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Abstract 

Title of Dissertation: Design, Development, and Characterization of Gallium (III) 

Salophen Metallotherapeutics Targeting Heme Sensing and Iron Acquisition Pathways in 

Pseudomonas aeruginosa. 

Garrick Alexander Centola, Doctor of Philosophy, 2022 

Dissertation Directed by:                                     Dr. Angela Wilks, Professor  
                                                                                Department of Pharmaceutical Sciences 
                                                                                School of Pharmacy  

 

and                                                                          Dr. Fengtian Xue, Associate Professor  
                                                                                Department of Pharmaceutical Sciences  
                                                                                School of Pharmacy 

 

The development of new antibiotics is outpaced by the rise in multi-drug resistant 

(MDR) bacteria, creating a global health problem. Pseudomonas aeruginosa, one such 

bacterium, is labeled as a “critical priority” pathogen by the WHO for its resistance to 

treatment and prevalence in hospital-acquired infections and immunocompromised 

patients where it is often life threatening. Adding to this problem, most new discoveries 

are derivatives of existing antibiotic classes rather than new strategies. Newer approaches 

targeting bacterial pathways critical to infection but not survival outside the host are 

expected to exert less selective pressure and slow resistance onset. One such strategy is 

interfering with bacterial iron uptake and utilization, as iron is a key micronutrient with 

several iron-regulated virulence traits used to counter iron-sequestering defense 

mechanisms of the host. P. aeruginosa can shift between the acquisition of labile iron 

stores and the more abundant heme-bound iron at various stages of infection, so inhibitors 



 
 

targeting these pathways must account for this adaptability. One such approach to targeting 

iron utilization in several forms is the use of gallium, which mimics ferric iron in ionic size 

and charge but cannot undergo critical redox processes, thus causing toxicity in the bacteria 

that acquire it under the guise of iron. This work describes the synthesis and 

characterization of Gallium Salophen (GaSal) and subsequent analogs targeting heme and 

iron acquisition pathways in P. aeruginosa. In this characterization, GaSal binds to a 

hemophore, HasAp, secreted by P. aeruginosa, and inhibits an extra-cytoplasmic function 

(ECF) signaling cascade with the outer-membrane receptor HasR, which is critical for 

sensing and adapting to host heme levels. GaSal is simultaneously a substrate for uptake, 

independent of its effect on HasAp. Using a combination of cell-based assays as well as in 

vitro target characterization and finally preliminary animal infection studies, GaSal and 

subsequent derivatives are shown to be promising new developments targeting several 

points in the iron uptake and utilization pathways of P. aeruginosa. Continued 

developments aim to retain such activity and include several routes towards further 

optimization and development as a therapeutic. 
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Chapter 1: Metallotherapeutics in the Age of Ironclad Bacteria.1 

1.1 Introduction  

The prevalence of drug-resistant infections, particularly those acquired in hospitals, 

is of increasing concern and frequently prolongs hospital stays, increasing not only cost, 

but morbidity. The infections are commonly warned against in national and international 

reports where common drug-resistance bacteria such as the ESKAPE pathogens 

(Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter 

baumannii, Pseudomonas aeruginosa, and Enterobacter species) are listed as high priority, 

pleading for increased research and improved antibiotic stewardship. Still, the challenges 

of antibiotic development have largely faced decreased funding and a weak pipeline of new 

candidates. From an industrial perspective, some of these challenges may be a lack of 

investment return whereas others report that even large screening campaigns that find 

successful target inhibitors often fail to have significant activity in cell culture.1,2 

The utility of new antibiotics is further dampened by the onset of drug resistance, 

which has been observed even with new candidates and more advanced delivery methods.3 

Overall, the 2019 clinical development pipeline contained 50 compounds, 32 of which 

targeted WHO priority pathogens and only two that were active against Gram-negative 

pathogens.4 The paradigm of development has recently evolved to investigate new targets 

such as virulence and resistance pathways rather than traditional approaches aimed at cell-

wall synthesis or protein translation (where development focuses mainly on the 

improvement of existing molecular classes).5 The targeting of virulence factors is proposed 

 
1 Adapted from Centola, G., Xue, F., Wilks, A. (2020) Metallotherapeutics Development in the Age of 
Iron-Clad Bacteria. Metallomics 12, 1863–1877.  
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to slow resistance development as it reduces infective potential of bacteria rather than 

survival.6 This approach has been relatively recent, however, and most progress remains 

academic.  

1.2 The Development of Metallotherapeutics.  
 

An interesting subset of antibiotic research has been the resurgence of 

metallotherapeutics – either new agents containing metal sites or those aimed specifically 

at bacterial metal utilization.7 Metal-based drugs are not uncommon but are largely 

underdeveloped as antibiotics and typically favor cancer therapies. The use of metals to 

prevent microbial growth is centuries old with copper being used as far back as 2600 BCE 

to sterilize wounds and water.8 Similarly, silver formulations date back to 1500 BCE with 

similar uses.9 While these approaches may have fallen out of favor in the 1940s and the 

advent of modern antibiotics, there is renewed interest in metal-based therapeutics with the 

onset of resistance. Such research has led to copper disinfectants or use as a coating on 

hospital surfaces, though this practice faces barriers to widespread use.10 New 

developments in wound dressings, a common site of bacterial infection, have also included 

silver carriers in the form of hydrogels.11–13 Even beyond infection, silver has woven its 

way into textiles aimed at reducing bacterial colonization in athletic apparel14–16  

Approaches utilizing copper and silver rely on the inherent activity of the ions themselves 

and yet still have led to reports of emerging resistance.17 Beyond these approaches, the 

search for metallotherapeutics expands the potential antibiotic repertoire by increasing the 

landscape of molecular geometries and reactivities beyond purely organic compounds.18 A 

screen of the Community for Open Antimicrobial Drug Discovery (CO-ADD) library 

revealed that metal-containing compounds had a much higher hit-rate against bacteria than 



3 
 

purely organic molecules (9.9% vs 0.87%, respectively).19 The development of such 

metallotherapeutics typically relies on the reactivity of the metal site for efficacy. 

Understanding such mechanisms is critical for the evolution of new therapies against 

bacteria that are constantly evolving. In addition to the development of new 

metallotherapeutics, much attention is now given towards understanding the ways in which 

bacteria sense, acquire and utilize metals from the environment so that these pathways can 

be exploited for drug development. 

1.3 Iron and Virulence.  

 Other developments in metal-based antibiotic development have included 

interfering with iron uptake and utilization pathways. As these pathways are critical 

for infection and virulence but not necessarily for survival outside a host, it is less 

likely that poor antibiotic stewardship will exacerbate resistance.6 The natural redox 

activity of ferrous iron and the poor solubility of ferric iron already require tightly 

regulated storage and transport systems in a host. These mechanisms further help to 

keep labile iron concentrations below what would permit bacterial colonization, 

leading to the development of complex bacterial iron acquisition systems. Many 

virulence traits such as siderophore production, biofilm formation and exotoxin 

secretion are also regulated by iron levels, allowing bacteria to sense and respond to 

their environment and evade host defenses.20–22  Globally, bacteria are able to 

respond to changing iron levels through the Ferric Uptake Regulator (Fur), which is 

a transcription factor that undergoes a conformational change when bound to iron, 

repressing expression under iron-replete conditions (Figure 1).23,24 
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1.3.1 Iron Acquisition Mechanisms.  

