contents in Cu and Fe were determined by graphite furnace atomic absorption spectrometry (Zeeman GF95Z M6 AAS, Thermo Fisher Scientific, Waltham, MA, USA) according to standard methods.



Northern Analyses

Total RNA was isolated according to the TRI Reagent (Sigma-Aldrich) method using peqGOLD PhaseTrap reaction tubes (PEQLAB, Erlangen, Germany). Formaldehyde-containing agarose gels were used to separate 10 μg of total RNA before blotting onto Hybond-N+ membranes (Amersham Biosciences, Amersham, UK) and hybridization with digoxigenin (Roche Diagnostics GmbH, Mannheim, Germany)-labeled probes. The digoxigenin-labeled hybridization probes used in this study were generated by PCR using primers 5′-ATGCGAACGAACATTGTCCC and 5′-CCAGCGGAAATGAGAAGATTCA for crpA (AfuA_3G12740), 5′-ATGGATCATATGAGCCAC and 5′-CTACCCGCAGCATTTG for ctrC (AfuA_2G03730), 5′-AAGCCGAGAAAAAGGGGG and 5′-AACCCGATGAA GCCCAG for mirB (AfuA_3G03640), 5′-ATATGTTCCTCGTGCCGTTC and 5′-CCTCAGTGAACTCCATCTC for tubA (Afu1g10910), 5′-GGAGCAGCTCGATCGCCAT and 5′-AGTGTATGCCACCATCGTTG for atm1 (AFUA_6G12870), and 5′-CCCGTCTTCCACCTGCTG and 5′-GCATCAACAGCGCTGACCTT for atm1 (AFUA_4G04318).




Results


Cu Resistance of A. fumigatus Is Influenced by the Nitrogen Source Used

We observed that the Cu resistance of A. fumigatus wt is higher with 20 mM Gln compared to 20 mM nitrate as nitrogen source (Figure 1A): A. fumigatus A1160/Δku80, which is termed wild type (wt) here, displayed similar radial growth on solid media in the presence of 0.1 and 0.01 mM Cu as well as under Cu limitation with Gln as nitrogen source, while its radial growth decreased with increasing Cu concentration with nitrate as nitrogen source. Notably, Cu limitation is reflected by the yellow color of conidia, as biosynthesis of the green conidial pigment is dependent on a Cu-requiring laccase (Tsai et al., 1999). These results suggested that either glutamine protects against Cu toxicity and/or that nitrate enhances Cu toxicity. To test the latter hypotheses, we analyzed the impact of different nitrogen sources on Cu resistance of A. fumigatus (Figure 1B). To increase the sensitivity of the growth assay, we used not only A. fumigatus wt but also mutant strains that have increased susceptibility to Cu-mediated toxicity due to lacking transcriptional activation of Cu detoxification (ΔaceA, lacking the transcription factor AceA) or cellular Cu export (ΔcrpA, lacking the Cu exporter CrpA), respectively (Raffa et al., 2019). The ΔaceA and ΔcrpA mutant strains were able to grow in the presence of 0.1 mM Cu when using the nitrogen source Gln or Gln in combination with nitrate or nitrite. In contrast, the ΔaceA and ΔcrpA mutant strains were unable to grow in the presence of 0.1 mM Cu with nitrate, nitrite, ammonium, or urea as nitrogen source. Moreover, ΔaceA and ΔcrpA displayed significantly decreased growth compared to wt in the presence of 0.01 mM Cu in the absence of Gln. Taken together, these data indicate that the presence of Gln protects against Cu toxicity. In contrast to the other nitrogen sources used, the growth of wt decreased with nitrate and nitrite in the presence of 0.1 mM Cu compared to 0.01 mM Cu, which indicates that nitrate and nitrite might decrease Cu resistance.




Figure 1 | Gln protects A. fumigatus against Cu toxicity. (A) A. fumigatus wt conidia were point-inoculated on solid AMM containing 0, 0.01, or 0.1 mM Cu with either Gln or nitrate as nitrogen source. (B) To analyze the effect of the nitrogen source on Cu resistance, A. fumigatus wt, ΔcrpA, and ΔaceA conidia were point-inoculated on solid AMM containing either 0.01 or 0.1 mM Cu in combination with different nitrogen sources (in case of combination of two nitrogen sources, the same concentration of each was used).





Supplementation With Different AAs Protects A. fumigatus ΔcrpA Against Cu Toxicity to  a Different Degree

As Gln is an AA and as some AAs are well known for providing the ligands for metal binding in proteins (Cao et al., 2017), we analyzed the impact of supplementation with different proteinogenic AAs in a concentration of 1 mM on Cu resistance of A. fumigatus (Figure 2). Therefore, A. fumigatus wt and ΔcrpA strains were grown on AMM plates containing 0.1 mM Cu and ammonium as nitrogen source, which impedes the growth of ΔcrpA (Figure 1). Only supplementation with 1 mM asparagine (Asn), aspartate (Asp), histidine (His), serine (Ser), threonine (Thr), or tyrosine (Tyr) rescued the growth of the ΔcrpA mutant strain, indicating that these six AAs have a higher Cu-detoxifying capacity compared to the other tested AAs such as Gln (Figure 2A). In order to identify possible differences in the Cu detoxification activity of these six AAs, we analyzed the growth of A. fumigatus wt and ΔcrpA strains on media containing ammonium as nitrogen source, 1 mM of the respective AA, and different Cu concentrations up to 1 mM (Figure 2B). Supplementation with Asn, Asp, Ser, Thr, and Tyr rescued the growth of the ΔcrpA mutant strain up to 0.1 mM Cu and with His up to 0.5 mM Cu demonstrating that His has the strongest protecting activity against Cu. Notably, the growth of wt was significantly decreased in the presence of 1 mM Cu compared to low Cu concentrations and exclusively His supplementation improved the radial growth of wt at this Cu concentration (Figure 2B).




Figure 2 | Supplementation with Asn, Asp, Ser, Thr, Tyr, and particularly His protects A. fumigatus ΔcrpA against Cu toxicity to a higher degree compared to other AAs. A. fumigatus wt and ΔcrpA conidia were point-inoculated on solid AMM containing 20 mM ammonium as nitrogen source. (A) The growth medium contained 0.1 mM Cu and was supplemented with 1 mM of the different AAs indicated (arginine, Arg; cysteine, Cys; glutamate, Glu; glycine, Gly; isoleucine, Ile; leucine, Leu; lysine, Lys; methionine, Met; phenylalanine, Phe; proline, Pro; tryptophane, Trp; valine, Val); -AA was without AA supplementation. (B) The growth medium contained 1 mM of the indicated AA and the different Cu concentrations indicated.



In a next step, we compare the Cu-detoxifying activity of Gln and His. Determination of the AA concentration that is required to permit the growth of ΔcrpA in AMM with ammonium as nitrogen source and 0.1 mM Cu yielded 5 mM Gln and 0.2 mM His (Figure 3A), which underlines the difference of a low- and high-protecting AA. Moreover, determination of the Cu detoxification capacity of 20 mM Gln, the standard nitrogen source used in our laboratory, yielded 0.5 mM Cu (Figure 3B).




Figure 3 | Supplementation with His protects A. fumigatus ΔcrpA against Cu toxicity to a higher degree compared to Gln. A. fumigatus wt and ΔcrpA conidia were point-inoculated on solid AMM. (A) The growth medium contained 20 mM ammonium as nitrogen source, 0.1 mM Cu, and different concentrations of either Gln (left) or His (right). The plate assay without Gln (0 mM Gln) is the same as the one without His (0 mM His). (B) The growth medium contained 20 mM Gln as nitrogen source and different concentrations of Cu.



Taken together, His showed the highest Cu-detoxifying capacity with an about twofold molar excess, i.e., supplementation with 1 mM His allowed the growth of ΔcrpA in the presence of a maximum of 0.5 mM Cu (Figure 2B) and 0.2 mM His permitted the growth of ΔcrpA in the presence of 0.1 mM Cu, respectively (Figure 3A). Asn, Asp, Ser, Thr, and Tyr detoxified Cu in an approximately 10-fold molar excess, i.e., 1 mM supplementation with either of these AAs allowed the growth of ΔcrpA in the presence of a maximum of 0.1 mM Cu (Figure 2B). Gln detoxified Cu in an approximately 40–50-fold molar excess, i.e., 5 mM Gln was required to allow the growth of ΔcrpA in the presence of 0.1 mM Cu (Figure 3A) and 20 mM Gln allowed the growth of ΔcrpA in the presence of a maximum of 0.5 mM Cu (Figure 3B).

Due to the Cu-detoxifying activity of AAs, we analyzed the Cu resistance of A. fumigatus wt and ΔcrpA strains in complex medium (CM), which contains 0.2% peptone, 0.1% casamino acids, and 0.1% yeast extract. This medium allowed the growth of ΔcrpA in the presence of a maximum of 0.5 mM Cu (Figure 4), which demonstrates its Cu-detoxifying activity. Each of the ingredients added to AMM with ammonium as nitrogen source improved the Cu resistance of ΔcrpA, i.e., it allowed the growth of this mutant in the presence of up to 0.2 mM Cu (Figure 4). As these CM ingredients are not chemically defined components including AAs and peptides, we assayed in a next step the impact of a defined protein using bovine serum albumin (BSA). BSA supplementation to a final concentration of 0.1 mM also increased the Cu resistance of ΔcrpA and allowed the growth of this mutant in the presence of up to 0.2 mM Cu (Figure 4). BSA consists of 583 AA residues, and consequently 0.1 mM BSA corresponds to 58.3 mM peptidic AAs. Therefore, at the level of AA molarity, BSA has a lower protecting activity compared to free AAs as 20 mM of the weakly protecting AA Gln allowed the growth of ΔcrpA in the presence of up to 0.5 mM Cu (Figure 3B). Similar to BSA, supplementation with 0.47 mM RNase A, which consists of 124 AA residues and therefore corresponds to 0.1 mM BSA with respect to peptidic AA, allowed the growth of ΔcrpA in the presence of up to 0.2 mM Cu, which underlines that the Cu resistance-promoting effect is a protein effect rather than being specific on the type of protein. Notably, the influence of proteins on Cu resistance might be influenced by proteolytic degradation of the proteins, but in the experiments conducted, proteolysis is expected to be low due to the presence of primary nitrogen (ammonium) and carbon (glucose) sources, which usually repress the expression of protease-encoding genes (Bergmann et al., 2009; Shemesh et al., 2017).




Figure 4 | The complex medium ingredients casamino acids, yeast extract, and peptone as well as proteins protect A. fumigatus ΔcrpA against Cu toxicity. A. fumigatus wt and ΔcrpA conidia were point-inoculated on solid CM or AMM with ammonium as nitrogen source and supplemented with 0.1% casamino acids, 0.1% yeast extract, 0.2% peptone, or 0.1 mM BSA and different Cu amounts. The CM plates were incubated for 30 h at 37°C and the AMM plates for 48 h at 37°C.





His Supplementation Protects Against Cu Toxicity by Inhibiting Cu Uptake

To investigate the mechanism of how His supplementation protects A. fumigatus ΔcrpA against Cu toxicity, we compared the protecting activity of His (L-His) and its non-proteinogenic stereoisomer D-His. As shown in Figure 5A, supplementation with L- and D-configurations of His resulted in similar Cu resistance, which indicates that the mode of protection conferred by His supplementation does not involve metabolization of His. Therefore, we hypothesized that His protects against Cu toxicity by extracellular chelation of Cu. In line, His supplementation was found to hamper the growth of the A. fumigatus Δmac1 mutant strain in a concentration-dependent manner under Cu-limiting conditions as well as in the presence of 0.02 mM Cu (Figure 5B). These data indicate that the presence of His negatively affects Cu uptake in the absence of high-affinity Cu uptake as Mac1 is essential for the activation of high-affinity Cu uptake (Raffa et al., 2019). In agreement, the growth of wt that is capable of high-affinity Cu uptake was not affected by His supplementation (Figure 5B).




Figure 5 | L-His and D-His show a similar protection of A. fumigatus ΔcrpA against Cu toxicity (A), and His supplementation impedes Cu uptake by A. fumigatus Δmac1. (B) A. fumigatus wt and mutant conidia were point-inoculated on AMM plates with 20 mM ammonium as nitrogen source. (A) The growth medium contained 0.1 mM Cu and was supplemented with different concentrations of either L-His (left) or D-His (right). (B) The growth media contained different concentrations of Cu and His, respectively.



To further investigate the impact of AA supplementation on metal homeostasis, we analyzed the cellular contents in Cu and Fe (Table 1). Therefore, A. fumigatus wt and ΔcrpA strains were grown in liquid AMM containing 0.005 mM Cu and 20 mM ammonium as nitrogen source without AAs or supplemented with either 5 mM Gln or 1 mM His. The biomass production of wt was similar in all three growth media. In agreement with the Cu susceptibility of ΔcrpA and the different Cu-detoxifying capacities of His and Gln, biomass of ΔcrpA was only 22% of that of the wt in AMM without AAs, increased to 74% with Gln supplementation, and reached the wt level with His supplementation (Table 1). The cellular Cu content of wt was similar in AMM without AAs and with Gln but was approximately halved in the presence of His. In agreement with defective Cu export, the cellular Cu content of ΔcrpA was increased about five-fold in the absence of AAs. Supplementation with His and Gln decreased the cellular Cu content to about that of the wt grown under the same condition (Table 1). Taken together, these data indicate that supplementation with AAs such as His and Gln protects A. fumigatus against Cu toxicity by impeding its cellular uptake, most likely via complexation of this metal. Remarkably, the about five-fold increase in cellular Cu of ΔcrpA was accompanied by an approximately 10-fold increased Fe content (Table 1), which indicates a link between Cu and Fe homeostasis.


Table 1 | AA supplementation impacts biomass production and cellular contents in Cu and Fe of ΔcrpA.



The experiments discussed above demonstrate the protective effects of AAs against Cu toxicity mainly for the highly Cu-susceptible ΔcrpA mutant strain. As shown in Figure 6A, His supplementation also increases the radial growth of different A. fumigatus strains including the genetic background strain of the ΔcrpA mutant, A1160, termed wt here. To further investigate the role of His in protection against Cu toxicity, we analyzed the expression of Cu-detoxifying ABC transporter-encoding crpA and high-affinity Cu uptake permease ctrC by Northern blot analysis (Figure 6B). During Cu sufficiency, neither crpA nor ctrC was expressed. A short-term confrontation (45 min) of such mycelia with 0.2 mM Cu caused an induction of crpA reflecting Cu detoxification. In contrast, a short-term confrontation with His-complexed Cu (the same amount of Cu was preincubated with a 10-fold excess of His before addition to the mycelia) did not induce crpA. The expression of ctrC was detected in neither of these mycelia, which confirms repression of high-affinity Cu uptake in agreement with Cu sufficiency. These data indicate that complexation of Cu by His blocks Cu uptake in the absence of high-affinity Cu uptake. During Cu limitation, the expression of crpA was repressed and ctrC was induced (Figure 6B). A short-term confrontation with Cu caused the induction of crpA and a decrease in the ctrC transcript level. In comparison, a short-term confrontation with His-complexed Cu induced crpA to the same degree as non-complexed Cu but repressed ctrC significantly more strongly. The similar induction of crpA by His-complexed and non-complexed Cu indicates that His complexation does not block Cu uptake by high-affinity systems. Moreover, the stronger repression of ctrC by His-complexed Cu compared to non-complexed Cu might indicate an even higher bioavailability for high-affinity uptake systems of His-complexed Cu compared to Cu alone. In agreement with complexation of Cu by AA, we observed that AA form blue-colored complexes with Cu; Figure 6C shows exemplary His, Thr, Asn, and Gln. His displayed the most intensive color formation with Cu, which is consistent with the strongest protecting activity observed. Notably, there was no significant difference in color formation between Thr, Asn, and Gln, which display different protecting activities at a lower level (see above).




Figure 6 | His supplementation protects A. fumigatus wt by inhibition of His uptake. (A) A. fumigatus conidia were point-inoculated on AMM plates with 20 mM ammonium as nitrogen source containing different Cu concentrations without (-His) and with 1 mM His supplementation. The plates were incubated for 48 h at 37°C. (B) A. fumigatus wt was grown for 16 h at 37°C in AMM liquid cultures with ammonium as nitrogen source without (-Cu; Cu limitation) and with (+Cu, Cu sufficiency) 0.005 mM Cu, respectively. Subsequently, the mycelia were harvested or incubated for another 45 min after addition of Cu to a final concentration of 0.2 mM without (sCu) or with (sCu/His) concomitant addition of His to a final concentration of 2 mM. Notably, Cu and His have been mixed before the addition to allow Cu–His complex formation. After harvesting the mycelia, total RNA was isolated and subject to Northern analysis of the indicated genes. Ethidium bromide-stained rRNA and α-tubulin encoding tubA served as controls for loading and quality of RNA. As observed previously (Wiemann et al., 2017), crpA has two transcripts, which are slightly larger and smaller as the 26S rRNA. (C) His, Thr, Asn, and Gln form colored complexes with Cu. The photos show cuvettes with 1 mM Cu or 1 mM Cu mixed with 2 mM of the indicated AA.





Fe Availability Impacts Cu Resistance and Vice Versa

Based on the concomitant increase in cellular Cu and Fe contents in A. fumigatus ΔcrpA (Table 1), we hypothesized that Fe is required to counteract Cu toxicity. Indeed, we found that the Cu resistance of A. fumigatus ΔcrpA increases with increasing Fe availability (Figure 7A); i.e., in the presence of 0.02 mM Cu, the radial growth of ΔcrpA was lowest during Fe limitation and increased with the degree of Fe supplementation. Furthermore, supplementation with ferricrocin-chelated Fe improved Cu resistance (Figure 7A). As Fe chelated by siderophores such as ferricrocin are taken up exclusively by siderophore-specific transporters (Aguiar et al., 2021; Misslinger et al., 2021), these data exclude the possibility that the positive impact of Fe supplementation on Cu resistance of ΔcrpA is the sole consequence of competition of Fe with Cu for uptake by low-affinity metal transporters. In line, a ΔsidA mutant, which lacks siderophore biosynthesis and consequently displays decreased Fe acquisition (Schrettl et al., 2004; Misslinger et al., 2021), as shown by lack of growth under low Fe availability, shows decreased Cu resistance when grown with either 0.1 mM Fe or 0.001 mM ferricrocin (Figure 7B). The ferricrocin experiment again excludes the possibility that the effects seen are based on competition of Cu and Fe for uptake. Moreover, a short-term confrontation with Cu was found to induce a higher crpA expression during Fe starvation compared to Fe sufficiency (Figure 7C), which supports higher Cu toxicity under Fe limitation. To further investigate the role of Fe in Cu resistance, we analyzed the expression of cmtA (also termed crd2) and atm1. cmtA encodes a putative metallothionein previously implicated in the Cu resistance of A. fumigatus (Cai et al., 2018); atm1 encodes a mitochondrial ABC transporter that links mitochondrial and cytosolic Fe–sulfur cluster biosynthesis and that has recently been shown to play a role in Cu toxicity in Cryptococcus neoformans and S. cerevisiae (Garcia-Santamarina et al., 2017). The expression of cmtA was found to be repressed under Fe starvation compared to Fe sufficiency and showed a slight upregulation in response to a short-term confrontation with Cu during Fe sufficiency (Figure 7C). In contrast, atm1 displayed a downregulation during Fe sufficiency compared to Fe starvation without a response to a short-term confrontation with Cu (Figure 7C).




Figure 7 | Fe availability impacts Cu resistance. (A) A. fumigatus conidia were point-inoculated on AMM plates with 20 mM ammonium as nitrogen source and 0.02 mM Cu combined with different concentrations of Fe or ferricrocin (FC)-chelated Fe. (B) A. fumigatus conidia were point-inoculated on AMM plates with 20 mM ammonium as nitrogen source with different concentrations of Fe or FC-chelated Fe combined with different concentrations of Cu. Afs77 is the genetic background of the ΔsidA mutant strain (Schrettl et al., 2004). (C) A. fumigatus wt was grown for 16 h at 37°C in AMM liquid cultures with ammonium as nitrogen source and 0.005 mM Cu without (-Fe; Fe limitation) or with (+Fe, Fe sufficiency) 0.03 mM Fe, respectively. Subsequently, the mycelia were harvested or incubated for another 45 min after addition of Cu to a final concentration of 0.2 mM (sCu). After harvesting the mycelia, total RNA was isolated and subject to Northern analysis of the indicated genes. Siderophore transporter encoding mirB was used as control for cellular Fe starvation (Schrettl et al., 2010). Ethidium bromide-stained rRNA and α-tubulin encoding tubA served as controls for loading and quality of RNA.



To investigate if there is also an effect of Cu availability on Fe resistance of A. fumigatus, we employed the ΔcccA mutant that shows increased Fe toxicity due to the lack of a vacuolar transporter mediating vacuolar Fe deposition (Gsaller et al., 2012). As shown in Figure 8, Fe resistance of the ΔcccA mutant increased with increasing Cu availability (8 mM Fe). Under low Fe availability (0.03 mM Fe), the ΔcccA mutant lacked a growth defect and displayed wt-like Cu susceptibility. Taken together, these data demonstrate the importance of metal homeostasis, i.e., balanced cellular metal contents.




Figure 8 | Cu availability impacts Fe resistance. A. fumigatus conidia were point-inoculated on AMM plates with 20 mM Gln as nitrogen source containing different concentrations of Cu and Fe. Gln was used here as nitrogen source as this high Fe amount precipitates with ammonium as nitrogen source. Afs77 is the genetic background of the ΔcccA mutant strain (Gsaller et al., 2012).






Discussion

In this study, we observed that the ambient availability of AAs and proteins increase the Cu resistance of the Cu-susceptible A. fumigatus ΔcrpA mutant. Different AAs and proteins showed different protective activities in the order His > Asn ~ Asp ~ Ser ~ Thr ~ Tyr > Gln and other proteinogenic AAs > protein such as BSA and RNase A (Figures 1–4). Moreover, His supplementation also increased the Cu resistance of different A. fumigatus wild-type strains (Figure 6A). To adapt to different metal availabilities, fungal species employ both high-affinity and low-affinity transporters. High-affinity transporters display metal specificity and are induced under shortage of the respective metal, while low-affinity transporters usually show a broader metal specificity and ensure supply under conditions of high metal availability. The high-affinity Cu transporters of A. fumigatus are CtrA2 and CtrC (Cai et al., 2017; Kusuya et al., 2017; Wiemann et al., 2017). Low-affinity Cu transport has not been characterized in A. fumigatus yet, but this mold possesses a homolog of S. cerevisiae Fet4, a low-affinity transporter for Cu, Fe, and zinc (Hassett et al., 2000). Several lines of evidence indicated that His and most likely other AAs, although to a lower degree, increase Cu resistance by extracellular Cu complexation, which impedes uptake by low-affinity but not high-affinity systems: (i) non-proteinogenic D-His and His displayed similar protection of ΔcrpA against Cu toxicity, indicating that the mode of action does not involve metabolization of His (Figure 5A); (ii) His supplementation caused dose-dependent growth inhibition of the A. fumigatus Δmac1 mutant that lacks transcriptional activation of high-affinity Cu uptake but not of the wild-type strain that is capable of high-affinity Cu uptake (Figure 5B); (iii) His supplementation decreased the cellular Cu content of ΔcrpA (Table 1); (iv) Cu-sufficient mycelia, which displayed downregulation of high-affinity Cu uptake, responded to short-term exposure to Cu, but not to His-complexed Cu, with transcriptional downregulation of crpA (Figure 6B); (v) Cu-starved mycelia, which displayed upregulation of high-affinity Cu uptake, responded to short-term exposure to Cu and His-complexed Cu with transcriptional upregulation of crpA (Figure 6B); (vi) His supplementation is highly efficient in protecting ΔcrpA against Cu toxicity most likely because high-affinity Cu uptake is downregulated in this mutant due to the high intracellular Cu content that represses Mac1 (Cai et al., 2018); and (vii) Cu was found to form blue-colored complexes with AAs, whereby the most intense color formation was found with His, which also displayed the highest-protecting activity (Figure 6C). In agreement with the latter, AAs are known to be able to form different chelates with Cu(II), whereby the metal-to-ligand molar ratio is 1:2 in the most common complex in aqueous solution (Deschamps et al., 2005). Among all AAs, His was able to complex Cu with the highest affinity. Consistently, His supplementation protected the ΔcrpA mutant against Cu in an about two-fold molar excess (Figures 2B, 3A). Remarkably, in response to short-term Cu exposure of Cu-starved mycelia, His complexation increased the transcriptional downregulation of the high-affinity Cu transporter ctrC compared to uncomplexed Cu, which indicates that His complexation improves the efficacy of Cu uptake by high-affinity transporters in contrast to low-affinity uptake systems (Figure 6B). Possibly, His complexation increases the bioavailability of Cu by increasing its solubility. In the ΔcrpA, mutant strain, an about 5-fold increase in the cellular Cu content was found to be accompanied by an about 10-fold increase in the cellular Fe content (Table 1). This indicated an important role of cellular metal balancing. In agreement, several lines of evidence supported a role of Fe in protection against Cu toxicity: (i) increased Fe availability improved the Cu resistance of ΔcrpA (Figure 7A), (ii) impaired Fe acquisition due to lack of siderophore biosynthesis decreased Cu resistance (Figure 7B), and (iii) short-term confrontation with Cu induced a higher crpA expression during Fe starvation compared to Fe sufficiency (Figure 7C). Vice versa, increased Cu availability was found to counteract Fe toxicity (Figure 8). These links between cellular Cu and Fe management might be explained by the fact that excess of a single metal might lead to mismetallation of proteins and/or that Fe and Cu are important for the detoxification of reactive oxygen species caused by excess of the respective other metal via Fenton/Fenton-like reaction, e.g., heme-Fe-containing catalases and peroxidases as well as Cu/Zn superoxide dismutase (Gerwien et al., 2018; Raffa et al., 2019; Brantl et al., 2021; Misslinger et al., 2021). Apparently, Fe does not decrease Cu toxicity via CrpA because Fe increased Cu resistance in both the absence (ΔcrpA) and the presence of CrpA (ΔsidA) (Figure 7B). Recently, Fe–sulfur clusters have been shown to be targets for Cu toxicity in C. neoformans and S. cerevisiae and that the mitochondrial ABC transporter Atm1, which links mitochondrial and cytosolic Fe–sulfur biosynthesis, is transcriptionally upregulated in response to short-term exposure to Cu in C. neoformans but not S. cerevisiae (Garcia-Santamarina et al., 2017). We found that short-term exposure to Cu does not impact the expression of Atm1 at the transcript level in A. fumigatus (Figure 7C). Previously, genetic inactivation of the putative A. fumigatus metallothionein CmtA (also termed Crd2) was found to be dispensable for resistance to Cu as well as macrophage challenge (Wiemann et al., 2017; Cai et al., 2018). However, overexpression of CmtA in the absence of CrpA provided partial protection against Cu toxicity (Cai et al., 2018), indicating that CmtA plays a minor role in Cu resistance. Northern blot analysis demonstrated the repression of cmtA under Fe starvation compared to Fe sufficiency and a slight upregulation in response to short-term confrontation with Cu during Fe sufficiency (Figure 7C). These data might provide a hint for the role of Fe in Cu resistance. Nevertheless, it remains to be shown if CmtA is indeed a metallothionein. In line with the function as metallothionein, CmtA is a small protein rich in cysteine residues. However, previous studies indicated that both Cu availability and AceA do not impact cmtA expression; furthermore, the transcriptional Fe regulation is atypical for a metallothionein. Moreover, CmtA has been shown to physically interact with the monothiol glutaredoxin GrxD, which functions as a chaperon for distribution of Fe–sulfur clusters in the cytosol. Consequently, CmtA might have a role in Fe–sulfur cluster homeostasis.

The interaction of different metals in A. fumigatus has been reported previously. Due to the Cu dependence of reductive Fe assimilation (Askwith et al., 1994; Schrettl et al., 2004), impairment of Cu-independent siderophore-mediated Fe acquisition was found to increase the susceptibility of A. fumigatus to Cu starvation (Blatzer et al., 2011), and in line Cu starvation increases siderophore-mediated Fe acquisition (Yap et al., 2020). Moreover, Fe and zinc were found to be tightly linked: Fe starvation downregulates high-affinity zinc uptake and upregulates detoxification of zinc via vacuolar deposition in order to counteract zinc accumulation which displays higher toxicity during Fe starvation (Yasmin et al., 2009; Kurucz et al., 2018). In line, inactivation of the Fe regulator HapX was shown to impact zinc homeostasis (Schrettl et al., 2010) and Fe availability was reported to impact ZafA-mediated zinc regulation (Vicentefranqueira et al., 2019).

A crucial role of His in Cu handling has been previously noticed. For example, His auxotrophy combined with limited His supplementation was shown to decrease resistance to both starvation and excess of Cu in A. fumigatus (Dietl et al., 2016). Therefore, the avirulence caused by His auxotrophy (Dietl et al., 2016) might be a consequence not only of histidine shortage per se but also of metal mismanagement. Moreover, engineering of a Saccharomyces cerevisiae strain to display His oligopeptides at the surface increased Cu adsorption combined with increased Cu resistance (Kuroda et al., 2001). Moreover, it has been shown that His might decrease Cu toxicity also intracellularly under certain conditions in S. cerevisiae (Pearce and Sherman, 1999; Watanabe et al., 2014). AAs including Gln, Asn, Asp, Ser, and His were also found to play an important role in resistance to heavy metals including Cu in plants (Sharma and Dietz, 2006). Moreover, the human blood contains His-complexed Cu and the exchange of Cu(II) between His and albumin, which is able to bind Cu with high affinity and modulates cellular Cu availability (Deschamps et al., 2005; Sharma and Dietz, 2006).

In a process termed “nutritional immunity,” the mammalian innate immune system exploits the essentiality and toxicity of nutrient metals by producing factors that limit the availability of metals such as Cu and Fe to starve pathogens or intoxicate the pathogen with metal excess (Monteith and Skaar, 2021). Therefore, the impact of the ambient availability of amino acids and proteins on Cu resistance of A. fumigatus as well as the links between Cu and Fe homeostasis most likely play a role in the host niche. In particular, the combination of Cu excess with restriction of Fe, which aggravate Cu toxicity as shown here, appears to be a highly sophisticated defense strategy. Indeed, this combinatorial strategy is employed in the phagolysosome to attack pathogens: the antimicrobial activity of Cu is employed via import by the ABC transporter ATP7A (Gerwien et al., 2018), and Fe is exported by the transporter Nramp1 to deplete the phagolysosome of Fe needed by pathogens for growth (Forbes and Gros, 2001) and at the same time to aggravate Cu toxicity, as indicated by the data provided.
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Chromobacterium violaceum is an environmental Gram-negative beta-proteobacterium that causes systemic infections in humans. C. violaceum uses siderophore-based iron acquisition systems to overcome the host-imposed iron limitation, but its capacity to use other iron sources is unknown. In this work, we characterized ChuPRSTUV as a heme utilization system employed by C. violaceum to explore an important iron reservoir in mammalian hosts, free heme and hemoproteins. We demonstrate that the chuPRSTUV genes comprise a Fur-repressed operon that is expressed under iron limitation. The chu operon potentially encodes a small regulatory protein (ChuP), an outer membrane TonB-dependent receptor (ChuR), a heme degradation enzyme (ChuS), and an inner membrane ABC transporter (ChuTUV). Our nutrition growth experiments using C. violaceum chu deletion mutants revealed that, with the exception of chuS, all genes of the chu operon are required for heme and hemoglobin utilization in C. violaceum. The mutant strains without chuP displayed increased siderophore halos on CAS plate assays. Significantly, we demonstrate that ChuP connects heme and siderophore utilization by acting as a positive regulator of chuR and vbuA, which encode the TonB-dependent receptors for the uptake of heme (ChuR) and the siderophore viobactin (VbuA). Our data favor a model of ChuP as a heme-binding post-transcriptional regulator. Moreover, our virulence data in a mice model of acute infection demonstrate that C. violaceum uses both heme and siderophore for iron acquisition during infection, with a preference for siderophores over the Chu heme utilization system.
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Introduction

Iron is an essential micronutrient required as a cofactor of proteins involved in different cellular processes (Braun and Hantke, 2011; Palmer and Skaar, 2016). The ability to vary from soluble ferrous (Fe2+) to insoluble ferric (Fe3+) states confers iron its catalytic properties but can result in high toxicity and low bioavailability (Braun and Hantke, 2011; Huang and Wilks, 2017). As a metal essential for both hosts and pathogens, iron is at the center of an evolutionary battle (Skaar, 2010; Hood and Skaar, 2012; Parrow et al., 2013; Sheldon et al., 2016). Hosts restrict iron availability using iron-sequestering proteins like transferrin, lactoferrin, haptoglobin, hemopexin, and calprotectin, a process known as nutritional immunity (Hood and Skaar, 2012; Cassat and Skaar, 2013; Ganz and Nemeth, 2015). Conversely, pathogens subvert the host-imposed iron limitation by employing strategies such as the production, release, and uptake of low-molecular-weight iron chelators (siderophores such as enterobactin) and high-affinity heme-binding proteins (hemophores such as HasA) (Wandersman and Delepelaire, 2012; Runyen-Janecky, 2013; Contreras et al., 2014; Sheldon et al., 2016).

Heme is a tetrapyrrole that coordinates iron at its center as Fe2+ (heme) or Fe3+ (hemin). It is a cofactor of proteins like cytochromes and catalases. Therefore, almost every organism requires heme, which is obtained by synthesis and/or uptake from exogenous sources (Runyen-Janecky, 2013; Choby and Skaar, 2016). The greatest iron reservoir in mammals is the heme bound into hemoglobin found inside the erythrocytes. Many bacteria use heme and hemoproteins (e.g., hemoglobin) from the host as an iron source, and the preference for heme or siderophore as the main iron acquisition strategy varies according to the bacterium and the infection status (Runyen-Janecky, 2013; Choby and Skaar, 2016; Sheldon et al., 2016; Zygiel et al., 2021). Heme uptake/utilization systems have been described in several bacterial pathogens, including Pseudomonas aeruginosa (Has, Phu, and Hxu), Yersinia spp (Hem and Hmu), Escherichia coli (Chu), and Staphylococcus aureus (Isd). In Gram-negative bacteria, the import of heme involves high-affinity TonB-dependent receptors (TBDRs) in the outer membrane (e.g., PhuR) and ABC-type transport systems in the periplasm and inner membrane (e.g., PhuTUV) (Eakanunkul et al., 2005; Noinaj et al., 2010; Fournier et al., 2011; Choby and Skaar, 2016; Huang and Wilks, 2017; Klebba et al., 2021). Once in the cytosol, heme is degraded by canonical or non-canonical heme oxygenases, releasing iron and other compounds (Contreras et al., 2014; Lamattina et al., 2016).

Genes encoding heme uptake systems are under complex regulation. They are regulated by Fur, a metalloregulator that uses Fe2+ as cofactor to repress the expression of iron uptake systems (da Silva Neto et al., 2009; Chandrangsu et al., 2017; Sarvan et al., 2018) and activated by heme-dependent regulatory systems, such as the extracytoplasmic function (ECF) sigma factor signaling cascade Has (Wandersman and Delepelaire, 2012; Huang and Wilks, 2017). Small proteins from the HemP/HmuP family have been described as required for heme utilization by regulating the expression of heme uptake genes. However, the proposed regulatory mechanisms are quite distinct. In Bradyrhizobium japonicum and Burkholderia multivorans, the HemP/HmuP proteins were described as direct transcriptional activators (Escamilla-Hernandez and O’Brian, 2012; Sato et al., 2017), while in Ensifer meliloti (formerly Sinorhizobium meliloti), HmuP appears to act as a post-transcriptional activator (Amarelle et al., 2010; Amarelle et al., 2019).

Chromobacterium violaceum is a Gram-negative beta-proteobacterium found in the water and soil of tropical and subtropical regions that causes opportunistic human infections with high mortality rates (Yang and Li, 2011; Kumar, 2012; Khalifa et al., 2015; Batista and da Silva Neto, 2017). An important virulence determinant in C. violaceum is the Cpi1/1a type III secretion system involved in hepatocyte invasion and innate immune system activation (Miki et al., 2010; Zhao et al., 2011; Maltez et al., 2015). Recently, we demonstrated that C. violaceum relies on the regulator Fur, two putative endogenous catecholate-type siderophores, and the siderophore-acquisition TBDRs CbuA and VbuA to overcome host-imposed iron limitation (Batista et al., 2019; Santos et al., 2020). However, C. violaceum mutants lacking siderophores had moderate attenuation in virulence in a mouse model of acute infection (Batista et al., 2019), suggesting that C. violaceum uses siderophore-independent mechanisms for iron acquisition during infection. In the current work, we demonstrate that an operon with six genes, here named chuPRSTUV (chu – chromobacterium heme utilization), encodes a Fur-regulated heme uptake system (ChuRTUV) that is required for heme and hemoglobin utilization in C. violaceum. We also show that the small heme-binding protein ChuP is required for heme and siderophore-mediated iron acquisition by acting as a post-transcriptional activator of the TBDR genes chuR and vbuA. Furthermore, using in vivo virulence assays in mice, we demonstrate that these heme and siderophore-mediated iron uptake systems work together to help C. violaceum overcome iron limitation in the host.



Materials and Methods


Bacterial Strains, Plasmids, and Growth Conditions

The bacterial strains and plasmids used in this work are indicated in Table 1. E. coli strains were cultured in Luria-Bertani (LB) medium at 37°C. C. violaceum strains were cultured in LB medium or M9 minimal medium supplemented with 0.1% casein hydrolysate (M9CH) at 37°C (Batista et al., 2019). The cultures were supplemented with kanamycin (50 μg/mL), tetracycline (10 µg/mL), or ampicillin (100 μg/mL), when necessary. Iron deficiency was obtained by the addition of 2,2’-dipyridyl (DP) (Sigma) to the medium, while iron sufficiency was achieved by supplementation with FeSO4 (Sigma), hemin (Hm) (Sigma), or hemoglobin (Hb) (Sigma).


Table 1 | Bacterial strains and plasmids.





Construction of C. violaceum Mutant and Complemented Strains

Null-mutant strains were generated by a previously established allelic exchange mutagenesis protocol (da Silva Neto et al., 2012; Batista et al., 2019; Santos et al., 2020). In-frame null-deletion mutants derived from the wild-type C. violaceum ATCC 12472 strain, with the exception of the ΔcbaCEBAΔchuPRSTUV strain that was obtained using the ΔcbaCEBA mutant as background (Batista et al., 2019). The insertion mutants for the non-ribosomal peptide synthetase (NRPS) genes cbaF and vbaF were obtained by a protocol based on a single recombination event (Batista et al., 2019). For genetic complementation, the chuP, chuR, chuS, chuTUV, and chuPRSTUV genes were amplified by PCR, cloned into the low-copy-number plasmid pMR20, and transferred to the mutant strains by conjugation. The primers used for cloning, sequencing, and mutant confirmation are listed in Supplementary Table 1.



MIC Assay

To achieve iron-limited conditions in M9CH for C. violaceum, we determined the minimal inhibitory concentration (MIC) of DP in this medium, as previously performed in LB medium (Batista et al., 2019). Wild-type C. violaceum overnight cultures were diluted to an optical density at 600 nm (OD600) of 0.01 in M9CH, without or with DP (100 µM, 112.5 µM, 125 µM, 132.5 µM, and 150 µM), and grown under agitation (250 rpm) at 37°C. The MIC of 132.5 µM DP for the WT strain was established based on the turbidity of the cultures after 24 h cultivation.



Growth Curves

Growth curves were determined in M9CH without or with Hm. Overnight cultures of C. violaceum strains were diluted in 5 mL of M9CH to an OD600 of 0.02. Then, a new dilution (1:2) was performed to achieve an OD600 0.01 and the required concentrations of Hm in 200 µL final M9CH in 96-well plates. The plates were incubated at 37°C under moderate orbital agitation in SpectraMax i3 MiniMax Imaging Cytometer (Molecular Devices). The measurements of OD600 were recorded every 15 minutes over 24 hours. The experiment was performed in three biological replicates.



Heme and Hemoglobin Nutrition Assay

The ability of C. violaceum to use Hm and Hb as iron sources was assessed using a nutrition assay (Balhesteros et al., 2017) with some modifications. C. violaceum overnight cultures in M9CH were diluted to an OD600 of 1.0 in M9CH. Then, 25 µL of each dilution were embedded in 25 mL of iron-depleted M9CH 0.8% agar (containing 50 µM, 100 µM, 125 µM or 150 µM of DP). Paper discs were added onto the plate surface, and 10 µL aliquots of 100 µM Hm, 20 mM NaOH, 150 µM Hb, and 100 mM NaCl were applied to individual discs. After incubation for 16 h at 37°C, we inspected for growth halos that developed around the discs. The growth area was quantified using the Image J software and normalized by subtracting the disc areas. The experiment was performed in three biological replicates.