 While host iron may be sequestered in storage proteins such as transferrin and 

lactoferrin, bacteria secrete iron-chelating siderophores (Figure 2). The structures of 

siderophores vary significantly between bacteria and can include peptidic and non-

peptidic features. Regardless of the backbone, siderophores include common iron-

coordinating features typically involving oxygen or nitrogen atoms capable of 

occupying two coordination sites and eventually form octahedral complexes. These 

molecules have some of the highest known iron binding affinities and are critical to 

the establishment of infection.25,26 Even still, host defense systems express 

siderocalin, a siderophore-binding protein meant to inhibit siderophore-based iron 

acquisition.27,28 Iron-bound siderophores are then transported through outer-

membrane receptors. In gram-negative pathogens, ferric iron can be reduced in the 

periplasm and transported through the Feo system or the siderophore can be 

transported into the cytoplasm and reduced.29–31 Since the siderophore scaffold 

typically has a lower affinity for ferrous iron, the reduced form is released and 

utilized by the cell. In some cases, the siderophore also acts as a signaling molecule, 

Figure 1. Fur-dependent Regulation of Iron Uptake Genes 
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alerting the cell to the availability of iron, and triggering the expression of virulence 

factors.32 It has also been shown that the expression of xenosiderophore receptors 

aids bacterial iron uptake and contributes to virulence. Using these receptors, 

pathogens like P. aeruginosa can utilize iron-chelating molecules other than their 

native pyoverdine and pyochelin. This is a useful survival trait that also allows for 

siderophore piracy in co-infections wherein P. aeruginosa can decrease native 

siderophore production while utilizing secreted siderophores from other 

bacteria.33,34 The presence of exogenous siderophores has been shown to repress 

native siderophore production, which is energetically favorable to the cell while 

maintaining the ability to acquire iron.35 

 

Figure 2. Siderophore Structures from Various Bacteria. Iron coordinating features shown in color.
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1.3.2 Siderophore-Based Approaches.  
 

One of the greatest barriers to efficacy is often permeability through bacterial 

membranes, often exacerbated by multidrug efflux pumps.36,37 To overcome this challenge, 

there have been several advancements in targeting iron uptake through siderophore 

receptors using siderophore-drug conjugates (SDCs) as the cliché Trojan horse 

approach.38–40 These are bifunctional molecules wherein traditional antibiotics are linked 

to known siderophore moieties to target them to the site of infection (Table 1). Even before 

the development of SDCs, bacteria have used this strategy to link toxicophores to secreted 

siderophores aimed at outcompeting other pathogens as evident by the characterization of 

naturally-occurring sideromycins such as albomycin, which is secreted by Actinomyces 

subtropicus in order to inhibit protein synthesis and outcompete neighboring bacteria.41,42 

From a therapeutic development perspective, linking antibiotics to siderophores reduces 

typical resistance profiles such as membrane permeability and efflux since the antibiotic is 

transported along with a recognized siderophore and can also permit intracellular delivery 

of Gram-positive antibiotics to Gram-negative pathogens.43,44 The array of siderophore 

receptors also decreases the need for receptor specificity and allows a degree of structural 

diversity in SDCs and several siderophore/antibiotic combinations. 

The Enterobacter conjugate reported by Zheng and Nolan fused the common -

lactams ampicillin and amoxicillin to the siderophore by functionalizing each piece to 

enable a copper-mediated azide/alkyne “click” reaction to generate the conjugate.45 It was 

found that the conjugate had activity against several pathogenic strains of E. coli and 

demonstrated superior efficacy to the parent drug. The conjugate was also highly specific 

(>1000-fold) for E. coli relative to K. pneumoniae and P. aeruginosa, which both have 
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enterobactin uptake receptors but are less sensitive to ampicillin. This result highlights that 

even though bacteria may be able to transport a conjugate, the activity is still largely  

dependent on the species and strain. Though several strains of pathogenic and non- 

pathogenic E. coli were used, the uropathogenic CFT073 strain showed the greatest 

sensitivity to the conjugate, which the authors note is likely due to the greater variety of 

iron uptake systems. The activity against several strains is encouraging, though the 

selection away from these types of acquisition over time may decrease efficacy. However, 

the authors reported no significant resistance development over the course of the assay. 

To target P. aeruginosa, Noël and co-workers reported a series of fluoroquinolone 

conjugates (ciprofloxacin, norfloxacin, N-desmethyl-oflaxacin) linked to pyochelin, one of 

the siderophores native to P. aeruginosa (and significantly smaller and more accessible 

than pyoverdine).46 These compounds are recognized by the pyochelin transporter FptA 

and transported into the cell. The activity, however, required a cleavable linker for all 

conjugates to release the antibiotic as the stable, non-hydrolyzable linkers showed no 

activity. Further, the conjugates themselves, though showing the potential for FptA as an 

SDC transporter, had reduced activity compared to the parent fluoroquinolone. 
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Table 1. Siderophore-Drug Conjugates and Associated Activities (Continued on next page). 

Compound Mechanism Activity 

 

Albomycin  δ2 

Pyrimidine 
protein synthesis 
inhibitor 

K. pneumoniae clinical isolates: 2 
µg/mL (in vitro) 

S. dysenteriae clinical isolates: 2 
µg/ml (in vitro) 

Y. enterocolitica (8081 serotype 
O:8): 10 mg/kg (mouse) 

S. pneumoniae (D39/D39T1 
albomycin resistant strain): 1 
mg/kg (mouse)41,42 

 

Enterobactin-Ampicillin Conjugate 

β-Lactam 
inhibits cell wall 
synthesis 

E. coli45  

25922 (laboratory): 0.1 µg/mL 

H9049 (nonpathogenic): 10 
µg/mL 

CFT073 (urinary tract): 0.01 
µg/mL  

UTI89 (urinary tract): 10 µg/mL 

35401 (enterotoxigenic): 0.1 
µg/mL 

43895 (enterohemorrhagic): 1 
µg/mL 

 

Pyochelin-Ciprofloxacin Conjugate 

Fluoroquinolone 
DNA replication 
inhibitor 

P. aeruginosa46 

PAO1: 0.7 µg/mL 

PAD07 (siderophore deficient): 
0.7 µg/mL 

PAD07 (siderophore, TonB 
deficient): 0.2 µg/mL 

 

Linezolid-Catechol Conjugate 

Oxazolidinone 
protein synthesis 
inhibitor 

P. aeruginosa (PAO1)47 

92 µg/mL (vs 740 for linezolid)  
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Table 1, cont.  