Cell Viability in the Presence of Heme

The toxic concentrations of Hm for C. violaceum were assessed by cell viability. Overnight cultures were diluted to an OD600 of 0.01 in M9CH without or with Hm (30 µM, 600 µM, and 2000 µM), and grown under agitation (250 rpm) for 24 h at 37°C. Serial dilution in phosphate-buffered saline (PBS) was performed, and 10 µL were spotted onto M9CH plates. Hemin toxicity was determined based on the colony-forming units (CFU) displayed by the strains after incubation for 24 h at 37°C. These experiments were performed in three biological replicates.



Hemolysis Assay

The hemolytic activity was assessed in 5% (v/v) sheep-blood Mueller-Hinton agar plates. Five microliters of C. violaceum M9CH overnight cultures were spotted onto the plate. The hemolytic activity was detected by the lighter halos that developed due to erythrocyte lysis after incubation for 7 days at 37°C. The area of activity was quantified using the Image J software and normalized by subtracting the bacterial growth area. The experiment was performed in three biological replicates.



Siderophore Assay

Siderophores were detected by chrome azurol S (CAS) plate assay in modified peptone-sucrose agar (PSA-CAS) plates (Batista et al., 2019; Santos et al., 2020). Ten microliters of C. violaceum overnight cultures in M9CH were spotted onto the plate surface, and the siderophores were detected by the orange halos that developed after incubation for 24 hours at 37°C. The area of the halos was quantified using the Image J software and normalized by subtracting the bacterial growth area. The experiment was performed in three biological replicates.



Transcriptional lacZ Fusions and β-Galactosidase Assays

The upstream regions of genes of interest were amplified by PCR with specific primers (Supplementary Table 1) and cloned into the pGEM-T easy plasmid (Promega). After digestion with proper restriction enzymes (Supplementary Table 1), the inserts were subcloned into the pRKlacZ290 vector to generate transcriptional fusions to the lacZ gene. C. violaceum cultures harboring the reporter plasmids were grown until an OD600 of 0.6 – 0.8 in M9CH, and either untreated or treated with 100 µM Hm or 100 µM FeSO4 for 2 h. For all expression assays, the M9CH medium was used as the iron-limited condition because we previously found that the expression of an iron-regulated gene was similarly high in M9CH or M9CH with DP (Santos et al., 2020). Bacterial cells were assayed for β-galactosidase activity as previously described (Santos et al., 2020). The experiment was performed in three biological replicates.



Co-Transcription by RT-PCR

The C. violaceum wild-type strain was grown in M9CH until an OD600 of 1.0 – 1.2. Total RNA was extracted using Trizol reagent (Invitrogen) and purified with Direct-zol™ RNA Miniprep Plus (Zymo Research). RT-PCR was performed with the SuperScript III One-Step RT-PCR System with Platinum Taq High Fidelity DNA Polymerase (Invitrogen). One microgram of each RNA sample and specific primers (Supplementary Table 1) that amplify regions from chuP to chuR (439 bp), chuR to chuS (373 bp), and chuS to chuT (662 bp) were used in the reactions. PCRs using conventional Taq DNA polymerase, and the same sets of primers, were performed with genomic DNA (positive control) and RNA (negative control) as templates.



Gene Expression by RT-qPCR

The C. violaceum wild type, ΔchuP, and ΔchuP[chuP] strains were grown in M9CH until midlog growth phase, and the cultures were either untreated or treated with 100 µM Hm or 100 µM FeSO4 for 2 h. Total RNA was extracted and purified as described above. Two micrograms of total RNA from each sample were converted to cDNA using the High-Capacity cDNA Reverse Transcription kit (Thermo Fisher Scientific). Genomic DNA contamination (for RNA) and reverse transcription efficiency (for cDNA) were checked by conventional PCR with the primers for the rpoH gene (Supplementary Table 1). Quantitative PCR (qPCR) reactions were performed using the PowerUp™ SYBR™ Green Master Mix (Thermo Fisher Scientific), the specific primers (Supplementary Table 1), and 0.5 µL of cDNA. The relative expression was calculated by the 2-ΔΔCt method (Livak and Schmittgen, 2001). Data from three biological replicates were normalized by an endogenous control (rpoH gene) and a reference condition (WT in M9CH 100 µM Hm). The treatment with Hm was used as a control based on the β-galactosidase assays that indicated an intermediate expression of the chu operon under this condition.



Expression and Purification of the Recombinant ChuP

The coding region of chuP was amplified by PCR (Supplementary Table 1) and cloned into the pET-15b plasmid (Table 1). After induction in E. coli BL21(DE3) with 1 mM Isopropyl β-D-1-thiogalactopyranoside (IPTG) for 2 h at 37°C, the His-ChuP protein was purified from the soluble extract by affinity chromatography in a Ni-NTA Superflow column (Qiagen). The elution fractions were evaluated using 18% SDS-PAGE. The aliquots containing the purified His-ChuP were concentrated using a VivaSpin 6 column (Sartorius), and desalted by gel filtration in PD-10 column (GE Healthcare) in storage buffer (100 mM NaH2PO4, 600 mM NaCl, 20% glycerol, pH 8) (Puri and O’Brian, 2006). The concentration of the His-ChuP protein was determined by measurement of OD at 280 nm and using its extinction coefficient calculated by the Protparam Tool (ExPASy) (http://web.expasy.org/protparam).



Heme Binding Assay

The ability of the recombinant His-ChuP protein to interact with Hm was evaluated by spectrophotometry (Puri and O’Brian, 2006; Amarelle et al., 2016). The reactions were performed in interaction buffer (50 mM Na2H2PO4, 300 mM NaCl, 10% glycerol, pH 8) without (reference cuvette) or with 10 µM of His-ChuP (sample cuvette). Aliquots of Hm (0 to 30 µM) were added to both cuvettes. After incubation for 5 minutes at 25°C in the dark, the absorbance between the wavelengths 300 and 600 nm was measured with 10 nm increments on a SpectraMax i3 MiniMax Imaging Cytometer. The binding of ChuP to Hm was determined by the change in absorbance at 413 nm fit to one-site binding model non-linear regression on Graph Pad Prism 7.



Electrophoretic Mobility Shift Assay (EMSA)

DNA sequences upstream of chuP, chuR, and CV_2599 were amplified by PCR using the primers listed in Supplementary Table 1. The DNA fragments were radiolabeled and used for interaction with His-ChuP following a previously described protocol (da Silva Neto et al., 2009; Previato-Mello et al., 2017), with the modification of adding the CV_2599 promoter fragment (negative control) in the same reaction.



Mouse Virulence Assays

Virulence assays were performed in a mouse intraperitoneal (i.p.) model of C. violaceum infection as previously established (Previato-Mello et al., 2017; Batista et al., 2019). Bacterial strains were diluted to an OD600 of 0.01 and cultured in 5 mL LB for 20 h at 37°C. A dose of 106 CFU in PBS was injected into 6-week-old female BALB/c mice, and the animals were monitored for 7 days post-infection. To assess the bacterial burden in the liver and spleen, mice were infected as above and euthanized 20 h or 96 h post-infection (h.p.i.). The organs were aseptically collected, homogenized in PBS, and the dilutions were plated for CFU counting. Mice were obtained and maintained at the Animal Facilities of Ribeirão Preto Medical School (FMRP-USP). The assays were performed according to the Ethical Principles in Animal Research adopted by the National Council for the Control of Animal Experimentation (CONCEA). The animal ethics protocol 146/2019 was approved by the Local Ethics Animal Committee (CEUA) of FMRP-USP.



Statistical Analysis

Data collected were employed for statistical analysis in GraphPad Prism version 7. For the column graphs, the normality test was performed using Shapiro-Wilk’s test. Statistically significant p values and the tests that were performed are indicated in the figure legends.




Results


The chuPRSTUV Operon Is Regulated by Fur According to the Iron Levels

In silico analysis of the C. violaceum ATCC 12472 genome sequence revealed a gene cluster with six genes (CV_RS19275-280-285-290-295-300) that resembles an operon encoding a putative heme utilization system. These genes, here named chuPRSTUV, are annotated as a HemP/HmuP family regulator (ChuP), a TonB-dependent receptor (ChuR), a hemin degrading factor (ChuS), and an ABC-transport system (ChuTUV) (Figure 1A). To evaluate if the chuPRSTUV genes are organized into an operon, we performed RT-PCR reactions using RNA from the WT strain grown in M9CH and a set of primers that amplify regions between chuPR, chuRS, and chuST genes (Figures 1A, B). After reverse transcription and amplification, bands with the expected sizes were detected for the three tested primer combinations, confirming that the chuPRSTUV genes are indeed co-transcribed (Figure 1B).




Figure 1 | The chuPRSTUV genes compose an operon regulated by the iron levels and Fur. (A) Genomic organization of the chuPRSTUV genes in C. violaceum. A predicted Fur box is indicated. Numbered arrows indicate the primers used in RT-PCR (not scaled). (B) Confirmation of co-transcription of the chuPRSTUV genes. The RT-PCR reactions amplified fragments of 439 bp (Primers 1 and 2), 373 bp (Primers 3 and 4), and 662 bp (Primers 5 and 6). Conventional PCR was performed using genomic DNA (PCR) and RNA (NC) as controls. L, 1 Kb plus DNA Ladder (Thermo Scientific). (C) Promoter activity of the chu operon in response to iron and Fur. β-galactosidase assays were performed from the WT and Δfur strains harboring the chuP-lacZ fusion grown in M9CH medium and either untreated or treated with 100 μM Hm or 100 μM FeSO4. Data are from three biological replicates. ****p < 0.0001; ***p < 0.001; *p < 0.05; when not indicated, not significant. Two-way ANOVA followed by Dunnett’s multiple-comparison test.



Our inspection of the promoter region of chuP revealed a putative Fur binding site sequence (ATGATAATGGTTATCATT) that resembles Fur boxes found in other bacteria (Sarvan et al., 2018). To investigate whether the chu operon is regulated by iron and Fur, we cloned the promoter region of chuP into a lacZ reporter plasmid. The WT and Δfur strains harboring the pchuP-lacZ fusion were used to assess the chuP promoter activity by β-galactosidase assay in M9CH medium, which was previously reported as an iron-limited condition (Santos et al., 2020) and under iron sufficiency (M9CH supplemented with Hm or FeSO4) (Figure 1C). The promoter activity was higher under iron-limited (M9CH) than iron-replete conditions in the WT strain. The reduction in activity was higher with FeSO4 than with Hm supplementation. In the Δfur mutant, the promoter was highly active regardless of iron levels. Moreover, the activity was twofold higher than that detected for the WT strain in M9CH, suggesting total promoter de-repression in the absence of Fur (Figure 1C). Altogether, these results demonstrate that the chuPRSTUV genes comprise a Fur-repressed operon that is expressed under iron limitation.



The chuPRSTUV Operon Encodes a Heme Uptake System (ChuRTUV) and a Regulatory Protein (ChuP) Required for Heme and Hemoglobin Utilization

To characterize the role of the chuPRSTUV operon in C. violaceum, we generated null-mutant strains deleted for single genes (ΔchuP, ΔchuR, and ΔchuS) or multiple genes (ΔchuTUV and ΔchuPRSTUV) of the chu operon, and their respective complemented strains. We also obtained a mutant strain lacking both the chu operon and the cbaCEBA genes (ΔcbaCEBAΔchuPRSTUV). The CbaCEBA enzymes are involved in the synthesis of 2’3-DHB, the precursor of catecholate-type siderophores in C. violaceum (Batista et al., 2019). All mutants showed regular fitness, as assessed by growth curves in M9CH and M9CH plus heme and by cell viability in LB (Supplementary Figure 1).

To test the involvement of the C. violaceum chu genes in heme and hemoglobin utilization, we developed a nutrition assay providing 100 µM Hm or 150 µM Hb as alternative iron sources in M9CH medium chelated for iron with different DP concentrations (Supplementary Figure 2). We chose 125 µM DP to compare all strains (Figure 2) because it was the best condition to visualize the growth halos in the WT strain (Supplementary Figure 2). Under these conditions (125 µM DP), the WT and the ΔchuS strains formed Hm and Hb-stimulated growth halos. All the other mutant strains of the chuPRSTUV operon lost the ability to grow when Hm and Hb were provided as iron sources (Figure 2). For the ΔchuR strain, a very weak growth stimulus could still be detected only in the presence of heme (Figure 2B). Genetic complementation of the mutant strains fully restored the growth in Hm and Hb under deficiency with 125 µM DP (Figure 2). The ΔcbaCEBA mutant that does not synthesize siderophores showed no growth halos at 125 µM DP (Figure 2), but its growth was clearly stimulated by Hm and Hb at 50 µM DP (Supplementary Figure 2). This is consistent with previous results indicating that the growth of a ΔcbaCEBA mutant is strongly impaired under DP-imposed iron limitation (Batista et al., 2019). Taken together, these results demonstrate that the chuPRSTUV operon encodes a heme uptake system (ChuRTUV) that is also involved in hemoglobin utilization. Moreover, the weak growth detected for the ΔchuR mutant with Hm but not with Hb suggests that C. violaceum has additional mechanisms in the outer membrane for heme uptake but relies specifically on ChuR for heme uptake from hemoglobin.




Figure 2 | The chu operon encodes a heme uptake system (ChuRTUV) and a regulatory protein (ChuP) required for heme and hemoglobin utilization. (A) Nutrition assay for Hm and Hb under DP-imposed iron deficiency. The indicated strains were embedded into M9CH medium supplemented with 125 μM DP. Aliquots of 100 μM Hm and 150 μM Hb were provided as iron sources, while 20 mM NaOH and 100 mM NaCl were used as negative controls. Growth halos around the discs indicate compound utilization. Representative images are shown. (B, C) Quantification of Hm and Hb-stimulated growth. The area of the growth halos stimulated by Hm (B) and Hb (C) was measured using Image J software by subtracting the area of the discs. Data are from three biological replicates. Mutant and complemented strains were compared to WT and WT[pMR20], respectively. ****p < 0.0001; when not indicated, not significant. One-way ANOVA followed by Tukey’s multiple-comparison test.



Considering that the ΔchuS strain showed no altered phenotype for Hm and Hb utilization (Figure 2), we evaluated its role on cell viability under heme excess (Supplementary Figure 3). However, growth defects were not observed for the WT, ΔchuS, and all mutant strains even at a high Hm concentration of 2 mM, indicating that the chu operon has no role during our heme excess conditions. Interestingly, deletion of the chuPRSTUV operon in the ΔcbaCEBA mutant strain improved the small colony size phenotype (Supplementary Figure 3), previously described for this strain (Batista et al., 2019). We also tested the hemolytic activity of the chu mutants on sheep-blood agar (Supplementary Figure 4). The strains ΔchuR (increased and intense halo) and ΔcbaCEBA (intense halo) showed altered hemolytic activity when compared to that of the WT and the other mutant strains. Although the meaning of these findings is unclear, we speculate that the increased hemolytic activity in these strains is a compensatory mechanism to deal with iron/heme scarcity.



The ΔchuP Mutant Has Increased Siderophore Halos Due to Viobactin

To verify whether the chu operon affects the production/release of siderophores in C. violaceum, we tested the chu mutants on PSA-CAS plates for siderophore detection as orange halos (Figure 3) as previously described (Batista et al., 2019). The ΔchuP and ΔchuPRSTUV mutants showed increased siderophore halos, while the ΔchuR, ΔchuS, and ΔchuTUV mutants had siderophore halos similar to that of the WT strain (Figures 3A, B). The ΔcbaCEBA strain showed no siderophore halo, as previously demonstrated (Batista et al., 2019), as well as the ΔcbaCEBAΔchuPRSTUV strain (Figures 3A, B). After complementation, the siderophore halos were restored to WT levels in the ΔchuP[chuP] strain. For the strains ΔchuPRSTUV[chuPRSTUV] (almost absence of halo) and ΔcbaCEBA[cbaCEBA] (increased halo), the siderophore phenotypes reverted further on that observed in the WT strain (Figures 3A, B), perhaps owing to overexpression of the genes into the plasmid. These data indicate that the small regulatory protein ChuP controls the siderophore levels in C. violaceum.




Figure 3 | Deletion of chuP impacts the siderophore levels in C. violaceum. (A, B) Role of the chu operon on the siderophore levels in C. violaceum. Mutant strains without chuP showed increased siderophore halos. (C, D) The effect of ChuP occurs on the siderophore viobactin. For all indicated strains, the siderophore detection was performed by CAS assays on PSA-CAS plates. C. violaceum cultures were spotted onto the plate surface, and the orange halos indicating secreted siderophores were photographed (A, C) and measured (B, D), after incubation for 24 hours at 37°C, using Image J software. The area of the siderophore halos was calculated subtracting the area of bacterial growth. Data are from three biological replicates. Mutant and complemented strains (B) were compared to WT and WT[pMR20], respectively. Insertion mutants (D) were compared to the strains they derived from. **p < 0.01; ***p < 0.001; ****p < 0.0001; when not indicated, not significant. Vertical asterisks indicate comparisons with the WT strain. One-way ANOVA followed by Tukey’s multiple-comparison test.



C. violaceum produces the catecholate-type siderophores chromobactin and viobactin employing the NRPS enzymes CbaF and VbaF, respectively (Batista et al., 2019). We combined mutation in chuP with mutations in cbaF or vbaF to understand which siderophore contributes to the increased siderophore halos in ΔchuP. Individual deletion of cbaF or vbaF genes in the WT had no effect on siderophore halos (Figures 3C, D), as previously reported (Batista et al., 2019). When these genes were deleted in the ΔchuP mutant background, a decrease in siderophore halos was observed in both cases. However, the halos were similar to that of the WT strain only when vbaF was deleted (Figures 3C, D), demonstrating a prominent role of viobactin on the increased siderophore halos of ΔchuP. Altogether, these results suggest that ChuP controls the synthesis and/or uptake of the siderophore viobactin in C. violaceum.



ChuP Is a Heme-Binding Post-Transcriptional Regulator of chuR and vbuA Encoding TBDRs for Heme and the Siderophore Viobactin

Our data indicate that mutation of chuP in C. violaceum abolished heme utilization (Figure 2) and altered the levels of the siderophore viobactin (Figure 3). We employed different methodologies to elucidate how ChuP regulates these processes (Figure 4). First, we tested whether ChuP is a heme-binding protein. We purified the recombinant protein His-ChuP and performed a heme-binding assay (Figure 4A). After incubation with increasing Hm concentrations, a Soret peak at 413 nm was detected, indicating the formation of a ChuP-heme complex (Figure 4A). The differential absorption spectroscopy at 413 was used to fit a single binding model and determined that ChuP binds heme with a kd = 18.36 ± 4.66 µM (Figure 4A, insert). Considering that HemP/HmuP proteins have been described as transcriptional activators (Escamilla-Hernandez and O’Brian, 2012; Sato et al., 2017), we tested whether the C. violaceum ChuP regulates and binds into the intergenic regions upstream of chuP (promoter of the chu operon) and chuR (Figures 4B, C). The WT and ΔchuP strains harboring these constructs (pchuP-lacZ or pchuR-lacZ) were assessed by β-galactosidase assay under different iron levels. The pchuP-lacZ promoter fusion was highly active under iron deficiency (M9CH) with a gradual decrease upon Hm and FeSO4 supplementation (Figure 4B), as previously observed in the WT strain (Figure 1C). However, the same activity pattern was detected in the ΔchuP mutant strain, indicating that ChuP does not seem to regulate the promoter of the chu operon (Figure 4B). The pchuR-lacZ fusion had no promoter activity regardless of the strain or condition, indicating the absence of a promoter upstream of chuR. Therefore, this fusion is not useful to verify the effect of ChuP on chuR expression. Consistent with the β-galactosidase assays, our EMSA assays indicated that ChuP does not bind to the probes containing only the promoter of the chu operon or containing the entire region from chuP to chuR (Figure 4C). Altogether, these results demonstrate that ChuP does not regulate the promoter of the chu operon nor act as a DNA binding protein.




Figure 4 | ChuP is a heme-binding regulatory protein that controls chuR and vbuA expression at a post-transcriptional level. (A) ChuP binds heme. The His-ChuP protein was purified (top) and incubated (10 μM protein) with the indicated concentrations of Hm (bottom). The absorption spectra were measured from 300 nm to 600 nm on a SpectraMax i3 MiniMax Imaging Cytometer. The changes at 413 nm were used to calculate the ChuP-Hm affinity (insert). Data are shown as differential absorption spectra: the difference of values obtained from the sample cuvette (His-ChuP and Hm) against the reference cuvette (Hm). Data are from a single experiment of three independent replicates. L, protein ladder; E7 to E11, eluted fractions of purified ChuP. (B) ChuP does not regulate the promoter of the chu operon. The scheme (top) indicates the regions used for β-galactosidase or EMSA assays. β-galactosidase assays were performed from the WT and ΔchuP strains harboring chuP-lacZ and chuR-lacZ fusions grown in M9CH in the indicated conditions of iron availability. Data are from three biological replicates. **p < 0.01; ***p < 0.001; ****p < 0.0001. When not shown, n.s. (not significant). Two-way ANOVA followed by Dunnett’s multiple-comparison test. (C) ChuP does not bind to DNA probes covering from chuP to chuR. The indicated concentrations of His-ChuP were used in EMSA assays with the chu indicated probes. In both cases, the promoter region of CV_2599 (control) was used as an in-reaction unspecific negative control. (D-F) chuR and vbuA but not vbaF have HPRE sequences and are regulated by ChuP. The predicted HPREs are indicated as colored bars in the gene maps. Expression was evaluated by RT-qPCR. cDNA was reverse transcribed from RNA obtained from the WT, ΔchuP, and ΔchuP[chuP] strains grown in M9CH, and either untreated or treated with 100 μM Hm or 100 μM FeSO4. Expression of chuR, vbuA, and vbaF is shown as the fold change relative to the control condition (WT in M9CH 100 μM Hm). Data are from three biological replicates. ****p < 0.0001; ***p < 0.001; **p < 0.01; *p < 0.05; when not indicated, not significant. Vertical asterisks indicate comparisons with the WT strain at the same condition. One-way ANOVA followed by Tukey’s multiple-comparison test.



In E. meliloti, the HmuP protein activates the expression of the TBDR ShmR at a post-transcriptional level, probably by acting on a sequence HPRE (HmuP-responsive element). The HPRE sequences were predicted upstream of genes encoding heme TBDRs in many bacteria, including the C. violaceum chuR (sequence CCCGCAAGCCAGCCGACAGCCAGCCAGCG, -26 nt from the ATG start codon) (Amarelle et al., 2019). In addition to chuR, we found an HPRE sequence upstream of vbuA (sequence GCCAGCCAGACGACGCCGCCG, -49 nt from the ATG start codon), a TBDR gene located far from the chu operon (Figures 4D, E), raising the possibility that ChuP is a post-transcriptional regulator in C. violaceum. To verify this hypothesis, we performed RT-qPCR for chuR, vbuA, and vbaF genes with RNA harvested from the WT, ΔchuP, and ΔchuP[chuP] under different iron levels (Figures 4D–F). The expression of the three genes in the WT strain was high under iron-depleted and low under iron-sufficient conditions when compared to the control condition (WT grown in M9CH 100 µM Hm), as expected for genes related to iron acquisition (Figures 4D–F). Consistent with our phenotypic results and the presence of HPRE elements, the expression of chuR and vbuA was decreased in the ΔchuP strain regardless of the iron levels (Figures 4D, E), indicating that ChuP is a positive regulator required for the maximum expression of chuR and vbuA under iron limitation. Complementation of ΔchuP restored the expression of chuR and vbuA to the levels found in the WT strain (Figures 4D, E). No differences in vbaF expression were detected between the WT and ΔchuP strains in any of the tested conditions (Figure 4F), indicating that ChuP does not control the expression of VbaF, the NRPS for viobactin synthesis. Therefore, the decreased expression of chuR and vbuA in ΔchuP explains the inability of this mutant strain to use Hm and Hb (Figure 2) (via ChuR) and its increased siderophore halos (Figure 3) (inability to uptake viobactin via VbuA). Indeed, a ΔvbuA mutant showed large siderophore halos (Batista et al., 2019) as those found in ΔchuP. Altogether, these results demonstrate that ChuP integrates the acquisition of heme and siderophore by acting as a heme-binding post-transcriptional regulator of the TBDR genes chuR and vbuA.



C. violaceum Employs Both Siderophores and Heme for Iron Acquisition During Infection

To assess the role of the heme utilization system ChuPRSTUV during C. violaceum infection, we performed mice virulence assays (Figure 5). The animals were i.p. injected with a dose of 106 bacterial cells and analyzed for survival during seven days post-infection (Figures 5A, B). The five null-mutant strains of the ChuPRSTUV system showed barely or no virulence attenuation compared to the C. violaceum WT strain (Figure 5A). Previously, we determined that abrogating siderophore production in C. violaceum by deletion of the cbaCEBA genes causes moderate attenuation in virulence (Batista et al., 2019). Therefore, we checked whether heme and siderophores cooperate for virulence. Indeed, the ΔcbaCEBA strain showed an intermediate virulence attenuation, as expected, while a more expressive virulence attenuation was observed for the ΔcbaCEBAΔchuPRSTUV strain (Figure 5A). Complementation of the latter strain with the chuPRSTUV operon reverted its virulence attenuation phenotype to the pattern observed for the ΔcbaCEBA mutant (Figure 5B).




Figure 5 | C violaceum requires siderophores and heme but prefers siderophores in a mice model of acute infection. (A, B) Survival curves of infected BALB/c mice. Animals (n = 8 for WT[pMR20]; n = 7 for ΔcbaCEBAΔchuPSRTUV[chuPRSTUV]; n = 10 for all other strains) were i.p. injected with 106 CFU of the indicated C. violaceum mutant (A) and complemented (B) strains. Animal survival was monitored daily for a week. *p < 0.05; **p < 0.01; ****p < 0.0001; when not shown, n.s. (not significant). Log-rank (Mantel-Cox) test. (C, D) Bacterial burden in organs. Animals were infected with 106 CFU of the indicated strains. After 20h or 96 h post-infection (h.p.i.), the liver (C) and the spleen (D) were collected, homogenized, serially diluted, and plated for CFU quantification. *p < 0.05; **p < 0.01; when not indicated, not significant. One-way ANOVA followed by Tukey’s (liver) or Dunnett’s (spleen) multiple-comparison tests.



We evaluated the bacterial burden in the liver and spleen, two organs colonized during C. violaceum infection that are involved in host heme recycling. Interestingly, the ΔcbaCEBAΔchuPRSTUV mutant displayed the same CFU counting as the WT strain at 20 hours post-infection in both organs (Figures 5C, D). However, the bacterial burden was reduced (in the liver) and eliminated (in the spleen) at 96 hours post-infection (Figures 5C, D). These results indicate that the absence of siderophores and heme uptake does not impair initial colonization but impairs the bacterial maintenance in later infection stages. Altogether, these results indicate an interplay between the iron-acquisition strategies based on siderophore and heme during C. violaceum infection. In our acute infection model, the requirement of heme uptake for virulence becomes evident in the absence of siderophores.




Discussion

In this work, we identified and characterized a heme and hemoglobin utilization system, here named ChuPRSTUV, which connects, via the regulatory protein ChuP, iron acquisition by heme and siderophore during C. violaceum infection (Figure 6). Our data indicated that the genes chuPRSTUV compose an operon repressed by Fur under iron sufficiency. During iron limitation (as found inside the host), high expression of the chu operon (for heme uptake by the transport system ChuR-ChuTUV) and the vbaF and vbuA genes (for synthesis and uptake of the siderophore viobactin) occurred (Figures 6A, B). Remarkably, we found that the maximum expression in iron scarcity of the TBDR genes chuR and vbuA depends on the small heme-binding protein ChuP. In our model, we propose that ChuP is a positive post-transcriptional regulator acting in the 5’-UTR of the chuR and vbuA transcripts (Figure 6A). Without ChuP, the expression of chuR and vbuA dropped, rendering the ΔchuP mutant strain its inability to use Hm and Hb via ChuR and its increased siderophore halos (deficiency to uptake viobactin via VbuA). Moreover, our virulence data in mice demonstrated that C. violaceum uses both heme and siderophore for iron acquisition during infection, with a preference for siderophores over the Chu heme uptake system (Figure 6C).




Figure 6 | Model of how C. violaceum connects iron acquisition by heme and siderophore during infection. (A) Regulatory function of ChuP over chuR and vbuA. (B) Iron acquisition systems in C. violaceum for the uptake of heme (this work) and the siderophores viobactin and chromobactin (Batista et al., 2019). (C) Interplay between the uptake of heme and siderophore in the C. violaceum virulence. We propose that ChuP links heme and siderophore utilization by acting as a positive regulator of chuR and vbuA, which encode TBDRs for the uptake of heme (ChuR) and the siderophore viobactin (VbuA). In addition to Fur derepression, the expression of chuR and vbuA depends on ChuP under iron deficiency, possibly by a post-transcriptional mechanism involving HPRE (HmuP-responsive elements) sequences found in the 5’-UTR of the chuR and vbuA transcripts. In the absence of ChuP, the abundance of chuR and vbuA transcripts decreases, causing a reduction in heme and viobactin utilization. Different levels of virulence attenuation occurred when the ChuPRSTUV system (weak), the siderophores (mild), or both (strong) were deleted, indicating that C. violaceum prefers siderophores over heme during infection but relies on heme in the absence of siderophores. Red bars, Fur boxes; Pink bars and triangles, predicted HPRE sequences; Green stars, ChuP protein; Waved lines, mRNAs; Red X, mutant strains; OM, Outer membrane; IM, Inner membrane; Dashed lines, unknown mechanisms.



We demonstrated that the chuPRSTUV genes are co-transcribed from an iron-responsive and Fur-repressed promoter in C. violaceum, a gene cluster organization and expression pattern that fit with those found for heme uptake system in other bacteria, such as B. multivorans, Yersinia spp., and P. aeruginosa (Sato et al., 2017; Si et al., 2017; Schwiesow et al., 2018; Otero-Asman et al., 2019). Our nutrition assays indicated that, with the exception of chuS, all genes of the chu operon are required for heme and hemoglobin utilization in C. violaceum, suggesting that ChuRTUV, composed by the TBDR ChuR and the ABC transport system ChuTUV, is a heme uptake system. This mechanism of heme import across the cell envelope is found in many Gram-negative bacteria (Stojiljkovic and Hantke, 1992; Burkhard and Wilks, 2007; Balhesteros et al., 2017; Huang and Wilks, 2017). The mutant ΔchuR but not the mutant ΔchuTUV showed a small halo of heme utilization, and both mutants were unable to use hemoglobin, suggesting that C. violaceum maybe have another TBDR for heme uptake but relies specifically on ChuR to obtain heme from hemoglobin. Indeed, in P. aeruginosa, a bacterium with three heme uptake systems (Phu, Has, and Hxu), the same ABC-transport system (PhuTUV) transfers heme to the cytosol after uptake by the TBDRs PhuR and HasR (Ochsner et al., 2000; Smith and Wilks, 2015; Otero-Asman et al., 2019). ChuR appears to act as a direct heme uptake transporter given that we do not find genes encoding hemophores in C. violaceum and ChuR does not have an N-terminal extension typically found in hemophore-based heme uptake systems (Biville et al., 2004; Wandersman and Delepelaire, 2012; Huang and Wilks, 2017). Since the C. violaceum ΔchuS mutant showed no phenotype under heme limitation or excess, further biochemical studies are necessary to investigate whether ChuS is a heme chaperone or a non-canonical heme oxygenase involved in heme degradation, as described in other bacteria (Suits et al., 2005; Amarelle et al., 2016; Lee et al., 2017).

Recent studies have shown regulatory and functional connections between heme and siderophores (Otero-Asman et al., 2019; Batko et al., 2021; Glanville et al., 2021; Zygiel et al., 2021). The increased siderophore halos detected in ΔchuP and ΔchuPRSTUV mutant strains indicate that chuP is the gene of the chu operon that connects heme and siderophore utilization in C. violaceum. ChuP belongs to the HemP/HmuP protein family, whose members are found in many proteobacteria (Amarelle et al., 2019). However, only HmuP from S. meliloti and B. japonicum and HemP from B. multivorans have been characterized. They are small regulatory proteins required for heme utilization by acting as positive regulators of heme-acquisition TBDR genes (Amarelle et al., 2010; Escamilla-Hernandez and O’Brian, 2012; Sato et al., 2017; Amarelle et al., 2019). In B. multivorans, a hmuP mutant showed decreased siderophore halos, but the underlying mechanism remains unexplored (Sato et al., 2017). Our data indicate that ChuP links heme and siderophore utilization by acting as a positive regulator required for the expression of chuR and vbuA, genes encoding the TBDRs used by C. violaceum for the uptake of heme/hemoglobin (ChuR) and the siderophore viobactin (VbuA) (Batista et al., 2019). Our data favor a working model of ChuP as a heme-binding post-transcriptional regulator acting in the 5’-UTR of the chuR and vbuA transcripts (Figure 6). Supporting this model, we found that (i) ChuP of C. violaceum binds heme, as demonstrated for HmuP of B. multivorans (Sato et al., 2017); (ii) ChuP does not regulate the promoter of the chu operon (in front of chuP) and its effect on chuR does not occur at the transcriptional level since there is no promoter in front of chuR and ChuP does not bind to DNA probes covering the entire region from chuP to chuR; (iii) there is the presence, upstream of chuR and vbuA, of HPRE elements, which were described as conserved sequences probably acting on mRNA in the 5’-UTR of genes encoding heme-related TBDRs (Amarelle et al., 2019). Although HemP/HmuP proteins lack a typical DNA binding domain, they were described as direct DNA binding proteins in B. japonicum and B. multivorans, maybe by interacting with Irr and Fur (Escamilla-Hernandez and O’Brian, 2012; Sato et al., 2017). Our results suggest that ChuP in C. violaceum works similarly to HmuP in E. meliloti. However, it is necessary more work such as heme binding assays with detagged ChuP and mapping of the transcriptional start sites of chuR and vbuA to understand how ChuP binds heme and exerts its role as a post-transcriptional regulator on its target genes.

Several investigations have found that genes encoding heme uptake systems are upregulated in vivo (Cook et al., 2019; Rivera-Chávez and Mekalanos, 2019) and required for colonization and virulence of many bacterial pathogens (Skaar et al., 2004; Si et al., 2017; Abdelhamed et al., 2018; Cook et al., 2019; Rivera-Chávez and Mekalanos, 2019; Chatterjee et al., 2020). In many cases, bacteria explore multiple host iron sources, employing both heme and siderophore-based iron acquisition systems (Contreras et al., 2014; Huang and Wilks, 2017). Our prior work revealed that C. violaceum requires catecholate-type siderophores for virulence in mice (Batista et al., 2019). Our current findings based on the characterization of mutants without either siderophores, the chu operon, or both indicate that C. violaceum uses siderophores and heme but prioritizes siderophores over heme as an iron source during infection, at least in our mice model of acute systemic infection (Figure 6C). In agreement with our data, a study that characterized mutants of multiple iron uptake systems showed a clear predominance of siderophores over heme transport systems in P. aeruginosa infecting lung (Minandri et al., 2016). However, the preference for a particular iron source changes according to its availability or the infection context. For instance, S. aureus prefers heme but uses siderophores when heme is scarce (Skaar et al., 2004); P. aeruginosa prioritizes siderophore systems in acute infections but switches to heme in long-term chronic infections (Marvig et al., 2014; Nguyen et al., 2014); and Vibrio cholerae relies on heme released by cholera toxin-dependent damage in the intestine (Rivera-Chávez and Mekalanos, 2019). Currently, we are developing a mouse model of abscess for C. violaceum infection. It will be interesting to investigate in this model whether C. violaceum alters its preference for siderophores and heme in log-term infections.
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Most pathogenic bacteria require iron for growth. However, this metal is not freely available in the mammalian host. Due to its poor solubility and propensity to catalyze the generation of reactive oxygen species, host iron is kept in solution bound to specialized iron binding proteins. Access to iron is an important factor in the outcome of bacterial infections; iron limitation frequently induces virulence and drives pathogenic interactions with host cells. Here, we review the response of Mycobacterium tuberculosis to changes in iron availability, the relevance of this response to TB pathogenesis, and its potential for the design of new therapeutic interventions.
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Introduction

Iron is an essential micronutrient for most living organisms. It undergoes reversible changes in its oxidation state, oscillating between the oxidized ferric (Fe3+) and the reduced ferrous (Fe2+) forms. Depending on the local ligand environment, iron-containing compounds exhibit a wide range of oxidation-reduction potentials making this metal a multipurpose biocatalyst and electro-carrier. Indeed, as mono-or binuclear species, in heme groups or iron-sulfur clusters [FeS], iron is incorporated into proteins that mediate vital cellular functions, including energy generation, metabolism, oxygen transport, gene regulation, oxidative stress defense, and DNA biosynthesis (Sanchez et al., 2017).

Before oxygenic photosynthesis, iron was abundant in its soluble, Fe2+ form and incorporated into a variety of enzyme cofactors. However, with the introduction of oxygen into the atmosphere, iron became poorly available and potentially toxic. In oxygenic environments, Fe+3 forms insoluble ferric hydroxides and promotes the generation of deleterious reactive oxygen species (ROS) thorough the Fenton reaction (Fenton, 1894; Imlay et al., 1988; Koppenol and Hider, 2019). The mammalian host keeps iron in solution bound to proteins such as transferrin (in plasma), lactoferrin (in secretory fluids), and ferritin (intracellularly). During the acute phase response to infection, iron-binding proteins are upregulated together with proteins that efflux iron from intracellular microbial compartments (NRAMP1) or bind free heme (hemopexin) and hemoglobin (haptoglobin), further reducing iron available to invading microorganisms (Weinberg, 1999). This concerted effort mounted by the host to actively restrict iron availability constitutes the hallmark of nutritional immunity (Weinberg, 1984).

Tuberculosis (TB), caused by Mycobacterium tuberculosis (Mtb), is a leading cause of death from a single infectious agent. However, tools to effectively prevent and control TB remain scarce. BCG (Bacillus Calmette-Guerin), the only approved antitubercular vaccine protects against disseminated TB in infants, but is inefficient against adult pulmonary TB (Andersen and Doherty, 2005). Four different antibiotics taken for four months are needed to treat TB. This complex antibiotic regimen contributes to poor adherence and the rise of drug resistant Mtb strains. It is estimated that one-third of the world’s population has been exposed to Mtb and might harbor bacteria that are not multiplying but remain viable causing chronic, latent TB infection (LTBI). LTBI is asymptomatic and not transmissible but nonetheless, highly problematic because it is difficult to diagnose and treat. Moreover, when immune control is compromised, LTBI can reactivate generating new acute TB cases (Lillebaek et al., 2002).

Mtb enters a new host via inhalation of fine aerosol droplets containing just a few bacilli. In the lung, Mtb creates an optimal niche for replication within alveolar macrophages. But it can also disseminate and replicate in multiple organs. Bacterial proliferation stimulates a pro-inflammatory response resulting in the recruitment of more macrophages and other immune cells, forming a granuloma. As adaptive immunity develops, the granuloma can restrict bacterial growth. However, cells in the granuloma can undergo necrosis, forming a necrotic core where Mtb is found extracellularly (Ramakrishnan, 2012). At these various stages of infection, Mtb experiences distinct iron conditions to which it must acclimate.

This review focuses on the intricate response of Mtb to changes in iron availability. Depending on accessibility to iron, this response ranges from increased iron acquisition, virulence, and growth to quiescence and long-term persistence (Figure 1). We highlight how the physiological response of Mtb to diverse iron conditions can influence TB pathogenesis and offer new opportunities for therapeutic intervention.




Figure 1 | Summary diagram of the Mtb response to iron availability. Iron limited Mtb upregulates expression of genes encoding siderophore synthesis (mbt), export (MmpL4/5-MmpS4/5), and import (IrtAB). Assimilated iron is incorporated into metalloproteins and stored in ferritins. Iron deficient Mtb also upregulates pathogenicity factors that facilitate immune evasion and proliferation, modifies its cell surface, and augments EVs secretion. Prolonged iron deprivation induces a strong iron sparing response and metabolic rewiring that enables long term persistence without replication and leads to phenotypic antibiotic resistance. These changes are fully reversible by restoring iron availability. Iron sufficient Mtb engages IdeR to control intracellular iron levels via repression of iron uptake and stimulation of iron storage, thus preventing iron dysregulation and oxidative stress that renders this pathogen highly vulnerable to host antimicrobial factors and antibiotic drugs. The figure was created with BioRender (BioRender.com.).