The activity against the siderophore-deficient strains suggests that the linker may 

be cleaved in the extracellular media and that these conjugates are more pro-drugs than 

they are Trojan horses. The reduced efficacy of the conjugate, despite binding FptA, 

demonstrates the importance of linker design and stability. Another development targeting 

P. aeruginosa is the development of a linezolid conjugate reported by Paulen et. al.47 

Oxazolidinone antibiotics are protein synthesis inhibitors with minimal activity against 

Gram-negative bacteria largely attributed to membrane permeability and efflux. Rather 

than use a known siderophore, a variety of spacers were used to attach a catechol group to 

the parent linezolid, again through the copper-catalyzed “click” reaction. As catechol 

groups are a common siderophore component (such as the previously mentioned 

enterobactin), the authors believed such a feature would increase transport into the 

cytoplasm. Indeed, the conjugate displayed improved activity (4-8-fold improvement) to 

linezolid, though still had MICs in the high micromolar (156-258 µM) range. Importantly, 

the activity was increased in iron-deficient media, highlighting the importance of iron 

uptake pathways for SDC transport. Additionally, though it contains a catechol group like 

enterobactin, the authors found that the enterobactin transporters of P. aeruginosa, PfeA, 

are not responsible for uptake. Though the resulting activity may still be too low for 

 

Cefiderocol: Cephalosporin-Catechol 
Conjugate 

β-Lactam 
inhibits cell wall 
synthesis 

P. aeruginosa 
(0.1 -2 µg/mL) 

A. baumannii 
(0.1-1 µg/mL) 

K. pneumoniae 
(0.1-0.2 µg/mL)48,49 
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therapeutic use, the strategy highlights the potential to expand antibiotic efficacy across 

bacterial species by incorporating iron-chelating groups to target siderophore receptors 

without the inclusion of native siderophores. 

The use of catechol groups in SDC development has also seen recent progress in 

targeting of iron uptake systems. Recent reports showed that teicoplanin, a glycopeptide 

that is inactive against Gram-negative bacteria, showed low micromolar activity against 

several strains of A. baumanii (including multi-drug resistant strains), representing a 60-

fold improvement over the parent antibiotic.50 While these results are promising for the 

enhancement of current antibiotics, the conjugates still showed no improvement over 

teicoplanin in E. coli and P. aeruginosa and decreased activity in S. aureus. 

The characterization of periplasmic or plasma-membrane bound transporters also 

further aids in our understanding of siderophore transport and the potential of catechol-

based conjugates as drug therapies. Campylobacter jejuni, the most common causative 

agent of foodborne illness, was reported to acquire iron through linear enterobactin 

hydrolysis products (~100 times more favorably than enterobactin itself) and that these 

catechol-containing compounds bind to the periplasmic protein CeuE as well as the 

homologous periplasmic binding proteins in V. cholerae.51 These findings are further 

supported by the characterization of PiuA in S. pneumoniae, which binds the catechol-

containing stress hormone norepinephrine as well as enterobactin hydrolysis products in a 

manner consistent with that reported in C. jejuni.52 Most importantly, in the context of drug 

design, these findings highlight the importance and potential for catechol-based drug 

conjugates. The structure of the binding regions of such proteins is largely solvent exposed 

and the conformation is minimally impacted by ligand binding. Such features imply that 
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the binding of the iron-coordination complex is critical, but a greater structural variability 

is tolerated beyond the ferric center, providing a potential for derivatization and the 

generation of a wide range of conjugates.  

Perhaps the most successful catechol-based SDC so far is the FDA-approved 

cefiderocol – a cephalosporin antibiotic with no natural siderophore attached (Table 1).53 

Instead, like the linezolid conjugate, cefiderocol utilizes the iron-chelating catechol moiety 

to bind extracellular iron and is then transported through the outer-membrane through 

siderophore uptake pathways.54 Conversion of one hydroxyl group on the catechol moiety 

to a methoxy group significantly decreased activity, further suggesting the importance of 

iron-chelation as a mechanism of uptake.55 Luscher et. al also reported that bacteria such 

as P. aeruginosa express a suite of outer-membrane receptors, namely PiuA, Piera and 

PiuD, that contribute to siderophore uptake and piracy, and that these receptors were 

upregulated in the presence of cefiderocol as well as other conjugates.34 Deletion of 

identified receptors decreased susceptibility to cefiderocol treatment and constitutive 

expression of such receptors increased susceptibility by an order of magnitude. The 

promiscuity of such receptors confers susceptibility to siderophore-based drugs and thus 

slows the evolution of resistance. It is presently approved for the treatment of urinary tract 

infections and is active against E. coli, K. pneumoniae, Proteus mirabilis, P. aeruginosa, 

and Enterobacter cloacae.56 
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Despite a wide range of structures and siderophore/drug combinations, the SDC 

approach all follows the same strategy wherein holo-siderophores aid the penetration of an 

antibiotic conjugate into the cell. While some SDCs maintain affinity to cytoplasmic 

targets, the activity is typically much lower than that of the free drug, thus complicating 

linker design.57,58 As demonstrated in Table 1, the activity of the conjugate also varies 

significantly between bacteria, confounded by the respective combination of siderophore 

and drug. Though compounds with favorable activity are reported, the SDC approach 

seems unlikely to produce compounds with significant broad-spectrum activity. Even when 

factors such as linker, siderophore, and parent antibiotic are considered, the mechanistic 

approach of SDCs still involves the transport of chelated iron into the bacterium. In contrast 

to the trojan horse method, an alternative siderophore-based immunization strategy has 

been reported.59 As siderophores are not highly immunogenic, Sassone-Corsi and co-

workers linked enterobactin to cholera toxin subunit B to produce an immune response 

against both Fe3+-enterobactin and a glucosylated form of Fe3+-enterobactin that is not 

Figure 3. Siderophore-based Immunization Against Salmonella using Ferric Enterobactin 
Conjugates. Left: Salmonella secretes enterobactin or a glucosylated form, which is not recognized by 
host defenses, and acquires iron. Right: conjugates fused to Cholera toxin 
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recognized by the host siderocalin. Anti-siderophore antibodies were produced in mice 

following 100 µg/ immunization at zero and 14 days and were shown to reduce intestinal 

Salmonella colonization (Figure 3). 

1.4 Gallium as an Iron Mimic.  
 

To circumvent the design and synthetic challenges of drug conjugates, significant 

research has been devoted towards the use of gallium. Ga3+ is an effective mimic of ferric 

iron due to its similar size and charge. Under physiological conditions, however, it cannot 

be reduced and does not allow the critical redox activity of iron which disrupts important 

metabolic pathways.60,61 Ganite (Ga(NO3)3)), an FDA-approved treatment for 

hypercalcemia in cancer patients, is currently in clinical trials for efficacy as an 

antibiotic.62,63 While the uptake mechanisms are under investigation, it is largely believed 

that gallium enters the cell through iron-siderophore uptake pathways, leading to the 

development of gallium-siderophores as a new antibacterial strategy. It is currently 

Figure 4. Gallium Compounds Discussed in this Chapter. A)  Gallium siderophore strategies including 
Ga-Pyoverdine, Ga-Desferrioxamine and GaD2-Ciprofloxacin conjugate. B) Gallium porphyrins 
including GaPPIX/GaMPIX, GaPhthalocyanine and GaSalophen 
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believed that gallium salts such as gallium nitrate target the bacteria through siderophore 

pathways whether administered as a salt of siderophore-chelate. Uncomplexed gallium is 

largely found in the iron-transporting transferrin, where it can be pirated by siderophores.64 

Indeed, it was reported that the gallium-pyoverdine complex (Figure 4A) delivers gallium 

to the site of infection with favorable pharmacokinetics and high gallium delivery relative 

to gallium citrate, further establishing the potential of gallium-siderophores as potential 

therapeutics.65 By labeling the Ga-PVD complex with 68Ga, the infection could also be 

localized and imaged using positron-emission tomography. We cannot presently reconcile 

the necessity of iron reduction for siderophore-release with the redox-inert properties of 

gallium, but the mechanisms for such uptake pathways are under active investigation.66,67 

Guo et al. proposed the periplasmic iron-binding protein HitA of P. aeruginosa as a 

potential pathway through which gallium is internalized.68 They found that gallium binds 

HitA in the same site as iron with low micromolar affinity (though weaker than ferric iron) 

and that genetic deletion of HitA conferred significant resistance to gallium toxicity.   