Upregulation of Iron Acquisition and Control of Intracellular Iron

Iron is highly abundant in the human host. But it is not readily accessible to infectious agents. It is always bound to iron-binding proteins or coordinated into the cofactor, heme. To overcome iron limitation, Mtb produces siderophores, namely the lipophilic, membrane-bound mycobactin, and the water-soluble, secreted carboxymycobactin (Hall and Ratledge, 1982; Barclay et al., 1985; Gobin et al., 1995; Lane et al., 1995). Additionally, in a siderophore-independent manner, Mtb can utilize heme as iron source (Jones and Neiderweis, 2011; Tullius et al., 2011; Mitra et al., 2019). Carboxymycobactin and mycobactin share a common core structure composed of a 2-hydroxyphenyl-oxazoline moiety, a β-hydroxy carbonyl motif and two Nε- (hydroxy) lysin residues (Gobin et al., 1999). Mycobactin has a long alkyl chain substitution that makes this molecule highly hydrophobic and restricts it to the cell envelope (Ratledge et al., 1982). Mycobactin and carboxymycobactin have an extremely high affinity for Fe3+ and can withdraw it from insoluble hydroxides and iron-binding proteins (Gobin and Horwitz, 1996). Accordingly, Mtb requires siderophore synthesis to proliferate in macrophages and mice (De Voss et al., 2000; Reddy et al., 2013).

While carboxymycobactin is exported via the inner-membrane RND transporters MmpL4 and MmpL5 in association with the periplasmic adaptor proteins MmpS4 and MmpS5 (Wells et al., 2013), mycobactin is exported as a component of extracellular membrane vesicles (Prados-Rosales et al., 2014). Carboxymycobactin can transfer chelated Fe3+ to mycobactin on the cell surface by a process that requires the multifunctional protein HupB. HupB is primarily a nucleoid-associated protein that activates the transcription of siderophore synthesis genes (mbt). But surprisingly, HupB is also found on the cell surface, where it can bind carboxymycobactin. HupB has been postulated to serve as Fe3+-carboxymycobactin receptor and direct transfer of iron from carboxymycobactin to mycobactin (Gobin and Horwitz, 1996; Choudhury et al., 2021). Iron bound to carboxymycobactin can also be imported into the cell independently of mycobactin, via the iron-regulated ABC transporter, IrtAB (Rodriguez and Smith, 2006; Rodriguez et al., 2008; Ryndak et al., 2010; Arnold et al., 2020). IrtAB is an inner membrane heterodimer and a unique transporter that couples Fe3+-carboxymycobactin import and iron assimilation via the cytosolic amino-terminal domain of IrtA (Ryndak et al., 2010). This domain functions as a flavin reductase, reducing Fe3+ to Fe2+, effectively dissociating Fe+2 from imported carboxymycobactin and from membrane associated mycobactin for subsequent incorporation into iron proteins (Ryndak et al., 2010; Arnold et al., 2020). Deletion of irtAB significantly impairs Mtb proliferation in macrophages and in mice (Rodriguez and Smith, 2006). The recent characterization of the three-dimensional structure of IrtAB is an important step towards developing therapeutics that target iron uptake in Mtb (Gold et al., 2001; Arnold et al., 2020).

Fe3+-siderophore uptake also requires the type VII Esx-3 secretion system (Siegrist et al., 2009; Serafini et al., 2013). However, the precise function of the Esx-3 proteins in iron uptake remains unclear. The Esx-3 system is also necessary for Mtb virulence and therefore, an attractive drug target (Tufariello et al., 2016).

Once deferrated, carboxymycobactin is recycled and exported back. Failure to export carboxymycobactin is detrimental to Mtb in vitro and in vivo, supporting siderophore export proteins as promising anti-Mtb drug targets (Jones et al., 2014).

Carboxymycobactin and mycobactin are both potent iron chelators. However, carboxymycobactin molecules are susceptible to lipocalin, a protein induced under inflammatory conditions that sequesters carboxymycobactin and thereby interferes with iron acquisition (Goetz et al., 2002). Accordingly, lipocalin deficient mice are highly susceptible to tuberculosis infection and exhibit increased bacterial burden, particularly in the alveolar epithelium (Saiga et al., 2008). In contrast, mycobactin packed into extracellular membrane vesicles might be less exposed to lipocalin and consequently more effective in delivering iron to Mtb in the context of inflammation. Thus, we postulate that the need to sequester iron in biochemically diverse host environments justifies the synthesis of two types of siderophores by Mtb.

To prevent toxicity derived from excess iron and maintain iron homeostasis, Mtb stores iron in bacterioferritin (BfrA) and ferritin (BfrB) (Gupta et al., 2009; Khare et al., 2011; Reddy et al., 2012). Ferritins characteristically exist as spherical macromolecular assemblies of 24 identical subunits. BfrB has a higher iron storage capacity than BfrA. BfrA can take up 4500 molecules of iron/protein whereas BfrB could take up to 6000 iron molecules/protein (Khare et al., 2017). The synthesis of BfrB is induced in high iron conditions whereas BfrA is synthesized in low and high iron medium. BfrB is the main storage compartment for excess iron. Mtb with deleted bfrB accumulates reactive iron, exhibits iron-dependent hypersensitivity to ROS and antibiotics, and survives poorly in the lungs of mice, particularly during the chronic phase of infection (Pandey and Rodriguez, 2012; Reddy et al., 2012). Notably, immunization of mice with a bfrB mutant of Mtb confers the same level of protection against virulent Mtb as compared to BCG vaccination (Subbian et al., 2014). BfrA on the other hand, is a heme-containing protein, that contributes to maintaining iron homeostasis during iron limitation (Khare et al., 2017). In addition, BfrA exhibits catalase and DNA protection activity; it associates with DNA and protects it from Fe2+/H2O2 -induced oxidative damage (Mohanty et al., 2019). Although these findings highlight the potential of targeting mycobacterial ferritins to potentiate host and antibiotic-mediated killing of Mtb, direct inhibition of ferritins is challenging due to their compact molecular assembly and their homology to host ferritin. Alternatively, we postulate that targeting upregulation of ferritin in response to high iron conditions might lead to accumulation of oxygen radicals via Fenton chemistry and synergize with existing antitubercular antibiotics.

Mtb maintains cellular iron homeostasis by tightly regulating iron uptake, utilization, and storage. Siderophore synthesis is activated by the nuclei-associated protein HupB (Pandey et al., 2014) and repressed by the metal-dependent regulator IdeR (Dussurget et al., 1996; Pohl et al., 1999; Gold et al., 2001; Rodriguez et al., 2002). IdeR binds Fe2+ and DNA at a specific sequence present in the promoters of siderophore synthesis, export and import genes, as well as upstream of hupB, bfrA, and bfrB genes (Chou et al., 2004; Marcos-Torres et al., 2021). According to the location of the IdeR binding site (iron box), IdeR functions as a repressor or activator of gene transcription. Generally, iron uptake genes have a single iron box that overlaps the promoter or transcriptional start site. Therefore, binding of IdeR to this sequence represses their transcription. In contrast, IdeR binding sites on bfrA and bfrB are located further upstream of the promoter region (Gold et al., 2001). IdeR activates bfrB transcription by antagonizing the histone-like protein Lsr2, which decorates the DNA region upstream of bfrB impeding its transcription. In complex with iron, IdeR binds to four tandem iron boxes located upstream of bfrB, likely displacing Lsr2 and aiding recruitment of RNA polymerase to the promoter (Kurthkoti et al., 2015). A strain unable to synthesize IdeR fails to establish infection in mice, indicating that controlling the response to iron is essential in vivo and validating IdeR as a promising drug target against Mtb (Pandey and Rodriguez, 2013). Despite the importance of IdeR as a drug target, only few virtual screenings for IdeR inhibitors have been reported so far (Rohilla et al., 2017; Kwofie et al., 2019). Transcriptional factors are notably difficult to target since protein-protein or protein-DNA interactions must be disrupted. However, since metal binding is needed for IdeR dimerization and DNA binding, blocking metal binding may be an effective way to inhibit IdeR function (Wisedchaisri et al., 2007). High throughput screenings for natural or synthetic IdeR inhibitors are needed to capitalize on Mtb’s marked susceptibility to iron dysregulation.



Upregulation of Virulence-Associated Genes

Iron limitation stimulates many bacterial pathogens to synthesize and release virulence factors that directly or indirectly increase iron bioavailability. For instance, enhanced production of hemolysins, cytotoxins, phospholipases, and proteases allows pathogens to release intracellular iron via cell lysis (Dorman et al., 1990; Tai et al., 1990; Karjalainen et al., 1991; Litwin and Calderwood, 1993; Garcia et al., 2003). More subtly, adhesins and motility proteins might provide access to new iron-supportive microenvironments. Other factors enable pathogens to highjack iron trafficking pathways of the host (Keenan and Allardyce, 2000).

Transcriptional profiling, gene deletion, and animal infection studies indicate that Mtb reacting to iron limitation simultaneously upregulates iron acquisition mechanisms and diverse virulence associated factors (Rodriguez et al., 2002) (Kurthkoti et al., 2017). For instance, iron limitation induces pks10 (Sirakova et al., 2003) and mmpL8 (Converse et al., 2003) encoding two proteins necessary for synthesis of the virulence associated cell envelope lipids dimycoserosyl phthiocerol (DIM) and sulfolipid-1 respectively. The phospholipase gene plcA and the cholesterol oxidase gene choD, which are required for virulence in macrophages are also induced by iron restriction (Raynaud et al., 2002; Brzostek et al., 2007). In addition, iron-deficient Mtb upregulates the mammalian cell entry protein-encoding gene mce3C (Yuan et al., 1998; Senaratne et al., 2008; Garces et al., 2010), the adhesin HbHA, and the genes encoding the virulence required ESX-1 secretion associated proteins, EspA and EspC (Garces et al., 2010). Furthermore, low iron signals induction of genes encoding regulatory proteins that control the expression of many genes and are functionally linked to Mtb survival in vivo, such as HspX, MprAB, SigF, and WhiB6 (Yuan et al., 1998; Zahrt and Deretic, 2001; Geiman et al., 2004; Chen et al., 2016).

Notably, Mtb evolved the ability to infect and survive in macrophages, cells that are central to host iron homeostasis. Macrophages are responsible for recycling iron from hemoglobin in senescent red blood cells (the largest iron pool in the host) and exporting it to satisfy systemic iron demand (Armstrong and Hart., 1975; Ganz, 2012). Mtb infecting macrophages inhibits phagosome-lysosome fusion while allowing phagosome interactions with early endosomes containing internalized transferrin, a reliable iron source accessible to Mtb via siderophores (Russell, 1996; Sturgill-Koszycki et al., 1996; Wagner et al., 2005; Clemens and Horwitz, 1996; Olakanmi et al., 2002). Therefore, it is not surprising that Mtb sensing iron deficiency upregulates phagosome maturation arresting factors such as the Esx-3 secretion apparatus and the protein kinase, PknG (Mehra et al., 2013; Cambier et al., 2014; Rodriguez et al., 2002).

During inflammation, macrophages are “instructed” by hepcidin, the principal regulator of systemic iron, to retain this metal intracellularly effectively restricting iron available to extracellular invaders (Drakesmith and Prentice, 2012). High macrophage iron stores are indeed associated with an increased risk of developing tuberculosis, while IFN-γ activated macrophages that downregulate iron uptake and reduce iron storage are less hospitable to Mtb and can eliminate it (Byrd and Horwitz, 1989). Suggestive of mycobacteria exploiting the macrophage for iron, infected macrophages show increased hepcidin secretion and accumulate intracellular iron (Abreu et al., 2020). Interestingly, Mtb infection can induce macrophage ferroptosis, a form of lytic cell-death resulting from iron dependent lipid peroxidation and membrane damage (Amaral et al., 2019). We think ferroptosis might be mechanistically linked to Mtb’s efforts to increase iron available in the macrophage. Future studies are needed to validate this assumption. In the mature granuloma, Mtb promotes inflammation and cell necrosis that combined with the ability to utilize iron from heme and hemoglobin likely contribute to extracellular Mtb multiplication. A better understanding of the Mtb-macrophage interactions driven by iron limitation will likely uncover additional strategies used by Mtb to manipulate the macrophage and the immune system to secure essential iron.



Cell Surface Modification

Accumulated evidence from genetic and biochemical analyses indicates that iron restricted Mtb alters its cell envelope. Phenotypically, mycobacteria cultured in low iron medium exhibit increased aggregation, enhanced permeability and membrane fluidity associated with hypersensitivity to membrane perturbing agents and antibiotics (Pal et al., 2015). Iron-deprived mycobacteria reduce expression of MmpL3 (Pal et al., 2019), a lipid transporter responsible for translocating trehalose monomycolate to the periplasm for the biosynthesis of trehalose dymicolates (TDM) and mycolyl arabinogalactan peptidoglycan, which are basic structural components of the mycobacterial cell envelope (Xu et al., 2017). In addition, iron-deprived mycobacteria exhibit decreased mycolic acid content suggestive of reduced outer membrane biogenesis (Bacon et al., 2007; Xu et al., 2017). Furthermore, a link between iron limitation and increased phospholipid catabolism was postulated based on lipidomic analysis and cell-wall lipid profiling that showed phospholipid reduction in iron deficient Mtb, a significant increase in triacylglycerols, and the presence of a novel wax ester in iron limited Mtb (Madigan et al., 2015). These observations and the significant number of uncharacterized iron regulated genes predicted to be involved in lipid metabolism support the concept that Mtb alters its cell envelope in response to iron limitation (Rodriguez et al., 2002; Kurthkoti et al., 2017). Controlled cell surface modification may facilitate iron uptake and expose biomolecules that enable novel interactions with host cells. Comprehensive studies that further characterize structural and functional changes in the cell envelope of iron limited Mtb might reveal new adaptations to the host environment. Additionally, knowledge about the molecular mechanisms used by Mtb to control cell envelope permeability with respect to iron can be harnessed to enhance antibiotic cell entry and effectiveness.



Increase Release of Extracellular Vesicles

Iron limitation stimulates the release of mycobacterial extracellular vesicles (EVs) (Prados-Rosales et al., 2014). EVs are spherical, membrane-bound nanoparticles (60-300 nm in diameter) released by live cells to communicate with other cells in their environment. EVs carry bioactive molecules through the body, signaling distant tissues and triggering systemic responses. Pathogenic bacteria frequently secrete virulence factors concentrated and protected within EVs (Kuehn and Kesty, 2005). Mycobacteria produce EVs that originate at the plasma membrane and contain immunologically active lipids and proteins, including numerous TLR2 ligands (Prados-Rosales et al., 2011). Emerging evidence indicates that bacteria derived EVs might contribute to TB pathogenesis. EVs released by Mtb in culture or during macrophage infection influence cellular immune responses (Athman et al., 2015; Athman et al., 2017) and when injected into mice, mycobacterial EVs stimulate inflammation and interfere with the control of a subsequent Mtb infection (Prados-Rosales et al., 2011). EVs produced by iron limited Mtb may also aid in iron acquisition. They are loaded with mycobactin and can support the growth of iron deficient mycobacteria in vitro. As mycobactin can accept Fe+3 from carboxymycobactin, mycobactin packed in EVs is likely a mix of Fe+3-mycobactin and apo-mycobactin capable of chelating environmental iron (Prados-Rosales et al., 2014).

We demonstrated that EV biogenesis in Mtb is dependent on the function of the dynamin-like proteins IniA and IniC. Accordingly, the iniBAC operon is induced during iron limitation (Gupta et al., 2020). Additionally, we propose that the cell envelope remodeling implemented by iron limited Mtb might be linked to increased EV production; conceivably, a more porous cell envelope could facilitate vesicle export. Further studies are needed to elucidate the relationship between cell envelope alteration and EV secretion in Mtb. Nonetheless, the current information indicates that EV-mediated secretion is yet, another pathogenicity associated function augmented in Mtb responding to iron restriction.



Metabolic Reprogramming

Without iron, Mtb downregulates anabolic functions and stops growth. Iron deficiency triggers intense metabolic adjustment broadly influenced by an effective iron-sparing response. This response is characterized by repression of dispensable iron containing proteins and prioritization of scarce iron for life sustaining activities. Specifically, the transcriptional profile of iron-deprived Mtb indicates the prioritization of [FeS] assembly over heme biosynthesis and the maintenance of iron proteins involved in electron transfer (Cyp138, FprB, RubA, and RubB) and NAD synthesis (NadA); and the [FeS]-containing regulators WhiB6 and WhiB7 (Kurthkoti et al., 2017). Metabolic and transcriptomic analyses of iron starved Mtb indicate reduced amino acid biosynthesis. Energy metabolism including the tricarboxylic acid (TCA) cycle and oxidative phosphorylation are also downregulated. This is expected given the number of [FeS]/hemeproteins involved in these pathways. Concomitantly, the expression of atp genes (encoding F1F0 ATP synthase) decreases, indicating reduced respiration associated ATP synthesis (Kurthkoti et al., 2017). We postulated that like Lactobacillus and Borrelia, two unique bacterial species that do not depend on iron and lack a functional TCA cycle and oxidative phosphorylation, iron starved Mtb might generate ATP via substrate phosphorylation. Also, Lactobacillus sp and Borrelia sp depend on pyruvate conversion to lactate to regenerate NAD+ required for continued glycolysis. Metabolic detection of lactate suggests that Fe-starved Mtb also performs homolactic fermentation. Additional studies are needed to identify metabolic adaptations that support iron starved Mtb and can be exploited as novel therapeutic targets to prevent chronic Mtb infection.



Iron-Starved M. Tuberculosis Enters a Quiescent State and Becomes Tolerant to Antibiotics

Characterization of Mtb cultures adapted to iron-starvation revealed a multi-phased response that included cell death, differential cultivability (DC), and non-replicative persistence (Kurthkoti et al., 2017). DC refers to the ability of bacterial cells to grow in liquid but not in a solid medium. This property is also observed in Mtb under intense stress and in bacteria present in sputum samples from TB patients before treatment (Mukamolova et al., 2010). The DC phenotype is troubling because it potentially decreases the sensitivity of culture-based diagnostics and treatment efficacy assessments, which are still broadly used in low-resource settings.

Most Mtb cells adapt to complete iron deprivation by entering a non-replicative, persistent state fully reversible by iron (Kurthkoti et al., 2017). Iron starved Mtb ceases to replicate and becomes tolerant to several antibiotics, including the first-line TB drug isoniazid (INH), also used in latent TB reactivation preventive therapy (Kurthkoti et al., 2017). Although enhanced tolerance to antibiotics in non-growing cells can be simply explained by reduced abundance of the drug target, the response to lack of iron may specifically contribute to antibiotic tolerance. For instance, INH is a prodrug activated by catalase (KatG), a heme enzyme downregulated in response to iron-deprivation (Chouchane et al., 2000; Chouchane et al., 2003). Therefore, reduced INH activation may contribute to increased drug tolerance in iron starved Mtb. In addition, inhibition of the electron transport chain due to Fe-deficiency likely mediates enhanced tolerance to antibiotics such as aminoglycosides which require proton motive force for internalization into bacterial cell (Davis, 1987). Furthermore, the genes encoding recognized intrinsic antibiotic resistance-enhancers such as WhiB6 (Chen et al., 2016) and WhiB7(Ramon-Garcia et al., 2013) and the fluoroquinolone efflux pump encoded by Rv2688c (Pasca et al., 2004) are also induced in response to iron deficiency, supporting an active role of the iron response in antibiotic tolerance (Kurthkoti et al., 2017).

Proteomic analysis of micro dissected lung granulomas obtained from individuals with extensive drug-resistant TB showed a high concentration of iron restricting host proteins in the necrotic center of advanced granulomas, which suggests the bacteria present in this microenvironment experience intense iron deprivation (Kurthkoti et al., 2017). Therefore, the capacity of Mtb to survive without iron in the face of a robust nutritional immunity might enable it to persist causing a chronic infection. This concept is compatible with reports of latent TB reactivation in individuals treated for anemia with iron supplements (Trousseau, 1872; Murray et al., 1978). Considering the data and the high prevalence of anemia worldwide, caution is recommended when implementing iron supplementation programs particularly in TB endemic areas.



Conclusions and Perspectives

It has become clear in recent years that the Mtb response to iron limitation encompasses multiple aspects of bacterial cell biology and physiology that influence host-pathogen interactions and potentially shape the outcome of TB infection. Studies of this response have offered promising targets for intervention particularly IdeR and BfrB, whose inhibition leads to lethal iron intoxication and increased susceptibility to antibiotics. Inhibiting siderophore recycling is another promising way of killing Mtb. In contrast, targeting iron acquisition, unless done very early after infection, might trigger a persistent state characterized by antibiotic tolerance. Genetic evidence suggests that utilization of iron stored in ferritin enables long-term survival of Mtb without environmental iron (Kurthkoti et al., 2017). Therefore, targeting BfrB might also effectively preclude chronic TB infection. Implementing drug screenings using iron starved Mtb may lead to new compounds effective against Mtb surviving iron starvation in the host and causing latent TB, a form of TB that continues to affect over one billion people worldwide.
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Background

Pneumonia is often elicited by bacteria and can be associated with a severe clinical course, respiratory failure and the need for mechanical ventilation. In the alveolus, type-2-alveolar-epithelial-cells (AECII) contribute to innate immune functions. We hypothesized that AECII actively adapt cellular iron homeostasis to restrict this essential nutrient from invading pathogens – a defense strategy termed ‘nutritional immunity’, hitherto mainly demonstrated for myeloid cells.



Methods

We established an in-vitro infection model using the human AECII-like cell line A549. We infected cells with Klebsiella pneumoniae (K. pneumoniae) and Escherichia coli (E. coli), two gram-negative bacteria with different modes of infection and frequent causes of hospital-acquired pneumonia. We followed the entry and intracellular growth of these gram-negative bacteria and analyzed differential gene expression and protein levels of key inflammatory and iron metabolism molecules.



Results

Both, K. pneumoniae and E. coli are able to invade A549 cells, whereas only K. pneumoniae is capable of proliferating intracellularly. After peak bacterial burden, the number of intracellular pathogens declines, suggesting that epithelial cells initiate antimicrobial immune effector pathways to combat bacterial proliferation. The extracellular pathogen E. coli induces an iron retention phenotype in A549 cells, mainly characterized by the downregulation of the pivotal iron exporter ferroportin, the upregulation of the iron importer transferrin-receptor-1 and corresponding induction of the iron storage protein ferritin. In contrast, cells infected with the facultative intracellular bacterium K. pneumoniae exhibit an iron export phenotype indicated by ferroportin upregulation. This differential regulation of iron homeostasis and the pathogen-specific inflammatory reaction is likely mediated by oxidative stress.



Conclusion

AECII-derived A549 cells show pathogen-specific innate immune functions and adapt their iron handling in response to infection. The differential regulation of iron transporters depends on the preferential intra- or extracellular localization of the pathogen and likely aims at limiting bacterial iron availability.
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Introduction

Infections of the lower respiratory tract, including bacterial pneumonia, remain a major public health problem and a leading cause of death worldwide (Mizgerd, 2008; GBD Collaborators, L. R. I., 2018) . A large variety of microorganisms, including bacteria, viruses and fungi, can invade the distal airways and alveoli, causing a pronounced acute inflammatory response in the lung parenchyma and thus the clinical syndrome of pneumonia (Torres et al., 2021). Based on its etiology, pneumonia is broadly categorized into community-acquired pneumonia (CAP) and hospital-acquired pneumonia (HAP). The latter form is the second most common cause of hospital-acquired infection (Haque et al., 2018). Ventilation-associated pneumonia (VAP), a subset of HAP, affects 10-25% of all patients on mechanical ventilation and is the most common cause of nosocomial infection and death in the ICU (Torres et al., 2017; Torres et al., 2021).

In each entity, the most prevalent causative microorganisms differ. CAP is commonly caused by Streptococcus pneumoniae, Haemophilus influenzae or respiratory viruses. In contrast, HAP is predominantly elicited by Staphylococcus aureus or by different gram-negative bacilli such as Klebsiella pneumoniae, Pseudomonas aeruginosa and Escherichia coli (Jean et al., 2020).

The clinical outcome of pneumonia is tightly linked to the virulence of the invading pathogen and the inflammatory response in the lung. The latter requires a balancing act between clearance of the causative agent and minimizing tissue damage resulting from the host response (Quinton et al., 2018). Several host defense systems work in tandem to achieve this, with the innate immune system playing a crucial role in detecting and inhibiting initial bacterial proliferation, thus containing the infection (Bals and Hiemstra, 2004; Weitnauer et al., 2016). As the first line of defense against invading pathogens, epithelial cells are increasingly recognized to directly contribute to innate immune functions. Specifically in the alveolus, type-II alveolar epithelial cells (AECII) have been shown to play critical roles in host defense: pathogen detection, intercellular communication and production of bactericidal compounds (Bals and Hiemstra, 2004; Chuquimia et al., 2013). Several in vitro and in vivo studies conducted in mice have revealed, that AECII internalize bacterial pathogens, including K. pneumoniae (de Astorza et al., 2004; Chuquimia et al., 2012; Hsu et al., 2015).

One decisive factor in host-pathogen interactions is the combat for nutrients essential for both opponents. The sequestration of these nutrients such as the trace metal iron from pathogens is regarded as an efficient host defense strategy, a concept known as nutritional immunity (Núñez et al., 2018; Nairz and Weiss, 2020). Iron is essential to almost all forms of life, contingent on its ability to act as a universal redox catalyst and involvement as a co-factor in an abundance of biochemical processes critical to life (Núñez et al., 2018). Proliferation capacity of bacteria is affected by the amount of iron in their environment (Griffiths, 1991). In the intestine, increased dietary iron may even drive the selection of microorganisms to commensalism, emphasizing this trace metals multifaceted role in host pathogen interactions (Sanchez et al., 2018). In the case of infection, the host has evolved several mechanisms to take advantage of bacterial iron demand by adapting the spatio-temporal regulation of its iron metabolism. Dependent on the extra- or intracellular localization of a pathogen, the host response withholds iron from the pathogen’s compartment, thus limiting bacterial proliferation (Nairz et al., 2010; Haschka et al., 2021a). In parallel, bacteria have developed diverse mechanisms to counteract nutritional immunity and acquire iron to sustain survival and proliferation, once confined in the microenvironment of the host. Exemplary of this co-evolutionary arms race are high-affinity iron-binding molecules known as siderophores (eg. enterobactin), secreted predominantly by gram-negative bacterial species to scavenge iron from their host (Behnsen and Raffatellu, 2016; Kramer et al., 2020). In turn, several host cells, including the airway epithelium, produce the immune mediator lipocalin-2 (Neutrophil-gelatinase associated lipocalin, NGAL), which binds iron-loaded enterobactin, rendering it inaccessible for bacterial uptake. Some Enterobacteriaecae (e.g. K. pneumoniae) are able to evade this immune strategy by producing alternative siderophores that NGAL cannot bind, such as yersiniabactin and salmochelin. In the case of K. pneumoniae, the expression of yersiniabactin is a virulence factor promoting respiratory tract infections through evasion of NGAL (Bachman et al., 2011). Systemically, iron overload is associated with an increased risk for infections with multiple bacterial pathogens, including E. coli (Parrow et al., 2013).

In the lung, sequestration of iron and other trace metals affects immune cell function and alters the response to infection, rendering tight regulation of iron bioavailability in the respiratory system vital to the host (Healy et al., 2021). In airway epithelia, typical iron transport proteins have been identified, including the cellular iron influx transporter transferrin-receptor-1 (TFR1) (Heilig et al., 2006), the cellular iron exporter ferroportin (FPN) (Yang et al., 2005), and the iron storage protein ferritin (FT) (Ghio et al., 1998). The ability to differentially regulate cellular iron metabolism in response to infection with intra- or extracellular proliferating bacteria greatly benefits host defense, and has thus far mostly been ascribed to myeloid cells (Soares and Weiss, 2015).

In times of increasing antibiotic resistance, alternative strategies to combat bacterial infections are in need. Thus, the concept of nutritional immunity remains a highly relevant and evolving field. This study aimed to examine the reaction of AECII-derived A549 cells to infection with K. pneumoniae and E. coli, both of which can cause HAP, one of the most severe and difficult-to-treat forms of respiratory tract infections. We adapted an in vitro model to investigate the differential regulation of iron homeostasis and inflammatory reaction induced by these gram-negative pathogens.



Material and Methods


Cell and Bacterial Culture

We used the human cell line A549 (DMSZ, ACC 107), which closely recapitulates the AECII phenotype as our model system (Nardone and Andrews, 1979; Foster et al., 1998). Cells were propagated in DMEM (PAN-Biotech) containing 10% FBS (PAN-Biotech) and 1% Penicillin/Streptomycin (Lonza). For infection experiments, cells were washed with PBS and seeded into 6-well plates (Greiner bio-one) or 10cm dishes (Falcon) in an antibiotic-free medium containing 1% FBS.

Bacteria (E. coli ATCC 25922 and K. pneumoniae ATCC 43816) were grown from overnight cultures under sterile conditions in LB Broth (Sigma-Aldrich) to late logarithmic phase [optical density 600nm (OD600) 0.45-0.6]. Bacterial counts were determined before each experiment using a cell counter and analyzer (CASY, 45µm capillary, OLS OMNI Life Science).

For growth assays, bacteria were diluted to OD600 of 0.005 in cell culture medium in 96-well plates (Greiner bio-one), and directly afterwards incubated in an automated microplate reader (Spark, TECAN) at 37°C, 5% CO2 under constant double orbital shaking. OD600 was measured every 5min for a total of 10h.

For heat-inactivation, bacteria were incubated at 70°C for 20min and afterwards plated on LB plates to confirm absence of viable bacteria.



Fluorescence Microscopy

Bacteria were made electro-competent using glycerol/mannitol density step centrifugation, as described in an established protocol (Warren, 2011). The plasmid pBC20 with a gene encoding for the fluorescent protein Ypet (517/530nm) downstream of the constitutively active PybaJ promoter was electroporated into E. coli and K. pneumoniae. To visualize possible cell invasion of bacteria, A549 cells were seeded onto sterilized coverslips inside 6-well plates and infected with fluorescent bacteria at a multiplicity of infection (MOI) of 10 for 2h. Subsequently, cells on coverslips were washed thrice with PBS (Lonza) and fixed with 4% paraformaldehyde solution for 20min. Samples were permeabilized with 0.2% Triton X-100 (Roth) for 30min. Alexa-flour-594-labeled phalloidin (Invitrogen, A12381) was used to stain the actin cytoskeleton, and 4′,6-diamidino-2-phenylindole (DAPI, BioLegend, 422801) was used to stain nuclei for 30 min at room temperature. Samples were mounted with Faramount Mounting Medium (Dako, S3025) onto slides. Imaging was performed immediately after sample preparation using a VS120-S6 fluorescence microscope (Olympus). Images were captured with a 40-x objective using 387/440nm (DAPI), 485/525nm (Ypet), and 560/607nm (phalloidin) lasers and filters.



Gentamicin Protection Assay

We applied a gentamicin-protection assay (Elsinghorst, 1994) to establish the entry and presence of viable (colony-forming) intracellular bacteria over a period of up to 24h with the following adaptions: cells were infected with either E. coli or K. pneumoniae at a MOI of 10. After a 2h incubation phase, cells were washed thrice with PBS containing gentamicin (Life Technologies, 50µg/ml) and incubated in fresh medium containing 1% FCS and gentamicin (25µg/ml) during the intracellular infection phase. Gentamicin treatment during the intracellular infection phase facilitates the killing of extracellular bacteria, but does not affect pathogens that have entered cells, as gentamicin has no intracellular bactericidal activity (Elsinghorst, 1994). In parallel, we subjected uninfected control cells to identical steps of washing and incubation with gentamicin. At indicated time points (0h = directly after incubation phase), cells were washed thrice again in PBS and lysed in 0.5% sodium deoxycholic acid (Sigma-Aldrich). Cell lysates were plated immediately on LB plates, and colony-forming units (CFUs) were quantified after overnight incubation. A timeline of experimental procedures is depicted in Supplementary Figure 1.

Where indicated, cells were stimulated 3h before the incubation phase and during the intracellular infection phase with 25µM iron (III) nitrate nonahydrate (Sigma-Aldrich). Where appropriate, cells were treated with 5mM N-acetyl-cysteine (NAC) 20min before infection, during incubation phase and intracellular infection phase. When iron-loaded cells were infected, bacteria were iron starved in an iron-free medium (IMDM, Lonza) while growing to the late logarithmic phase.



Quantitative Real-Time PCR

The quantitative real-time PCR was carried out as described elsewhere (Hoffmann et al., 2021). In brief, total RNA isolation was prepared using acid guanidinium thiocyanate-phenol-chloroform extraction with peqGOLD Tri-Fast™ (Peqlab). For reverse transcription 2 µg RNA, random hexamer primers (200 ng/µl) (Roche), dNTPs (10 mM) (GE Healthcare LifeSciences) 20 U RNasin (Promega) and 200 U M-MLV reverse transcriptase (Invitrogen) in first-strand buffer (Invitrogen) were used. Ssofast Probes Supermix and Ssofast EvaGreen Supermix (Bio-Rad Laboratories GmbH) were used according to the manufacturer’s instructions. Real-time PCR reactions were performed on QuantStudio 3 and 5 real-time PCR systems (Thermo Fisher Scientific). Gene expression was normalized using the ΔΔct method using Tubulin (TUB) and ornithine decarboxylase antizyme 1 (OAZ1) as reference transcripts.

The following TaqMan PCR primers and probes were used (all 5’→3’; primer forward; primer reverse; probe):

TUB: TCCTTCAACACCTTCTTCAGTGAGACG; GGTGCCAGTGCGAACTTCATCA; ATGTGCCCCGGGCAGTGTTTGTAGACTTG

OAZ1: GGATCCTCAATAGCCACTGC; TACAGCAGTGGAGGGAGACC; TGGATGGTGGCGCTGGGTTTATC

FPN: TGACCAGGGCGGGAGA; GAGGTCAGGTAGTCGGCCAA; CACAACCGCCAGAGAGGATGCTGTG

TFR1: TCCCAGCAGTTTCTTTCTGTTTT; CTCAATCAGTTCCTTATAGGTGTCCA; CGAGGACACAGATTATCCTTATTTGGGTACCACC

HAMP: AGACGGGACAACTTGCAG, TCCCACACTTTGATCGATGAC, ACACCCACTTCCCCATCTGCATT

IL-1B: CTG CTC TGG GAT TCT CTT CAG; ATC TGT TTA GGG CCA TCA GC

IL-6: AGCCCACCGGGAACGAAAGAGA; AAGGCAGCAGGCAACACCAGG; AACTCCTTCTCCACAAGCGCCTTC

IL-8: AGCCTTCCTGATTTCTGCAG; GTCCACTCTCAATCACTCTCA

HO1: TCAGGCAGAGGGTGATAGAAG; TTGGTGTCATGGGTCAGC; TGGATGTTGAGCAGGAACGCAGT

FTH: CTCCTACGTTTACCTGTCCATG; TTTCTCAGCATGTTCCCTCTC

FTL: AACCATGAGCTCCCAGATTC; CGGTCGAAATAGAAGCCCAG

KEAP1: AACAGAGACGTGGACTTTCG; GTGTCTGTATCTGGGTCGTAAC



Western Blot

Protein extraction and Western blotting were performed as described previously (Hoffmann et al., 2021). The following antibodies were used: a rabbit FPN antibody [1:2000; Eurogentec, custom made (Petzer et al., 2020)], a mouse TFR1 antibody (1:1000; Sigma Cat# SAB4300398), a rabbit FT antibody (1:500; Sigma), a rabbit NGAL antibody (1:1000 Abcam, ab63929), a rabbit NRF2 antibody (1:1000, Abcam, ab31163), and a rabbit actin antibody (1:500; Sigma Cat# A2066). Appropriate HRP-conjugated secondary antibodies (1:2000, anti-rabbit; Dako Cat# P0399 1:4000, anti-mouse; Dako Cat# P0447) were used. For quantification, densitometry data were acquired on a ChemiDoc Touch Imaging System (Bio-Rad) and analyzed with Image Lab 5.2.1. (Bio-Rad Laboratories GmbH).



ROS Assay

For evaluation of ROS in A549 cells during the 2h incubation phase, A549 cells were seeded into 12-well-plates in antibiotic-free medium. Cells were infected with either E. coli or K. pneumoniae at MOI of 10 and stained with 2.5µM CellROX Deep Red Reagent (Thermo Fisher Scientific). Immediately afterwards, infected cells were incubated at 37°C in an automated multimode microplate reader (Spark, TECAN) and 670nm fluorescence was read at 16 different localizations in each well every 5min for a total of 2h



Statistical Analysis

Statistical analysis was carried out using GraphPad Prism version 9.1 for Windows and Mac (GraphPad Software). Data are presented as mean with 95% CI or SEM as dispersion characteristic. Significant differences between groups were determined using ANOVA with post-hoc analysis. Multiple comparisons were adjusted using Tukey’s or Holm-Šídák’s methods. For non-normal distributed data, as evaluated by Kolmogorov-Smirnov- or Shapiro-Wilk-test, Kruskal-Wallis test with Dunn’s multiple comparisons test was performed. p < 0.05 was used as the significance threshold.




Results


E. coli and K. pneumoniae Infect Alveolar Epithelial Cells

We infected A549 cells with either of the two pathogens under the same conditions. Applying fluorescence microscopy using transformed bacteria that constitutively express Ypet fluorescent protein, we aimed to shed light on the cellular localization of the pathogens upon in vitro infection. As depicted in Figure 1A, imaging revealed bacteria predominantly in the extracellular space in the case of E. coli infection. In contrast, large numbers of K. pneumoniae were found intracellularly. Additional, lower magnification microscopy images are provided in Supplementary Figure 2.




Figure 1 | Immune fluorescence imaging reveals the predominant localization of bacteria: E. coli in the extracellular space and K. pneumoniae in the intracellular space of A549 cells (A). Representative images, showing Ypet expressing bacteria (green) infecting A549 cells (DAPI= blue, phalloidin= yellow) at 400x magnification with a 10µm scale bar. Time course of bacterial load (recovered intracellular CFU) in A549 cells (B). A549 cells were infected with E. coli or K. pneumoniae for 2h at MOI of 10 and were lysed directly after incubation phase (0h time point) or at noted time intervals of intracellular infection. Lysates were plated onto LB-agar plates for CFU quantification. Data are shown as mean CFU/ml lysate ± 95% CI of three separate experiments.Intracellular bacterial load increases in K. pneumoniae infected, iron-loaded cells (C).A549 cells were stimulated with 25µM iron (III) nitrate nonahydrate 3h before infection. Cells were infected with either E. coli or K. pneumoniae at MOI of 10 for 2h in fresh iron-adequate medium. Subsequently, cells were washed thoroughly and further incubated in gentamicin-containing medium ± 25µM iron(III) nitrate nonahydrate for 6h, until cells were lysed, and intracellular bacteria plated for CFU quantification. Data from three separate experiments are shown as mean ± SEM, normalized to the corresponding control condition.* denotes p<0.05, ** denotes p<0.01, *** denotes p<0.001 for post-hoc statistical testing. CFU, colony-forming-units; K. pneu., K. pneumonia.



Using an adapted gentamicin protection assay, we saw that both bacterial pathogens, E. coli and K. pneumoniae are capable of invading A549 cells, with significantly more K. pneumoniae entering cells directly after the incubation phase (Figure 1B and Supplementary Figure 1). After invasion, only K. pneumoniae was capable of intracellular proliferation, with a maximum of viable intracellular bacteria being recovered after 3h of intracellular infection. After this peak bacterial load, numbers of recovered K. pneumoniae decreased, suggesting that epithelial cells initiate antimicrobial immune pathways to effectively combat intracellular bacterial proliferation and decrease bacterial numbers. E. coli, regarded as a typical extracellular pathogen (Kaper et al., 2004), was unable to sustain intracellular proliferation in our experiments, indicated by an invariable and low bacterial load at all time intervals.

To examine the impact of elevated intracellular iron levels on bacterial growth capacity, we stimulated A549 cells with 25µM iron(III)-nitrate prior to infection and further during intracellular infection phase. Figure 1C demonstrates that cells loaded with iron exhibited higher bacterial burden, when infected with K. pneumoniae. In contrast, the extracellular pathogen E. coli showed no increase in intracellular proliferation. This indicates, that while higher intracellular iron concentration in epithelial cells promote the growth of K. pneumoniae, capable of intracellular proliferation, it does not enable the growth of extracellular pathogens like E. coli. In contrast to this, both pathogens similarly benefit from elevated iron concentration in an extracellular growth assay (Supplementary Figure 3).

Taken together, our experiments revealed that both, E. coli and K. pneumoniae can infect and invade AECII-derived A549 cells. Solely K. pneumoniae is capable of proliferating intracellularly, with increased growth capacity in iron-loaded cells.



Alveolar Epithelial Cells Differentially Adapt Their Iron Metabolism to E. coli and K. pneumoniae Infection

Next, we evaluated the differential gene and protein expression of key players of iron metabolism in A549 cells in response to infection with either pathogen. Three hours after the incubation phase, the only known ferrous iron exporter FPN showed decreased mRNA expression in cells infected with either pathogen (Figure 2A). Strikingly, after 6h of intracellular infection, FPN mRNA showed a differential regulation pattern in infected cells. While E. coli infected cells depicted persistent negative regulation, cells infected with K. pneumoniae revealed increased FPN mRNA levels (Figure 2B). At both time points, FPN protein levels (Figure 2E shows representative blot, Supplementary Figures 4A, B show densitometry of all blots) resembled this dynamic and pathogen-specific regulation pattern.




Figure 2 | Differential expression of FPN (A, B) and TFR1 (C, D) mRNA in infected A549 cells. A549 cells were infected for 2h with E. coli or K. pneumoniae at MOI of 10, subsequently washed thoroughly and harvested after 3h (A–C) or 6h (B–D) of intracellular infection. Data are shown as mean ± SEM of 3 separate experiments.Western blot of iron transport proteins in infected A549 cells (E). A549 cells were infected for 2h with E. coli or K. pneumoniae at MOI of 10, subsequently washed thoroughly and harvested after 3h (A, C) or 6h (B, D) of intracellular infection. Representative image of three separate experiments.* denotes p<0.05, ** denotes p<0.01, *** denotes p<0.001 for post-hoc statistical testing. K. pneu., K, pneumoniae; TFR1, transferrin-receptor-1; FPN, ferroportin; FT, ferritin; ACTB, β-actin.



Notably, TFR1 mRNA expression was increased solely in E. coli infected cells at both time points (Figures 2C, D) and TFR1 and FT protein levels were also drastically increased in cells challenged with the extracellular pathogen (Figure 2E and Supplementary Figure 4). In contrast to this, A549 cells infected with K. pneumoniae showed no upregulation of TFR1 and FT levels. This suggests that upon detection of intracellular bacterial proliferation, cellular iron sequestration is limited.

To summarize, the extracellular pathogen E. coli induces an iron retention phenotype, mainly characterized by the downregulation of the pivotal iron exporter FPN, the upregulation of the iron importer TFR1 and corresponding induction of the storage protein FT. Contrarily, cells infected with the intracellularly proliferating bacterium K. pneumoniae lacked induction of iron retention proteins and exhibited an increased iron export phenotype indicated by FPN upregulation.



Pathogen-Specific Inflammatory Reaction of A549 Cells

Next, we characterized the inflammatory reaction of AECII-derived A549 cells infected with either of the two pathogens. In our experiments, only cells infected with E. coli showed strong induction in HAMP mRNA, already after 3h of intracellular infection (Figure 3A). Conversely, these cells also depicted higher mRNA expression levels of pro-inflammatory cytokines IL1B, IL-6 and IL-8 at 6h of intracellular phase (Figures 3B–D).




Figure 3 | Differential mRNA expression of HAMP (A) and pro-inflammatory cytokines IL-1B (B) IL-6 (C), and IL-8 (D) in infected A549 cells.A549 cells were infected for 2h with E. coli or K. pneumoniae at MOI of 10, subsequently washed thoroughly and harvested after 3h (A) or 6h (B–D) of intracellular infection. Data from three separate experiments are shown as mean ± SEM.Western blotting of NGAL in infected AECII (E). A549 cells were infected for 2h with E. coli or K. pneumoniae at MOI of 10, subsequently washed thoroughly and harvested after 3h (left) or 6h (right) of intracellular infection. Representative image of three separate experiments. ** denotes p<0.01, *** denotes p<0.001 for post-hoc statistical testing. K. pneu., K. pneumoniae; HAMP, hepcidin antimicrobial peptide; NGAL, neutrophil gelatinase-associated lipocalin 2; ACTB, β-actin.



Likewise, NGAL showed a differential regulation pattern in our infection model (Figure 3E). Moderate NGAL induction on the protein level was revealed in E. coli infected cells, most prominently at the 6h time point. In contrast, a steep increase of this siderophores-scavenger was induced in cells infected with K. pneumoniae.

Our experiments thus demonstrated pathogen-specific inflammatory reactions in infected epithelial cells. In E. coli infected cells, the expression of key iron regulator HAMP, as well as inflammatory cytokines were strongly induced. In contrast, the innate immune effector NGAL showed striking induction in K. pneumoniae infected cells, possibly related to the intracellular proliferation of this pathogen.



Pathogen-Specific Reactions of A549 Cells Are Mediated by Oxidative Stress

Subsequently, we investigated possible mechanisms underlying pathogen-specific gene expression. To this end, we examined oxidative stress generation in A549 cells during the initial 2h incubation phase (Figure 4A). Our experiments showed significantly higher levels of reactive oxygen species (ROS) in cells infected with K. pneumoniae, compared to both, E. coli infected cells as well as uninfected controls. Elevated ROS levels, as found in K. pneumoniae infected cells, modulate cellular signaling and could thus at least partly explain the pathogen-specific reaction in iron homeostasis and inflammatory response (Spooner and Yilmaz, 2011). Correspondingly, Western blots of nuclear extracts revealed higher levels of the oxidative-stress-response transcription factor NF-E2-related factor 2 (NRF2) in cells infected with K. pneumoniae as compared to E. coli infected cells and uninfected controls (Figures 4B, C).




Figure 4 | Time-course of ROS formation during the 2h incubation phase in A549 cells infected with either E. coli or K. pneumoniae (A). The means of fluorescence intensity of three independent experiments are shown as a light colored line. Dark colored lines display a non-linear regression line-fit with 95% CI as error bands. Results were normalized to uninfected controls. Statistical testing was performed for the 120min time point. Western blot (B) of NRF2 and corresponding densitometry of two separate experiments (C) in infected A549 cells. A549 cells were infected for 2h with E. coli or K. pneumoniae at MOI of 10, subsequently washed thoroughly and directly harvested. Data are shown as mean ± SEM of 2 separate experiments. Differential mRNA expression of NRF2-targeted genes HO1 (D), KEAP1 (E), FTH (F), and FTL (G) in infected A549 cells. A549 cells were infected for 2h with E. coli or K. pneumoniae at MOI of 10, subsequently washed thoroughly and harvested after 6h of intracellular infection. Data are shown as mean ± SEM of three separate experiments. * denotes p<0.05, ** denotes p<0.01, *** denotes p<0.001 for post-hoc statistical testing. ROS, reactive oxygen species; K. pneu., K. pneumoniae; NRF2, NF-E2-related factor 2; ACTB, β-actin; HO1, Heme oxygenase-1; KEAP1, Kelch-like ECH-associated protein 1; FTH, ferritin heavy chain; FTL, ferritin light chain.



Furthermore, we analyzed differential gene expression of NRF2 pathway-related- as well as target-genes involved in iron metabolism. Appropriately, Kelch-like ECH-associated protein 1 (KEAP1) mRNA expression was increased in K. pneumoniae infected A549 cells (Figure 4E). Heme oxygenase-1 (HO1), a phase II detoxifying enzyme and NRF2 target gene, showed significant mRNA upregulation in cells infected with K. pneumoniae (Figure 4D). Another target gene is the iron storage protein FT (Cairo et al., 1995). After analyzing both, ferritin heavy- (FTH) and light- (FTL) chain transcripts, we found a significant increase of only FTL mRNA levels in K. pneumoniae infected cells (Figures 4F, G). In addition, treatment with the ROS-scavenger NAC revealed a negative effect on the expression of NRF2- related genes in K. pneumoniae infected cells (Supplementary Figure 5).




Discussion

AECII are amongst the first cell types to encounter respiratory pathogens. Unlike alveolar macrophages, AECII are not typically considered to be ´professional´ immune cells, but still express various pattern-recognition receptors (PRRs) (Bals and Hiemstra, 2004). In this study, we provide first in-vitro evidence that epithelial cells are able to mount a pathogen-specific nutritional immune response. Specifically, A549 cells infected with K. pneumoniae which resides intracellularly (de Astorza et al., 2004; Hsu et al., 2015) induce the expression of the iron exporter FPN. In contrast, A549 cells display an iron-retention phenotype when exposed to E. coli, a prototypical extracellular bacterium. This ability to differentially regulate cellular iron metabolism in response to infection with intra- or extracellular bacteria has hitherto only been ascribed to myeloid cells. A proposed model of this pathogen-specific reaction of AECII to invading bacteria is depicted in Figure 5.




Figure 5 | Pathogen-specific adaption of cellular iron homeostasis in AECII. Left panel: K. pneumoniae, capable of proliferating intracellularly, elicits an iron-export phenotype, likely mediated by oxidative stress. Right panel: E. coli, which proliferates predominantly in the extracellular space, induces an iron retention phenotype in infected AECII. * denotes direct experimental observations AECII, type-2 alveolar epithelial cell; ROS, reactive oxygen species; NGAL, neutrophil gelatinase-associated lipocalin 2; PRR, pattern recognition receptor; TFR1, transferrin receptor-1; FPN, ferroportin; NRF2, NF-E2-related factor 2; Created with BioRender.com.



We found higher bacterial loads in iron-loaded cells infected with K. pneumoniae, emphasizing this metal’s crucial role in infection. Supporting these findings, higher available iron in the pathogen’s compartment is associated with increased bacterial growth in various models (Pan et al., 2010; Schmidt et al., 2018; Haschka et al., 2021b; Hoffmann et al., 2021). Thus, it is pivotal for the host to deprive iron of an invading pathogen during the spatio-temporal dynamics of the host-pathogen interaction. Specifically, the balance between iron uptake, export and storage needs to be adapted to the niche of the invading pathogen. This raises the question of how the pathogen is sensed and how this information is subsequently translated into altered cellular iron handling.

Typically, downstream signaling of PRRs such as toll-like-receptors (TLRs) is responsible for early innate immune responses to bacteria and bacterial components (Knapp et al., 2008). Specifically, TLR-4 mediated detection of bacterial lipopolysaccharide (LPS) showed to be responsible for inflammatory cytokine induction in airway epithelial cells, an effect that could be diminished by TLR4-blockade (Grandel et al., 2009; John et al., 2010). In the case of iron homeostasis, the expression of the only known ferrous iron exporter FPN is transcriptionally repressed by TLR signaling (Ludwiczek et al., 2003). This mechanism is likely mediating the transcriptional response in infected A549 cells, as we found decreased FPN mRNA expression in infected cells with both pathogens in the early phase of infection. Strikingly, we found FPN mRNA levels increased in cells infected with intracellularly proliferating K. pneumoniae at the later time interval, possibly decreasing iron availability to the pathogen. This positive FPN regulation pattern seems to be dependent on the metabolism and/or proliferation of a viable intracellular pathogen, as revealed by experiments with heat-killed bacteria: The challenge of cells with heat-killed bacteria led to a negative FPN regulation pattern at early and late time points, possibly because of the high abundance of pathogen-associated molecules, derived from either bacterium (Supplementary Figure 6). In myeloid cells infected with intracellularly proliferating Salmonella, a very similar dynamic regulation of FPN expression has been observed (Nairz et al., 2007). In contrast, cells infected with the predominantly extracellular pathogen E. coli revealed an iron-retention-phenotype, depicted by TFR1 and FT upregulation. This finding is parallel to several cell types reacting to extracellular bacteria with iron sequestration, to withhold this essential nutrient from invading pathogens (Healy et al., 2021).

At the interface of iron and immunity, the hepcidin antimicrobial peptide (HAMP) acts as a key regulator of systemic (endocrine) and localized (paracrine) iron metabolism (Theurl et al., 2008). HAMP binds the iron exporter FPN, leading to its internalization and degradation, thus increasing intracellular iron sequestration (Nemeth et al., 2004). AECII also express HAMP, suggested to have a paracrine function in the lung (Chen et al., 2014; Zhang et al., 2019). Upon systemic infection, inflammatory cytokines like IL-6 lead to increased HAMP transcription via signal transducer and activator of transcription (STAT)-3 in hepatocytes (Wrighting and Andrews, 2006). Intriguingly, HAMP induction has also been reported by LPS treatment independent of IL-6 in various cell types, including alveolar macrophages (Nguyen et al., 2006; Lee et al., 2017). In the local environment of infection, direct sensing of bacterial components could thus affect cellular iron transport. Our experiments showed that both, inflammatory cytokines as well as HAMP expression were significantly increased in E. coli infected A549 cells, but HAMP could not be detected in supernatants of infected cells via ELISA (data not shown).

Our data thus suggests that the iron sequestration phenotype depicted by E. coli infected cells is accomplished via intracellular signaling following pathogen sensing, a response very similar to the response observed in alveolar macrophages (Nguyen et al., 2006).

It is of note, that adaption of iron metabolism in a state of inflammation not only affects the microenvironment of infection but may also disrupt systemic iron allocation. Increased iron retention, caused by chronic state of inflammation in infections, proliferative or autoimmune disorders may render iron inaccessible for erythropoiesis, leading to anemia of chronic disease (Weiss and Goodnough, 2005; Valente de Souza et al., 2021).

Interestingly, upon infection, various bactericidal mechanisms have been described in AECII. One such anti-microbial immune effector molecule produced by AECII in response to bacterial infection is NGAL (Saiga et al., 2008; Ruaro et al., 2021). NGAL takes part in inhibiting bacterial iron acquisition by binding bacterial siderophores and plays a significant role in the lung’s innate immune defense against Enterobacteriacae (Chan et al., 2009; Wu et al., 2010). Our experiments revealed a differential regulation pattern of this immune molecule in A549 cells, with only moderate induction in E. coli infected cells, compared to striking induction in K. pneumoniae infected cells. Moderate induction could be explained by autocrine effects of inflammatory cytokines, like IL-1beta, as sole bacterial LPS stimulation does not translate into increased NGAL expression (Cowland et al., 2003). In contrast, high NGAL induction in the lung has been reported with other intracellular bacteria (Guglani et al., 2012). As another factor possibly at play, K. pneumoniae is capable of NGAL evasion by producing alternative siderophores, which the immune molecule cannot bind, possibly translating into a bacterial survival advantage (Bachman et al., 2012). At last, NGAL overexpression is also linked to oxidative stress, as elevated cellular levels of ROS lead to NGAL induction in myeloid cells (Fritsche et al., 2012). Furthermore, NGAL itself exerts antioxidant effects, thus ameliorating ROS-mediated toxicity (Roudkenar et al., 2011). Accordingly, we found elevated ROS levels in K. pneumoniae infected A549 cells. This finding is in line with intracellular pathogens being associated with ROS-generation in host cells, and with reports of K. pneumoniae infected airway epithelial cells suffering from increased oxidative stress (Shin et al., 2010; Spooner and Yilmaz, 2011; Leone et al., 2016). Of note, NGAL can export iron out of macrophages by employing a mammalian siderophore and thereby limiting access of iron for bacteria residing within macrophages (Nairz et al., 2009). However, this may be of benefit for some bacteria, such as Streptococcus pneumoniae, were NGAL expression was associated with an impaired infection control (Warszawska et al., 2013).

Pathogen-specific reactions regarding the inflammatory response and iron homeostasis could at least partly be explained by differences in elicited cellular ROS. After detecting oxidative stress, the transcription factor NRF2 initiates a whole cassette of cytoprotective genes including iron transporters and has also been linked to host defense against bacteria (Battino et al., 2018). NRF2 controls its own degradation through an auto-regulatory negative feedback loop. Its activation leads to increased expression of KEAP1, the primary inhibitor of NRF2 (Lee et al., 2007). Consequently, our experiments revealed higher protein levels of NRF2 as well as target gene induction (FPN, FTL, HO1, KEAP1) in K. pneumoniae infected cells. In line with these findings, NRF2 target genes showed a trend towards reduced expression in K. pneumoniae infected cells, when treated with the ROS-scavenger NAC. Of note, cellular protein concentrations of the NRF2-target FT are primarily regulated post-transcriptionally (Torti and Torti, 2002), explaining the discrepancy between mRNA regulation and total cellular protein abundance. In macrophages infected with intracellular bacteria, the pivotal upregulation of FPN was shown to be NRF2 dependent (Nairz et al., 2013). Underlining this relationship, a mouse pneumonia model showed NRF2 null animals infected with Streptococcus pneumoniae suffered from increased mortality rates (Gomez et al., 2016).

To conclude, we could demonstrate pathogen-specific inflammatory and innate functions in AECII-derived A549 cells, which are in line with the concept of nutritional immunity. Multi-drug resistant bacteria, including carbapenem-resistant K. pneumoniae and extended-spectrum beta-lactamase-producing E. coli, are continually emerging and are a critical priority global health concern (Pitout et al., 2015). An improved understanding of innate and adaptive immune functions, including nutritional immunity, might provide new treatment options for patients infected with these multi-drug resistant bacteria.



Data Availability Statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Author Contributions

MN, GW, and IT planned and designed the project. PG, AH, RH, and MS performed experiments. PG did the visualization of the data and performed the statistical analysis. PG and MN prepared and created the initial draft. AH, IT, GW, TS, NB, and RH were included in the critical review and writing of the manuscript. MN, IT, and GW were responsible for supervision and funding acquisition. All authors contributed to the article and approved the submitted version.



Funding

This project was enabled and supported by grants of the Austrian Science Fund (FWF, DOC 82 doc.fund; doctoral program MCBD).



Acknowledgments

The authors want to thank Beatrice Claudi and Prof. Dr. Dirk Bumann (Biozentrum, University of Basel) for providing the bacterial pBC20-Ypet plasmid. Financial support by the Christian Doppler Society (Laboratory of Iron Metabolism and Anemia Research) and the “Verein zur Förderung von Forschung und Weiterbildung in Infektiologie und Immunologie an der Medizinischen Universität Innsbruck” is gratefully acknowledged.


5Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcimb.2022.875543/full#supplementary-material

Supplementary Figure 1 | Timeline of the experimental setup. After a 2h incubation phase with either model pathogen, cells were washed and incubated in a gentamicin-containing medium for the intracellular infection phase. Cells were harvested at different time points for analysis, as depicted.

Supplementary Figure 2 | Additional immune fluorescence images reveal the predominant localization of bacteria at lower magnification: E. coli in the extracellular space (A) and K. pneumoniae in the intracellular space (B) of A549 cells. Images show Ypet expressing bacteria (green) infecting A549 cells (DAPI= blue, phalloidin= yellow) at 200x magnification with a 50µm scale bar.

Supplementary Figure 3 | Growth assay of E. coli (A) or K. pneumoniae (B). Bacteria in logarithmic growth phase were diluted to an OD600 0.005 in cell culture medium or medium supplemented with 25µM iron (III) nitrate nonahydrate. OD600 was continually measured over 600 minutes, means ± 95% CI (n=5) are shown.

Supplementary Figure 4 | Densitometry of Western blots of key iron metabolism proteins FPN (A, B), TFR1 (C, D), FT (E, F) and NGAL (G, H) in infected A549 cells. A549 cells were infected for 2h with E. coli or K. pneumoniae at MOI of 10, subsequently washed thoroughly and harvested after 3h (left) or 6h (right) of intracellular infection. Data from three separate experiments are shown as mean ± SEM. * denotes p<0.05, ** denotes p<0.01, *** denotes p<0.001 for post-hoc statistical testing. K. pneu., K. pneumoniae; FPN, ferroportin; TFR1, transferrin-receptor-1; FT, ferritin; NGAL, neutrophil gelatinase-associated lipocalin 2.

Supplementary Figure 5 | Differential mRNA expression of NRF2-associated genes FPN (A), HO1 (B), FTH (C), FTL (D). and KEAP1 (E) in infected A549 cells, treated with ROS-scavenger NAC. A549 cells were infected for 2h with E. coli or K. pneumoniae at MOI of 10, subsequently washed thoroughly and harvested after 6h of intracellular infection. Cells were treated with 5mM NAC 20 min before infection, and during intracellular infection. Data (n=3) shown as mean ± SEM, normalized to corresponding solvent controls ROS, reactive oxygen species; NAC, N-acetyl-cysteine; K. pneu., K. pneumoniae; NRF2, NF-E2-related factor 2; FPN, ferroportin; HO1, Heme oxygenase-1; FTH, ferritin heavy chain; FTL, ferritin light chain; KEAP1, Kelch-like ECH-associated protein 1.

Supplementary Figure 6 | Differential mRNA expression of FPN in cells treated with heat-killed bacteria. A549 cells were treated with heat-killed (HK) E. coli or K. pneumoniae at MOI of 100 for 2h, subsequently washed thoroughly and harvested after 3h (A) and 6h (B). Data (n=3) shown as mean ± SEM, normalized to untreated controls. HK, heat-killed; K. pneu., K. pneumoniae; FPN, ferroportin.
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Fungi of the Paracoccidioides genus are the etiological agents of the systemic mycosis paracoccidioidomycosis and, when in the host, they find a challenging environment that is scarce in nutrients and micronutrients, such as Fe, which is indispensable for the survival of the pathogen. Previous studies have shown that fungi of this genus, in response to Fe deprivation, are able to synthesize and capture siderophores (Fe3+ chelators), use Fe-containing host proteins as a source of the metal, and use a non-canonical reductive pathway for Fe3+ assimilation. Despite all of these findings, there are still gaps that need to be filled in the pathogen response to metal deprivation. To contribute to the knowledge related to this subject, we obtained the exoproteome of Paracoccidioides brasiliensis (Pb18) undergoing Fe deprivation and by nanoUPLC-MSE. One hundred forty-one proteins were identified, and out of these, 64 proteins were predicted to be secreted. We also identified the regulation of several virulence factors. Among the results, we highlight Cyb5 as a secreted molecule of Paracoccidioides in the exoproteome obtained during Fe deprivation. Cyb5 is described as necessary for the Fe deprivation response of Saccharomyces cerevisiae and Aspergillus fumigatus. Experimental data and molecular modeling indicated that Cyb5 can bind to Fe ions in vitro, suggesting that it can be relevant in the arsenal of molecules related to iron homeostasis in P. brasiliensis.
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Introduction

Sophisticated arsenals, elaborate tactics, and constant strategic changes: what could be the description of a war scenario also characterizes the host–pathogen interaction event (Asehnoune et al., 2016; Gonzalez and Hernandez, 2016). Among the myriad of aspects studied in the pathogen–host interaction, nutritional immunity occupies a prominent place because it consists of the innate ability of hosts to control the bioavailability of essential nutrients and micronutrients, affecting the survival of pathogens (Wang and Cheraryil, 2009; Soares and Weiss, 2015; Núñez et al., 2018).

Pathogen survivability relies on the competition between pathogen and host for micronutrients such as iron (Fe), triggered by nutritional immunity. Biologically, the micronutrient Fe is predominantly found as ferrous (Fe2+) and ferric ions (Fe3+). The flexibility between these oxidation states allows the metal to be used in several vital cellular processes such as energy metabolism, gene expression, and protein stability (Nairz et al., 2010; Dlouhy and Outten, 2013). However, it should be noted that the same flexibility of Fe oxidation states also gives a toxic potential; therefore, strict control of metal metabolism is indispensable. To this end, both pathogens and hosts employ mechanisms to maintain adequate amounts of Fe to meet their metabolic demands and counteract their toxicity, which characterizes Fe homeostasis (Tandara and Salamunic, 2012).

An increasing number of works in the literature have gradually contributed to the understanding of mechanisms that pathogenic bacteria and fungi employ for the uptake of Fe in the host (Schaible and Kaufmann, 2004; Wang and Cheraryil, 2009; Caza and Kronstad, 2013; Choi et al., 2015). Regarding pathogenic fungi, the mechanisms they use to obtain iron in the context of infection can be summarized in the following: 1) absorption of siderophores or heme/hemoglobin mediated by receptors, which characterizes non-reductive assimilation pathways of Fe, in addition to 2) a reductive Fe assimilation pathway allowed by enzymatic complexes that promote oxidation of the metal and its uptake (Bailão et al., 2012; Caza and Kronstad, 2013; Bairwa et al., 2017; Roy and Kornitzer, 2019). Some fungi employ more specific strategies, such as Histoplasma capsulatum, which secretes gamma-glutamyl transpeptidase (GGT) that acts in capturing Fe by generating a dipeptide with a high reducing power by cleaving glutathione (Zarnowski and Woods, 2005; Zarnowski et al., 2008). It is also known that cytochrome b5 (Cyb5) regulates the Fe metabolism of some fungi, such as Saccharomyces cerevisiae (Dap1) and Aspergillus fumigatus, in a process linked to ergosterol biosynthesis (Craven et al., 2007; Misslinger et al., 2017).

Fungi of the Paracoccidioides genus are the etiologic agents of paracoccidioidomycosis (PCM), an endemic systemic mycosis in Latin America whose accurate diagnosis and short-term therapeutic approach are still challenges (Shikanai-Yasuda et al., 2017). Previous studies have shown that the response of Paracoccidioides to Fe depletion is an important virulence attribute for the pathogen (Silva et al., 2020). Once under metal depletion, Paracoccidioides spp. undergoes intense adaptation of its metabolism (Parente et al., 2011). The mechanisms that the fungus uses to obtain Fe when in the host have been targets of study. Paracoccidioides spp. is able to synthesize and use siderophores, capturing them via receptors. Those fungi present orthologous genes encoding the enzymes necessary for the biosynthesis of hydroxamates, and plasma membrane proteins related to the transport of these molecules, all induced in iron deprivation (Silva-Bailão et al., 2014). Paracoccidioides spp. is able to use siderophores as an iron source, increasing the fungus ability to survive inside macrophages, an iron-poor environment (Silva-Bailão et al., 2014). The addition of the xenosiderophore ferrioxamine B (FOB) to Paracoccidioides brasiliensis culture medium results in repression of the SidA products, the first enzyme of the siderophore biosynthesis pathway (Silva et al., 2020), suggesting that P. brasiliensis blocks siderophore biosynthesis and can explore those molecules in the environment to scavenge iron. Silenced mutants of the sidA gene were obtained by antisense RNA technology, which displayed decreased siderophore biosynthesis in iron deprivation and reduced virulence to an invertebrate model. Studies have also indicated that the fungus could use both a non-classical reductive iron assimilation (RIA), comprising ferric reductases and Fe/Zn permeases, under iron-limited conditions (Bailão et al., 2015). We have demonstrated that Paracoccidioides spp. is able to reduce iron, and the reductase activity is linked to ferric iron uptake in P. brasiliensis. After reduction, the data suggest that Fe2+ is probably internalized through an Fe/Zn permease (Zrt). This suggestion is because Paracoccidioides spp. genomes do not present a ferric reductase ftr1 homolog and the zrt1 and zrt2 transcripts are upregulated during iron deprivation. Of particular relevance is the fungus ability to use hemoglobin as the preferential host iron source for Paracoccidioides spp. To acquire hemoglobin, the fungus presents hemolytic activity and the ability to internalize the entire molecule instead of promoting the iron release extracellularly. A Glycosylphosphatidylinositol (GPL)-anchored hemoglobin receptor, Rbt5, has been described as a virulence factor (Bailão et al., 2014).

Despite the robust contribution of those studies performed by our group, there is still a need to expand the knowledge about how fungi of this genus respond to Fe depletion. Some studies that addressed Paracoccidioides exoproteome are available in scientific literature; however, the changes that Fe depletion induces in the exoproteome of these fungi have not been investigated yet (Vallejo et al., 2012; Weber et al., 2012; Chaves et al., 2015; Rodrigues et al., 2018). The present work addresses the changes triggered by Fe deprivation in the exoproteome of P. brasiliensis and lists and explores new proteins involved in that context.



Materials and Methods


Ethics Statement

Animal experiments were approved by the Ethics Committee on the use of Animal Experimentation (Federal University of Goiás, CEUA-UFG) under protocol number 018/20 following the guidelines of the Brazilian National Council for Control of Animal Experimentation.



Strain Used and Culture Media

The P. brasiliensis Pb18 isolate (ATCC 32069–Pb18) was used in the present study. The yeast form of the fungus was maintained by cultivating it in semisolid Fava Netto medium supplemented with glucose 4% (w/v) at a temperature of 36°C (Fava Netto, 1961). To obtain P. brasiliensis exoproteomes under Fe depletion, cells cultured for 3 days in semisolid Fava Netto medium were inoculated in 250 ml of liquid Fava Netto medium supplemented with 4% glucose (w/v) and maintained for 72 h under constant agitation (120 rpm) at a temperature of 36°C. Then, fungal cells were washed 2 times (800 g, 5 min, 4°C) with PBS. Cell viability was verified by the trypan blue method, and 106 viable cells/ml were transferred to 250 ml of chemically defined Chemically defined minimal  medium modified, without Fe (Restrepo and Jiménez, 1980). The cells were kept for 48 h under constant agitation (120 rpm) at a temperature of 36°C. For the condition of Fe depletion (treatment), 50 µM of the Fe chelator bathophenanthrolinedisulfonic acid (BPS; Sigma-Aldrich, St. Louis, MO, USA) was added, since in a previously published work, cultivation in minimal medium (MMcM) of P. brasiliensis exposed to this chelator molarity for 48 h did not affect fungus viability (Parente et al., 2011). For the control condition, 10 µM of Fe (NH4)2(SO4)2 was added to the medium. All media and solutions were prepared with ultrapure water for Fe depletion experiments. All glassware used for the preparation of media and solutions was previously treated with 5N HCl for 1 h and washed extensively with ultrapure water afterward, as a strategy to minimize contamination by metals, including Fe.



Obtaining the Exoproteome of P. brasiliensis

To obtain P. brasiliensis exoproteome under Fe depletion, the strategy described by Weber et al. (2012) was followed with some modifications. The culture supernatants were collected (800 g, 15 min, 4°C), and to minimize the contamination by possible fungal cells in suspension, the supernatants were filtered through membranes of 0.22-µm pores. Subsequently, the filtered supernatants were concentrated 250 times through 10-kDa exclusion-level membranes (Amicon Ultra centrifugal filter, Millipore, Bedford, MA, USA) and washed 3 times with 50 mM NH4HCO3 buffer, pH 8.5. The entire process of concentration and handling of the samples was carried out at low temperatures (≤4°C) to minimize the activity of proteases. The samples obtained were stored at -20°C until they were used. To verify the possibility of cell lysis, we performed diagnostic PCR for the detection of genomic DNA in culture supernatants, as described by Weber et al. (2012).



Sample Preparation for NanoUPLC-MSE

Exoproteomes obtained were quantified using the Bradford method (Bradford, 1976). Afterward, 150 µg of proteins from each biological replica (three of each condition) were individually prepared to be subjected to high-resolution liquid chromatography, on a nanoscale, coupled to mass spectrometry with independent data acquisition (nanoUPLC-MSE), as previously described (Murad et al., 2011). Initially, 10 µl of 50 mM NH4HCO3, pH 8.5, was added to the samples. Then, as a surfactant, 75 µl of a 0.2% (w/v) RapiGEST™ solution (Waters, USA) was added, and the mixture was incubated at 80°C for 15 min. After this incubation period, 2.5 µl of 100 mM Dithiothreitol (DTT), a disulfide bridge-reducing agent, was added and a new incubation, at 60°C, for 30 min was performed. At the end of the incubation period, when the samples reached room temperature, we added 2.5 µl of 300 mM iodoacetamide, an alkylating agent, and the mixture remained at rest for 30 min at room temperature, protected from light. Then, the samples were submitted to tryptic digestion. For that, 30 µl of a 0.05-µg/µl trypsin solution (Promega, USA) was added and incubation at 37°C for 16 h was performed. Subsequently, for precipitation of the surfactant, 30 µl of 5% trifluoroacetic acid (v/v) was added and incubation at 37°C was carried out for another 90 min. Then, the samples were centrifuged at 13,000 g for 30 min, at 4°C, and the supernatants were transferred to new tubes. The centrifugation process was repeated until there was no more formation of precipitate. The samples were concentrated in a vacuum. The peptides obtained from each sample were resuspended in 80 µl of a solution containing 20 mM ammonium formiate at pH 10 and 200 fmol of Rabbit Phosphorylase B (PHB; Waters Corporation, Manchester, UK) (MassPREPTM protein). PHB was used as an internal standard for the quantification of the obtained peptides.



High-Performance Liquid Chromatography at Nanoscale Coupled to Mass Spectrometry

The samples that underwent the tryptic digestion treatment described in the previous session were subjected to high-resolution liquid chromatography, on nanoscale, using the ACQUITY UPLC® M-Class system (Waters Corporation, USA). Peptide fractionation was performed in a reverse-phase pre-column XBridge® Peptide 5 µm BEH130 C18 300 µm × 50 mm (Waters, USA), a system that was maintained in a flow of 0.5 μl/min with an initial condition of acetonitrile (ACN) of 3% (v/v), representing the first dimension. The peptides were subjected to 5 fractionations (F1-F5) through different linear gradients of ACN concentrations (F1, 11.4%; F2, 14.7%; F3, 17.4%; F4-20, 7%; and F5, 50%). To perform the second dimension, each fraction was eluted in a Trap trapping column, 2D Symmetry® 5 µm BEH100 C18, 180 µm × 20 mm (Waters, USA) and passed through an analytical column separation Peptide CSH™ BEH130 C18 1.7 µm, 100 µm × 100 mm (Waters, USA), in a flow of 0.4 μl/min at 40°C. The human [Glu1]-Fibronopeptide B protein (GFP; Sigma-Aldrich, USA) was used for mass calibration, which was measured every 30 s and in a constant flow of 0.5 µl/min. GFP was used at a concentration of 200 fmol. The peptides were identified and quantified by a Synapt G1 MSTM mass spectrometer (Waters, USA) equipped with a NanoElectronSpray source and two mass analyzers [a first quadrupole and the second flight time (TOF) operating in V mode], operating in MSE mode, which switches between low energy (6V) and high energy (40V) in each acquisition mode every 0.4 s. Adding the biological replicates, each condition went through 8 experimental replicates.



Spectra Processing and Proteomic Analysis

After nanoUPLC-MSE, data processing was performed using ProteinLynx Global Server version 3.0.2 (PLGS) software (Waters, Manchester, UK), which allowed the determination of the exact mass retention time (EMRT) of the peptides and their molecular weight through the mass/charge ratio (m/z). For the identification of peptides, the spectra obtained (together with reverse sequences) were compared with sequences from the database of P. brasiliensis (https://www.uniprot.org/uniprot/?query=paracoccidioides+brasiliensis+strain+pb18&sort=score). Protein identification criteria included the following: (i) detection of at least two ions per fragment of peptides, (ii) five by protein fragments, (iii) determination of at least one peptide per protein, (iv) detection rate of false positive at most 4%, (v) cysteine carbamidomethylation, (vi) methionine oxidation, (vii) serine, threonine and tyrosine phosphorylation, (viii) and a trypsin lost cleavage site was allowed. Microsoft Office Excel (Microsoft®, USA) was used for the management of tables and the generation of graphs. In the subsequent analyses, proteins present in at least two of the three experimental replicates of each biological replicate were included. Proteins present in at least two of the three biological replicates were subjected to differential expression analysis. For this purpose, initially, the proteins that presented the lowest variance coefficient and that were detected in all replicates were used for intensity normalization. Afterward, the Expression Algorithm (ExpressionE), which is part of the PLGS software (Geromanos et al., 2009), was used for the analysis of differential expression. Proteins were considered regulated with differences (fold change) ± 2.0 between the quantification in the extract obtained in the depletion of Fe × presence of Fe. Homology search for hypothetical proteins were obtained through the online tool BLASTp (Basic Local Alignment Search Tool–https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE=Proteins). Information on molecular function, biological processes, and subcellular location of the identified proteins was obtained from the Paracoccidioides database (available at http://paracoccidioides.com/). The protein sequences were subjected to additional in silico analysis to check for the presence of signal peptide using the online tool SignalP 4.1 Server (available at http://www.cbs.dtu.dk/services/SignalP-4.1/). For the prediction of proteins secreted by non-classical pathways, the online tool SecretomeP 2.0 (available at http://www.cbs.dtu.dk/services/SecretomeP/) was used.



RNA Extraction and Quantitative Real-Time PCR (RT-qPCR)

After incubation for 6 and 24 h in MMcM supplemented with 50 µM of BPS or 10 µM of Fe(NH4)2(SO4)2, the yeast cells were collected and total RNA extraction was accomplished using TRIzol (TRI Reagent, Sigma-Aldrich, St. Louis, MO, USA) and mechanical cell rupture (Mini-Beadbeater–Biospec Products Inc., Bartlesville, OK, USA). SuperScript III First-Strand Synthesis SuperMix (Invitrogen, Life Technologies) was used to obtain the cDNAs that were submitted to RT-qPCR in the QuantStudio™ 5 real-time PCR System (Applied Biosystems Inc.) using SYBR Green PCR Master Mix (Applied Biosystems, Foster City, CA). The reaction was performed in triplicate for each cDNA. Normalization used the gene encoding the L34 protein (PADG_04085). The standard curve method for relative quantification was used for calculating the relative expression levels of transcripts of interest. Standard curve was obtained using an aliquot from each cDNA sample. Statistical analysis was based on the Student’s t-test, and p values ≤0.05 were considered statistically significant. Primers used in RT-qPCR are shown in Table S1.



Recombinant Cyb5 Expression in Escherichia coli, Protein Purification, and Polyclonal Antibodies

Total RNA was extracted from fungal yeast cells using the TRIzol reagent (TRI Reagent®, Sigma-Aldrich, St. Louis, MO, USA) and mechanical cell rupture (MiniBeadbeater—BioSpec Products), as described by the manufacturer’s protocol. From the extracted RNA, cDNA was synthetized following the manufacturer recommendation of the SuperScript® Reverse Transcriptase Kit (Invitrogen™, Waltham, MA, USA). The cDNA was used to amplify the cyb5 gene (PADG_03559) using the polymerase High Fidelity (Invitrogen™, Waltham, MA, USA). The cDNA product obtained by RT-PCR was cloned into the expression vector pET-32a. Bacterial cells, strain Escherichia coli C43, harboring the recombinant plasmid were grown in Luria–Bertani (LB) medium supplemented with 100 µg/ml ampicillin (w/v) under agitation at 37°C until the optical density (OD) reached an absorbance of 0.6 at a wavelength of 600 nm. The reagent isopropyl-β-D-thiogalactopyranoside (IPTG) was added to the growing culture to a final concentration of 0.1 mM. Bacterial cells were harvested by centrifugation at 10,000 × g for 10 min after 16 h of incubation at 15°C and resuspended in phosphate buffered saline (PBS) 1×. The recombinant Cyb5 protein fused to Trx-His-Tag was used to produce polyclonal antibodies in 4 BALB/c male mice aged 6–8 weeks. The fusion protein was removed from Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis gels and injected into mice along with Freund’s adjuvant three times at intervals of 15 days. Serum containing polyclonal antibodies was collected and stored at −20°C. The protein was produced in inclusion bodies and was solubilized using 50 µl of a 20% (w/v) N-lauroylsarcosine sodium salt (Sigma Aldrich, Missouri, KS, USA) solution for 5 ml of bacterial extracts and sonicated (5 times, 10 min). SDS-PAGE analysis showed the protein in the soluble fraction, and then the protein was purified by a nickel resin chromatography system (Qiagen Inc., Germantown, MD, USA).



Western Blotting

Proteins in SDS-PAGE were transferred to the nitrocellulose membrane that was then incubated with polyclonal anti-Pb18Cyb5 at 1:250 dilution for 2 h at room temperature. After washing, the membranes were incubated with peroxidase-coupled mouse anti-IgG secondary antibody (1:1,000 dilution). The reaction was revealed by chemiluminescence with the ECL Western Blotting Analysis System (GE Healthcare). Negative control was obtained with pre-immune mouse serum (1:250 dilution). Reaction was developed in a chemiluminescent imager (Amersham Imager 600, GE Healthcare).



Dot-Blot Analysis

Nitrocellulose membrane containing 30 μg of FeSO4 and BPS exoproteome extracts was incubated with anti-Pb18Cyb5 polyclonal antibodies (diluted 1:500) or pre-immune sera (diluted 1:1,000). Antibody anti-mouse IgG coupled to peroxidase (diluted 1:1,000) from ECL Western Blotting Analysis System (GE Healthcare) was used as secondary antibody. Reaction was developed in a chemiluminescent imager (Amersham Imager 600, GE Healthcare).



Immunofluorescence Assays

For immunofluorescence, 106 yeast cells/ml were fixed in ice-cold pure methanol for 3 h at 20°C. Subsequently, cells were incubated for 30 min at room temperature in the dark in blocking buffer containing 3% (w/v) bovine serum albumin (BSA-Sigma) and 0.2% (v/v) Tween 20 in PBS, followed by incubation with the primary anti-Pb18Cyb5 polyclonal antibodies at 1:250 dilution, for 1 h. Subsequently, it was added with fluorescein isothiocyanate-labeled mouse secondary antibody-FITC (Sigma) at 1:750 dilution for 1 h. Cells were washed three times with PBS. Images were taken in bright field and at 450–490 nm for visualization of FITC fluorophore using the Axio Scope A1 fluorescence microscope. Digital images were acquired using AxionVision software (Carl Zeiss AG, Germany).