Banin et. al reported the use of desferrioxamine-gallium as an anti-Pseudomonas 

agent, combining the toxicity of gallium with the chelation therapy of desferrioxamine, an 

iron-chelating siderophore from Streptomyces pilosus, in what was described as a “push-

pull” mechanism.69 Mechanistically, this may be due to extracellular gallium release and 

iron sequestration by DFO or the use of DFO as a gallium delivery vehicle. The complex 

had an MIC of 32 µM against planktonic cells, in line with the activity of gallium alone. 

Gallium and the Ga-DFO complex also blocked biofilm formation at 10 µM, whereas DFO 

and gentamicin had minimal effect.  
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1.4.1 Diagnostic Applications of Gallium.  

Combining the SDC approach with the antibacterial activity and radioactivity of 

67Ga, the development of a ciprofloxacin conjugate as a therapeutic and diagnostic agent 

was reported with activity against Gram-negative P. aeruginosa (3.8 µM) and K. 

pneumoniae (0.94 µM)  as well as Gram-positive S. aureus (12.5 µM).70 The gallium 

complex showed similar potency of the conjugate compared to ciprofloxacin (0.9-3.1 µM), 

better activity than the apo- (8-100 µM ) or iron-bound (30 µM) conjugate and further 

allowed non-invasive pharmacokinetic tracking of the complex and its stability. As the 

complexes were determined to be largely stable, it is possible that the 67Ga center, which 

has a longer half-life albeit lower resolution for imaging, could be substituted for 68Ga, 

which has a much shorter half-life but can be used for PET imaging. 

So far, targeting iron uptake has shown encouraging results in the laboratory and 

can be seen in the clinic in the forms of chelation therapy and more recently, cefiderocol. 

These approaches have typically shown improved efficacy under iron-limiting conditions, 

but are relatively recent and have not been evaluated exhaustively against typical resistance 

phenotypes beyond varying strains.45–47,71,72 Additionally, exploiting iron uptake with 

gallium still results in iron deficiency, which can still trigger virulence pathways and may 

eventually counteract gallium toxicity.73  

Perhaps the greatest barriers to targeting iron uptake are the dependence on 

antibiotic choice as well as linker design, highlighted by several examples in Table 1. 

Siderophore conjugates and the potential of gallium have been investigated and reviewed 

extensively with promising results yet the approval of cefiderocol and repurposing trials 

for Ganite remain the most significant advances. Future success must include conjugates 
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with optimized physicochemical and pharmacological properties and improved activity 

over their parent antibiotics. This is largely dependent on the siderophore/drug combination 

and once again suggests the need to pursue such research with the same vigor as more “hot-

button” diseases.  

Additionally, a long-term approach with greater potential may be to target and 

inhibit the sensing and regulatory pathways that control iron homeostasis rather than just 

the iron acquisition pathway itself. As bacteria have extensive evolutionary experience in 

iron acquisition, such approaches must also constantly adapt to new pathways to 

circumvent resistance. Further, in chronic infection, the adaptation away from siderophores 

towards heme acquisition in a host is detrimental to the long-term efficacy of non-heme 

iron uptake inhibitors. 

1.5 Heme Acquisition Mechanisms.  

 
The secretion of high-affinity iron chelators is a critical evolutionary trait that 

allows bacteria to acquire iron from their environment, significantly predating 

Figure 5. Representative Heme Uptake Systems in Gram-positive (A) and Gram-negative (B) 
Bacteria. 
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pathogenicity. While the solubilization and acquisition of ferric iron in a host is important 

for infection, 75-90% of iron in a human host is found in hemoproteins.74 In host infections, 

bacteria have shown preference for heme as an iron source and pathways for sensing and 

uptake of exogenous heme have been identified in Gram-positive and Gram-negative 

pathogens.75–78 In Gram-positive bacteria such as Staphylococcus aureus, the iron-

regulated surface determinant (Isd) family of proteins has been identified (Figure 5A). In 

this system, heme is acquired from host hemoglobin or haptoglobin by IsdB/H, transferred 

through a cascade of surface-attached proteins IsdA-C-E and transported into the cell via 

IsdD/F where it can be degraded by IsdG/I to release iron.79–81 

Heme uptake systems in Gram-negative bacteria are also well-studied and must 

include periplasmic and inner-membrane pathways in addition to outer-membrane 

receptors (Figure 5B).82 Bacteria such as Haemophilus influenzae, Yersinia pestis, Serratia 

marcescens and P. aeruginosa also secrete hemophores to capture host heme.83–87 Of note, 

Y. pestis, S. marcescens and P. aeruginosa all secrete the structurally similar HasA, which 

captures host heme through a dual ligation and conformational change described as a “fish 

biting heme.” In P. aeruginosa, transcriptomic experiments revealed that hasAp is the most 

upregulated gene in infection compared to lab cultures.88 Additionally, the persistence of 

P. aeruginosa biofilms in chronic infections show dependence on HasAp.89 It has also been 

shown that the hemophore system (Has; Heme assimilation system) in P. aeruginosa is 

distinct from the Phu (Pseudomonas heme uptake) system. While both the Has and Phu 

systems acquire extracellular heme, they have been characterized as non-redundant 

systems for sensing and primary uptake, respectively.90,91 Once transported into the cell, P. 

aeruginosa degrades heme via HemO to the metabolites biliverdin IXβ and biliverdin IXδ, 
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which is distinct from classical α-producing heme oxygenases and suggests separate 

pathways for endogenous and exogenous heme.92,93 The BVIXβ isomer specifically has 

been shown to positively regulate the translation of HasAp, which adds another degree of 

tunability to respond to heme levels.94,95 The complex interplay between these acquisition 

and utilization systems and their roles in infection is further evidence of the tightly 

regulated pathways bacteria have evolved to adapt to their environments. 

1.5.1 Porphyrin Therapeutic Development.  

Perhaps the largest use of porphyrins and heme-like molecules is photodynamic 

therapy (PDT) wherein porphyrins are used as photosensitizers that can generate radicals 

locally following their uptake into the cell and photoactivation.96 These applications have 

used both metal-containing and metal-free porphyrins to varying degrees of success and 

are typically praised for their ability to target infection sites when the proper light source 

is applied.97,98 Advantageously, porphyrin derivatives are frequently synthesized by 

condensation of pyrrole with benzaldehyde derivatives to produce meso-substituted 

porphyrin derivatives.98 This allows significant variability in tuning the optical and 

physicochemical properties of the final product.98–100 To avoid additional photosensitizers, 

the development of antimicrobial blue-light PDT seeks to utilize endogenous bacterial 

porphyrins as photosensitizers leading to bacterial inactivation. Though limited by the 

penetrating power of the laser, this strategy has been tested against surface-level infections 

such as burn wounds that are commonly infected by drug-resistant pathogens such as P. 

aeruginosa and A. baumanii.101,102 Repeated cycles of sub-lethal blue light inactivation of 

bacteria did not appear to produce resistant phenotypes while significantly reducing 

bacterial burden in skin abrasions.  
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Much like the siderophore counterparts, gallium has also been used to target heme 

utilization pathways in bacteria (Figure 4B).103 Since heme-dependent processes rely on 

the redox activity of the iron center, gallium protoporphyrin IX (GaPPIX) effectively 

inhibits vital cellular processes with no structural perturbation to the tetrapyrrole 

macrocycle. In P. aeruginosa, GaPPIX enters the cell via the heme receptors HasR and 

PhuR. While it likely binds to HemO and prevents heme degradation and iron utilization, 

it can also target cytochromes and inhibit respiration.104 In several strains of A. baumanii, 

including clinical isolates classified as multi-drug resistant, GaPPIX reduced bacterial 

viability (MIC 20 µg/mL).105 In line with this activity, GaPPIX and Ga-mesoporphyrinIX 

(GaMPIX) were also more efficacious than Ga(NO3)3 at reducing growth in both 

planktonic (0.5-64 µM vs 64-256 µM)  and biofilm models (32 µM vs no activity), 

supporting the adaptation towards heme in later-stage infections as well as the decreased 

susceptibility of biofilms to treatment.106 Further exploration of GaPPIX and GaMPIX 

nanoparticles demonstrated efficacy against P. aeruginosa and A. baumanii cultured in 

macrophages, biofilms and in infected Caenorhabditis elegans nematodes.107  
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To combine the effects of photodynamic therapy with the targeting of heme uptake 

in P. aeruginosa, Shisaka et.al investigated gallium-phthalocyanine (GaPc) as an 

antimicrobial (Figure 6A).108 In this case, the gallium center was used to generate singlet 

oxygen species following irradiation with near-infrared light, thus effectively eliminating 

viability in vitro (<0.1%). This work highlights the utility of antimicrobial delivery through 

the heme uptake systems as well as the ability of the heme scavenger HasAp to solubilize 

larger, hydrophobic macrocycles such as phthalocyanine. However, it is likely that because 

the macrocycle is transported through HasR, that the signaling effects of the Has system 

will be activated and lead to an increase in HasAp transcription that could potentially 

increase virulence in the long term. This result also conflicts with reports of FePc as 

blocking heme uptake as it is more likely that the macrocycle is transported but cannot be 

broken down to release iron as a mechanism of inhibition. Other work by this group has 

also expanded on the porphyrin structures tolerated by HasAp, providing a useful structural 

basis for the development of molecules targeting bacterial heme uptake by hemophores.109–

111 While the large structural diversity of ligands accommodated by HasAp is encouraging 

from a design perspective, hemophore-targeting molecules must be able to compete with 

Figure 6. Gallium Phthalocyanine (A) and Gallium Salophen (B) use Hemophore Systems for Efficacy. 
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heme, which typically binds with low micromolar to nanomolar affinity.95,112,113 This 

competition may be more favorable  under heme-limited conditions maintained by the host 

or when high levels of apo-HasAp are present. To aid in this competition, porphyrin mimics 

can be designed to include specific structural features known to contribute to heme binding, 

which is largely based on hydrophobic interactions in the heme binding site that lead to 

rapid ligand association rates.114,115  

Recently, it was reported that a gallium-salophen compound was able to target 

hemophore-based heme acquisition as well as siderophore uptake pathways of P. 

aeruginosa (Figure 6B), and the development of these compounds is the subject of this 

dissertation.113 Briefly, the planar, aromatic features of the salophen molecule permitted 

binding to HasAp in the heme binding site. While the iron-salophen molecule bound to 

HasAp, it was able to act as an iron source, in contrast with its previous characterization as 

a heme-uptake inhibitor.109 Switching the metal to gallium showed toxicity to cultures 

despite uptake mechanisms independent of HasR and PhuR. These results demonstrated 

that the gallium-salophen complex was able to target iron uptake pathways and bind to 

HasAp, inhibiting activation of the Has system. Simultaneously targeting iron and heme 

uptake pathways is more difficult to circumvent through traditional resistance mechanisms. 

Disrupting heme sensing, given its importance in infection, is likely to disrupt intracellular 

iron homeostasis and virulence at large. As exogenous siderophores repress pyoverdine 

and pyochelin production, whether this molecule is capable of repressing siderophore 

synthesis when internalized would also be a useful metric to determine its future success 

as an inhibitor.35 Further developments of these gallium salophen compounds are expanded 

upon in subsequent chapters. 
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1.6 Alternative Strategies.  

Though we have focused largely on metal-containing siderophore and porphyrin-

based metallotherapeutics and how the use of gallium has intersected both strategies, it 

remains important to consider other critical findings related to the role of iron in bacterial 

pathogenesis.  

1.6.1 Chelation Strategies.  

Like siderophore-based strategies, iron chelators have been investigated as 

antibacterial agents. Rather than seek to improve permeability of linked drugs or deliver 

toxic gallium, chelators act by sequestering available iron away from bacteria. Though this 

can be done using deferoxamine (previously mentioned), which is approved by the FDA 

for chelation therapy, and enhances the activity of tobramycin against P. aeruginosa 

biofilms in a cystic fibrosis co-culture model.71 Beyond siderophores, the use of iron 

chelators has shown similar effects against biofilms. Chan and co-workers screened a 

variety of antibiotics for iron-binding activity through visual and spectrophotometric 

inspection.116 Through this approach, they sought antibiotic combinations that would 

enhance the activity of thiostrepton, a peptide antibiotic that enters P. aeruginosa through 

pyoverdine receptors. Notably, selected chelates as well as gallium nitrate were 

bacteriostatic but showed enhanced bactericidal activity in combination with thiostrepton 

against clinical isolates of P. aeruginosa and A. baumanii. The authors proposed such 

“adjuvants” as ways to limit iron availability and spur the upregulation of bacterial iron 

acquisition systems that leave them more susceptible to thiostrepton (and by extension, 

other iron uptake-based approaches). The results of these studies also show significant 
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dependence on the aerobic/anaerobic nature of the system and could be largely attributable 

to the chelation preferences and availability of Fe3+ over Fe2+.72 

It is also important to note that such metal-coordinating molecules are not unique 

to iron. Metallophores such as staphylopine (S. aureus) and pseudopaline (P. aeruginosa) 

are secreted to capture other essential transition metals (Mn, Co, Cu, Zn) are also critical 

to survival of bacteria, though are not as extensively characterized as siderophores.117,118 

For example, the characterization of staphylopine-mediated acquisition is relatively recent 

but is still an important step in applying many of the iron-based therapeutics herein 

mentioned towards new metals and pathways.119 We direct the reader towards notable 

examples of pro-chelators and strategies for the interruption of metal homeostasis beyond 

the initial scope of this review.7,120,121  

1.6.2 Heme Degradation.  

Other notable strategies targeting bacterial iron homeostasis, though not directly 

involved in the coordination of metals, include the disruption of heme degradation and iron 

trafficking in P. aeruginosa. Previous studies have shown the P. aeruginosa heme binding 

and degradation proteins PhuS and HemO, respectively, are critical for driving 

extracellular heme internalization.94,122 The inhibition of enzymatic heme degradation and 

the resultant lack of the heme metabolites biliverdin IXβ/δ will subsequently decrease not 

only heme flux, but prevent the utilization of heme-bound iron.95 Since the metabolites of 

heme degradation also play a role in the upregulation of the heme-sensing Has system and 

expression of the hemophore HasAp, the decreased biliverdin levels are likely to further 

dampen heme sensing abilities.94 To this extent, several approaches targeting HemO have 

been reported and are under current development.123–126   
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1.6.3 Iron Mobilization.  