3D Structure Prediction via Molecular Modeling

The three-dimensional structure of Cyb5 heme-binding protein was predicted by the I-TASSER (Iterative Threading Assembly Refinement) server (Zhang, 2008; Yang et al., 2015). The structural modeling relies on templates of homologous proteins available on the PDB (protein data bank) database (Berman, 2000). The I-TASSER server uses Monte Carlo simulations to cluster homologous fragments together (Swendsen and Wang, 1986). The determination of the best protein conformation starts via prediction of the target secondary structure by PSSpred (Protein Secondary Structure Prediction) and the identification of similar templates by LOMETS (Local Meta-Threading-Server) (Wu and Zhang, 2007). The distribution of templates into clusters allows the classification of such sequences according to topology and stability through SPICKER (Zhang and Skolnick, 2004) in order to predict structures that are more likely to be similar to the native condition of the protein target. Eventually, the best ranked structures are submitted to molecular dynamics, and the biological function is predicted by COACH (Yang et al., 2013). The quality of the final structure was assessed through MolProbity (Williams et al., 2018).



Prediction of Iron-Binding Sites in Cytochrome b5

The prediction of the iron-binding sites in the Cyb5 structure was performed by the fragment transformation method (FTM). This approach compares the structure of the target with experimentally determined metal iron-binding proteins available in the PDB. The server MIB (metal ion binding) compares iron-binding site templates and takes into consideration residues within at least 3.5 Å from the iron center. FTM (Lu et al., 2006) performs structural alignments of fragments from the target protein and the iron-binding template. A score is attributed to the amino acids in the target protein based on similarity and according to a BLOSUM substitution matrix (Henikoff and Henikoff, 1992) and the root mean square deviation (RMSD) of the alignments. Amino acids with a score higher than the cutoff value (1.0 and 95% accuracy) are prone to bind to iron.



Spectrophotometric Analysis of the Interaction Between Recombinant Cytochrome b5 and Inorganic Iron

The binding capacity of Cyb5 to iron was investigated experimentally. Spectrophotometric analyses were performed as described (Oliveira et al., 2020). Briefly, the purified Cyb5 protein treated or not previously with reducing solution (sodium hydrosulfite at 100 μM, 1 h at room temperature; Sigma-Aldrich, USA, Ref. No. 71699) was subjected to incubation in ferrous sulfate at 100 μM (Sigma-Aldrich) for 1 h at room temperature. Then, samples and controls were deposited in a 96-well plate and subjected to absorbance analysis on a SpectraMax® Paradigm® Multi-Mode Detection Platform (Molecular Devices, Austria). The scan was performed between the wavelengths of 230–700 nm.




Results


Exoproteome Analysis of P. brasiliensis Submitted to Fe Deprivation

To verify the possible changes that Fe deprivation can promote in P. brasiliensis exoproteome, the fungus was grown in depletion or presence of the metal. Culture supernatants containing the proteins secreted by the fungus were collected and, after tryptic digestion, subjected to nanoUPLC-MSE. As an indirect way of verifying the presence of cytoplasmic contaminants (cell lysis), we checked by diagnostic PCR the presence of genomic DNA in the culture supernatants (Weber et al., 2012). According to Supplementary Figure S1, there was no amplification of genomic DNA from samples of culture supernatants. Thus, we carried out the analysis. In agreement with Figure 1 and Supplementary Table S2, a total of 141 proteins were identified, of which, considering the fold change of 2.0, 93 (66%) were positively regulated (Supplementary Table S3). Prediction was made for protein secretion by a classical pathway (signal peptide dependent), secretion by non-classical pathways, or evidence of secretion in the Paracoccidioides literature (Vallejo et al., 2012; Weber et al., 2012; Chaves et al., 2015; Rodrigues et al., 2018; Moreira et al., 2020). As shown in Figure 1, 64 proteins (45.4%) were predicted to be secreted. Information on molecular function, classic biological processes, and classic subcellular location of the identified proteins is available in Supplementary Tables S2, S3.




Figure 1 | Summary of proteomic findings. P. brasiliensis yeast cells were subjected to Fe deprivation for 48 h, and fungal secreted proteins were identified by nanoUPCL-MSE. A total of 141 proteins were identified. To increase the analysis stringency, the identified proteins were submitted to analysis of secretion prediction by online tools and data available in the literature, which resulted in the number of 64 proteins. Of those 64 proteins, 6 have potential ability to bind to iron.



Among the positively regulated proteins, a virulence factor of P. brasiliensis previously described was identified as serine proteinase (PADG_07422), in addition to adhesins such as enolase (PADG_04059), dihydrolipoil dehydrogenase (PADG_06494), and translation elongation factor Tu (PADG_01949) (Borges et al., 2005; Donofrio et al., 2009; Nogueira et al., 2010; Parente et al., 2010; Marcos et al., 2012; Marcos et al., 2016; Landgraf et al., 2017; Pigosso et al., 2017). Regarding the fungus response to Fe depletion, a gamma-glutamyl transpeptidase was identified (PADG_01479) 2.4 times more expressed. There were proteins identified only in the condition of depletion of Fe: homogentisate 1,2-dioxigenase (PADG_08466), plasma membrane ATPase (PADG_08391), UBX domain-containing protein (PADG_08270), mitochondrial nuclease (PADG_05321), LiPid-depleted family member (PADG_03852), previously predicted as Fe ligands (Tristão et al., 2015), and surprisingly, Cyb5 (PADG_03559), positively regulated 20.4 times.



Iron Deprivation Promotes Upregulation of Transcripts of Paracoccidioides Cyb5 and Ggt2 Genes

In order to validate the results obtained in proteomics, we performed the analysis of cyb5 (PADG_03559) and ggt2 (PADG_01479) gene transcripts, since the resulting proteins were identified as upregulated in the imposed Fe deprivation condition. For that, we used RT-qPCR, and, according to Figure 2, it is possible to verify that positive regulation of the products of these genes occurs. These data corroborate the proteomic findings. Additionally, it is possible to notice that there is higher gene expression at the 6-h point, which can be associated with the flow of gene information and the consequent accumulation of Cyb5 and Ggt2 proteins at the 48-h time point used for proteomics.




Figure 2 | Expression quantification of selected genes in Paracoccidioides brasiliensis by RT-qPCR. Quantitative RT-PCR data showing the transcript levels of cytochrome b5 (Cyb5) and gamma-glutamyl transpeptidase (Ggt2) in the presence and absence of iron at 6 and 24 h. The data were normalized using the gene encoding the 60S ribosomal protein L34 as the endogenous control and are presented as relative expression to the control. Data are expressed as the mean ± standard deviation of the triplicates of independent experiments. Student’s t-test was used for statistical comparisons. Error bars represent the standard deviation of three biological replicates, and * represents p ≤ 0.05.





Cytochrome b5 Is Secreted in Response to Iron Deprivation

The fact that the Cyb5 protein was upregulated more than 20 times in the P. brasiliensis exoproteome led us to further investigate the secretion dynamics of this protein. Therefore, recombinant Cyb5 was produced (Supplementary Figure S2A) and injected into mice to obtain polyclonal serum that specifically recognized the recombinant protein (Supplementary Figure S2B). Then, we verified whether the polyclonal serum obtained was able to recognize the Cyb5 protein in P. brasiliensis exoproteome. Therefore, we performed dot-blot analysis and verified that Cyb5 is recognized in the exoproteome of P. brasiliensis, with higher amount in the exoproteome obtained from iron deprivation condition, corroborating the proteomic findings (Figure 3A). Afterward, by indirect immunofluorescence assays, it was possible to verify that in non-permeabilized cells of P. brasiliensis, Cyb5 was present on the surface and presented a higher fluorescence in cells exposed to Fe deprivation, as shown in Figure 3B. All these findings confirm proteomics results and place Cyb5 as a molecule potentially involved in the response of P. brasiliensis to Fe deprivation.




Figure 3 | Analyzing the expression dynamics of Paracoccidioides Cyb5 in iron deprivation. (A) Dot-blot analysis. Nitrocellulose membranes containing exoproteomes (FeSO4 and BPS) were incubated with anti-Pb18Cyb5 (1:500) polyclonal antibodies or pre-immune sera (1:1,000). Pixel intensity was measured by densitometric analysis of immunoblotting dots using ImageJ software. Statistics analysis was performed through Student’s t-test. * Represents p ≤ 0.05.(B) Fluorescence microscopy of P. brasiliensis (Pb18) cells cultured in the presence or absence of iron for 24 h and subsequently incubated with primary antibody anti-Cyb5 and later with the secondary antibody anti-mouse IgG labeled with fluorescein isothiocyanate (FITC; Sigma). The data for fluorescence intensity evaluation were obtained through the AxioVision Software (Carl Zeiss). The values of fluorescence intensity (in pixels) and the standard error of each analysis were used to plot the graph. Data are expressed as mean ± standard error (represented using error bars); * represents p ≤ 0.05. One hundred cells of each condition were evaluated. All representative images in panel B were magnified ×400.





PbCyb5 Is an Fe-Binding Protein

The fact that Cyb5 is a relatively small heme-containing protein and the high regulation shown in cells submitted to Fe deprivation placed this protein as a possible mediator of the fungal response to Fe deprivation. We then investigated the ability of recombinant Cyb5 to bind Fe by spectroscopic analysis; the results identified the possible event at least in vitro (Figure 4A). To refine our findings, we performed molecular modeling analyses of the Cyb5 and iron interaction. The protein from the PDB that has the closest structural similarity to Cyb5 from P. brasiliensis with the highest TM score (0.712) was the human Cyb5 under the PDB accession number 2I96. We identified two potential iron-binding sites in the Cyb5 protein with scores higher than 1.0 (Figure 4B). The amino acid residue His15 scored 1.773 and Glu56 scored 1.225. The two-colored regions in Figure 4 represent the structural alignment performed between the target protein Cyb5 and the iron-binding site templates. The interaction distance between His residue and iron is 2.1 Å (Figure 4C) and between Glu is 3.4 Å (Figure 4D). The higher score achieved for the His residue is related to a smaller distance between this amino acid and the iron ion. It is important to highlight that the interaction sites of Cyb5 with Fe occur in regions different from where the heme group binds, which suggests that the interaction of Cyb5 with Fe does not depend on the heme group. In addition, other residues bind to iron with a lower score but above the threshold, showing that several residues contribute to the free energy of binding to the metal ion. Glutamic acid 11 (Glu11) and aspartic acid 20 (Asp20) bind to iron in the distance of 3.1 and 3.6 Å, respectively (Figure 4C), and isoleucine 115 (Ile115) binds to iron in the distance of 3.6 Å (Figure 4D).




Figure 4 | Cyb5 of Paracoccidioides brasiliensis is an Fe-binding protein. (A) Absorbance spectra of the purified recombinant Cyb5 protein in a lower oxidation state (green—sample previously treated with a reducing agent) and higher oxidation (purple). Controls: ferrous sulfate solution (dark blue), ferrous sulfate prepared in elution buffer (red), elution buffer (light blue), and purified recombinant Cb5 (orange). (B) The structural alignment of Cyb5 with iron-binding motifs resulted in two sites of iron binding for this protein with significant scores. Residues interacting with the iron ion are shown as sticks and labeled as His for histidine and Glu for glutamate. These are the amino acid residues less distant from the iron centers. Iron is shown as a brown sphere. (C) The structural alignment showed that His15 binds to iron in the distance of 2.1 Å, reaching a score above the threshold. The same residue may interact with iron more than once. Glutamic acid 11 (Glu11) and aspartic acid 20 (Asp20) bind to iron in the distance of 3.1 and 3.6 Å, respectively. (D) The structural alignment showed that the residues Glu56 and Glu59 bind to iron within the distance of 3.4 (A) Isoleucine 115 (Ile115) binds to iron with a lower score but still above the threshold. Bonds to the iron are shown as dotted yellow lines, with bond distances indicated next to the lines.






Discussion

Previous studies have demonstrated the importance of the response of Paracoccidioides spp. to depletion of Fe for the pathogenicity of fungi of this genus, since their exposure to conditions that mimic those found in the host induces the expression of genes related to high-affinity and -specificity mechanisms for Fe uptake (Bailão et al., 2006; Bailão et al., 2007; Parente et al., 2011; Bailão et al., 2014; Kuznets et al., 2014; Bailão et al., 2015). Large-scale proteomic analyses have contributed positively in recent years to the understanding of the biology of Paracoccidioides spp. Studies with a similar approach enlisted virulence factors and metabolic profiles in response to several stressful conditions, including Fe depletion (Parente et al., 2011). Despite the biological relevance of the fungal secretory response to stressful conditions, as far as we know, there are no published studies that have evaluated the effect of Fe depletion on the exoproteome of pathogenic fungi. The only work available in the literature with a similar approach is that of Sorgo et al. (2013), who performed an analysis of the cell wall proteome of Candida albicans after exposure of the fungus to Fe depletion, whose results pointed to the positive regulation of proteins related to high-affinity mechanisms for capturing the metal, such as Als3, Rbt5, and Pga7 (Sorgo et al., 2013). The scarcity of studies using this approach points to the relevance of the present study, which can be extended beyond the genus Paracoccidioides.

Of the 64 proteins identified in the present work, 36 were also identified in the work performed by Vallejo et al. (2012), who studied the protein content of extracellular vesicles of Paracoccidioides, structures whose biology and impact on host–pathogen interaction have been elucidated in recent years (Vallejo et al., 2012; da Silva et al., 2016; Peres da Silva et al., 2019; Baltazar et al., 2021). Finding proteins from these structures in our work confirms that our sample enrichment strategy was effective. It was observed that Fe depletion promoted the positive regulation of virulence factors already described for Paracoccidioides spp. (Gonzalez and Hernandez, 2016). Among the virulence factors identified, it is worth mentioning serine proteinase (PADG_07422), a virulence factor described for Paracoccidioides spp. (Parente et al., 2010). In an intranasal murine infection model, this enzyme was secreted in the lung tissue and therefore listed as a potential participant in the pathogenesis process (Pigosso et al., 2017). Of relevance, the protein is also a surface molecule, promoting the fungus interaction with macrophages (Tomazett et al., 2019). It should be noted that in a previous study, serine proteinase showed positive regulation at the transcriptional level when the fungus was treated with human plasma, which hypothetically occurred due to the depletion of Fe experienced by the fungus under suh condition (Bailão et al., 2007). This hypothesis was built based on the information that Bacillus subtilis employs a serine proteinase for the proteolysis of transferrin, a protein that transports Fe in mammals. The Fe released in the process allows the uptake of the metal mediated by bacterial siderophores (Park et al., 2006). The positive regulation of serine proteinase after Fe depletion in the present study corroborates this hypothesis.

In the present work, it was also possible to verify the positive regulation of Paracoccidioides spp. adhesins previously described. Enolase (PADG_04059) was 2.2 times more expressed in the Fe depletion condition. This enzyme classically known as a participant in glycolysis was also described on the cell surface of P. brasiliensis (Oliveira et al., 2012). Enolase has adhesin properties, since it is able to bind to the cell matrix components such as fibronectin and plasminogen and promotes the adhesion of the fungus to A549 epithelial cells and murine macrophages (Donofrio et al., 2009; Nogueira et al., 2010; Oliveira et al., 2012). The enzyme dihydrolipoyl dehydrogenase (PADG_06494) was described in a relatively recent work as an exoantigen of P. brasiliensis. The stimulation of macrophages with the recombinant protein increased their phagocytic and microbicidal activity, which positioned this protein as possibly related to the interaction of the fungus with the host (Landgraf et al., 2017). Another positively regulated adhesin identified in the present study was the Tu translation elongation factor (PADG_01949), described as a fibronectin and plasminogen ligand and participant in the interaction of P. brasiliensis with pneumocytes (Marcos et al., 2016). It should be noted that despite previous works that evaluated the exoproteome of Paracoccidioides spp., this is the first time that this protein has been identified in this subproteome, which reiterates iron depletion as a modulating condition of the fungus exoproteome. It is worth mentioning the protein homogentisate 1,2-dioxigenase (PADG_08466), which was identified only in the condition of Fe depletion. Previous work points out that this protein is also a plasminogen ligand putatively involved in the process of adhesion, invasion, and spread of the fungus during infection (Chaves et al., 2015).

Glutathione-dependent ferric reductase activity has been reported by a previous study in culture supernatants of Blastomyces dermatitidis, Sporothrix schenckii, Histoplasma capsulatum, and P. brasiliensis (Zarnowski and Woods, 2005). Later work demonstrated that in H. capsulatum, this activity is dependent on a gamma-glutamyl transpeptidase (Zarnowski et al., 2008). The enzyme has been shown to act on glutathione to generate the dipeptide cysteinylglycine, which has a strong reducing power in a pH-dependent process (Zarnowski et al., 2008). P. brasiliensis presents two GGTs: PADG_07986 (Ggt1) and PADG_01479 (in this work called Ggt2). Homology studies and transcriptional analyses have identified Ggt1 as the secreted enzyme active in the reduction of Fe3+ (Silva et al., 2011; Bailão et al., 2012; Bailão et al., 2015). Previous studies identified Ggt2 in the exoproteome of P. brasiliensis and P. lutzii (Vallejo et al., 2012; Weber et al., 2012). In the present work, we identified the positive regulation of gamma-glutamyl transpeptidase (PADG_01479) Ggt2 in the P. brasiliensis exoproteome subjected to metal depletion, corroborating the literature and providing new information about the enzyme.

A very relevant finding in the present work was the upregulation of PbCyb5, secreted in response to Fe deprivation. Cyb5 and related enzymes are involved in multiple cellular processes, including sterol biosynthesis, maintenance of cell membranes, and azole resistance (Misslinger et al., 2017; Zhang et al., 2021). Cyb5 is also related to the regulation of Fe homeostasis in S. cerevisiae (Dap1) and A. fumigatus (CybE) (Craven et al., 2007; Misslinger et al., 2017). The data obtained in these works seem to conflict with the ones we obtained because, instead of upregulation, the authors verified another regulation process. It should be noted that these studies focused on the intracellular level, and therefore, comparing them with exoproteome results is not an obvious task.

To the best of our knowledge, this is the first time that Cyb5 has been described in a fungal exoproteome in response to Fe deprivation. Cyb5 is able to bind inorganic iron, as shown in Figure 4A. By bioinformatics analyses, we verified that this protein presents a similarity to the canonical iron-binding site of transferrin, where a His residue is linked to iron in an alpha-helix domain (Baker and Baker, 2012). Histidine residues are also present as an iron-binding site in cysteine dioxygenase, which is active in cysteine thiol oxidation (Simmons et al., 2006) and as iron-detoxifying membrane transporter from pathogens (Sharma et al., 2021). Glutamate (Glu) has been identified in certain iron-binding motifs (Sharma et al., 2021), such as in membrane transporters and in iron-binding adhesins that regulate biofilm formation in bacteria (Jiang et al., 2020). The higher score achieved for the His residue is related to a smaller distance between this amino acid and the iron ion. In membrane transporters, the distance between His and Glu to the iron ion is in the range of 2.0 Å (Jiang et al., 2020), and in iron transport proteins, the His residue is also 2.0 Å from the metal ion (Abdizadeh et al., 2017).

The findings of this work demonstrate that the Paracoccidioides exoproteome is dynamic and that it is modulated in response to stressful conditions, such as Fe deprivation. Upregulation of several virulence factors may be linked to the predictive adaptation hypothesis, since Fe deprivation is a condition imposed by the host in association with a myriad of other stressors (Brunke and Hube, 2014). Additionally, we identified Cyb5 as a new molecule of Paracoccidioides spp. related to the fungal response to Fe deprivation. The current world scenario presents fungi with increasing resistance to antifungal agents and the absence of new compounds approved to treat mycoses. Studying the host–pathogen interaction interface is key to bioprospecting new antifungal targets. Since Fe uptake is an essential attribute for the infective success of pathogens, listing new molecules that act in the process is a promising strategy to list new targets for antifungal compounds. It is now necessary to investigate which are the interaction partners of Cyb5 and whether Cyb5 is sufficient to promote the availability of Fe to the fungus.
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Group A Streptococcus (GAS) is a major pathogen that causes simple and invasive infections. GAS requires iron for metabolic processes and pathogenesis, and heme is its preferred iron source. We previously described the iron-regulated hupZ in GAS, showing that a recombinant HupZ-His6 protein binds and degrades heme. The His6 tag was later implicated in heme iron coordination by HupZ-His6. Hence, we tested several recombinant HupZ proteins, including a tag-free protein, for heme binding and degradation in vitro. We established that HupZ binds heme but without coordinating the heme iron. Heme-HupZ readily accepted exogenous imidazole as its axial heme ligand, prompting degradation. Furthermore, HupZ bound a fragment of heme c (whose iron is coordinated by the cytochrome histidine residue) and exhibited limited degradation. GAS, however, did not grow on a heme c fragment as an iron source. Heterologous HupZ expression in Lactococcus lactis increased heme b iron use. A GAS hupZ mutant showed reduced growth when using hemoglobin as an iron source, increased sensitivity to heme toxicity, and decreased fitness in a murine model for vaginal colonization. Together, the data demonstrate that HupZ contributes to heme metabolism and host survival, likely as a heme chaperone. HupZ is structurally similar to the recently described heme c-degrading enzyme, Pden_1323, suggesting that the GAS HupZ might be divergent to play a new role in heme metabolism.
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Introduction

Group A Streptococcus (GAS, or Streptococcus pyogenes) is an obligate human pathogen that primarily infects the skin and the upper respiratory system. GAS can also produce invasive, systemic diseases, including Streptococcal toxic shock syndrome and necrotizing fasciitis, both with high mortality rates (Walker et al., 2014). In some cases, superficial GAS infections can cause harmful immune responses leading to post-streptococcal sequelae like glomerulonephritis and rheumatic heart disease (Watkins et al., 2017). There was a marked increase in invasive GAS infections in the United States and Europe in the 1980s with the emergence of more virulent strains, particularly the M1T1 strain (Barnett et al., 2018). The rise in invasive infections is of particular concern since there is no vaccine, and GAS is becoming increasingly resistant to tetracycline and macrolides (Davies et al., 2015; CDC, 2019).

There is very little free iron in the human body; much of the metal is sequestered by proteins that facilitate transport and storage and reduce iron-mediated toxicity (Marchetti et al., 2020). Most iron in the body is bound to a porphyrin ring, called heme, and two-thirds of the body heme is found in hemoglobin (i.e., heme b). There are other types of heme in the body; for example, heme c is bound to cytochrome c and differs from heme b in that it is covalently bound to a proteinaceous region. For clarity, in this manuscript, we will use “heme” to refer to heme b.

Iron-requiring pathogens, such as GAS, have evolved mechanisms to obtain heme iron from the host. GAS hemolysins lyse erythrocytes and other cell types, releasing heme and hemoproteins, such as hemoglobin and cytochromes. The sia and hupYZ operons allow GAS to acquire heme from various hemoproteins and transport it into the cell (Bates et al., 2003; Sun et al., 2010; Chatterjee et al., 2020). The metalloregulator, MtsR, controls both the sia and hupYZ operons, permitting elevated expression in low-iron conditions (Bates et al., 2005). This regulon is also upregulated during vaginal colonization of GAS in mice (Cook et al., 2019). How heme is degraded by GAS is not known, but the putative cytoplasmic protein HupZ was implicated in the process (Sachla et al., 2016).

Many organisms use heme oxygenases to degrade heme and release the iron. The first heme oxygenase (HO-1) was identified in mammals (Tenhunen et al., 1969). Subsequently, homologs were identified in several bacterial species, such as HmuO of Corynebacterium diptheriae, HemO of Neisseria menigitidis, and HemO/PigA of Pseudomonas aeruginosa (Schmitt, 1997; Zhu et al., 2000; Ratliff et al., 2001). These enzymes degrade heme through the canonical or HO-1-like pathway, which consists of three oxygenation steps resulting in equal amounts of α-biliverdin, ferrous iron, and carbon monoxide (CO) (Wilks and Heinzl, 2014; Wilks and Ikeda-Saito, 2014; Lyles and Eichenbaum, 2018). The first noncanonical heme oxygenases, IsdG, and its homolog IsdI were identified in Staphylococcus aureus (Skaar et al., 2004). The IsdG/I reaction yields a mixture of β- and δ-staphylobilin and releases formaldehyde instead of CO. Some pathogenic bacteria utilize proteins from the flavin mononucleotide (FMN)-binding subfamily for heme-binding or degradation, such as HugZ from Helicobacter pylori (which produces δ-biliverdin) and ChuZ from Campylobacter jejuni (Hu et al., 2011; Zhang et al., 2011). Pden_1323, from Paracoccus denitrificans, is a member of this family, and while it lacks the conserved axial heme ligand from HugZ and ChuZ, it can degrade fragments of heme c (Li et al., 2021).

GAS HupZ shares structural similarity to the HugZ family (Sachla et al., 2016). HupZ purified with a His6-tag binds and degraded heme in vivo, releasing CO, free iron, and an unidentified chromophore. Further investigation of the recombinant protein using EPR and resonance Raman spectroscopy indicated that a histidine residue coordinated the heme iron, yet site mutation of the only histidine residue in HupZ did not affect the spectra (Traore et al., 2021). These observations suggested that the His6-tag facilitated the heme-binding and degradation exhibited by the HupZ-His6 protein. Here, we investigate heme-binding and degradation by HupZ expressed without a His6 tag and use mutagenesis, heterologous expression, and a mice model to probe the protein’s function in vivo. The data confirm that HupZ plays a role in heme use and tolerance in GAS and suggest that HupZ is a member of an emerging group of heme-binding proteins in bacteria.



Materials and Methods


Strains, Media, and Chemicals

E. coli were grown at 37°C aerobically (225 rpm) in Luria-Bertani (LB) broth or agar, supplemented with appropriate antibiotics. GAS was grown statically in Todd Hewitt yeast broth (THYB, 5 ml of media in 15-ml screw-top tubes, Thermo Scientific #33965) or agar (THYA) at 37°C. L. lactis was grown statically in GM17 at 30°C (10 ml of media in 15-ml screw-top tubes). Plasmid extractions were performed using the Promega Wizard Miniprep kit (PR-A7510) or the Qiagen Midiprep kit (12123). Genomic DNA was harvested with Invitrogen PureLink (K1820-01). Unless otherwise specified, chemicals were purchased from Sigma.



Plasmid Construction

A list of strains and plasmids can be found in Table 1, and primer sequences are shown in Table 2. Plasmid engineering was confirmed with restriction digest and PCR analyses.


Table 1 | Strains and plasmids.




Table 2 | Primers.



A hupZ::cmR (chloramphenicol acetyltransferase) allele with flanking regions of chromosome homology was assembled in pUC19 using NEBuilder HiFi Assembly Kit (#E5520) generating plasmid pKV111. The chromosomal hupZ upstream region was cloned from GAS strain NZ131 using primers ZE844 and ZE845. The downstream arm using ZE842 and ZE843 and the cmR gene was amplified from pDC123 using primers ZE840 and ZE841. The hupZ::cmR allele was amplified from pKV111 with ZE876 and ZE787 primers, adding flanking EcoRI sites to move the fragment into the temperature-sensitive vector pJRS700, generating pKV117.

The shuttle vector, pKV138, expressing hupZ under GAS recA promoter, was generated for complementation. The hupZ gene was amplified from NZ131 gDNA and ligated into pLC007. The empty vector control (pKV141) was generated by cutting pLC007 with HindIII and self-ligating.

The vector pKV105, expressing hupZ under nisin regulation, was used for heterologous expression in Lactococcus lactis. The gene was cloned from NZ131 strain using primers ZE685 and ZE686. The insert and pNZ8008 were digested, ligated, and electroporated into MC4100 E. coli. Competent MG1363 L. lactis that already contained pXL14, which codes the nisin response regulator, were electroporated with either pKV105 or pNZ8008 (as a negative control).

Plasmid pKV102 expressing HupZ with a C-terminal Strep-tag was purchased from Vector Builder. The HupZ sequence was placed in a pET bacterial protein expression vector that contains a T7 promoter and pBR322 origin of replication.

Maltose binding protein (MBP) fusion (pKV130 or pKV135) was generated with ligation-independent cloning into pET/His6/MBP/TEV (Addgene plasmid #29656 or pET/MBP/TEV (Addgene plasmid #48311) expression vector as previously described (Porter and Christianson, 2019). Briefly, hupZ was cloned from NZ131 with primers ZE978 and ZE979 that added the following upstream, 5’TACTTCCAATCCAATGCA3’, and downstream, 5’TTATCCACTTCAATGTTATTA3’, sequences to the insert. The purified PCR products were incubated with T4 DNA polymerase (Invitrogen 1800-5017), bovine serum albumin (BSA), dithiothreitol (DTT), dCTP, and T4 polymerase buffer. The vector pET/His6/MBP/TEV or pET/MBP/TEV was linearized with SspI restriction enzyme and then incubated with T4 DNA polymerase, BSA, DTT, dGTP, and T4 polymerase buffer. The reactions were cleaned using ethanol precipitation and resuspended in 12 µl of diH2O. One microliter of the vector was incubated with 4 µl of insert for 30 min at room temperature. One microliter of 25 mM EDTA was added to the solution and allowed to sit for an additional 15 min and then transformed into E. coli.

The GAS ΔhupZ::cmR mutant was generated using insertion inactivation to knock out hupZ in the GAS M49 strain NZ131. Competent NZ131 was transformed with the temperature-sensitive pKV117 (harboring the hupZ::cmR allele and flanking chromosomal region) and plated on THYA with kanamycin (the vector marker) at 30°C. Colonies were then passed three times in THYB with kanamycin at 37°C and were plated with either chloramphenicol or no antibiotic at 30°C. The resulting GAS clones harboring an integrated pKV117 were confirmed by PCR. Daily, individual colonies were propagated at 37°C and screened through replica plating to ensure the loss of the vector marker and the maintenance (knockout mutant) or loss of the cmR gene (wild-type rescue). The replacing of hupZ with hupZ::cmR allele in M49Lyles or the regeneration of the wild-type hupZ allele in M49Rescue was confirmed with PCR.



Protein Expression

The pKV135 (expressing MBP-HupZ) plasmid was transformed into Invitrogen Chemically Competent BL21(DE3) cells before each expression. All others were grown overnight from a glycerol stock and then diluted in fresh LB media. Cultures were grown at 37°C with 225 rpm until they reached an OD600 of 1, induced with 1 mM isopropyl β-D-1-tiogalactopyranosie (IPTG), and incubated overnight at 20°C with 180 rpm. The following day, cells were harvested by centrifugation. HupZ-His6- or MBP-HupZ-expressing cells were resuspended in 20 mM Tris (pH 8.0), 100 mM NaCl, and 0.1% Triton X-100. HupZ-Strep cells were resuspended in 20 mM Tris/HCl and 500 mM NaCl. One cOmpleteEDTA-free Protease inhibitor tablet (Roche #1183670001) per 500 ml of grown culture was added before sonification. The cellular debris was pelleted by centrifugation at 20,000 × g for 30 min at 4°C, and the lysate was filtered using a 0.22 µM filter unit. Protein was purified on an AKTA FPLC using Cytiva HisTrap HP, MBPTrap HP, or StrepTrap HP Sepharose columns.

Protein purification and size were confirmed using sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE, Figure 1A). Protein concentration was determined by the ThermoScientific Lowry Protein Assay Kit (23240). The buffer used for reconstitutions and degradations consisted of 20 mM sodium phosphate and 500 mM NaCl (pH 7.4). Arginine (30 mM) and 0.1% glycerol were added to the buffer for HupZ-Strep protein to promote solubility.




Figure 1 | HupZ-Strep binds heme b but without iron coordination. (A) SDS-PAGE showing 10 mM of recombinant proteins next to molecular markers. HupZ-His6 (18.5 kD) and HupZ-Strep (18.7 kD) were run on 13% acrylamide gel. MBP (40.2 kD) and MBP-HupZ (56.5 kD) were run on 10% acrylamide gels. (B) SDS-PAGE (12.5%) showing the cleavage and purification of tag-less HupZ (15 kD). Lane 2 shows partial cleavage, lane 3 shows complete cleavage, and lane 4 is isolated HupZ. (C) Native PAGE showing 10 mM of purified proteins next to molecular markers. HupZ-His6 (left) or MBP-HupZ (right). (D) UV–VIS absorption spectrum of 10 μM HupZ-Strep incubated for 1 h with 5 (pink) or 10 (teal) μM heme. The blank contains reaction buffer with 1% glycerol, 30 mM Arg, and a corresponding amount of heme. (E) UV–VIS absorption spectrum of heme bound to HupZ-Strep (black) or HupZ-His6 (pink). Protein samples (10 mM) were incubated with heme for 24 h, free heme was removed by a PD-10 column, and the UV-VIS spectrum was recorded.





TEV Protease Cleavage of His-MBP-HupZ

Purified TEV protease (expressed from pRK793) was generously provided by Dr. Nicholas Noinaj of Purdue University (Tropea et al., 2009). Purified His-MBP-HupZ was incubated with TEV protease at 100 μg/1 μg, respectively, in 200-μl aliquots overnight statically. Cut protein circulated for 1 h at 4°C with resin from three NEBExpress Ni Spin Column rotating head to head in a clean gravity column to remove free His-MBP. Flow-through was collected and subsequently processed via an AKTA-FPLC system using Cytiva MBPTrap HP columns to further remove His-MBP. Collected flow-through of tag-free HupZ was concentrated using Amicon® Ultra-15 Centrifugal Filter Unitfilters. Purity was assessed by SDS-PAGE (Figure 1B) and quantified by Lowry.



Mice Mucosal Colonization

Female outbred CD1 (Charles River) mice aged 6 to 8 weeks were used for all experiments. Experiments were performed as previously described (Patras and Doran, 2016; Cook et al., 2018). A day prior to inoculation (day −1), mice were given an intraperitoneal injection of 0.5 mg of β-estradiol valerate (Alfa Aesar) suspended in 100 μl of filter-sterilized sesame oil (Acros Organics MS) to synchronize estrus. On day 0, WT and ΔhupZ::cmR mutant strains were grown to an OD600 = 0.4 and mixed 1:1. Mice were vaginally inoculated with the mixed culture in 10 μl of PBS containing 107 CFU. On days 1, 2, 3, and 5, the vaginal lumen was washed with 50 μl of sterile PBS, using a pipette to gently circulate the fluid approximately 6–8 times. The lavage fluid was then collected and placed on ice for no more than 30 min. Vaginal lavage was serially diluted in PBS and plated on CHROMagar StrepB (WT) or CHROMagar StrepB with chloramphenicol (ΔhupZ) plates to obtain CFU counts (Cook et al., 2018). Murine colonization studies were reviewed and approved by Binghamton University Laboratory Animal Resources (LAR) and by the Binghamton Institutional Animal Care and Use Committee (IACUC) under protocols 803-18 and 857-21.




Results


Recombinant HupZ Proteins Expressed Without a His6 Tag Binds Heme b

We previously showed that a recombinant HupZ protein containing a C-terminal fusion to His6 tag (HupZ-His6) binds and degrades heme in vitro (Sachla et al., 2016). HupZ-His6 crystalized as a homodimer with a split β-barrel conformation, a fold also seen in FMN-binding heme-degrading proteins described in several bacterial species (Sachla et al., 2016; Lyles and Eichenbaum, 2018). Additional investigations revealed that this recombinant HupZ protein interacts with heme in vitro by its His6 tag, leading to a higher-order oligomeric structure, heme stacking, and degradation (Traore et al., 2021). These findings cast doubts about the function and the role of HupZ in heme metabolism. To reexamine heme-binding by HupZ, we constructed a new recombinant C-terminal fusion replacing the His6 with a Step-tag (HupZ-Strep) to facilitate purification. We expressed and purified the recombinant HupZ-Strep (Figure 1A), but the purified protein was not stable and precipitated out of the solution. We added 1% glycerol and 30 mM arginine to the buffer to increase stability for later heme titration experiments (Vagenende et al., 2009; Kudou et al., 2011). Titration of HupZ-Strep with externally added heme revealed the formation of a growing UV-VIS absorption peak at 404 nm that is indicative of heme-binding (Figure 1B). However, the heme bound form of HupZ-Strep exhibited a shift in absorption maxima compared to the holo HupZ-His6, which has a 414-nm Soret peak (Figure 1C). Additionally, unlike HupZ-His6, the absorption spectrum of HupZ-Strep did not include the α and β bands between 500 and 600 nm, implying HupZ-Strep binds heme without an axial heme ligand that coordinates the iron (Giovannetti, 2012).

The crystal structure of HupZ-His6 indicates that the protein’s C-terminus is close to where the HupZ dimers form a quaternary β-barrel (Sachla et al., 2016). To avoid the possibility that a C-terminal addition may interfere with the function and stability of HupZ, we constructed N-terminal fusions to two different MBP-containing vectors (His-MBP-HupZ and MBP-HupZ) and purified the proteins (Figure 1A). We generated a tag-less HupZ by cleaving His-MBP-HupZ with TEV protease (Figure 1B), leaving a serine residue after cleavage. We assayed heme binding by incubating 10 μM of tag-less HupZ with increasing heme concentration (Figure 2A). To confirm heme binding, the protein was allowed to set with 2× concentration of heme overnight and then passed through a PD-10 desalting column to remove any upbound heme (Figure 2B). Overall, tag-less HupZ exhibited a heme-binding spectrum similar to HupZ-Strep and different from HupZ-His6 (Figures 1D, E). Tag-less HupZ’s Soret was broad and peaked at 385 nm. The 500- through 600-nm range lacked the α and β bands that indicated coordination of the central heme-iron.




Figure 2 | Tag-less HupZ requires the imidazole group to coordinate heme b iron. UV-VIS absorption spectra of 10 μM tag-less HupZ (A) incubated for 1 h with a range of heme concentrations. The blank contained the reaction buffer and equivalent concentration of heme. Tag-less HupZ was incubated with 20 μM heme for 24 h, free heme was removed with PD-10 column (B, black). Then 1.6 mM imidazole (IMD, pink) was added to the cuvette. This addition causes the solution in the test tubes to change to pink (Insert). Lastly (C), the spectra for 10 μM of heme was taken in the standard reaction buffer (black) and with the addition of 1.6 mM IMD (teal). The blank contained only the reaction buffer.



Tag-less HupZ was not highly stable and prone to precipitate. Due to the solubility problems, further testing used a fusion to MBP (MBP-HupZ), which often aids in protein solubility. Unlike HupZ-Strep and tag-less HupZ, MBP-HupZ is soluble. Heme titration and reconstitution experiments demonstrated that the holo MBP-HupZ’s UV-VIS spectrum (Figures 3A, C) is similar to heme binding by tag-less HupZ. We also assess the heme-binding of a purified MBP protein as a negative control. MBP bound only a negligible amount of heme, exhibiting a vastly different absorption spectrum during heme titrations and reconstitutions (Figures 3B, D). MBP-HupZ also migrated as a monomer on native PAGE, indicating that it does not assemble into a high oligomeric state in vitro like HupZ-His6 (Figure 1C) (Traore et al., 2021). Therefore, all three recombinant HupZ proteins bind heme, albeit without an axial heme ligand. These findings suggest that heme-binding is native to the HupZ protein and independent of the tag, the location of the fusion, or the multimeric state.




Figure 3 | MBP-HupZ binds heme b and uses exogenous histidine for iron coordination. UV-VIS absorption spectra of 10 μM MBP-HupZ (A) or MBP (B) incubated for 1 h with a range of heme concentrations. The blank contained the reaction buffer and equivalent concentration of heme. MBP-HupZ was incubated with 20 μM heme for 24 h, free heme was removed, and the UV-VIS spectrum was determined before (C, black) or after the addition of 1.6 mM imidazole (IMD, pink). MBP (10 μM) was incubated with 20 μM heme for 24 h, free heme was removed, and the UV-VIS spectrum was determined before (D, black) or after the addition of IMD (pink).





Tag-Less and MBP-HupZ Use an Exogenous Histidine for Iron Coordination Of Heme b

Histidine is a common residue in short peptides that bind heme and often functions as the heme axial ligand in hemoproteins (Wissbrock et al., 2019). The imidazole moiety of histidine interacts with iron and other transition metals during binding. Since holo tag-less and MBP-HupZ did not exhibit iron coordination, we tested if exogenous imidazole could serve this function in vitro (Figures 2B and 3C). In both recombinant proteins, the addition of 1.6 mM imidazole caused a shift in the Soret peak, the generation of α and β bands, and the protein solution turned red (Figures 2B inset and 3C inset). As a control, we also measured the UV-VIS spectrum of MBP after incubation with heme, which exhibited minor spectral changes and still lacked α and β bands (Figure 3D). The UV-VIS spectra of free heme did not change with the addition of imidazole (Figure 2C). These observations suggest that exogenous imidazole can coordinate the iron in holo tag-less and MBP-HupZ but not in MBP or free heme. Together, this indicates that HupZ binds heme without an axial heme ligand but can readily interact with an exogenous imidazole group to coordinate the iron.