Beyond the acquisition and degradation of vital extracellular heme, targeting iron 

mobilization is also a new method of interrupting iron homeostasis. BfrB, the main iron 

storage protein in P. aeruginosa, requires interaction with the ferredoxin Bfd to mobilize 

stored iron for use by the cell. Consequently, the inhibition of this interaction prohibits iron 

release leading to irreversible iron storage and an iron-deficient cytosol.127 This strategy 

was initially uncovered using ΔbfrB and ΔbfD mutants but has more recently been 

interrogated with the development of small-molecule isoindoline BfrB/Bfd inhibitors, 

leading to an iron-starvation response.128 Further, the inhibitors had improved activity in 

combination with the commercial antibiotic ciprofloxacin relative to either the inhibitor or 

ciprofloxacin alone. Most recently, the inhibition of the interaction also showed 

encouraging disruption of P. aeruginosa biofilms, a common and recalcitrant form of 

infection.129 The activity, irrespective of environmental iron availability, suggests that such 

a strategy holds merit in several stages of infection whereas the inhibition of iron uptake 

may be more suited to the early stages.  

1.7 Conclusions.  

While under active research, the development of metal-based or metal-targeting 

therapeutics for antimicrobial purposes lags that of other fields and behind traditional 

antibiotic strategies. Presently, many new developments are showing promise but are often 

more effective in combination with existing drugs, leading to more complicated treatment 

routines. The history of drug discovery also hinders new paradigms in antibiotic 

development wherein specific, targeted therapies are desired for cancer while antibiotics 

have hitherto been cheap, broad-spectrum agents.130,131 Nonetheless, significant progress 
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has been made in the development of antimicrobials targeting iron and heme utilization 

pathways. The combination of siderophores with existing antibiotics presents opportunities 

for customizable molecules based on the bacterial species and their antibiotic susceptibility 

and are likely to be useful for initial stages of infection. The utility and evolution of 

porphyrin therapies has also led to a variety of potential therapies and mechanisms. The 

dual presence of iron and heme utilization pathways and the ability to shift between the 

two is likely the largest barrier to long-term success, and strategies that account for these 

pathways and their role in infection are the best suited for further exploration. While we 

have focused mainly on iron-targeting approaches, the exploration of other essential metals 

and therapeutic strategies is also critical to a deeper understanding of virulence and 

resistance development. Ultimately, resistance is unavoidable, and researchers must be 

adequately prepared to constantly develop new strategies. Certainly, acknowledging this 

aids the drug development process and where we can predict or avoid potential resistance 

mechanisms with clever design, but we must also recognize that we remain vastly 

outnumbered by the microbial world with millennia of experience evolving to survive.  
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Chapter 2: Gallium (III) Salophen as a Dual Inhibitor of Pseudomonas aeruginosa 

Heme Sensing and Iron Acquisition2 

2.1 Background 

Multidrug-resistant Pseudomonas aeruginosa has been classified by the CDC as a 

“serious threat” to public health owing to its ability to overcome many current treatment 

strategies.132  It frequently infects immunocompromised patients and is a leading cause of 

nosocomial infections.133–135  It is particularly problematic for cystic fibrosis (CF) patients, 

who suffer from life-threatening chronic infection where even direct delivery of the 

antibiotic tobramycin to the lung is becoming ineffective.134,135  While new antibiotics are 

entering the pipeline, resistance often emerges within a few years of introduction as many 

candidates in Phase I-III trials are typically improved versions of existing inhibitors rather 

than new classes of antibiotics and further have minimal activity against P. aeruginosa.3,136 

Recently, the development of antivirulence agents that reduce the ability of bacteria 

to colonize or spread has gained traction with the hope that such strategies will slow 

resistance development by exerting less selective evolutionary pressure.6  The regulation 

of many virulence factors is dependent on iron acquisition from the host, which also serves 

as a necessary nutrient for survival.137–140  Host iron levels are kept tightly regulated, 

minimizing the availability of labile iron in circulation for bacterial consumption.141  This 

innate immune response often referred to as “nutritional immunity” aims to keep the 

availability of essential nutrients at concentrations below what would permit colonization 

and growth.  

 
2 Adapted from Centola, G.; Deredge, D. J.; Hom, K.; Ai, Y.; Dent, A. T.; Xue, F.; Wilks, A. ACS Infect. 
Dis. 2020, 6, 2073–2085. Copyright 2020 American Chemical Society 
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Though P. aeruginosa and many other pathogens secrete iron-chelating 

siderophores, the low abundance of labile iron shifts the preference to heme, which is more 

abundant in a host.75,142,143  Furthermore, chronic infections in CF patients show evolution 

towards heme as a preferred iron source along with a decrease in production of pyoverdine, 

a high-affinity siderophore.76,78  We have previously characterized the non-redundant heme 

uptake systems in P. aeruginosa, which involve a primary heme transporter Phu 

(Pseudomonas heme uptake) system and the heme sensing Has (Heme assimilation system) 

system.91 While the Phu system is the predominant uptake transporter, the Has system 

relies on the secretion of an extracellular hemophore, HasAp, to deliver exogenous heme 

through the outer-membrane receptor HasR.  The release of heme to HasR in turn activates 

the ECF -factor HasI that binds to the has promoter recruiting RNA polymerase and 

upregulating the has operon.94,95  These recent studies have further shown that the heme 

metabolite biliverdin IXβ (BVIX β) positively regulates HasAp translation providing a 

positive feedback loop that is highly tunable and rapidly responsive to fluctuating 

extracellular heme levels. 

The complex transcriptional and post-transcriptional regulation over the has system 

is consistent with its significance in infection where it has been shown to be highly 

upregulated in transcriptomic analysis of an acute mouse lung infection (~300-fold for 

hasAp, ~70-fold for hasR).88  Furthermore, deletion of hasR significantly reduced bacterial 

load, highlighting the importance of heme sensing and adaptation in infection and 

suggesting that HasAp is an attractive therapeutic target. Targeting the Has system 

combines the advantages of disrupting heme acquisition while inhibiting the ability to 

sense the extracellular environment. Indirectly, the reduction in heme uptake caused by 
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inhibition of the heme signaling cascade will lead to lower levels of BVIXβ and further 

repress the heme signaling ability.94,95 Moreover, HasAp is an extracellular target that 

circumvents typical roadblocks of penetrating gram-negative membranes and multidrug 

efflux pumps that enhance antibiotic resistance.36,144 

Though structural work has extensively characterized HasAp, the HasAp/HasR 

interaction is still under investigation which complicates the development of molecules 

targeting the protein-protein interaction.86,115,145–148 Alternatively, recent reports have 

demonstrated that synthetic iron complexes bind in the heme site of HasAp and are 

coordinated by the same residues, opening the door to heme mimicry as a targeting 

strategy.108,109 Of note is the N,N’-disalicylal-1,2-phenylenediamine (“salophen”) complex, 

which is synthetically modular and more soluble than many of the larger macrocycles.  The 

use of metallosalophen complexes has also been investigated for potential anticancer 

applications, establishing their bioactivity as metallotherapeutics.149–151 

The design of antimicrobials that inhibit heme sensing and iron uptake have a 

significant advantage over traditional strategies targeting solely iron uptake. Presently, 

strategies aimed at targeting iron uptake have shown gallium to be an effective iron mimic 

due to its similar size to iron and redox-inactivity.60,61,70,104,106,152 Currently, formulations 

of gallium including the FDA-approved Ganite (Ga(NO3)3) are in clinical trials for efficacy 

as antibiotics, though reports of gallium inducing virulence factor production have also 

emerged.62,73,153 Since the binding of the metallosalophens to HasAp has been confirmed, 

we sought to further characterize the salophen-HasAp complex and its effect on the Has 

system in P. aeruginosa and found that both Fe3+-salophen (FeSal) and Ga3+-salophen 