MBP-HupZ Degrades Heme b in the Presence of an Exogenous Imidazole

HupZ-His6 degrades heme in vitro, releasing CO, free iron, and a chromophore (Sachla et al., 2016). Since externally added imidazole can coordinate the heme iron in holo-MBP-HupZ, we tested if MBP-HupZ can also break down the heme under these conditions. Holo-MBP-HupZ was incubated with 1.6 mM imidazole, ferredoxin (as a reducing agent), NADPH, an NADPH regeneration system (glucose-6-phosphate and glucose-6-phosphate dehydrogenase), and catalase (to control for non-enzymatic degradation of heme by hydrogen peroxide) and allowed to run for 6 h (Figure 4A). As indicated by the arrows, the Soret and the α and β bands decreased steadily during incubation, indicating heme degradation (Figure 4B). Still, the MBP-HupZ reaction did not result in an absorption peak at 600–700 mm, indicating the formation of biliverdin or similar molecules. In vitro heme degradation by some heme oxygenases (e.g., HemO and HemO/PigA) can result in ferric-biliverdin, which has no absorption properties (Zhu et al., 2000; Ratliff et al., 2001). To liberate the iron, we treated the MBP-HupZ reaction with acid. As with HemO, the reaction acidification caused the reduction of the α and β bands and formed a chromophore, although at 660 nm and not 680 nm as with HemO. Hence, holo MBP-HupZ can degrade heme only when an externally provided imidazole group is present to coordinate the iron. No significant spectral changes were observed in the absence of imidazole (Figure 4B), indicating that holo-MBP-HupZ did not degrade the heme.




Figure 4 | MBP-HupZ degrades heme with the exogenous imidazole group. UV-VIS absorption spectra of 10 μM heme b bound to MBP-HupZ with 1.6 mM imidazole (A) or without (B) incubated with 10 μM ferredoxin, NADPH, an NADPH regeneration system, and catalase. After acidification of the MBP-HupZ reaction with imidazole, a peak at 660 nm formed (A, inset, purple). The blank contained 10 μM ferredoxin, NADPH, an NADPH regeneration system, and catalase, with or without 1.6 mM imidazole. MBP-HupZ (10 μM) in solution with 10 μM MP11, 10 μM ferredoxin, NADPH, an NADPH regeneration system, and catalase (C). (D) The zero minute of the MP11 (teal) and the 6-h time point (black). After acidification of the reaction (pink), the Soret shifted from 406 to 394 nm, and a peak formed at 626 nm (D, inset, pink). The blank contained 10 μM ferredoxin, an NADPH regeneration system, and catalase, with or without 1.6 mM imidazole.





HupZ Showed Weak Degradation of Heme c (MP11)

All of the heme-degrading proteins described to date catalyze the breakdown of heme b. The one exception is Pden_1323, from Paracoccus denitrificans, who also belongs to the HugZ family. Pden_1323 lacks the C-terminal loop that contains the axial heme ligand (His245 in HugZ) but degrades heme c bound to a cytochrome fragment (MP11) (Li et al., 2021). In cytochrome c, the heme iron is coordinated by a histidine in proteaceous region attached to heme c and that histidine is retained in MP11 (Kranz et al., 2009). Since MBP-HupZ can degrade heme if the iron is coordinated by exogenous imidazole, we also tested if it could degrade heme c provided by MP11. MBP-HupZ bound MP11 with a 406-nm Soret and had α and β bands (Figure 4D). MBP-HupZ bound to MP11 was then tested for degradation with ferredoxin, NADPH, and NADPH regeneration system (in the presence of catalase). The reaction resulted in a progressive, though limited, decrease in the Soret and the α and β bands (Figure 4C). Like with heme b, the HupZ reaction did not produce an absorption peak between 600 and 700 mm. However, subsequent acidification of the solution led to forming a 615-nm chromophore (Figure 4D). Together, the data show that using ferredoxin, HupZ only moderately degrades heme b and heme c in vitro. It is possible that the fusion with MBP may hinder the degradation or in vitro conditions are not optimal.



Heme c Does Not Appear to Serve as an Iron Source for GAS

To test if the observed heme c in vitro degradation by HupZ is biologically relevant, we constructed a ΔhupZ mutant in GAS by insertion inactivation and assessed the ability of both the wild-type rescue and ΔhupZ strains to use a fragment of heme c (MP11) as an iron source (Figure 5). Inactivation of hupZ had a small positive impact on growth in the regular laboratory THYB (Figure 5A). Adding the iron chelator dipyridyl to THYB (THYB-DP) restricted growth in both strains to less than 20% and supplementing the medium with a range of 5–20 μM of MP11 could not significantly restore growth in either strain of bacteria, as indicated by a 1-way ANOVA across treatment types within each strain. There was also no significant difference between wild-type and ΔhupZ strains when comparing identical treatment conditions using a Student’s t-test (Figure 5). A 2-way ANOVA covering aggregated data points for wild-type percentage growth to aggregated ΔhupZ percentage growth indicated that there was a significant mean difference in the wild type compared to the mutant in the iron-depleted media (17.5% to 14.2%, respectively). Indicating that while GAS does not utilize MP11 as an iron source, HupZ may provide relief from heme c toxicity.




Figure 5 | GAS cannot use MP11 as an iron source. Overnight growth of GAS wild-type rescue (gray) and ΔhupZ (orange) strains in THYB (A). Relative growth of GAS wild-type rescue THYB-DP with a range of MP-11 compared to THYB growth (B). Relative growth ΔhupZ under the same conditions (C). No significance was determined using the Student’s t-test. NS, not significant.





HupZ Contributes to Heme b Metabolism In Vivo

To further evaluate the role of HupZ in heme use in vivo, we examined the mutant and the wild-type rescue strain for heme use and sensitivity. Unlike with MP11, supplementation of THYB-DP with hemoglobin at a range of 2.5 to 20 μM restored GAS growth in THYB-DP, indicating that both strains can use hemoglobin as an iron source (Figures 6A, B). The hemoglobin dose–response was delayed in the ΔhupZ strain compared to the wild-type rescue strain. For complementation, we expressed hupZ in trans from GAS recA promoter. Comparing the complemented and control (empty vector) strains revealed a small but statistically significant difference between the strains when grown on hemoglobin iron (Figures 6C, D). First, data show that losing hupZ reduces GAS’ ability to use heme iron.




Figure 6 | HupZ contributes to bacterial growth on heme b-iron and aids GAS in heme b tolerance. Overnight growth of GAS wild-type rescue (gray) and ΔhupZ (orange) strains in THYB (A). Relative growth of GAS wild-type rescue and ΔhupZ strains in THYB-DP with a range of hemoglobin (Hb) compared to THYB growth (B). Overnight growth of complement (light blue) and empty vector (pink) in THYB (C). Relative growth of GAS ΔhupZ strain with HupZ expressing (light blue, complement) or empty vector (pink) in THYB-DP with a range of HB (D). Overnight growth of L. lactis in GM17 (E), GM17-DP, or GM17-DP and a range of Hb, with either an empty (black) or HupZ expressing vector (dark blue). Relative growth of GAS wild-type rescue, complement, and empty vector strains in THYB with either 5 or 10 μM heme (Hm) compared to normal THYB growth (F). The data represent three independent experiments and were analyzed using the Student’s t-test, where ** indicates a P-value > 0.001, *** > 0.0001, **** > 0.00001, and ***** > 0.000001.



The moderate phenotype of the hupZ mutant suggests redundancy in mechanisms to gain iron by GAS. Hence, we also tested the influence of hupZ expression on hemoglobin iron use by a heterologous host. HupZ was expressed from the Pnis promoter in L. lactis (Figure 6E). Lactococcal growth in GM17 was inhibited with 10 mM DP. Adding hemoglobin to the iron-restricted medium restored growth, indicating that L. lactis can use hemoglobin as an iron source. L. lactis expressing hupZ responds to a lower hemoglobin concentration and reaches a higher maximal density than the L. lactis harboring an empty vector.  Second, HupZ promotes the use of heme iron in both GAS and L. lactis.

We tested the sensitivity of the GAS mutant and the wild-type rescue strains to free heme (Figure 6F). The addition of 5 mM heme to THYB restricted the growth of the hupZ mutant while it had no impact on the rescue strain. The addition of 10 μM heme inhibited the growth of both strains, but the wild-type rescue strain grew better than the hupZ mutant. Third, hupZ helps GAS manage heme toxicity at a low heme concentration.



Loss of hupZ Decreases the Fitness of GAS in a Mucosal Colonization Competition

Colonization of the host mucosa constitutes an important first step in GAS pathogenesis in vivo (Walker et al., 2014; Zhu et al., 2020). We used a murine colonization model to determine whether hupZ plays a role in the ability of GAS to colonize the vaginal mucosa. When wild-type rescue and ΔhupZ mutant cells were mixed at a 1:1 ratio and inoculated intravaginally into mice, they were initially able to colonize in approximately equal ratios (Figure 7). Following the initial vaginal lavage on day 1, the mutants were no longer able to compete with the WT cells, and the ratio of recovered WT:ΔhupZ mutant cells increased dramatically. The data indicate that hupZ is important in allowing GAS to maintain host surface colonization.




Figure 7 | HupZ aids GAS fitness in mucosal colonization model. Mixtures (1:1) of WT and ΔhupZ mutant cells were inoculated intravaginally into mice on day 0. Vaginal lavage samples taken at days 1, 2, 3, and 5 post-inoculation were plated to determine the competitive index of WT:ΔhupZ mutant cells recovered. By day 2 and through to day 5, significantly fewer ΔhupZ mutant cells were recovered compared to WT. The data represent two independent experiments and were analyzed using the Kruskal–Wallis test of ratios, where * indicates a p-value > 0.01 and ** > 0.001.






Discussion

Heme acquisition and iron release are vital for GAS infections, as they supply the pathogen with growth-essential iron in the host environment. GAS lacks genes that share sequence homology to canonical heme oxygenases, and hence how this pathogen processes heme to release the iron is an enigma. We hypothesized that HupZ, a small and presumably cytoplasmic protein, is involved in heme metabolism because it is regulated by MtsR and is co-expressed with the heme receptor, hupY. The crystal structure of HupZ-His6 is similar to the heme-degrading enzyme HugZ, particularly on the split barrel fold of the C-terminal domain (Sachla et al., 2016). HupZ, however, lacks the N-terminal domain. Moreover, in vitro analysis revealed that a recombinant HupZ-His6 binds and degrades heme in vitro. Holo-HupZ-His6 exhibits a UV-VIS spectrum with a prominent Soret and α and β bands in the 500–600 nm range indicative of heme bound with an axial heme ligand (Sachla et al., 2016). Resonance Raman spectroscopy indicated that the axial heme ligand in HupZ-His6 was a histidine residue, but replacing the only native HupZ histidine residue with alanine did not affect the spectrum (Traore et al., 2021). These observations suggest that one of the six histidine residues in the purification tag interacts in the heme-binding capacity of the recombinant HupZ-His6 protein.

In this study, we examined HupZ’s function using biochemical and genetic approaches. Using new recombinant HupZ proteins with a carboxy-terminal fusion to a Strep-tag (HupZ-Strep), a tag-less HupZ, or an amino-terminal fusion to MBP (MBP-HupZ), we demonstrated that HupZ binds heme independently of the tag nature or location (Figures 1–3). Interestingly, without the His6 tag, MBP-HupZ does not appear to assemble into the high oligomeric state exhibited by the HupZ-His6 variant, (Figure 1C). This state is thought to promote heme degradation by HupZ-His6 (Traore et al., 2021). More work, however, is needed to determine the oligomeric state of native HupZ. While the spectrum indicates that HupZ lacks a native axial heme ligand, tag-less and MBP-HupZ exhibited iron coordination provided by free imidazole (Figures 2 and 3) or heme c (Figure 4).

As we see with HupZ, the protein framework can provide sufficient interactions for binding within a relatively heme-specific binding pocket. Historically, it was presumed that the bond(s) between the heme iron and the amino acid(s) coordinating the iron is the major force holding the heme into the protein. However, experiments on globin and cytochrome mutants in which the proximal histidine was changed to glycine and the side chain was replaced by an imidazole showed that the protein could still incorporate heme even without a coordinate/covalent bond attachment (Schneider et al., 2007). Additionally, mutation of the HugZ axial heme ligand, His245, to alanine, glutamine, or asparagine, could all degrade heme, indicating that the side chain of the residues was not required for enzymatic degradation and may serve a role in the recognition and binding specificity of heme (Hu et al., 2011). Indeed, when the axial heme ligand (His209) of the heme shuttle protein, PhuS, of P. aeruginosa is mutated, the in vitro protein can coordinate the iron with neighboring His210 or His212 instead (Tripathi et al., 2013).

MBP-HupZ with heme-iron coordinated in the presence of a reducing partner exhibited a weak decrease in the Soret and the α and β band (Figure 4). Heme degradation enzymes require reduction partners that provide the electrons necessary for degradation. Cytochrome P450 reductase is the native reducing partner of the mammalian HO-1. The native partners of most bacterial heme-degrading enzymes are not known. The only exceptions are the ferredoxin reductase FPR in P. aeruginosa and the reductases IruO and NtrA in S. aureus, which facilitate the reaction of HemO/PigA and IsdG/I, respectively (Wang et al., 2007; Hannauer et al., 2015). Heme degradation with native reducing partners results in forming a linear porphyrin (e.g., biliverdin) and free iron. The HupZ degradation reaction, using ferredoxin as a reducing partner, results in a product that does not have spectral properties. The formation of a chromophore that absorbed at 660 nm after acidification (Figure 4D, inset) suggests that the HupZ reaction stopped after the formation of ferric-biliverdin (or a similar molecule), which is missing a spectroscopic signature. Similar observations were made with the heme-degrading enzyme PigA/HemO of P. aeruginosa, and HemO of N. meningitidis, as well as the oxidoreductive cleavage of verdohemochrome IX-α (Saito and Itano, 1982; Zhu et al., 2000; Ratliff et al., 2001).

MBP-HupZ-bound MP11 spectra contained α and β bands consistent with coordination of the heme iron and limited degradation to a 615-nm chromophore over 6 h (released by acidification, Figure 4D). Hence, HupZ weakly degrades heme c in vitro. HupZ’s dependency on exogenous imidazole and heme c degradation are reminiscent of Pden_1323, the only heme c-degrading enzyme to be described. Still, Pden_1323 fully oxygenates MP11 in 5 min while HupZ facilitates only partial (~0.2–0.4) turnover in 6 h. The weak degradation activity could result from the absence of the native reducing partner or the MBP fusion, or it is not physiologically relevant. To assess the physiological relevance, we tested the ability of WT NZ131 and a ΔhupZ strain to use the heme c fragment, MP11, as an iron source but did not see notable growth (Figure 5). Pden_1323 and HupZ create a new subgroup in the FMN-binding class of heme-binding or -degrading enzymes. While sharing overall homology with the HugZ protein family, they both lack the C-terminal loop that typically contains the axial heme ligand and the N-terminal α/β domain. This omission creates a larger opening where the heme-binding pocket is believed to be based, allowing Pden_1323 and HupZ to accommodate the larger heme c ligand. Interestingly, HugZ N-terminus is not required for heme degradation; in fact, a C-terminal domain truncated mutant of HugZ demonstrated an increased rate of degradation compared to full-length HugZ (Hu et al., 2011).

In vivo, the loss of hupZ results in a decrease in heme b iron use by GAS at low concentrations (Figure 6B). The increase in growth on hemoglobin iron exhibited by L. lactis expressing hupZ provides additional support and hupZ contribution to heme b metabolism (Figure 6E). Together, these observations are consistent with a function as a heme chaperone.

Transcriptome analysis of GAS during murine vaginal carriage showed that the hupYZ operon is significantly upregulated, exhibiting a 27- and 37-fold increase in expression of hupY and hupZ, respectively, compared with bacteria grown in a chemically defined medium (Cook et al., 2019). We tested the hupZ mutant in a murine mucosal colonization competition (Figure 7). While the ratio of wild-type rescue to mutant was equal on the first day, by the second day, there were significantly fewer hupZ mutant cells recovered than wild-type rescue, a trend that continued through to the 5 days. In all, this indicates that hupZ promotes bacterial fitness in the host.

Lastly, polyhistidine tags are one of the most widely used for protein purification. Often the tags are removed after purification by inserting a protease recognition sequence. However, low reaction efficiency coupled with the requirement of costly enzymes and an additional purification step means that they are commonly retained (Jenny et al., 2003; Kielkopf et al., 2021). Yet, as indicated through this work, the utilization of a His6 tag may be detrimental to determining the function of a protein, as the histidine residue may interact with an unintended epitope. The retention of these tags during experimental conditions can also change ligand binding dynamics. The two-dimensional infrared vibrational echo spectroscopy of His6-myoglobin showed a significant change in the short time scale dynamics of binding carbon monoxide compared to native myoglobin, although there was no effect on the UV/VIS spectra (Thielges et al., 2011). The terminal placement (i.e., amino or carboxy) affects the product regiospecificity of the carbonyl reductase S1 from Candida magnoliae (Haas et al., 2017). With HupZ-His6, the tag not only interacted with the bound heme but also promoted higher oligomeric states. Given histidine’s propensity to affect protein dynamics and regiospecificity, along with their prominences in heme-binding pockets, they may not be suitable for heme-binding studies.

In summary, HupZ binds heme b and heme c and relies on exogenous imidazole for degradation in vitro. GAS mutants lacking hupZ can use heme iron albeit less efficiently. These observations, combined with the low turnover in heme b and MP-11 in vitro degradations, suggest that in vivo HupZ is likely a heme chaperone, or it contributes to heme detoxification by a yet-to-be-defined mechanism.
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Neisseria gonorrhoeae and Neisseria meningitidis are human-specific pathogens in the Neisseriaceae family that can cause devastating diseases. Although both species inhabit mucosal surfaces, they cause dramatically different diseases. Despite this, they have evolved similar mechanisms to survive and thrive in a metal-restricted host. The human host restricts, or overloads, the bacterial metal nutrient supply within host cell niches to limit pathogenesis and disease progression. Thus, the pathogenic Neisseria require appropriate metal homeostasis mechanisms to acclimate to such a hostile and ever-changing host environment. This review discusses the mechanisms by which the host allocates and alters zinc, manganese, and copper levels and the ability of the pathogenic Neisseria to sense and respond to such alterations. This review will also discuss integrated metal homeostasis in N. gonorrhoeae and the significance of investigating metal interplay.
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Introduction - Pathogenic Neisseriae Cause Devastating Yet Distinct Diseases to the Human Host

Neisseria gonorrhoeae and Neisseria meningitidis are human-specific pathogens of significant public health concern. Despite high DNA and amino acid sequence identity, N. gonorrhoeae and N. meningitidis cause significantly different diseases (Tinsley and Nassif, 1996; Perrin et al., 2002).

N. gonorrhoeae is the causative agent of the second most common reportable infectious disease in the United States, gonorrhea, and predominantly colonizes the genital mucosal epithelium and oropharynx (CDC, 2019b). Symptomatic gonococcal infection presents as urethritis, cervicitis, salpingitis, pharyngitis or conjunctivitis (CDC, 2019b). However, gonorrhea can present asymptomatically as well. Asymptomatic infection in women is of great concern as it enables the pathogen to ascend to the upper reproductive tract, where it can cause pelvic inflammatory disease. Pelvic inflammatory disease can lead to ectopic pregnancy, scarring, infertility, and chronic pelvic pain. In 2018, the incidence of gonococcal disease was 179.1 cases per 100,000, correlating with a total of 583,404 reported cases in the United States (CDC, 2019b).

N. meningitidis can inhabit the nasopharynx without eliciting symptoms; this carrier state can be found in 5-10% of the US population (CDC, 2019c). The carrier state can transition to symptomatic disseminated infection, sometimes referred to as invasive meningococcal disease (IMD), which is characterized by nausea, vomiting, rash, stiffness of neck, fever, and diarrhea (CDC, 2019c). While the incidence of meningococcal disease has decreased dramatically from ~1.50 per 100,000 in 1980 to ~0.2 per 100,000 in 2018, IMD remains a severe threat to infants. Incidence of IMD in children younger than 1 year has averaged around 1.20 per 100,000 in the past 10 years (CDC, 2019a). About 12% of infections result in death, and some survivors experience permanent brain damage, loss of limbs or hearing loss (Candrilli, 2019; CDC, 2019a).

While the pathogenic Neisseriae pose a direct threat to human health, they also represent a substantial economic burden in the United States. In 2018, gonorrhea infections resulted in an estimated $85 million in direct medical costs in the United States (Kumar et al., 2021). The estimated total cost of the response to an IMD outbreak at the University of Oregon Hospital (7 cases) and the Oregon State University Hospitals (6 cases) was $12.3 million (Candrilli, 2019).

During neisserial infection, the host limits bacterial proliferation by modulating metal availability through two related mechanisms: nutritional immunity and metal intoxication. Nutritional immunity is characterized by host sequestration of free metals from the bacterial nutrient supply, limiting metals required for enzymatic and metabolic functions (Hennigar and McClung, 2016). Metal intoxication is the process by which the host overloads pathogens with toxic metal concentrations (Becker and Skaar, 2014). Metal overload in bacteria contributes to reactive oxygen species (ROS) and reactive nitrogen species (RNS) cycling (Djoko et al., 2012), protein mismetallation (Veyrier et al., 2011), and subsequent stalling of respiration (Djoko and McEwan, 2013). Pathogenic bacteria have evolved mechanisms to access restricted metals as well as limit metal overload.

Metal availability within a biological niche dictates pathogen survival and the extent of pathogenesis. Although causing distinct disease presentations, pathogenic Neisseria share many mechanisms of responding to metal scarcity and overload to ensure survival and maintain virulence. This review aims to provide an overview of the neisserial response to nutritional immunity and metal intoxication with respect to zinc, manganese, and copper.



Zinc, Manganese, and Copper Are Allocated to Specific Host Niches

Transition metals, such as zinc, manganese, and copper, are essential to many host processes, including oxidative stress resistance (Girotto et al., 2014; Jarosz et al., 2017; Ganini et al., 2018), cell signaling and metabolism (Maares et al., 2018), immune modulation (Hu Frisk et al., 2017), post-translational modifications (Braiterman et al., 2015; Tidball et al., 2015), and structural maintenance and enzymatic processing (Tidball et al., 2015; Ganini et al., 2018). These metals play similar roles in pathogens including Neisseria meningitidis (Persson et al., 2001; Pawlik et al., 2012; Hecel et al., 2018) and Escherichia coli (Kaur et al., 2017).

Zinc within the human body is primarily localized to the bone and skeletal muscle, with moderate concentrations found in the kidneys and liver (Jackson, 1989). Most zinc, however, is metabolically unavailable to the host due to slow zinc turnover with the exception being zinc found in the sperm (Baer and King, 1984). High levels of zinc-binding metallothioneins (Suzuki et al., 1994), which maintain zinc and copper homeostasis and limit heavy toxicity in host cells (Rahman and Karim, 2018), can be found in male secretions (Suzuki et al., 1992). It is feasible that zinc-binding metallothioneins help create a zinc limited environment for the gonococcus during male urethral infection. The majority of zinc within the host is not easily accessible to pathogens due to a limited pool of labile zinc (Brown et al., 2001), which can be further restricted during infection by production of calprotectin and other S100 proteins that act to sequester free zinc away from the pathogen (Yadav et al., 2020). Calprotectin makes up 45% of the protein content in neutrophils (Edgeworth et al., 1991) and is released following neutrophil death (Voganatsi et al., 2001) and Neutrophil Extracellular Trap (NET) formation (Urban et al., 2009). The zinc sequestering protein, S100A7, is enriched in lower genital tract epithelial cells (Mildner et al., 2010). In the case of mucosal infection by N. gonorrhoeae, a robust Th17 response results in the influx of neutrophils (Liu and Russell, 2011). Thus, S100A7 and calprotectin, which has been released by neutrophils, create a zinc limited environment for N. gonorrhoeae (Zackular et al., 2015). The remaining zinc is dispersed among the reproductive (Baer and King, 1984) and immune systems (Brown et al., 2001).

Within the human host, manganese exists as Mn2+ and Mn3+ (O'Neal and Zheng, 2015). Mn2+ is found in the blood bound to albumin, ß-globulin, bicarbonate, and citrate, and in the cytosolic content of neutrophils bound to calprotectin (O'Neal and Zheng, 2015; Zackular et al., 2015). Within the cell, Mn2+ is found at the highest concentrations in the endoplasmic reticulum and mitochondria, where it plays an antioxidant role through Mn-dependent superoxide dismutase (MnSOD) (Maynard and Cotzias, 1955; Ganini et al., 2018). In neurons, Mn2+ is required for signal transduction and enzymatic function (Gunter et al., 2013; Tidball et al., 2015). Excess Mn2+ accumulates in the liver, kidneys, bone, and pancreas, with higher levels bound to regulatory proteins in the brain and cerebrospinal fluid. Mn3+ can be bound to transferrin, which transports Mn3+ to neuronal cells in a mechanism similar to Fe3+ transport (Chen et al., 2001; Gunter et al., 2013). Many Gram-negative pathogens utilize Mn2+ (i.e. Acinetobacter baumanii, Salmonella enterica, E. coli, Helicobacter pylori, and N. gonorrhoeae), in the face of nutritional immunity, for oxidative stress resistance and metabolism (Tseng et al., 2001; Kehres et al., 2002b; Anjem et al., 2009; Lee et al., 2010; Diaz-Ochoa et al., 2016; Juttukonda et al., 2016). During gonococcal infection of macrophages, the manganese transport protein Natural resistance-associated macrophage protein 1 (NRAMP1) (Jabado et al., 2000), is upregulated on the phagosomal membrane (Forbes and Gros, 2003; Zughaier et al., 2014). NRAMP1 shuttles manganese from the phagosomal compartment to the cell cytosol to restrict pathogen access to manganese. Consequently N. gonorrhoeae may experience manganese limitation in the endolysosomal compartment following phagocytosis by macrophages (Ivanov et al., 2022).

Copper is found primarily in the liver and plasma in free and ceruloplasmin-bound forms (Dunn et al., 1991). Ceruloplasmin facilitates copper transport through the vasculature and possesses the ferroxidase activity necessary for the oxidation of Fe2+ to Fe3+ and subsequent iron loading of transferrin (Ramos et al., 2016; Hyre et al., 2017). Ceruloplasmin is also transported to the urinary tract during human infection (Hyre et al., 2017). Thus, N. gonorrhoeae may experience ceruloplasmin-dependent copper limitation in addition to S100 protein-dependent zinc limitation at the mucosal surface. Copper can also be found within the cytosol of neutrophils, which are recruited to the gonococcal infection site (Johnson and Criss, 2011; Sintsova et al., 2014), following import by CTR1 on the neutrophil membrane (Zhou and Gitschier, 1997; Cichon et al., 2020).



Metal Acquisition by the Pathogenic Neisseriae in Metal-Restricted Niches Requires Highly Specific Metal Import

Metal import poses a particular challenge to Gram-negative bacteria, as it requires transport across a two-component cell wall. Outer membrane transport utilizes the proton motive force and requires energy transduction, via the Ton system, from the cytoplasmic membrane. Scarce metals (i.e., zinc, manganese, and copper) are transported into the cytoplasm in an ATP-driven mechanism, which is often tightly regulated to avoid metal overload, protein mismetallation, and oxidative stress. Highly specific metal transport is required in a host that uses metal sequestration to restrict microbial growth and pathogenesis.

In the human host, which allocates metals to specific niches, the pathogenic Neisseria, N. gonorrhoeae and N. meningitidis, have evolved mechanisms to acquire zinc, manganese, and copper in specific environments. Gonococcal TdfH and TdfJ are zinc-specific TonB-dependent transporters that pirate zinc from calprotectin (Kammerman et al., 2020) and S100A7 (Maurakis et al., 2019), respectively, to transport that zinc across the outer membrane to the periplasm (Figure 1). Gonococcal TdfH binds calprotectin through a high-affinity bimodal interaction. TdfH interacts with a tetramer of calprotectin, which itself is a heterodimer of S100A8 and S100A9 (Bera et al., 2022). Interestingly, gonococcal growth when calprotectin is the sole zinc source requires the presence of zinc in site 1 of calprotectin, the preferred zinc utilization site by gonococcal TdfH. Mutant calprotectin unable to bind zinc at site 2 fully supports gonococcal growth (Kammerman et al., 2020). The cryoEM structure of the calprotectin:TdfH complex has been determined by Bera et al. (Bera et al., 2022). Since site 1 of calprotectin is capable of binding both zinc and manganese (Gagnon et al., 2015) and gonococcal TdfH is able to bind manganese-loaded calprotectin (Bera et al., 2022), it is feasible that TdfH may also be a manganese importer. The meningococcal TdfH homolog was renamed calprotectin-binding protein A (CbpA); this protein has been shown to bind to zinc- or manganese-loaded calprotectin (Table 1) with higher affinity than it does to unloaded calprotectin, demonstrating a preference for metalated calprotectin over the apo form (Figure 1) (Stork et al., 2013). Gonococcal TdfJ was shown to bind S100A7 with high specificity and to use the human protein as a zinc source (Maurakis et al., 2019). Similarly, the meningococcal homolog of TdfJ is a zinc-specific importer required for zinc import during zinc limitation (Stork et al., 2010).




Figure 1 | Neisseria gonorrhoeae and Neisseria meningitidis experience host-driven nutritional immunity and metal intoxication. The host exerts nutritional immunity on the pathogenic Neisseriae by exposing the bacteria to calprotectin and S100A7. Calprotectin sequesters both zinc (Zn) and manganese (Mn) from the extracellular environment to limit Zn and Mn availability. N. gonorrhoeae in turn expresses TdfH, which has been shown to strip Zn from calprotectin and subsequently import the ion. TdfH is able bind Mn-loaded calprotectin suggesting a role for Mn import across the outer membrane. TdfH is referred to as CbpA in N. meningitidis. S100A7 also sequesters Zn from the extracellular environment. Gonococcal TdfJ binds S100A7 to pirate and import the Zn payload. Lipooligosaccharide (LOS) is shown in the outer membrane for reference. Once in the periplasm, Zn and Mn are chaperoned by the periplasmic binding protein, ZnuA (MntC) to the permease in the cytoplasmic membrane, ZnuB (MntB). Transport across the cytoplasmic membrane is energized by the ATPase, ZnuC (MntA). The host also exerts metal intoxication, specifically copper (Cu) intoxication on N. gonorrhoeae and Mn intoxication in N. meningitidis through unknown mechanisms. In response, these efflux proteins export excess cytoplasmic Cu or Mn from to the periplasmic space.




Table 1 | Neisseria gonorrhoeae (Ng) and Neisseria meningitidis (Nm) express proteins which are potentially involved in integrated metal homeostasis.



After crossing the outer membrane, metals must be escorted across the periplasm to transporters in the cytoplasmic membrane. Metal chaperoning across the periplasm is often accomplished by periplasmic metal-binding proteins (PBP) of the Cluster A-I substrate-binding protein family. PBP transport precedes the ATP-dependent transport step through the cytoplasmic membrane (Dintilhac and Claverys, 1997; Berntsson et al., 2010). Precise metal transport across the periplasm is required for acclimation to the specific metal environments encountered by Gram-negative pathogens (Lewis et al., 1999; Ammendola et al., 2007; Davies and Walker, 2007; Lim et al., 2008; Davis et al., 2009; Desrosiers et al., 2010; Pederick et al., 2015). PBPs deliver specific metals to permeases in the cytoplasmic membrane, where an ATPase then hydrolyzes ATP to energize metal transport into the cytoplasm.

N. gonorrhoeae express a zinc import system encoded by znuCBA (NGO_0170-_0168) (accession number NC_002946) where the gene products, ZnuC, ZnuB, and ZnuA are the ATPase, permease, and PBP, respectively (Figure 2 and Table 1). ZnuCBA transports zinc through the periplasm and across the cytoplasmic membrane. A znuA mutant was growth deficient in the presence of all supplemental metals (i.e. Mg2+, Mn2+, Cu2+, Ni2+, Fe2+, Fe3+, Ca2+, and Cd2+) except Zn2+, demonstrating the specificity of this importer for zinc, over other metals, under these conditions (Chen and Morse, 2001). Growth only with supplemental zinc suggests that the gonococcus requires specific zinc import via ZnuA for cellular processes that cannot be completed with substituting metals under these conditions.




Figure 2 | The genome of Neisseria gonorrhoeae and Neisseria meningitidis encodes the znuCBA/mntABC operon. The znuCBA operon in N. gonorrhoeae is indicated by the locus numbers NGO_0170, NGO_0169, and NGO_0168. The operon is named in order of predicted transcriptional direction. NGO_0170 encodes an ATPase named ZnuC which provides energy from zinc (Zn) transport into the cytoplasm. NGO_0169 encodes a permease named ZnuB which serves as a channel for transporting Zn through the cytoplasmic membrane. NGO_0160 encodes ZnuA, which chaperones Zn from the periplasm and delivers it to ZnuB. A simplified image of the znuCBA gene products is depicted. The gene products of the NGO_0170, NGO_0169, and NGO_0168 have been implicated in both Zn and manganese (Mn) binding and transport. Thus, znuCBA is also referred to as mntABC in reference to Mn transport. znuCBA and mntABC are two different names to identify the same genetic sequence indicated by the locus numbers NGO_0170, NGO_0169, and NGO_0168. The znuCBA operon including the intergenic regions in N. gonorrhoeae is 92% identical to that in N. meningitidis (Accession number AE002098.2), in which znuCBA is also responsible for Zn and Mn import.



A manganese-specific outer membrane importer has not been identified in pathogenic Neisseriae despite the requirement for manganese, rather than zinc, cobalt, or magnesium, to resist oxidative killing (Tseng et al., 2001). However, the ability of TdfH to bind to manganese-loaded calprotectin suggests the possibility for highly specific manganese import across the outer membrane in the pathogenic Neisseriae (Table 1) (Bera et al., 2022).

The znuCBA operon is also referred to as mntABC in the context of manganese transport through the periplasm and across the cytoplasmic membrane (Table 1). MntA, MntB, and MntC are the ATPase, permease, and PBP, respectively. znuCBA and mntABC are different names for the same operon. znuCBA was used to describe the operon when the gene products were demonstrated to be involved in zinc import; somewhat confusingly, mntABC was deployed as the term to describe the operon when the gene products were involved in manganese import (Figure 2). The gene locus is the same for both systems and presumably encodes the proteins required for both manganese and zinc import.

ZnuA (Figure 2), from Ngo strain FA1090 (accession number NC_002946) shares 96% amino acid identity with a zinc ABC transport PBP encoded by N. meningitidis. This high sequence similarity suggests that N. meningitidis also requires a PBP for zinc and manganese transport through the periplasm. A gonococcal mntC mutant imports 500-fold less manganese than the wild type, demonstrating a dual metal-binding capacity (Tseng et al., 2001). MntC binds manganese and zinc with nearly equal affinity (100 ± 8 nM for Mn2+ and 104 ± 5 nM for Zn2+), suggesting that the gonococcus occupies niches during infection that are limited in both metals (Chen and Morse, 2001; Lim et al., 2008). This import system may be required for growth and pathogenesis in N. meningitidis much like it is in N. gonorrhoeae.

Calmettes et al. showed that the meningococcal TdfJ homolog, ZnuD, crystalizes with zinc and cadmium (Table 1) at distinct binding sites in the absence of a chelator, suggesting the ability to bind both ions in their free form (Calmettes et al., 2015). Hecel et al. defined the metal binding specificity of the flexible loop responsible for ion capture by ZnuD (Hecel et al., 2019), noting that this flexible loop binds copper (Figure 1) with higher affinity and stability than it does zinc and that the loop undergoes a substantial conformational change upon copper binding (Hecel et al., 2019). The ability of ZnuD/TdfJ to bind copper suggests that this transporter may import copper in addition to zinc (Figure 1, Table 1).

A periplasmic copper chaperone has not yet been identified in the pathogenic Neisseriae. However, the ability of ZnuD to bind free copper suggests that copper could be imported through the outer membrane to the periplasm and may require a chaperone for delivery to the cytoplasmic membrane.



Metal Availability Sensors Regulate Metal Import Genes

Metal-dependent regulation in bacteria is often accomplished by the ferric uptake regulator (Fur) -family proteins (Taylor-Robinson et al., 1990). Fur-family metalloregulators include Fur, PerR, Mur, Nur, Zur, and Irr, which are responsible for regulating iron uptake, peroxide stress sensing, manganese uptake, nickel uptake, zinc uptake, and heme-dependent iron uptake (Fillat, 2014). These Fur-family regulators are responsible for sensing metal availability within microenvironments inhabited by pathogens and subsequently coordinating a transcriptional response.

Pathogenic Neisseriae express two well-characterized metal dependent regulators: Fur and Zur (Zur has also previously been called PerR) (Wu et al., 2006; Pawlik et al., 2012; Jean, 2015; Jean et al., 2016). In N. gonorrhoeae, Zur is hypothesized to repress zinc and manganese import genes in the presence of these metals and to de-repress zinc and manganese import genes in the absence of these metals (Table 1) (Chen and Morse, 2001; Wu et al., 2006). Production of gonococcal proteins TdfJ and TdfH is zinc-repressed in a Zur-depending manner (Jean et al., 2016). In the context of infection at mucosal surfaces and in neutrophils, N. gonorrhoeae requires a zinc sensor, such as Zur, to mount a transcriptional response to calprotectin- and S100A7- mediated zinc limitation. Zur de-represses expression of high-affinity metal importers, including znuCBA, tdfJ, and tdfH, so that the gonococcus can effectively and efficiently import Zn. Meningococcal Zur specifically binds to the promoter of znuD (PznuD) in the presence of Zn2+, but not Ca2+, Co2+, Cu2+, Fe2+, Mg2+, Mn2+, or Ni2+. Zinc-dependent binding of Zur to PznuD is abrogated with the addition of a zinc-specific chelator, N,N,N′,N′-tetrakis (2-pyridinylmethyl)-1,2-ethanediamine (TPEN) (Pawlik et al., 2012), suggesting that Zur is responsible for sensing zinc availability and coordinating a transcriptional response that allows for zinc acquisition. Microarray and RT-qPCR analyses also showed zinc-dependent regulation of 11 other genes, including cbpA, znuCBA, the high-affinity zinc ABC importer, and genes encoding multiple ribosomal proteins, nitrosative stress resistance proteins, and metabolic proteins (Pawlik et al., 2012; Stork et al., 2013).

Manganese-dependent regulation by gonococcal Zur (also referred to as PerR) was demonstrated by Tseng et al. and Wu et al. (Table 1) (Tseng et al., 2001; Seib et al., 2006; Wu et al., 2006). Wu et al. established that znuCBA (mntABC) is manganese-repressed in a Zur-dependent manner. Manganese has also been shown to upregulate many ribosomal proteins, pilus assembly proteins, adhesion proteins, outer membrane proteins, the multidrug efflux pump protein channel, MtrE, and many metabolic proteins (Wu et al., 2010). Interestingly, the iron-repressed transferrin-binding protein A (TbpA) and the transport protein ExbB were also manganese-repressed (Ronpirin et al., 2001; Wu et al., 2010). These data suggest that gonococcal Zur senses manganese limitation during infection where calprotectin and potentially other manganese-binding proteins sequester manganese.

Copper sensing and regulation in bacteria are often accomplished by CueR, which is absent from the gonococcal genome (accession number NC_002946; Arguello et al., 2013). The genome of N. meningitidis encodes a putative CueR regulator (accession number MBF1297094.1) that is 47.62% identical to that found in E. coli (accession number NP_415020). Although, it has not yet been empirically characterized as a copper-dependent regulator. Neisserial MisR (accession number WP_002214312.1), is homologous to CueR. MisR is the response regulator of theMisR-MisS two-component regulatory system and is known to be involved in cationic antimicrobial peptide resistance (Kandler et al., 2016). Interestingly, MisR is 36% identical and 58% similar to Pseudomonas aeruginosa CopR, which is involved in regulation of copper homeostasis (Novoa-Aponte et al., 2020).

Much work is needed to characterize the ability of pathogenic Neisseriae to sense and regulate copper, considering that ceruloplasmin is found in the serum, which is a meningococcal infection site (Osaki et al., 1966). Ceruloplasmin concentrations in the cerebrospinal fluid (0.8-2.2 µg/mL) are 100-500-fold lower than that in the serum (Irani, 2008). The gonococcus may also need to sense copper levels, considering the potential for copper to fluctuate following CTR1 protein expression within neutrophils.



Transition Metals Are Required for Survival and Virulence

Bacteria utilize scarce metals for several mechanisms related to survival and virulence, such as resistance to reactive oxygen species (ROS) and reactive nitrogen species (RNS), metabolism, maintenance of cell structural integrity, and proper protein structure and function.

Zn contributes to the function of biosynthetic pathways and virulence in N. gonorrhoeae and N. meningitidis as a cofactor for enzymes, enabling survival and virulence. For example, in both species, biosynthesis of lipid A, a potent immune activator (Mandrell et al., 1988; Steimle et al., 2016), involves a putative zinc-dependent metalloamidase, UDP-3-O-(R-3- hydroxymyristoyl)-N-acetylglucosamine deacetylase (LpxC) (Barb and Zhou, 2008; Mochalkin et al., 2008; John et al., 2018). Lipid A anchors LOS into the bacterial membrane and can activate the immune system after its release from the bacterial cell wall (Steimle et al., 2016). Additionally, it can be directly recognized by host Lipid-A binding protein (LPB), which plays a role in sensing of pathogenic (Knapp et al., 2003) and commensal species (Steimle et al., 2016). Thus, LOS is a key virulence factor in N. gonorrhoeae and N. meningitidis. Similarly, the N. meningitidis protein, Ght, a zinc binding protein involved in LOS biogenesis, (Putker et al., 2014) is involved in LOS expression and outer membrane integrity (Putker et al., 2014). These observations implicate zinc in virulence and survival.

Manganese contributes to oxidative stress resistance in the pathogenic Neisseriae and thus contributes to survival during infection at highly oxidative sites (Tseng et al., 2001; Wu et al., 2006). Manganese in bacteria cycles between the Mn2+ and Mn3+ states during MnSOD processing of reactive oxygen species (Abreu and Cabelli, 2010). Interestingly, the pathogenic Neisseria do not express a MnSOD and instead use manganese directly as an ROS quencher (Seib et al., 2006). Wu et al. demonstrated a role for gonococcal mntC in the oxidative stress response under anaerobic rather than aerobic conditions (Wu et al., 2009). The vagina and cervix are normally oxygen-depleted, making anaerobic gonococcal growth conditions highly relevant (Hill et al., 2005). In vitro, growth of an mntC mutant under anaerobic conditions was inhibited by paraquat, an intracellular inducer of ROS, to an extent similar to that of the wild type (Wu et al., 2009). However, the mntC mutant was less competitive than the wild type during in vivo infection, which is characterized by both anaerobic and highly oxidative conditions (Wu et al., 2009). Reduced competition by the mntC mutant under anaerobic and oxidative conditions suggests that manganese is critical to gonococcal growth within the cervical niche. In contrast to the gonococcus, growth of the meningococcus in the presence of manganese does not enhance oxidative stress resistance (Seib et al., 2004).

N. meningitidis is able to grow on manganese concentrations 50-100 times higher (>100 mmol/L) than N. gonorrhoeae, which suggests that manganese homeostasis differs between these species (Tseng et al., 2001; Seib et al., 2004). Despite the non-restorative effect of manganese during oxidative conditions in the meningococcus, manganese is a vital cofactor in biosynthetic pathways within the bacterium. Meningococcal sialic acid synthase, NeuB, was shown to crystalize best with the addition of manganese, suggesting that this enzyme also requires a manganese cofactor (Tseng et al., 2001; Gunawan et al., 2005). NeuB is involved in sialylated capsule formation (Gunawan et al., 2005), and the sialylated surface of N. meningitidis has been shown to protect the bacterium from complement deposition (van Emmerik et al., 1994) through molecular mimicry of host cell surface proteins (Mandrell et al., 1988). Due to the potential involvement of manganese in NeuB activity, and consequently capsule formation, the metal may play a role in protection from host complement deposition and thus in immune evasion. This mechanism of innate immune evasion is particularly useful to the pathogen during infection of the vasculature, a niche that is complement is enriched.

In the pathogenic Neisseria, copper plays a role in resistance to extracellular RNS (Mellies et al., 1997; Boulanger and Murphy, 2002; Seib et al., 2006). N. gonorrhoeae (Gotschlich and Seiff, 1987) and N. meningitidis (Woods et al., 1989) possess a surface-exposed lipid-modified azurin (Desrosiers et al. 2010), which is a putative electron donor to peroxidases (Seib et al., 2006). This biological function is particularly relevant to macrophage infection because they are known to increase the expression of nitric oxide synthase (NOS) upon stimulation with LOS (Blondiau et al., 1994; Iovine et al., 2008). N. gonorrhoeae can survive in the harsh environment of macrophage phagosomes, potentially through a mechanism involving copper-bound Laz (Château and Seifert, 2016; Quillin and Seifert, 2018). Interestingly, the gonococcal genome encodes a putative peptidase with a PepSy domain (Accession number WP_003702955.1). This peptidase is 34% identical and 51% similar to that produced by P. aeruginosa (NCBI Reference Sequence: NP_252478.1). The peptidase in P. aeruginosa has been shown to be copper-repressed (Quintana et al., 2017). A similar putative peptidase is predicted to be produced by the meningococcus (Accession number WP_079889394.1) and is 36% identical and 50% similar to that from P. aeruginosa. The role of copper in the regulation and function of this peptidase in N. gonorrhoeae and N. meningitidis is a potential focus of future investigation.



The Response to Metal Overload Requires Sensing and Export of Intoxicating Metals

The host applies metal intoxication strategies to limit bacterial growth and survival. Metal intoxication is the process by which the host floods the bacterial nutrient supply with metals. The consequences of metal intoxication for bacteria include electron transport chain (ETC) inhibition, protein mismetallation, and ROS and RNS accumulation (Chandrangsu et al., 2017). To limit these consequences, bacteria utilize mechanisms that store or export excess metal and repress metal import systems (Chandrangsu et al., 2017). Metal toxicity in N. gonorrhoeae has also been shown in reference to Mn2+, Co2+, Ni2+, and Zn2+ (Odugbemi et al., 1978; Veyrier et al., 2011). However, specific responses to overload of each metal remain poorly characterized.

While macrophages have not been shown to exert metal intoxication upon the pathogenic Neisseria species, these immune cells have demonstrated the ability to increase the concentration of zinc in the cytosol and the phagocytic vacuole via the SLC39A transporters (Begum et al., 2002; Stafford et al., 2013; Chandrangsu et al., 2017) suggesting that host-induced zinc toxicity may be relevant to pathogenic Neisseria infection. Macrophages have been shown to increase phagosomal zinc concentrations to apply metal stress on invading Mycobacterium species (Wagner et al., 2005; Lefrançois et al., 2019). In Streptococcus pneumoniae, excess zinc competes with manganese for binding to pneumococcal surface antigen A (PsaA), resulting in reduced manganese uptake, reduced oxidative stress resistance, and reduced resistance to PMN killing (McDevitt et al., 2011). In E. coli, high levels of manganese correlate with reduced levels of Fe2+, iron-containing enzymes in the ETC and TCA cycle (iron-sulfur clusters and heme-containing enzymes), and consequently, reduced levels of NADH and ATP (Kaur et al., 2017).

Although not empirically tested in the gonococcus, manganese intoxication has been tested and shown to be relevant to meningococcal growth. Excess manganese in N. meningitidis results in protein mismetalation and subsequent dysregulation of Fur-regulated genes (Table 1) (Veyrier et al., 2011). Under excess manganese conditions, the meningococcus expresses mntX, the gene encoding a manganese export protein, which is critical to survival under high manganese conditions. MntX contains predicted transmembrane domains suggesting that this protein transports manganese from the cytoplasm to the periplasm (Veyrier et al., 2011). The mntX mutant exhibited a reduced ability to survive in the blood of infected mice relative to the wild-type strain (Veyrier et al., 2011). Additionally, the mntX mutant showed reduced resistance to human serum (Veyrier et al., 2011). Taken together, these data suggest that the meningococcus senses high manganese during septicemic infection and responds by expressing mntX. It is also feasible that the meningococcus requires a manganese exporter during infection in the cerebrospinal fluid. The blood and cerebrospinal fluid are body sites that are manganese-enriched and may be a hostile environment for a pathogen lacking a Mn exporter. Metal toxicity in N. meningitidis has also been shown in reference to Cu2+, Co2+, Ni2+, and Zn2+ (Odugbemi et al., 1978). Conversely, mntX is frameshifted in 66% of sequenced N. gonorrhoeae strains. A N. gonorrhoeae strain, which was sensitive to manganese in this way, could be rescued through complementation with meningococcal mntX (Veyrier et al., 2011). Expression of mntX in certain gonococcal strains may enable dissemination to the blood and meninges.

Copper intoxication is used by the host to limit bacterial infection. For example, copper influx into the phagosomal compartment of macrophages results in increased killing of an E. coli strain deficient in a copper efflux protein, CopA, relative to the wild type (White et al., 2009). The gonococcus also produces a copper efflux protein, CopA, in the cytoplasmic membrane (Djoko et al., 2012). CopA likely transports copper from the cytoplasm to the periplasm. A copA mutant exhibited higher concentrations of internal copper and was growth impaired under high copper conditions (Djoko et al., 2012). Following copper supplementation, the copA mutant was limited in its ability to associate with and invade primary human cervical epithelial cells; it was also less resistant to killing by nitrite and S-nitrosoglutathione (GSNO), a nitric oxide generator (Djoko et al., 2012). This data suggest N. gonorrhoeae experiences copper overload within cervical epithelial cells. Djoko and McEwan showed that high levels of copper increase gonococcal sensitivity to the RNS generator, sodium nitrite and suggested that copper-dependent inactivation of hemoproteins involved in intracellular RNS detoxification results in RNS-dependent killing of N. gonorrhoeae (Djoko and McEwan, 2013).

While the concept of nutritional immunity has been thoroughly studied, the concept of metal intoxication requires further exploration. Expanded application of this concept to pathogenic Neisseriae infection will broaden our understanding of metal homeostasis and its role in pathogenesis.



Next Steps - Comprehensive Characterization of Nutritional Immunity and Metal Intoxication Requires Insight Into Integrated Metal Homeostasis

Pathogens possess mechanisms of defense against metal starvation and metal intoxication exerted by the host, as these metals play integral roles in metabolism, maintenance of cell structural integrity, and ROS and RNS resistance. Metal involvement in these processes is often studied in isolation, meaning only one metal (i.e., zinc, manganese, or copper) is considered at a time. However, it is improbable that pathogens encounter a single type of metal depletion or stress during infection of a host whose metal allocations and concentrations are heterogeneous.

One of the most thoroughly investigated examples of metal interplay is that between manganese and zinc in S. pneumoniae. Cell-associated manganese in wild-type S. pneumoniae is substantially reduced in the presence of excess zinc, and zinc depletion of cellular manganese could be restored by the addition of excess manganese (Jacobsen et al., 2011). Under high zinc conditions, zinc competes with and inhibits manganese binding to the manganese importer, PsaA, resulting in manganese starvation and zinc toxicity (Jacobsen et al., 2011; Eijkelkamp et al., 2014). Zinc-induced manganese starvation leads to increased sensitivity to oxidative stress (Eijkelkamp et al., 2014). Another example of metal interplay has been investigated in S.enterica Serovar Typhimurium. In this bacterium, mntH encodes a manganese importer that is iron-repressed in a Fur-dependent manner and manganese-repressed in a manganese transport repressor (MntR) -dependent manner (Kehres et al., 2002a). Kehres et al. hypothesized that co-regulation of mntH maintains an equilibrated Mn2+/Fe2+ ratio in Salmonella (Kehres et al., 2002a). The genomes of N. gonorrhoeae and N. meningitidis encode a MntH homolog; however, the functions of this Fe2+/Mn2+ symporter in manganese or iron import have yet to be tested in the Neisseriae. Helicobacter pylori expresses a metal efflux system, CznABC, which interacts with cadmium, zinc, and nickel and confers resistance to intoxicating levels of all three metals (Stähler et al., 2006). Acinetobacter baumannii, when grown in the presence of calprotectin that is able to simultaneously chelate zinc and manganese, exhibits reduced intracellular manganese and zinc but increased iron levels (Hood et al., 2012). In this case, calprotectin treatment not only resulted in altered zinc, manganese, and iron homeostasis but also in reduced growth (Hood et al., 2012). In Klebsiella pneumoniae, the zinc efflux protein, ZntA, is responsible for exporting zinc from the cytoplasm (Maunders Eve et al., 2022). The zntA mutant was shown to accumulate more manganese in addition to zinc and less iron than the wild type when subject to high zinc conditions, demonstrating integrated zinc, manganese, and iron homeostasis in wild type K. pneumoniae (Maunders Eve et al., 2022).

Pathogenic Neisseriae sense metal concentrations in the environment and respond by altering the expression of metal import or export systems and allocating these metals to metabolic and biosynthetic processes to allow for survival and virulence. N. gonorrhoeae and N. meningitidis are similar pathogens, which respond similarly to metal limitation and overload within the same host, despite causing different physiological symptoms. It is unlikely that the pathogenic Neisseria experience zinc, manganese, and copper starvation or intoxication in isolation from other metals. Interaction with multiple metals by neisserial proteins suggests the need for complex and integrated metal homeostasis (Table 1). This is evidenced by the ZnuCBA manganese import system in N. gonorrhoeae, which is manganese-regulated in a Zur-dependent manner but is also responsible for zinc import (Table 1) (Chen and Morse, 2001; Tseng et al., 2001; Wu et al., 2006). More work needs to be done to characterize Zur metal sensing when zinc and manganese are present together. Gonococcal TdfJ is zinc-repressed in a Zur-dependent manner and is iron-induced (Jean et al., 2016). The zinc to iron ratio required for optimal TdfJ expression in the presence of S100A7 should be addressed in future studies. Gonococcal TbpA (Table 1) is both iron- (Ronpirin et al., 2001; Vélez Acevedo et al., 2014) and manganese-repressed (Wu et al., 2010). TbpA is an iron-repressed (Ronpirin et al., 2001; Vélez Acevedo et al., 2014) TonB-dependent transporter that pirates iron from human transferrin and transports it across the outer membrane (Noto and Cornelissen, 2008; Cash et al., 2015). Considering that TbpA is also manganese-repressed and that transferrin can bind manganese in a manner similar to iron, it would be interesting to determine whether TbpA can pirate manganese from manganese-loaded transferrin. Additionally, studies regarding the application of this potential manganese transport system to a host niche would be informative. The manganese export protein, MntX, in N. meningitidis is required for survival under high manganese and low iron conditions, and the absence of the gene encoding this system results in mis-regulation of iron-regulated genes (Table 1) (Veyrier et al., 2011). It would be informative to discern the exact manganese to iron ratio required for optimal mntX expression and consequent serum resistance in N. meningitidis. In-frame MntX is only present in a subset of gonococcal strains (Veyrier et al., 2011).

The evolution of complex metal regulatory and import mechanisms suggests that the pathogenic Neisseriae possess a need for multifactorial metal homeostasis. Instances of overlap in different metal-related processes imply that the pathogenic Neisseriae may specifically require the integration of manganese and iron homeostasis and zinc and copper homeostasis. The exact mechanisms of integrated metal homeostasis and the host conditions under which they are relevant have not yet been fully deciphered. Further investigation into the complex metal environment sensed by the bacteria in the host could broaden our understanding of mixed metal homeostasis and the neisserial response to nutritional immunity and metal intoxication.
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Calprotectin is a transition metal chelating protein of the innate immune response known to exert nutritional immunity upon microbial infection. It is abundantly released during inflammation and is therefore found at sites occupied by pathogens such as Pseudomonas aeruginosa and Staphylococcus aureus. The metal limitation induced by this protein has previously been shown to mediate P. aeruginosa and S. aureus co-culture. In addition to the transition metal sequestration role of calprotectin, it has also been shown to have metal-independent antimicrobial activity via direct cell contact. Therefore, we sought to assess the impact of this protein on the biofilm architecture of P. aeruginosa and S. aureus in monomicrobial and polymicrobial culture. The experiments described in this report reveal novel aspects of calprotectin’s interaction with biofilm communities of P. aeruginosa and S. aureus discovered using scanning electron microscopy and confocal laser scanning microscopy. Our results indicate that calprotectin can interact with microbial cells by stimulating encapsulation in mesh-like structures. This physical interaction leads to compositional changes in the biofilm extracellular polymeric substance (EPS) in both P. aeruginosa and S. aureus.




Keywords: calprotectin, Pseudomonas aeruginosa, Staphylococcus aureus, biofilm architecture, extracellular polymeric substance (EPS), nutritional immunity



Introduction

Multiple pathogenic and commensal microbial species can colonize the human body. These microbial species often form highly adaptable, monomicrobial or polymicrobial communities called biofilms. Biofilms are encased in a matrix called the extracellular polymeric substance, or the EPS, that is typically produced by the microbes living within the biomass (Costerton et al., 1999). Microbial biofilms exhibit altered gene expression compared to their planktonic counterparts and have been shown to protect cells from environmental stresses such as antibiotics and phagocytosis (Römling and Balsalobre, 2012) (Stewart and Franklin, 2008; Flemming et al., 2016). The presence of the EPS as a physical barrier of drug penetration also provides antimicrobial resistance to biofilm-forming polymicrobial communities (Ren et al., 2019) and aids survival in harsh environmental conditions (Goltermann and Tolker-Nielsen, 2017). Additionally, the probability of exchange of DNA molecules containing antibiotic-resistance genes is also very high within cells in a biofilm (Águila-Arcos et al., 2017, Balcázar et al., 2015).

Most chronic infections such as cystic fibrosis (CF), chronic wound infections, periodontitis, chronic prostatitis, otitis media, etc. are associated with microbial biofilms (Donlan, 2002). According to the National Institutes of Health, biofilms account for almost 80% of all chronic microbial infections (James et al., 2008). Pseudomonas aeruginosa is a ubiquitous nosocomial pathogen particularly notable for the ability to form robust biofilms upon infection (Goltermann and Tolker-Nielsen, 2017).

To prevent colonization by pathogens, the host’s innate and adaptive immune responses possess various pattern-recognition receptors (PRRs), which detect microbial-associated molecular patterns (MAMPs) and trigger intracellular and intercellular signaling pathways (Medzhitov, 2007; Tan et al., 2018). The innate immune response is the first line of defense against bacterial infections. Its recognition of MAMPs is mediated by germline encoded PRRs, each of which can detect molecular structures unique to microorganisms (Janeway, 1989; Kubelkova and Macela, 2019). The PRRs have broad specificity and can often bind to many molecules with a common structural motif or pattern (Medzhitov, 2007). In addition to defending the host tissues via MAMP recognition-mediated phagocytosis, innate immune cells have other processes to inhibit invasion of tissues by pathogenic species. For example, host neutrophils have been shown to exert nutritional immunity on microbial pathogens such as Pseudomonas aeruginosa and Staphylococcus aureus (Corbin et al., 2008; Kehl-Fie et al., 2011; Zygiel et al., 2019). Nutritional immunity refers to withholding essential metals, such as iron, zinc, manganese, etc., from pathogens to hinder invasion and colonization (Hood and Skaar, 2012). Sequestration of transition metals is an effective antimicrobial strategy as these metals often serve as co-factors for essential enzymes in pathogens (Hood and Skaar, 2012; Ma et al., 2015). Transition metal-sequestering proteins are released from immune cells to bind free metal ions and decrease their concentration at infection sites. Calprotectin (CP) is one such metal-sequestering innate immune protein known for its ability to limit microbial access to multiple transition metal nutrients (Damo et al., 2013; Zygiel et al., 2019).

CP is a hetero-dimer of two S100 EF-hand Ca(II)-binding proteins, S100A8 (10.8 kDa) and S100A9 (13.2 kDa) that form an integrated structural unit with four EF-hand motifs. The CP heterodimer has two transition metal binding sites at the S100A8/S100A9 interface: a His3Asp motif (site 1) that chelates Zn(II) and Cu(II) and a His6 motif (site 2) that chelates these and other divalent metal ions, including Mn(II), Fe(II) and Ni(II) (Korndorfer et al., 2007; Damo et al., 2013; Nakashige et al., 2016; Gilston et al., 2016). The binding of Ca(II) or transition metals by CP promotes formation of a heterotetrameric dimer of dimers, and ultimately, higher order oligomeric states. All metal binding sites are energetically coupled, so binding of Ca(II) in the EF-hands increases the binding affinities at the transition metal site and vice versa (Obisesan et al., 2021).

In standard laboratory culture, P. aeruginosa is known to interact competitively with S. aureus (Mashburn et al., 2005; Beaume et al., 2015; Nguyen and Oglesby-Sherrouse, 2016). Typically, this competition results in P. aeruginosa dominating and outcompeting S. aureus growth. However, during infection, these two microbes are often found to coexist and exhibit a spectrum of microbial interactions ranging from competitive to cooperative depending on environmental context (Limoli and Hoffman, 2019). For example, CP exposure and zinc limitation has been shown to suppress competitive phenotypes in P. aeruginosa and permit coexistence with S. aureus (Wakeman et al., 2016; Vermilyea et al., 2021). Specifically, CP-mediated zinc limitation leads to repression of P. aeruginosa virulence factors such as pyocyanin and alkyl quinolones, which can promote co-infection with S. aureus in the murine lung (Wakeman et al., 2016). This suggests that the host immune protein CP can alter interactions between these pathogens.

In addition to the physiological effects of CP exposure mediated by transition metal sequestration, CP has been shown to interact with the surface of some pathogens to achieve an antimicrobial effect that is independent of metal starvation (Besold et al., 2018). Due to the ability of CP to impact bacterial cells in both a metal-dependent and contact-dependent manner, we sought to better understand the role that CP can play in the biofilm community structure of both mono- and polymicrobial communities of S. aureus and P. aeruginosa. We hypothesized that the surface interactions of CP associating to microbial cells could directly influence biofilm community extracellular polymeric substance (EPS) in a manner independent of zinc starvation. To test this hypothesis, we studied S. aureus and P. aeruginosa biofilm community structure in the presence and absence of CP using scanning electron microscopy (SEM) and confocal laser scanning microscopy (CLSM). Using these methods, we indeed observed direct interactions between CP and the cell surface of both Gram-positive and Gram-negative microbes and found that this interaction influenced biofilm EPS composition.



Materials and Methods


Bacterial Strains and Media

The P. aeruginosa strain used in the experiments is UCBPP-PA14, a highly virulent strain originally isolated from a wound infection (Rahme et al., 1995). The S. aureus strain used in the experiments is USA300 JE2, a laboratory-adapted strain derived from the parental strain, USA300, which was isolated from skin and soft tissue infection (Rahme et al., 1995). Both the strains were stored as glycerol stocks at -80°C and grown overnight at 37°C in Tryptic soy broth (TSB) for conducting any of the experiments described in this paper. The P. aeruginosa strain used in the in vivo infections is PAO1, a wild-type strain originally isolated from wound and is capable of producing exopolysaccharides such as Psl, Pel and alginate (Holloway, 1955).



Chemicals and Reagents

All chemicals used to perform experiments were purchased from Sigma-Aldrich unless otherwise indicated. Wild-type human CP was expressed in E. coli and purified by ion exchange followed by size-exclusion chromatography as described previously (Kehl-Fie et al., 2011; Damo et al., 2013). Fixative solutions used to process biofilms for SEM and CLSM were purchased from Electron Microscopy Sciences (https://www.emsdiasum.com/microscopy/).



Antibodies and Fluorescent Dyes

Human CP in culture media was detected by binding of the primary antibody, S100A8 Polyclonal Antibody (catalog number: PA5-82881, Invitrogen™) and mouse CP in chronic wound infections was detected by binding of the primary antibody, S100A8 Polyclonal Antibody (catalog number: BS-2696R, Invitrogen™). These were, in turn, bound by the fluorescently tagged secondary antibody, Goat anti-Rabbit IgG (H+L) Secondary Antibody, Alexa Fluor 488-10 nm colloidal gold (catalog number: A-31566, Invitrogen™). Microbial cell viability in in vitro samples was checked by staining biofilms with the cell-permeant dye, Hoechst 33342 Solution (20 mM) (catalog number: 62249, Thermo Scientific™). Microbial presence in in vivo samples was detected by labelling with the primary antibody, Anti-Pseudomonas aeruginosa antibody (catalog number: ab74980, abcam), coupled to a red-fluorescent secondary antibody, Goat Anti-Chicken IgY H&L (Alexa Fluor® 594) preadsorbed (catalog number: ab150176, abcam). The biofilm EPS matrix components such as extracellular DNA (eDNA), matrix proteins, and carbohydrates such as α-mannopyranosyl and α-glucopyranosyl residues were detected by the fluorescent dyes, TOTO™-3 Iodide (642/660) (catalog number: T3604, Invitrogen™); FilmTracer™ SYPRO™ Ruby Biofilm Matrix Stain (catalog number: F10318, Invitrogen™); and Concanavalin A, Tetramethylrhodamine Conjugate (catalog number: C860, Invitrogen™), respectively. Fluorescently stained coverslips were mounted on glass slides using the ProLong™ Diamond Antifade Mountant (catalog number: P36961, Invitrogen™).



In Vitro Co-Culture

Co-culture assays were performed in 50 mL conical tubes containing co-culture media (60% TSB; 40% calprotectin buffer [100 mM NaCl, 3 mM CaCl2, 10 mM β-mercaptoethanol, 20 mM Tris, pH 7.5)]. In the presence of CP and +zinc conditions, co-culture media was supplemented with 0.25 mg/mL WT calprotectin and 10 µM ZnCl2, respectively. The 50 mL conical tube co-cultures were seeded with 1:100 dilutions of the metal-limited P. aeruginosa and/or S. aureus monocultures and grown for 42 hours statically at 37°C. The metal-limited mono-cultures P. aeruginosa and S. aureus used to seed the co-cultures were first grown overnight in glucose-supplemented low nutrient broth (GLNB) (2 g l−1 tryptic soy broth, 2 g l−1 glucose) at 37°C with shaking at 180 r.p.m. The next morning, cultures were metal-restricted by pelleting and suspending samples in Chelex 100-treated GLNB supplemented with 100 μM CaCl2 and 1 mM MgCl2. These cultures were grown at 37°C with shaking at 180 r.p.m. for 1.5 hours. Cultures were then pelleted, suspended in fresh metal-restricted GLNB, and grown for an additional 1.5 hours to produce metal-limited samples used for co-culture inoculation. Culture assays with Bovine serum albumin (BSA) were performed similarly in 50 mL conical tubes containing 0.25 mg/mL BSA added to TSB growth media.



Murine Chronic Wound Infection Model

Adult female, non-diabetic Swiss Webster mice were anesthetized and depilated prior to administering full-thickness surgically excised wounds as previously described (Watters et al., 2013). To establish infection, 105 CFU/mL of PAO1 was administered onto the wound bed. Wound-only groups were mock-infected with sterile phosphate-buffered saline. Uninjured mice were anesthetized, depilated, but not wounded. Mice were euthanized at 12-days post-injury and an approximately 2.5 cm2 area of the superficial murine dorsa, including wound bed and surrounding intact tissues, were resected for histology. Tissues were fixed with 10% neutral buffered formalin, embedded in paraffin and cut into sections.



Scanning Electron Microscopy

For SEM, static cultures of P. aeruginosa and S. aureus were grown in 50 mL conical tubes with circular glass coverslips partially submerged in 1 mL of media. Coverslip samples were handled and processed as described previously (Gaddy et al., 2009). Briefly, cells on coverslips were fixed at room temperature for 1 hour using a primary fixative (2.5% glutaraldehyde, 2% paraformaldehyde solution in 0.05M sodium cacodylate buffer, pH 7.4). Fixed cells were then washed with 0.05 M sodium cacodylate to prevent sample dehydration. The coverslips were then incubated in 1% osmium tetroxide for 30 minutes, followed by a series of ethanol dehydration with increasing ethanol concentrations starting from 25% to 100 %. Finally, cells were dried using liquid CO2 at critical point temperature and pressure. Processed samples were gold-palladium coated before imaging using a Hitachi S-4300 scanning electron microscope.



Confocal Laser Scanning Microscopy

For CLSM, P. aeruginosa and S. aureus static cultures were grown in 50 mL conical tubes with rectangular glass coverslips partially submerged in 3 mL of media. Post 42-hour incubation, coverslips were washed with phosphate-buffered saline to remove planktonic cells and fixed at room temperature for 1 hour using 4% paraformaldehyde solution. Fixed cells were washed with phosphate-buffered saline and blocked using 10% normal goat serum at room temperature for 1 hour. Blocked coverslips were incubated with S100A8 primary antibody and Goat anti-Rabbit Alexa Fluor 488 for 1 hour each to detect CP. To detect EPS matrix components, coverslips were incubated with either 2 µM TOTO-3 iodide for 20 minutes, or 200 µL of FilmTracer™ SYPRO™ Ruby Biofilm Matrix Stain for 30 minutes, or 200 µg/mL Concanavalin A, Tetramethylrhodamine Conjugate (TRITC Con A) for 1 hour. Coverslips were counterstained with the 20 µg/mL Hoechst 33342 for 15 minutes. Fluorescently labeled coverslips were mounted on glass slides and imaged at 100X magnification using the Olympus FV3000 Scanning Confocal Microscope.



Confocal Imaging of Infected Mouse Wound Tissue

Tissue sections were de-paraffinized by washing them first with pure xylene twice (3 minutes each) and then with xylene mixed with 100% ethanol in a 1:1 ratio (3 minutes wash). Following this, tissue sections were treated twice with 100% ethanol and once each with 95%, 70% and 50% ethanol for 3 minutes each in the order mentioned and then submerged in cold tap water. Tris-EDTA buffer (10 mM Tris base, 1 mM EDTA solution, 0.05% Tween 20, pH 9.0) was used to perform heat-induced epitope retrieval on de-paraffinized sections. Briefly, the antigen retrieval buffer was heated to a temperature of ~98°C for 20 minutes on a hot plate. Tissue sections were placed inside 50 mL conical tubes containing the hot buffer solution and boiled for 20 minutes while being submerged within this solution. Post 20 minutes, tissue sections were rinsed with running cold tap water for 10 minutes and then blocked using 10% normal goat serum at room temperature for 1 hour. Blocked sections were incubated with the S100A8 and the Chicken anti-P. aeruginosa primary antibodies overnight at 4°C. The following morning, sections were incubated with the Goat anti-Rabbit Alexa Fluor 488 and the Goat Anti-Chicken IgY H&L (Alexa Fluor® 594) secondary antibodies simultaneously for 1 hour, each to detect CP and PAO1, respectively (Fleming et al., 2022). Labelled sections were finally counterstained with 2 μg/mL Hoechst 33342 for 15 minutes and imaged at 100X magnification using the Olympus FV3000 Scanning Confocal Microscope.



Image Analyses

Image analyses were done using ImageJ for EPS quantification and CellSens for colocalization quantification. For EPS quantification, images were analyzed by splitting each image into RGB channels. Fluorescence integrated density values for TOTO-3 iodide/SYPRO Ruby/TRITC Con-A stains were collected from the red channel and for Hoechst 33342 stain from the blue channel. All fluorescence integrated density values were normalized based on the area and respective backgrounds. Average density values of each image were calculated and data was recorded as a ratio of TOTO-3 iodide/SYPRO Ruby/TRITC Con-A signals relative to Hoechst 33342 signals. Finally, the trimmed averages from each replicate (trimmed average represents the average of a dataset calculated by excluding the highest and lowest values of the set) were graphed using GraphPad Prism. For qualitative purposes, the brightness and contrast have been adjusted equally for all confocal images.



Statistical Analyses

Statistical analyses were performed using GraphPad Prism 9.0 (GraphPad Software, Inc., San Diego, CA). Unpaired t-test (two-tailed) was used to calculate statistical significances.




Results


CP Leads to Encapsulation of Pseudomonas aeruginosa and Staphylococcus aureus in a Mesh-Like Structure

The interaction of pathogenic microorganisms with host immune molecules can play a significant role in their survival and colonization in human tissues (Baishya and Wakeman, 2019). Research conducted with CP and the causative agent of Lyme disease, Borreliella (Borrelia) burgdorferi, has shown that CP can inhibit the growth of B. burgdorferi via a mechanism that involves physical association of the protein with the bacteria (Besold et al., 2018). Additionally, exposure to CP has been shown to repress the production of anti-staphylococcal molecules within metal-deplete portions of P. aeruginosa biofilm and promote interaction between P. aeruginosa and S. aureus (Wakeman et al., 2016). Given these findings, we wanted to visualize the interaction of CP with P. aeruginosa and S. aureus biofilm communities in monoculture and co-culture using SEM.

Our SEM images of cultures grown in presence of 0.25 mg/mL CP, a physiologically relevant levels of this protein (Kehl-Fie et al., 2011), revealed the presence of a large and distinctive mesh-like structure that appeared to be encapsulating both P. aeruginosa and S. aureus cells (Figure 1). The structure was seen in both the monoculture conditions (Figures 1A, B) as well as the co-culture condition (Figure 1C). The observation that the formation of the mesh was not microbial species specific indicated that the enormous structure is likely not a bacterial EPS component but rather composed of an aggregation of the CP protein. However, to verify that the mesh formation in the presence of CP was not a cellular adaptation to CP-induced metal starvation, excess zinc was supplemented into the cultures to determine if the mesh-like structure was abolished by reversal of metal starvation. Since CP contains two metal binding sites, one known to be zinc/copper specific and one known to generally bind to multiple transition metals (Damo et al., 2013), saturation of these two sites with excess zinc is likely to generally alleviate CP-induced metal starvation. Supplementation with excess zinc did not reverse the formation of the mesh (Supplementary Figures 1A–C), indicating that the mesh is not simply an EPS adaptation to CP-induced metal restriction. Since cell surface contact between CP and microbial cells has previously been shown to be important (Besold et al., 2018), these mesh-like structures could be associated with the contact-based antimicrobial mechanism of CP.




Figure 1 | Addition of CP to growth media leads to encapsulation of P. aeruginosa and S. aureus in a mesh-like structure. SEM images of P. aeruginosa and S. aureus biofilms grown as mono and co-cultures in +/- CP conditions- (A) P. aeruginosa monoculture (B) S. aureus monoculture (C) P. aeruginosa-S. aureus co-culture. Images show 2000X, 4500X, and 10,000X magnification and are representative of three independent experiments.



Alternatively, these structures could represent a general aggregation phenotype of proteins added at high concentrations. To assess this possibility, we tested whether bovine serum albumin (BSA) will aggregate and cause a similar mesh structure at 0.25 mg/mL in the presence of biofilms. In this control experiment, the mesh structure was only observed in CP treated but not BSA treated biofilms (Supplementary Figure 2) suggesting that the structure observed in presence of CP may be unique to this protein.



The Mesh-Like Structure Encasing Biofilms Contains Substantial Amounts of CP

After detecting the presence of a mesh-like structure in P. aeruginosa and/or S. aureus biofilm cultures containing the antimicrobial protein, CP, we wanted to confirm this structure contains CP. Therefore, we used immunofluorescence with a S100A8 Polyclonal primary antibody to directly detect CP presence in the biofilm structures. Our confocal images showed that in monocultures and co-culture of P. aeruginosa and/or S. aureus, only microbial cells were detected in the absence of CP, whereas both microbial cells as well as CP were detected in the presence of CP treatment (Figures 2A–C). Additionally, the signals denoting CP resembled the structure of the mesh seen in our SEM images where the CP-induced mesh appeared to be encapsulating P. aeruginosa and/or S. aureus cells within it. Thus, these results indicate that the mesh-like structure around microbial cells contains substantial amounts of CP and likely plays a role in CP’s interaction with microorganisms through a contact-based mechanism.




Figure 2 | Calprotectin is a major component of the mesh-like structure that encapsulates P. aeruginosa and S. aureus biofilms. Intracellular DNA of microbial cells was detected by staining with the cell-permeant nucleic acid dye, Hoechst 33342; CP was detected by staining with Alexa fluor 488-tagged Goat anti-Rabbit antibody. (A) P. aeruginosa monoculture (B) S. aureus monoculture (C) P. aeruginosa-S. aureus co-culture. Images show 100X magnification and were processed using ImageJ.



A striking and consistent observation from our CLSM images was that S. aureus monoculture biofilms grown in the absence of CP contained very few cells unlike the P. aeruginosa monoculture and the co-culture biofilms. Addition of CP led to an increase in S. aureus cells when grown as biofilms under static conditions at 37°C (Figure 2B). We were able to demonstrate that, while the growth conditions used in these studies did lead to a reduction in P. aeruginosa numbers, S. aureus viability was unaffected by our CP treatments (Supplemental Figure 3). Even though CP treatment was not toxic to S. aureus in our experimental conditions, it is surprising and interesting that a growth condition known to elicit zinc limitation would induce S. aureus biofilm formation given the fact that certain biofilm-associated proteins of S. aureus such as SasG have been shown to require zinc for biofilm formation (Formosa-Dague et al., 2016). Of note, it is known that S. aureus preferentially forms biofilms on substrates treated with host components such as human plasma (Chen et al., 2012; Cardile et al., 2014; Watters et al., 2016). These data indicate that, in S. aureus biofilms, CP-stimulated mesh-like structures might represent another host-derived substrate that can promote surface colonization, at least at sublethal concentrations of this protein.



Accumulation of CP Around P. aeruginosa Occurs in Murine Chronic Wound Infections

To check if CP interacted with P. aeruginosa infecting host tissues via a similar mechanism involving mesh formation and encapsulation as seen under in vitro conditions, we stained PAO1-infected murine wound tissue sections using a mouse CP antibody and a P. aeruginosa staining antibody. The CLSM images from the prepared tissue sections from 12 day murine chronic wound infections revealed multiple areas consisting of an overlap of CP and PAO1 signals and an apparent encasement of PAO1 cells within CP-containing structures (Figure 3). The CP-stimulated structures detected in these more complex in vivo samples are not identical to the ones we showed in our in vitro samples (Figure 2), possibly due to the increased sample complexity or the additional processing required to remove the paraffin embedding matrix on the murine samples. However, the CP and P. aeruginosa aggregates in the in vivo samples do display enough similarities to our in vitro data to indicate that these findings might be relevant to structures occurring naturally during infection.




Figure 3 | Mouse CP signals overlap with bacterial signals in paraffin-embedded dorsal tissue sections. Non-injured skin control collected 12 days post-depilation display no background CP or bacterial signal, 12-day uninfected wound only data reveals minimal CP signal and no background bacterial signal. Duplicate samples of 12-day PAO1-infected wounds reveal both CP and bacterial signals. CP was detected by staining with Alexa fluor 488-tagged Goat anti-Rabbit antibody, PAO1 was detected by staining with Alexa fluor 594-tagged Goat Anti- Chicken antibody and nuclei were detected by staining with the cell-permeant dye, Hoechst 33342. Images are shown at 100X magnification and processed using ImageJ.





The Carbohydrate Component of the EPS Is Enriched in the CP-Induced Matrix of P. aeruginosa and S. aureus Biofilms

As CP was directly interacting with microbial biofilms, we hypothesized that this contact might influence the production and localization of biofilm EPS components. To test this, we used fluorescent dyes to stain three major components of P. aeruginosa and S. aureus biofilm matrix, namely: eDNA; proteins; and carbohydrates. We first quantified the eDNA levels of the EPS in the presence or absence of CP. We hypothesized that the contact-mediated antimicrobial action of CP might result in increased eDNA release. Instead, we observed relatively small overall impacts on eDNA release relative to cell number in any of the conditions tested. If any trends could be inferred, it would be the opposite of what was hypothesized, with subtle trends towards a CP-mediated decrease in eDNA release per biomass in some cultures (Figure 4). Quantification of this data confirmed that no apparent trends were statistically significant (Figure 4D). We also compared the colocalization of eDNA in the biofilm matrix of both P. aeruginosa and S. aureus with cells and CP. Our results show no to minimal correlation with the distribution of eDNA signal with cell signal and/or CP signal in any tested conditions (Figure 4E).




Figure 4 | Addition of CP minimally impacts the relative abundance of eDNA in biofilm matrices of P. aeruginosa and S. aureus. This figure depicts confocal images that represent abundance of eDNA in P. aeruginosa and/or S. aureus biofilm communities in presence or absence of CP conditions. The fluorescence dyes Hoechst 33342, Alexa 488, and TOTO-3 iodide correspond to intracellular DNA of microbial cells, CP, and eDNA in the biofilm EPS matrix of- (A) P. aeruginosa monoculture (B) S. aureus monoculture (C) P. aeruginosa-S. aureus co-culture. (D) Quantification of eDNA per biomass in P. aeruginosa and S. aureus biofilms in presence or absence of CP. (E) Colocalization analysis of eDNA signals with cells and CP show minimal correlation of distribution of eDNA with cells and/or CP. Images show 100X magnification and were processed using ImageJ. Bars represent the mean of four biological replicates performed on two independent days. Error bars represent the standard error of mean of the biological replicates. Unpaired t-test (two-tailed) was used to measure statistical significance. Comparisons marked ns denote changes that were not found to be statistically significant.



Next, we determined the impact of CP on protein component of the EPS using SYPRO ruby staining. These data indicate subtle trends in increased protein EPS component in cultures containing P. aeruginosa (Figures 5A–C). However, due to high variability in the data, these trends display no statistical significance (Figure 5D). Furthermore, this stain is a very general stain that can associate with CP. Therefore, it was especially important that we demonstrate that the SYPRO staining is not simply co-localizing with the CP signal. Some degree of co-localization of the CP signal and the general protein signal was observed, but this co-localization did not exceed what was observed for the correlation between the protein and cell signals (Figure 5E).




Figure 5 | Addition of CP correlates with subtle increase in the protein component of biofilm matrices. This figure depicts confocal images that represent abundance of proteins in P. aeruginosa and/or S. aureus biofilm communities in presence or absence of CP conditions. The fluorescence dyes Hoechst 33342, Alexa 488, and SYPRO Ruby correspond to intracellular DNA of microbial cells, CP, and matrix proteins in the biofilm EPS of- (A) P. aeruginosa monoculture (B) S. aureus monoculture (C) P. aeruginosa-S. aureus co-culture. (D) Quantification of proteins per biomass in P. aeruginosa and S. aureus biofilms in presence or absence of CP. (E) Colocalization analysis of protein signals with cells and CP show similar distribution of protein signals around cell signals and CP signals. Images show 100X magnification and were processed using ImageJ. Bars represent the mean of four biological replicates performed on two independent days. Error bars represent the standard error of mean of the biological replicates. Unpaired t-test (two-tailed) was used to measure statistical significance. Comparisons marked ns denote changes that were not found to be statistically significant.