(GaSal) complexes inhibited transcriptional activation of the has operon.  The use of GaSal 
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also inhibited growth as a result of uptake as a xenosiderophore through a currently 

unidentified receptor. Therefore, GaSal inhibits heme sensing while simultaneously 

causing toxicity following active uptake through the siderophore receptors. This dual 

mechanism of action has several advantages not the least of which is the reduced propensity 

to develop resistance. We hypothesize inhibiting heme sensing and intracellular iron 

homeostasis will ultimately lead to dysregulation of related metabolic and virulence 

pathways. 

2.2 Results  

Salophen Complexes Bind to HasAp 

 

Figure 7. Synthesis of FeSal and GaSal. The metal-free ligand was prepared by condensation of o-
phenylynediamine with two equivalents of salicylaldehyde in dichloromethane. The complex was 
metalated through reflux in ethanol to afford FeSal as a black solid and GaSal as a bright yellow solid, as 
outlined in the Materials and Methods. 

The salophen (o-phenylenediaminesalicylaldehyde) complexes were reported to bind 

through the same coordination and in the heme-binding site, including overlaps of the 

pyrrole rings of the porphyrin with the aromatic rings of the salophen.109 We synthesized 

the FeSal and GaSal analogs, characterized their binding affinities through fluorescence 

quenching (Figure 7, Figure 8), and found that although salophen binds more weakly than 

heme, the metal substitution from Fe3+ to Ga3+ has less of an impact on affinity than 
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switching the coordinating scaffold from protoporphyrin IX to salophen (Table 2).   

 

Table 2. Binding Affinities of Protoporphyrin IX and Salophen Ligands 

 

 

 

 

 

 

FeSal Inhibits Has-dependent Heme Signaling and Is a Substrate for Iron Uptake  

FeSal was previously reported as a heme uptake inhibitor.109 To test whether FeSal 

would affect the activation of the Has signaling cascade and further study the mechanism, 

Compound KD (nM, ± SD) 

Heme 350 ± 50 

GaPPIX 280 ± 30 

FeSal 1050 ± 100 

GaSal 2050 ± 280 

Figure 8. Fluorescence Quenching Graphs for KD Determination. To 1 μM apo-HasAp in 20 mM 
sodium phosphate buffer (pH 7.4, 25 oC) was added the ligand of interest until saturation was observed. 
The binding constant (KD) determined by fitting data to a one-site binding model in Graphpad Prism8 
according to the decrease in fluorescence maximum as a function of increasing ligand concentration, 
accounting for dilution upon titration. Data represent the average of three replicates. 
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we employed a β-galactosidase (β-Gal) transcriptional reporter assay previously 

constructed by our lab wherein activation of the HasR promoter following ligand release 

to HasR would lead to a colorimetric readout. P. aeruginosa PAO1 PhasR-lacZ was 

supplemented with heme-HasAp or FeSal-HasAp (1 μM) and aliquots were harvested and 

assayed for activity during log-phase to observe maximal transcriptional activation of the 

Has system. Further, as the signaling is dependent on HasAp levels, the preformed ligand-

HasAp complexes were used rather than wait for natively expressed HasAp to accumulate 

in the extracellular media, leading to a more effective observation of the transcriptional 

response. Cultures supplemented with FeSal-HasAp showed decreased signaling activation 

(Figure 9A), but had no effect on growth, indicating that FeSal could be used as an iron 

source (Figure 9B). Previous characterization of the Has signaling cascade revealed that 

transcriptional activation requires heme release to HasR and that apo-HasAp, despite its 

Figure 9. A) Transcriptional Activation of the hasR Promoter with Holo- and FeSal-HasAp. FeSal shows 
decreased transcriptional activation relative to heme. Both cultures were supplemented with pre-formed 
HasAp complexes and data represent the average of three in independent experiments*, p < 0.05; **, p < 
0.005 by t-test between holo and FeSal-HasAp. B) Growth of PAO1 Wild-Type and the hasRphuR Strain 
with FeSal and FeSal-HasAp. Cultures were grown in a 96-well plate with 1 µM supplements as described 
in the experimental section. 
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ability to interact with HasR, does not initiate the signaling cascade.95  The FeSal-HasAp 

complex had improved overall growth relative to the unbound salophen ligand, most likely 

due to increased bioavailability or solubility (Figure 9B). 

We next tested growth in the presence of either FeSal or FeSal-HasAp on the PAO1 

hasRphuR strain that lacks both heme receptors and observed no effect on growth 

whereas supplementation with heme, or holo-HasAp is highly dependent on the presence 

of HasR and PhuR (Figure 10). The lack of transport through the heme receptors, suggests 

that the FeSal scaffold is recognized as a xenosiderophore and taken in through such 

receptors. It is not uncommon for bacteria to scavenge iron-siderophores they do not 

secrete, as such xenosiderophore acquisition or piracy provides a viable survival and 

virulence trait.34 For instance, the recent FDA-approved iron-chelating cephalosporin, 

Cefiderocol is taken up by the P. aeruginosa ferric iron transport systems though  it is 

linked to an artificial iron-chelating group and not any native or exogenous siderophore.54 

 Figure 10. PAO1 ΔhasRΔphuR Heme Receptor Deletion Controls. Controls indicate growth is not 
impacted by the deletion of the heme receptors in the presence of FeCl3 whereas heme uptake from Holo-
HasAp is reduced in the mutant strain. Cultures were prepared in M9 minimal media and 1 µM supplements 
added as outlined in the Methods section. Data represent the average of three independent cultures following 
subtraction of blank (cell-free) samples to account for background absorbance. 
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GaSal Inhibits Has Signaling and Growth  

The salophen complex was then synthesized to include a gallium metal center to 

prevent its utility as an iron source and increase inhibitory potential based on the utility of 

gallium salts and nanoparticles as antibacterial agents.154,155 We tested GaSal-HasAp and 

found similar inhibition of has transcriptional activation relative to that of holo-HasAp 

complex (Figure 11). It is important to note that the trends in inhibition and relative 

activation of the salophens relative to heme are the relevant comparison as biological 

variability between separate experiments caused differences in day-to-day activation even 

with holo-HasAp. In contrast to FeSal, GaSal was inhibitory to growth when added on its 

own as well as when complexed with HasAp (Figure 11). To determine if GaSal toxicity 

is independent of the signaling cascade and results from active uptake by a siderophore-

dependent mechanism, we employed the P. aeruginosa ΔhasAp strain that does not 

produce HasAp protein. As the maximum OD600 of the P. aeruginosa strains in iron-