Finally, we determined the impact of CP on carbohydrate molecules present in the biofilm EPS of P. aeruginosa and S. aureus. Our data indicate trends of CP-mediated increases of carbohydrate EPS components (specifically, α-mannopyranosyl and α-glucopyranosyl-containing ones based on the known staining preference of the concanavalin A dye) in all culture conditions (Figure 6); however, only the CP-induced increase seen in P. aeruginosa monoculture was determined to be statistically significant (Figure 6D). Colocalization data for carbohydrates in the biofilm matrix of both P. aeruginosa and S. aureus with cells and CP showed higher colocalization of CP with carbohydrates compared to cells for all culture conditions (Figure 6E), indicating a potential role of carbohydrate EPS molecules in combating CP-mediated antibacterial stresses. Overall, these data indicate that addition of CP can lead to alterations in the carbohydrate composition of P. aeruginosa and S. aureus’s biofilm matrix. These alterations are interesting and might be associated with microbial responses to the host environment.




Figure 6 | Addition of CP leads to an increase in EPS carbohydrates in P. aeruginosa monoculture biofilms. This figure depicts confocal images that represent abundance of carbohydrates in P. aeruginosa and/or S. aureus biofilm communities in presence or absence of CP conditions. The fluorescence dyes Hoechst 33342, Alexa 488, and TRITC ConA correspond to intracellular DNA of microbial cells, CP, and carbohydrates in the biofilm EPS of- (A) P. aeruginosa monoculture (B) S. aureus monoculture (C) P. aeruginosa-S. aureus co-culture. (D) Quantification of carbohydrates per biomass in P. aeruginosa and S. aureus biofilms in presence or absence of CP. (E) Colocalization analysis of carbohydrate signals with cells and CP signals show higher correlation with CP compared to cells. Images show 100X magnification and were processed using ImageJ. Bars represent the mean of four biological replicates performed on two independent days. Error bars represent the standard error of mean of the biological replicates. Unpaired t-test (two-tailed) was used to measure statistical significance. **p≤ 0.01.






Discussion

Microorganisms are ubiquitous and exhibit physiological changes that allow them to adapt and survive in varying environments. These adaptations allow microorganisms to sustain life and multiply by utilizing the resources/factors unique to each environment. For example, biofilm communities of P. aeruginosa have been shown to exhibit temperature-specific adaptations in the human host versus in an industrial/environmental (i.e., soil/root associated or aquatic) surrounding (Bisht et al., 2021). Similarly, pathogenic microbial species rely on different biological processes when grown in laboratory conditions compared to when they infect and attempt to colonize human hosts (Cornforth et al., 2018; Ibberson and Whiteley, 2019). Colonization and survival in the human host environment can be different from lab conditions as it requires microbial species to counteract and overcome the host-associated antimicrobial molecules (Baishya and Wakeman, 2019). Therefore, studying the interactions between the human host immune components and pathogenic biofilm communities, at the host-pathogen interface, is a critical element for the discovery of unique and/or new targets for antimicrobial drugs and therapies.

CP is a human host innate immune protein that has been studied extensively for its metal sequestering properties (Kehl-Fie et al., 2011; Wakeman et al., 2016; Zygiel et al., 2019) and stimulation of inflammatory receptors including TLR4 and RAGE (Chen et al., 2013; Wang et al., 2018). CP is a heterodimer of the S100A8 and S100A9 proteins and is abundantly found within neutrophils, comprising approximately 50% of its cytoplasmic protein content (Edgeworth et al., 1991). In infected tissues, CP has been shown to sequester transition metals, such as zinc, from infecting pathogens to starve them, a phenomenon termed as nutritional immunity (Hood and Skaar, 2012). Since the role of CP is so critical to prevent microbial infections in humans, we wanted to explore the antimicrobial functions of CP in further detail, especially in the context of infections caused by the opportunistic and nosocomial pathogens, P. aeruginosa and S. aureus.

In this study, we have described experiments that were designed to investigate the interaction of CP with biofilm communities of P. aeruginosa and S. aureus using light microscopy (CLSM) as well as electron microscopy (SEM). Our SEM micrographs showed that presence of a mesh-like structure was seen around microbial cells grown in presence of CP (Figure 1). The mesh structure was confirmed to contain substantial amounts of CP by CLSM images where we detected strong fluorescence signals from CP-antibody complexes in the presence of CP cultures only (Figure 2). Additionally, accumulation of CP around P. aeruginosa was seen in CLSM images of mouse tissues infected by the pathogen (Figure 3). As CP is a metal chelating protein, we sought to investigate next if these mesh-like structures only form when the cells are starved for metals. However, we still observed the formation of this structure when excess exogenous ZnCl2 was added (Supplementary Figure 1). Given the extensive interaction of CP with the biofilm matrix, the fact that EPS composition changes in each biofilm type remained relatively subtle was surprising. Analysis of our confocal images exhibited a shift to a carbohydrate-rich composition of the EPS matrix in both P. aeruginosa and S. aureus (Figure 6). The carbohydrate component of the EPS seemed to preferentially co-localize with the CP signal as opposed to the cell-specific signal (Figure 6E). Finally, a general trend of increased ability for S. aureus to colonize non-human surfaces in the presence of the human protein CP was consistently observed in all CSLM data (Figures 2B, 4B, 5B, 6B).The results from our experiments indicate that interaction of microbial species with the environment they are seeking to colonize play a significant role in the nature of the infection. As such, when colonizing the human hosts, interactions with the antimicrobial and immune components are crucial for infecting pathogens to be able to colonize the environment and establish an infection. Hence, exploring these interactions are crucial to the discovery and identification of key molecules and processes affecting the infecting microorganisms that may be useful for developing antibiotics. For example, our confocal results have shown that a shift in the EPS composition occurs in P. aeruginosa and S. aureus biofilms in presence of CP, an innate immune protein (Figure 6). This shift could be a result of adaptations by the microbial species in response to CP and can be, potentially, targeted by antibiotics and/or other therapeutics. In fact, targeting of P. aeruginosa’s EPS matrix components, specifically carbohydrates, by degrading enzymes such as glycoside hydrolases (GH) has recently been shown as an alternative to classical chronic infection treatments (Fleming and Rumbaugh, 2018; Redman et al., 2020; Kovach et al., 2020). EPS carbohydrates serve as the major EPS structural component in many pathogenic species and also play roles in the biofilm’s surface/cell-cell adhesion, aggregate formation, tolerance to desiccation, nutrient sorption, binding of enzymes and protection from antimicrobials and phagocytic cells (Flemming and Wingender, 2010; Yang et al., 2011).

P. aeruginosa produces three main types of carbohydrates/exopolysaccharides namely, Pel, Psl and alginate (Ma et al., 2009; Yang et al., 2011) and S. aureus mainly produces the poly N-acetyl glucosamine (PIA/PNAG) polysaccharide (Arciola et al., 2015). Active degradation of these EPS molecules via enzymes such as GHs could effectively break-up the pathogenic biofilms and disperse cells and in turn increase their susceptibility to antimicrobials and/or host immune cells (Fleming et al., 2017; Fleming and Rumbaugh, 2018). Thus, data from our research adds to this new pool of information that can lead to discovery of new and more effective methods of treating microbial infections with minimum off target effects.

While such alternative therapies are promising for treating biofilm-associated infections that are multi-drug resistant and recalcitrant, a large-scale dispersal of pathogenic cells within a living host can hyperactivate its immune system, causing dissemination of the infection and possibly lethal septicemia (Koo et al., 2017). Additionally, the biofilm composition of P. aeruginosa and S. aureus within the host-environment could differ significantly, and degrading enzymes would need to break up biofilms present in various physiologically distinct microenvironments that have differing nutritional profiles, oxygen levels, pHs, microbial community, etc. Hence, further studies exploring the biofilm composition of P. aeruginosa and/or S. aureus in vivo and the effect of CP on them is anticipated to enhance understanding of how host factors alter the communal biofilms in infected tissues and generate insights for the development of new antimicrobial therapeutics.
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Supplementary Figure 1 | Addition of zinc to CP-treated biofilm cultures of P. aeruginosa and S. aureus does not reverse and/or prevent the formation of the mesh. SEM images of biofilms grown in presence or absence of CP and +/-zinc conditions- (A). P. aeruginosa monoculture (B). S. aureus monoculture (C). P. aeruginosa-S. aureus co-culture. Images show 4500X magnification and are representative of three independent experiments.

Supplementary Figure 2 | Addition of equivalent concentration of BSA, a common host protein, to growth media does not lead to formation of the mesh structure that is seen around P. aeruginosa biofilms grown in presence of CP. SEM images of P. aeruginosa monoculture biofilms grown in presence of CP or BSA at 4500X magnification are shown. Due to a broken critical point dryer at the time these images were collected, the protocol for SEM sample processing was modified in the following manner, resulting in lower quality images: after standard biofilm growth on coverslips, cells were fixed at room temperature for 1 hour using 4% paraformaldehyde solution. Fixed samples were washed three times with distilled water and frozen as being submerged in distilled water at -80°C. Frozen samples were dehydrated via freeze drying overnight, then gold-palladium coated and subsequently image using a Hitachi S-4300 Scanning Electron Microscope.

Supplementary Figure 3 | Cell viability following CP treatment in biofilm cultures of P. aeruginosa or S. aureus. Biofilms were grown in 0.25 mg/mL CP mimicking the growth conditions for the SEM and confocal cultures. These conditions resulted in a decrease in viability of P. aeruginosa but no change in S. aureus cell viability as determined by colony forming units (cfus). Data was generated on two independent days. Error bars represent standard deviation and * denotes statistical significance as determined by a two tailed Student’s t-test.
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Transition metals are essential for metalloprotein function among all domains of life. Humans utilize nutritional immunity to limit bacterial infections, employing metalloproteins such as hemoglobin, transferrin, and lactoferrin across a variety of physiological niches to sequester iron from invading bacteria. Consequently, some bacteria have evolved mechanisms to pirate the sequestered metals and thrive in these metal-restricted environments. Neisseria gonorrhoeae, the causative agent of the sexually transmitted infection gonorrhea, causes devastating disease worldwide and is an example of a bacterium capable of circumventing human nutritional immunity. Via production of specific outer-membrane metallotransporters, N. gonorrhoeae is capable of extracting iron directly from human innate immunity metalloproteins. This review focuses on the function and expression of each metalloprotein at gonococcal infection sites, as well as what is known about how the gonococcus accesses bound iron.
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Introduction

Neisseria gonorrhoeae (Ngo) is an obligate human pathogen responsible for the sexually-transmitted disease, gonorrhea (Unemo et al., 2019). Gonococcal infections are on the rise; in 2020, the World Health Organization (WHO) estimates an approximate 82.4 million people were newly infected with Ngo and the Centers for Disease Control and Prevention (CDC) reported 677,769 new cases in the United States (WHO, 2021; CDC, 2021). As antibiotic resistance increases, Ngo is a high priority for many agencies to monitor as an urgent threat pathogen (Ohnishi et al., 2011; WHO, 2021; Fifer et al., 2021). In December 2020 the CDC modified the recommended treatment of uncomplicated gonococcal infection, from dual therapy with ceftriaxone and azithromycin, to a higher dose of monotherapy ceftriaxone (Sancta St. Cyr et al., 2020). Prior infection does not provide protective immunity against reinfection and currently there is no effective vaccine, so at-risk individuals are often reinfected (Schmidt et al., 2001; Liu et al., 2011).

Ngo colonizes mucosal sites including the genital tract, rectum, conjunctiva, or oropharynx; genital infections often begin as urethritis in men and cervicitis in women (Schmidt et al., 2001; Walker and Sweet, 2011; Unemo et al., 2019). An estimated 80% of cases in women are asymptomatic, thus delaying treatment. Belated treatment may allow the infection to ascend the reproductive tract causing severe secondary sequalae in men and women (Portnoy et al., 1974; Walker and Sweet, 2011). Disseminated gonococcal infection (DGI) occurs when Ngo invades the bloodstream, sometimes due to delayed treatment; DGIs historically occur in less than 3% of cases, are more common in individuals less than 40, and occur more frequently in women than men (Rice, 2005; Walker and Sweet, 2011; Unemo et al., 2019; Li and Hatcher, 2020; Springer and Salen, 2020). In recent years, the numbers of DGI infections, particularly in men, have increased with no known link among cases (Belkacem et al., 2013).

Pathogens require metals for metabolism; therefore, there is a constant tug-of-war between host sequestration and pathogen acquisition for essential metals. Nutritional immunity is a host defense against infection where metalloproteins sequester essential nutrients away from pathogens (Figure 1A) (Hood and Skaar, 2012). Upon infection by Ngo, PMNs (Polymorphonuclear monocytes) are recruited to the site of infection, often forming NETs (Neutrophil Extracellular Traps), whereby the bacteria are exposed to the intracellular contents of the neutrophil, including several metal sequestration proteins [reviewed in (Criss and Seifert, 2012)]. Some Gram-negative pathogens have evolved ways to acquire iron directly from host metalloproteins, including transferrin (Tf), lactoferrin (Lf), and hemoglobin (Hb), using dedicated outer-membrane transporters [for a recent review see (Yadav et al., 2019)].




Figure 1 | Localization of host nutritional immunity proteins near epithelial cell surface during inflammation and Neisseria gonorrhoeae (Ngo) infection. (A) In a healthy environment, iron is almost entirely bound to intracellular ferritin (Fn), erythrocyte bound haptoglobin, or sequestered in circulating transferrin (Tf). Under inflammatory conditions, Fn may be released from epithelial cells and hemoglobin (Hb) may be released from red blood cells (RBC). Haptoglobin (Hp) almost immediately binds to the newly circulating Hb, forming the Hb-Hp complex. Infection by Ngo recruits PMNs, which can expel their cellular contents in an innate immune response, which includes lactoferrin (Lf). Coinfection with other bacteria, or presence of commensals, may lead to circulation of siderophores (S). Siderophores produced by bacteria, or the mammalian siderophore 2,5-DHBA, may also be present at the site of infection bound to circulating lipocalin (Lcn). (B) Ngo has evolved mechanisms to cope with the nutritional immunity evoked by the host. TonB-dependent proteins bind many of the host Fe-chelating proteins, permitting Ngo to grow in these metal-restricted environments. FetA binds to S, HpuAB bind to Hb or Hb-Hp, TbpA binds to Tf, LbpA binds to Lf, and TdfF and TdfG are both iron regulated, but the host ligand has yet to be identified. Utilization of iron from ferritin and lipocalin should be investigated due to the close proximity to Ngo during infection. Figure not to scale and generated with BioRender.com.



Access to, and availability of, metals in biological niches dictates the success and extent of infection by a pathogen. This review focuses on the roles of metalloproteins in regulating iron homeostasis in key gonococcal infection sites and how the gonococcus obtains the required iron for successful infection.



Iron requirements and sequestration proteins in the human host

Iron is the most abundant metal in humans and is essential for metabolism in most aerobic organisms (Brock, 1999; Pantopoulos et al., 2012; Nairz et al., 2014; Golonka et al., 2019). During metabolism, iron acts as a cofactor in iron-sulfur (Fe-S) cluster proteins and heme-containing proteins, aiding in heme synthesis, oxygen transport, and DNA synthesis (Pantopoulos et al., 2012; Ganz and Nemeth, 2015). Iron is also important for proliferation of immune cells including T-lymphocytes and neutrophils (Brock, 1999; Weiss, 1999). Iron levels are stringently regulated in humans; iron overload is cytotoxic due to the generation of reactive oxygen species (ROS) and oxidative stress (Brock, 1999; Golonka et al., 2019). Hemochromatosis, or iron overload, can be caused by inherited genetic mutations, blood transfusions, or excessive dietary intake of iron, and may lead to increased susceptibility to infections and accelerated death (Khan et al., 2007; McDowell et al., 2022).

To prevent the toxic effects of free iron, over 99.9% of excess mammalian iron is sequestered intracellularly, either via ferritin or heme, and extracellular iron is bound to metalloproteins including Hb, Lf, and Tf (Pantopoulos et al., 2012; Andreini et al., 2018). Approximately 2% of the human genome encodes iron-containing proteins, of which, more than half of the proteins have a catalytic function (Andreini et al., 2018). Upon inflammation or infection by a pathogen, the liver secretes a peptide hormone, hepcidin, which modifies an iron exporter ferroportin, thereby trapping iron intracellularly (Nemeth et al., 2004b). By solubilizing iron, making iron bioavailable, chelating iron, and protecting the host from ROS, Fe-containing metalloproteins play essential roles in humans.

Hb, found within erythrocytes, is the most abundant protein in blood; Hb sequesters heme, which is a heterocyclic porphyrin ring that binds centrally-coordinated ferrous iron (Fe2+) (Baldwin, 1975). Hb is a globular protein consisting of α- and β-globulin chains, and inside erythrocytes, Hb stores approximately 75% of all the iron in the body and the remaining 25% is stored by ferritin in liver, spleen, and bone marrow (Brock, 1999; Delaby et al., 2005; Ganz and Nemeth, 2015). Hemoproteins, including hemopexin, Hb, and Hb complexed with haptoglobin (Hp), each bind heme strongly at one or two of the free iron-coordination sites located perpendicularly to the porphyrin ring (Hare, 2017). Erythrocytes spontaneously lyse, releasing up to 3 µM free Hb in healthy patients (Na et al., 2005). In serum, tetrameric Hb dissociates into dimers, which are rapidly sequestered by Hp, and the Hb-Hp complex is recycled by macrophages (Kristiansen et al., 2001). Hb may release heme spontaneously, particularly after oxidation to ferric Hb, or because of bacterial proteases (Na et al., 2005; Kassa et al., 2016; Hare, 2017).

Tf and Lf are glycoproteins of similar structure and function, sharing 60% sequence identity (Baker et al., 2002). Tf and Lf both contain a C-lobe and an N-lobe, with one Fe3+ ion bound to coordinating residues on each lobe (Aisen et al., 1978; Baker et al., 2002). Both Tf and Lf bind iron with nM affinity, and, notably, Lf maintains high affinity iron binding at low pH, down to pH 3.0, whereas Tf releases bound iron below pH 6.5 (Aisen et al., 1978; Baker and Baker, 2004).

Tf, at 80 kDa, is synthesized by hepatocytes and secreted into the serum where it solubilizes ferric iron, sequesters iron to prevent toxicity, and delivers iron into cells (Andrews and Ganz, 2019). Tf is naturally found at approximately 30% iron-saturation in serum (Ganz and Nemeth, 2015; Andrews and Ganz, 2019). While inflammation increases hepcidin concentrations, serum Tf concentrations decrease due to the decreased iron in circulation, causing a syndrome called anemia of infection (Ganz and Nemeth, 2009).

Lf, at 82 kDa is synthesized by neutrophils and exocrine glands and is primarily located in human milk and mucosal secretions (Masson and Heremans, 1968; Cohen et al., 1987; Kruzel et al., 2000; Rageh et al., 2016). Lf is antimicrobial and anti-inflammatory (Broekhuyse, 1974; Flanagan and Willcox, 2009; Okubo et al., 2016; Lepanto et al., 2019). Lf has been implicated as a regulator of inflammation (Baker and Baker, 2004; Alexander et al., 2012; Valenti et al., 2018). Lf is secreted by cervical and epithelial cells and found in secondary granules of human neutrophils (Lewis-Jones et al., 1985; Nuijens et al., 1992; Alexander et al., 2012; Valenti et al., 2018). Lf levels change in mucosal secretions at different stages of the menstrual cycle; Lf levels are lowest in the days before menstruation and highest proceeding menstruation when the cervix is more open, to prevent pathogenesis (Cohen et al., 1987). The fluctuation of Lf levels is likely hormone driven, as women taking oral contraceptives do not demonstrate an increase in Lf levels during menses, which could lead to higher infection rates (Cohen et al., 1987).

Humans produce siderocalins of the lipocalin family that chelate siderophores (Correnti and Strong, 2012; Sia et al., 2013; Page, 2019). Most Gram-negative bacteria produce siderophores, which scavenge environmental iron (Guerinot, 1994; Rohde and Dyer, 2003; Wandersman and Delepelaire, 2004; Miethke and Marahiel, 2007). Siderophores have such a high affinity and specificity for iron that they can pirate iron directly from Tf, Lf, but not heme (Raymond et al., 2003). By sequestering the bacterially produced siderophores, siderocalins can inhibit bacterial growth.

Lipocalin 2 (Lcn2) was first discovered as a neutrophil granule component and tightly binds bacterial catecholate ferric siderophores, including enterobactin; however, Lcn2 can also sequester some carboxylates (Kjeldsen et al., 2000; Goetz et al., 2002; Chakraborty et al., 2012). Mammalian catechols, often secreted in the urine, and the mammalian siderophore 2, 5-DHBA also bind to Lcn2; mammalian catechols may be derived from foods and 2,5-DHBA is produced from a gene with a bacterial homolog for the production of enterobactin (Bao et al., 2010; Devireddy et al., 2010). Lcn2 is produced by neutrophils, macrophages, hepatocytes, epithelial cells and adipocytes; therefore, it is present at mucosal sites at the initial stages of gonococcal infection and colonization (Kjeldsen et al., 2000; Chakraborty et al., 2012; Xiao et al., 2017).



Acquisition of iron by Neisseria

TonB-dependent transporters (TDTs) are important for iron acquisition by Ngo and Neisseria meningitidis. TDTs are produced by most Neisseria strains and are highly conserved, suggesting TDTs play a significant survival role (Cornelissen et al., 1997a; Cornelissen et al., 2000; Cornelissen, 2008; Cornelissen and Hollander, 2011; Yadav et al., 2019). In Gram-negative bacteria, TDTs pirate iron, zinc, and other metals directly from host metalloproteins (Schryvers and Stojiljkovic, 1999; Cornelissen, 2018; Maurakis et al., 2019; Kammerman et al., 2020). TDTs are beta-barrels embedded in the outer membrane of the bacterium (Noinaj et al., 2013; Noinaj and Buchanan, 2014; Noinaj and Buchanan, 2018). With the help of TonB, TDTs extract metals, including iron and zinc, from host metalloproteins (Noinaj et al., 2012b; Cash et al., 2015; Maurakis et al., 2019; Kammerman et al., 2020).

The mechanism of metal import through TDTs is still being characterized. However, studies on TbpA suggest that a helical structure in the extracellular loops of the TDT may physically force the metal out upon binding of the ligand (Cash et al., 2015; Duran and Özbil, 2021). The extracted metal is immediately exposed to the plug domain of the TDT located in the pore of the beta-barrel, which may have a higher affinity for the metal than the ligand; thus, the metal ion relocates to the plug domain (Noto and Cornelissen, 2008). TonB is hypothesized to move the plug domain out of the barrel towards the periplasm, the metal ion is then exposed to a periplasmic binding protein that will ferry it to an ABC transporter, upon which the metal is imported into the cytoplasm, where it can then be used for essential metabolic processes, including replication within humans (Cornelissen et al., 1997b; Noinaj et al., 2010; Noinaj et al., 2012a; Noinaj et al., 2012b; Noinaj and Buchanan, 2014; Cash et al., 2015; Noinaj et al., 2017).

Several TDTs have been identified for their role in iron acquisition (Table 1; Figure 1B). Transferrin binding protein A (TbpA) is repressed by the ferric uptake regulator (Fur) under iron replete conditions (Agarwal et al., 2005). TbpA binds to hTf with an affinity of ~10 nM and is required for iron utilization from hTf (Cornelissen et al., 1992; Cornelissen and Sparling, 1996; Gray-Owen and Schryvers, 1996; Renauld-Mongénie et al., 2004; Noto and Cornelissen, 2008). Utilizing the human male model of gonococcal infection, a TbpAB knockout mutant was unable to establish an infection, suggesting essentiality of the system (Cornelissen et al., 1998). TbpA is a highly conserved 100 kDa, 22-stranded β-barrel outer-membrane receptor and TbpB is a more variable 85 kDa lipoprotein, which facilitates TbpA binding to iron loaded host Tf (Cornelissen and Sparling, 1996; Noinaj and Buchanan, 2014; Cash et al., 2015; Noinaj et al., 2017; Yadav et al., 2019). In Ngo, or N. meningitidis strains containing the type 2 variants of tbpB, TbpB is not essential for iron acquisition from Tf, but instead increases the rate iron uptake from hTf (Anderson et al., 1994; Renauld-Mongénie et al., 2004). N. meningitidis strains containing type 1 variants of tbpB, however, do require both proteins to bind hTf (Irwin et al., 1993). TbpA binds iron-saturated Tf or apo-Tf at similar rates (Tsai et al., 1988; Blanton et al., 1990; Anderson et al., 1994; Retzer et al., 1998).


Table 1 | Neisseria express TonB-dependent transporters in response to iron limitation, which allow for the utilization of host nutritional immunity proteins as metal sources.



Lactoferrin-binding protein A (LbpA) binds to and extracts iron from human Lf (Schryvers and Morris, 1988; Pettersson et al., 1994; Biswas and Sparling, 1995; Anderson et al., 2003). LbpA is present in approximately 50% of gonococcal strains and all meningococcal strains and is Fur-repressed in high-iron environments and subjected to phase variation (Mickelsen and Sparling, 1981; Biswas and Sparling, 1995; Biswas et al., 1999; Anderson et al., 2003). Among the Ngo LbpA producers, only 30% express the lipoprotein LbpB, suggesting that LbpB is not required for Lf utilization (Bonnah and Schryvers, 1998; Biswas et al., 1999; Anderson et al., 2003; Cornelissen and Hollander, 2011). Similar to TbpB, LbpB binds primarily to holo-Lf (Yadav et al., 2021). While the presence of LbpAB increases competitive fitness over strains expressing the Tbp system alone, LbpAB is not essential for infection (Anderson et al., 2003).

Both TDTs TbpA and LbpA are capable of binding to, and extracting iron from, their human ligand in the absence of their respective lipoprotein partner; however, the TDT HpuB requires the lipoprotein HpuA to utilize the iron or heme from Hb and Hb-Hp complexes (Lewis et al., 1997; Lewis et al., 1998; Lewis et al., 1999; Rohde et al., 2002; Rohde and Dyer, 2004). HpuB (85 kDa) is the outer-membrane receptor (Postle, 1993; Klebba et al., 1993) and HpuA (35 kDa) is the lipoprotein partner (Lewis et al., 1997; Lewis et al., 1999; Rohde et al., 2002; Anzaldi and Skaar, 2010). In N. meningitidis, HpuAB binds to Hb, Hb-Hp, and apo-haptoglobin (Lewis et al., 1999). hpuAB undergoes phase variation due to slipped-strand mispairing, resulting in a frameshifted non-functional protein (Lewis et al., 1997; Chen et al., 1998; Lewis et al., 1999). Further, hpuAB is Fur repressed under iron replete conditions. (Lewis et al., 1997). Gonococcal isolates collected from women in the first two weeks of their menstrual cycle are more likely to express HpuAB, suggesting that when Hb and Hp are abundant, Ngo producing HpuAB is under selective pressure to be expressed (Chen et al., 1998; Anderson et al., 2001).

Ngo is unable to synthesize siderophores; however, the gonococcus can use siderophores produced by other bacteria, including salmochelin, enterobactin, and dihydroxybenzoylserine acid through the TDT FetA (West and Sparling, 1987; Carson et al., 1999; Strange et al., 2011). FetA is an 80 kDa outer membrane transporter that is iron repressed and induced by MpeR, an AraC-like regulator, under iron-deplete conditions (Hollander et al., 2011). FetA is phase variable via slipped-strand mispairing (Carson et al., 1999). Additionally, MpeR is regulated by Fur and is pathogen specific, suggesting FetA is potentially upregulated as a virulence factor under iron limiting conditions (Snyder and Saunders, 2006; Marri et al., 2010; Jackson et al., 2010).

Repressed under iron replete conditions, both TDTs, TdfF and TdfG, have been implicated in iron acquisition by Ngo. TdfF, an 80 kDa outer membrane protein, is produced exclusively by the pathogenic Neisseria, which could suggest importance as a virulence factor (Turner et al., 2001). While no ligand has been identified to interact with TdfF, in some strains of Ngo, TdfF does contribute to intracellular survival in a TonB-dependent way (Hagen and Cornelissen, 2006). Utilizing the FA1090 Ngo sequence for bioinformatic analysis, the largest of the TDTs at 136 kDa, TdfG is exclusive to Ngo and Neisseria elongota (Turner et al., 2001; Marri et al., 2010). Like TdfF, no ligand has been identified for TdfG and little more is known about how TdfG contributes to Ngo growth or survival in humans. Thus far, little is known about the regulation of gene expression for either TdfF or TdfG, though a Fur-independent mechanism has been proposed for TdfG regulation (Jackson et al., 2010).



Host iron cycling: Infection and inflammation

Bacterial infection and inflammation act as signals for the host to deplete iron by activating an acute phase response and/or upregulating nutrient sequestration mechanisms (Weinberg, 1975; Ganz and Nemeth, 2015; Cornelissen, 2018; Golonka et al., 2019). Low blood iron during the first 24 hours of infection in patients was first described in the 1940s (Cartwright et al., 1946). Cytokines and tissue damage from inflammation are known to induce hepcidin production in the liver, promoting iron, heme, and Hb sequestration by macrophages and other iron-storage cells (Nemeth et al., 2004a; Armitage et al., 2011; Ganz and Nemeth, 2015; Ross, 2017). As serum iron levels dip below physiological levels of 10 to 30 µM, erythropoiesis, or the synthesis of erythrocytes, is inhibited freeing the iron for other processes (Ganz and Nemeth, 2015).

Ngo can invade cells, including macrophages and neutrophils which are the first immune cells to arrive at the site of infection (Zughaier et al., 2014). Iron retention in macrophages could be particularly beneficial for gonococcal infection, as iron retention in macrophages inhibits nitric oxide formation which aids in killing of intracellular bacteria (Nairz et al., 2014). Interestingly, upon infection of monocytes and macrophages, Ngo can upregulate hepcidin and downregulate ferroportin, resulting in an overall increase of iron retention (Zughaier et al., 2014). Ngo and N. meningitidis reduce expression of the host transferrin receptor in infected epithelial cells (Bonnah et al., 2000; Bonnah et al., 2004). The gene expression profiles of gonococcal or meningococcal infected cells mimic cells propagated in a low-iron environment, suggesting infection of these cells either shuttles all available iron to the infecting pathogens, generating a low-iron environment for the eukaryotic cells, or a signal from the pathogens may alter the regulatory network (Bonnah et al., 2004).



Perspectives: Potential pathways for treatment and prevention

TDTs have been suggested as vaccine candidates because they are highly conserved, present in pathogenic Neisseria, and most are not subject to high-frequency antigenic variation (Cornelissen et al., 2000; Cornelissen, 2008; Martinez-Martinez et al., 2011; Noinaj et al., 2012a; Cash et al., 2015; Frandoloso et al., 2015; Martínez-Martínez et al., 2016; Martinez-Martinez et al., 2016; Rice et al., 2017; Chan et al., 2018; Russell et al., 2019). This review summarizes the important iron metalloproteins and tissue specialization involved in neisserial pathogenesis. TbpA is essential for infection; LbpA, aids in pathogenesis; HpuAB is upregulated in females during the first half of their menstrual cycle; and TdfF is essential for intracellular survival. Consequently, these iron-regulated TDTs are also attractive targets for future therapeutics.

Neisseria species have the ability to capitalize on many mammalian nutritional immunity tactics by utilizing the iron from these chelating proteins. TbpA and LbpA bind only the human versions of transferrin and lactoferrin, respectively, suggesting a tightly co-evolved system of nutrient acquisition. Some potential iron sinks have not been assessed for their ability to support neisserial growth. For example, no evidence is available on whether Neisseria are capable of exploiting Lcn2, ferritin, or NRAMP-1, all of which are upregulated at infection sites in response to infection/inflammation. Human calprotectin is found in high concentrations in PMNs, and recently, calprotectin has been described as binding iron with high affinity (Urban et al., 2009; Nakashige et al., 2015). Further, the TDT, TdfH, binds to and utilizes the Zn bound to calprotectin (Jean et al., 2016). Thus, calprotectin is in close proximity to Ngo during infection and the interaction between calprotectin and Ngo has been described; however, calprotectin binds Fe(II) with high affinity, whereas all known Ngo iron sources are Fe(III), making calprotectin an unlikely source of iron for Ngo (Nakashige et al., 2015). It is possible that TDTs can bind to and utilize metals from multiple iron sources, thus it is important to assess potential metal sources in an unbiased way.
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Ng protein (Affinity [ligand]) Nm protein Metals associated with ligand Reference

TdfH (4 nM and 35 pM [calprotectin]) CbpA Zn, Mn (Pawlik et al., 2012; Stork et al., 2013; Jean
et al., 2016; Kammerman et al., 2020)

TdfJ (nk, (S100A7)) ZnuD 2Zn, Cu, Fe, Cd (Jean et al., 2016; Hecel et al., 2019;
Maurakis et al., 2019)

TbpB (7.4 nM [transferrin]) TbpB Mn, Fe (Cornelissen and Sparling, 1996; Ronpirin
et al., 2001; Wu et al., 2010)

ZnuCBA/MntABC (100 + 8 nM [Mn?*]; 104 + 5 nM [Zn**]) ZnuCBA/MntABC Zn, Mn (Chen and Morse, 2001; Tseng et al., 2001;
Wu et al., 2006)

MntX (nk, [Mn?*]) MnitX Mn, Fe (Veyrier et al., 2011)

Zur/PerR (nk, [Mn®*) Zur Zn, Mn (Wu et al., 2006; Pawlik et al., 2012; Jean
etal, 2016)

nk, (not known) indicates the affinity for that ligand is not known. These proteins have been shown to be regulated by or interact with multiple metals.
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Prime Target Comment Sequence

ZE685-S pNZ8008 5'CCCTTGAATTCCACTAGCGTTGCTTTACTG
ZE686-A pNZ8008 5'GCGCGAAGCTTGGTCCTAAATACTGTTACAG
ZE728-S hupZ 5'CACTCAAAATGATAACACAAGAAATGAAAGAT
ZE729-A hupZ 5'GAGAAGCTTTTAAAATAAGGGTCCTAAATACT
ZE838-S puUC19 5’ GCTGAGATACGCGTAATCATGGTCA

ZE839-A puUC19 5’ATGGGACAAGCTCGAATTCACTGGC

ZEB40-S pDC123 oMt 5'TAGCAATGGTTGCTAACATAGCATTACGG

ZE841-A pDC123 oMt 5'CCAGATTGTACCTAGCGCTCTCATAT

ZEB42-S 5’ region of hupZ 5'GAGCGCTAGGTACAATCTGGTGCTAAT

ZE843-A 5' region of hupZ 5’ATGATTACGCGTATCTCAGCTATCTTAG

ZE844-S 3" region of hupZ 5'TGAATTCGAGCTTGTCCCATATTGC

ZE845-A 3’ region of hupZ 5'CTATGTTAGCAACCATTGCTAATTGG

ZEB76-S pKV111 Adds EcoRl to hupZ::cm* 5'CATAGAATTCATGTGCTGAAGGCGAT

ZE876-A pKV111 Adds EcoRl to hupZ::cm® 5'CATAGAATTCGTTGTGTGGAATTGTGAGC

ZEQ78-S hupZ Adds LIC sequence 5'TACTTCCAATCCAATGCAATGATAACACAAGAAATG
ZEQ79-A hupZ Adds LIC sequence S TTATCCACTTCCAATGTTATTATTAGTTACTTTCACTGTT
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M49Rescue
M49Lyles
M49Lyles + pKV127
pDC123
PET/Hise/MBP/TEV
PET MBP TEV
pJRS700
PKV102
oKV105
oKV111
PKV113
pKV117
pKV135
oKV138
pKV141
pLCO07
pNZ8008
oNZ9530
PRK793
pUC19

pZZ2

Relevant properties

NZ131 wild-type rescue strain

NZ131 containing hupZ::cm'? mutation

NZ131 containing hupZ::cm" mutation and pKV127
Source of Cm" allele

N-terminal Hisg followed by MBP, Pr7, Kan®

N-terminal MBP, Pr7, Amp™

PVEB037 derivative, Kan®, TMS

Expresses HupZ-Strep from Pr;

pNZ8008 derivative expresses hupZ, P™s*, CM™

pUC19 derivative containing hupZ::cm”® allele, Amp™
pKV111 derivative with a site mutation to add EcoRl site downstream of hupZ::.cm" allele
PJRS700 derivative containing hupZ::cm” allele, Kan®, TMS
PET MBP TEV derivative that expresses MBP-HupZ from Pr7
pLCO07 derivative expressing hupZ, Spec?, Preca

pLCO07 derivative hupY deleted, Spec?, Preca

Expresses hupY, Spec?, Preca

PSH71 replicon with promoterless gusA gene, Prsa, Cm"
PAMDb1 replicon expressing nisR and nisK, Eryr, Prepa
p15A replicon expressing SuperTev, Py, Kan®, CMP
PET101 derivative expresses HupX-Hisg, Amp®, Pz
PET101 derivative expresses HupZ-Hisg, Amp”, Pr;

Source/reference

This study

This study

This study

(Chaffin and Rubens, 1998)
Addgene plasmid #29656
Addgene plasmid #48311
(Bates et al., 2005)
Vector Builder

This study

This study

This study

This Study

This Study

This study

This study

(Cook et al., 2019)

(de Ruyter et al., 1996)
(Kleerebezem et al., 1997)
(Tropea et al., 2009)
Invitrogen

(Sachla et al., 2016)
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Strain or plasmid

Description®

Reference or source

Strains

E. coli
DH50

S17-1
BL21(DE3)
C. violaceum
WT

WT[pMR20)
WT[pchuP-lacZ]
WT[pchuR-lacZ)
cbaF::pNPT

vbaF::PNPT

AchuP

AchuP/cbaF::pNPT
AchuP/vbaF::pNPT
AchuP[chuP)
AchuPlpchuP-lacZ]
AchuP[pchuR-lacZ)

AchuR

AchuR[chuR]

AchuS

AchuS[chuS]

AchuTUV
AchuTUV[chuTUV]
AchuPRSTUV
AchuPRSTUV [chuPRSTUV]
AcbaCEBA
AcbaCEBA[cbaCEBA]
AcbaCEBAAchuPRSTUV
AcbaCEBAAChuPRSTUVIpMR20]
AcbaCEBAAchuPRSTUVIchuPRSTV]

Afur
AfurfpchuP-lacZ)
Plasmids
pNPTS138
pMR20

PET15b
PGEM-T easy
pRKlacZ290

E. coli strain for cloning purposes
E. coli strain for plasmid mobilization
E. coli strain for heterologous expression of proteins

C. violaceum ATCC 12472 wild-type strain with sequenced reference
genome
WT control strain harboring the empty pMR20 plasmid
WT strain with the chuP (CV_RS19275)-lacZ fusion
WT strain with the chuR (CV_RS19280)-lacZ fusion
WT strain with insertion of pPNPTS138 in the cbaF gene
WT strain with insertion of pNPTS138 in the vbaF gene
WT strain with the CV_RS19275 gene deleted
AchuP strain with insertion of pNPTS138 in the chaF gene
AchuP strain with insertion of pPNPTS138 in the vbaF gene
AchuP mutant complemented with WT copy of chuP
AchuP strain with the chuP (CV_RS19275)-lacZ fusion
AchuP strain with the chuR (CV_RS19280)-lacZ fusion
WT strain with the CV_RS19280 gene deleted
AchuR mutant complemented with WT copy of chuR
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Strain Supplement Biomass + STD[g] Cu = STD[ug/g] Fe = STD[ug/g] Fe/Cu

wt -AA 0.451 £ 0.008 53.5 + 0.46 58.2 + 0.41 1.1
+His 0.512 + 0.006 27.5 £ 0.62 721 £0.32 2.6
+GIn 0.425 + 0.004 55.4 + 0.56 63.4 + 0.46 i)
AcrpA -AA 0.101 £ 0.005 2574 +0.78 604.8 + 0.51 2.3
+His 0.521 £ 0.008 30.6 £ 0.67 81.2+0.37 2.7
+GIn 0.313 + 0.005 70.0 £ 0.79 69.3 + 0.43 1.0

A. fumigatus wt and AcrpA strains were grown in liquid AMM containing 0.005 mM Cu and 20 mM ammonium as nitrogen source without AAs (-AA) or supplemented either with 5 mM Gin
(+GlIn) or 1 mM His (+His). After cultivation, dry biomass and cellular contents in Cu and Fe were determined after freeze-drying of the harvested mycelia. The shown values are the mean +
standard deviation (STD) of three biological replicates.
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