Figure 11. Effects of GaSal in Pseudomonas Culture A) Transcriptional Activation of the hasR 
Promoter with Holo- and GaSal-HasAp. GaSal shows decreased transcriptional activation relative to 
heme. Both cultures were supplemented with pre-formed HasAp complexes and represent the average of 
three independent experiments. *, p < 0.05; **, p < 0.005 by t-test between holo and GaSal-HasAp. B) 
GaSal antibacterial activity in PAO1WT and hasRphuR strain. Data represent the average of three 
independent cultures with blanks (media only) subtracted. Cultures were grown in M9 minimal media 
with 1 µM supplements. C) HasAp titration alleviates GaSal toxicity in PAO1 ΔhasAp. Cultures were 
prepared in M9 minimal media with FeCl3 (400 nM) and GaSal (7 μM), with HasAp at increasing 
concentrations. Growth was calculated relative to gallium-free cultures. 
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deplete media (M9 alone) is low, we measured the effect of GaSal inhibition in cultures 

supplemented with 400 nM FeCl3. This concentration was selected as it yields a maximum 

OD600 midway between that observed for growth in iron-deplete or iron-replete conditions. 

Under these conditions of partial iron-restriction, the concentration of GaSal required to 

inhibit growth by 50% was 7 μM (Figure 12). We hypothesized that if gallium toxicity is 

due to uptake of unbound GaSal, rather than Ga stripped by endogenous siderophores, then 

titrating HasAp to GaSal-supplemented P. aeruginosa ΔhasAp cultures would alleviate the 

inhibition of growth. Employing the previously optimized conditions, P. aeruginosa 

ΔhasAp cultures containing 400 nM FeCl3 and 7 μM GaSal were supplemented with 

increasing concentrations of HasAp protein. As shown in Figure 11C, increasing HasAp 

concentrations alleviated the toxicity of GaSal, confirming that GaSal is transported intact 

into the cell when not bound to HasAp. The formation of the GaSal-HasAp complex in the 

extracellular medium was also confirmed by Saturation Transfer Difference (STD)-NMR 

(Figure 13). In the STD experiment, a selective saturation pulse is delivered exclusively to 

HasAp and the saturation distributes throughout the protein by intramolecular spin 

diffusion. The saturation is transferred to any bound ligands, which are detected upon 

Figure 12. PAO1 ΔhasAp Titration Optimization Results. A) Titration with FeCl3. B) Titration with 
GaSal. Cultures were prepared in M9 minimal media and 1 µM supplements added as outlined in the Methods 
section. Data represent the average of three independent cultures following subtraction of blank (cell-free) 
samples. Maximum OD600 values were recorded after 16 h growth. 
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dissociation from the protein. In the resultant difference spectrum, only ligand 1H peaks 

receiving saturation from the protein are observed and their intensities are proportional to 

their proximity to the protein, which is a useful observation of ligand binding epitopes.156 

The top spectrum (Figure 13A) is a 1H-NMR spectrum of GaSal in M9 minimal media to 

serve as a reference spectrum for the STD experiment. The bottom spectrum shows 

saturation transfer to GaSal and confirms formation of the GaSal-HasAp complex in the 

extracellular media. Protons from the diamine ring (a and b) buried in the back of the heme 

binding site are clearly represented. Protons e and f are also distinguishable and could be 

useful sites to build outward from the salophen core to enhance binding affinity as they are 

pointed away from the binding site in the crystal structure of FeSal-HasAp.109 The planarity 

and symmetry of GaSal also enhances the STD signals and permits binding from either 

face of the molecule. While these experiments show that GaSal binds to HasAp, they do 

not explicitly show the binding site. Based on the binding of GaPPIX and GaPc in 

Figure 13. STD NMR confirms the GaSal-HasAp complex in supernatant. A) 1H NMR of GaSal in 
M9 Minimal Media. Proton peaks were assigned and labeled as depicted for comparison in the STD 
spectrum. B) STD NMR using GaSal (1 mM) and HasAp (10 μM) in PAO1 ΔhasAp supernatant. 
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combination with the crystallized FeSal-HasAp structure, GaSal is likely coordinated by 

the same ligand set in the heme binding site.108,109 

We further confirmed that native siderophores are not stripping the metals from the 

salophen using a mutant strain that lacks the gene for pyoverdine biosynthesis (Figure 14). 

As pyoverdine has an incredibly high affinity for ferric iron, the sustained growth in the 

siderophore-deficient strain and no prevention of toxicity with GaSal shows that 

pyoverdine, and by extension pyochelin, are not responsible for metal uptake.157  

Has Cell-Surface Signaling is Scaffold-Dependent  

Gallium protoporphyrin IX (GaPPIX) is a common heme mimic with antibacterial 

properties owing to the redox-inactive nature of Ga3+ versus Fe3+.103,104,106  However, unlike 

GaSal, GaPPIX activates the Has signaling cascade despite causing toxicity to cultures 

(Figure 15). This result confirms that, even though GaPPIX is toxic, the protoporphyrin IX 

scaffold permits signaling and transport through HasR, which limits the potential of 

Figure 14. PAO1 ΔpvdA Pyoverdine Biosynthesis Deletion Strain Growth Curves. The lack of the higher 
affinity siderophore, pyoverdine, does not reduce the use of FeSal as an iron source (A) or prevent gallium 
toxicity with GaSal (B), further showing that the metal center is not stripped by siderophores and the complex 
is taken up as intact salophen. Cultures were prepared in M9 minimal media and 1 µM supplements added 
as outlined in the Methods section. Data represent the average of three independent cultures following 
subtraction of blank (cell-free) samples to account for background absorbance. 
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GaPPIX as a therapeutic strategy as the signal activation will likely overcome initial 

toxicity and increase HasAp levels while exerting selective pressure towards siderophore-

based iron acquisition to circumvent GaPPIX uptake. A gallium-based strategy that targets 

iron-uptake pathways while inhibiting heme sensing is therefore less likely to develop 

resistance. The use of the salophen scaffold for signaling inhibition not observed with the 

porphyrin scaffold is therefore a starting point for further development but also for 

understanding the mechanism of signaling activation between HasAp and HasR. As the 

signaling inhibition is dependent on the scaffold and not the metal, we sought to test 

whether GaSal-HasAp prevented interaction with HasR and thus signaling. As signaling 

activation requires a protein-protein interaction, conformational changes, ligand transfer 

and energy-dependent uptake, we recognize that any in vitro method is not a physiological 

characterization of the HasAp/HasR interaction but rather a useful determination of the 

relative associations of the HasAp complexes with HasR. 

Figure 15. Effect of GaPPIX on signalling growth. (A) Transcriptional activation of the hasR promoter 
with holo− and GaPPIX−HasAp. GaPPIX shows increased (2 h) or similar transcriptional activation to 
heme. Cultures were supplemented with preformed HasAp complexes, and data represent the average of 
three independent experiments: **, p < 0.005, by a t test between holo− and GaPPIX−HasAp. (B) Growth 
of PAO1 Supplemented with either 1 μM Heme or GaPPIX. Supplementation with GaPPIX inhibits 
growth in M9 minimal media. Cultures were grown in a 96-well plate, as described in the methods 
section. 
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We measured the binding affinities of holo-, apo-, and GaSal-HasAp to HasR by 

surface plasmon resonance (SPR) and found that the holo- and apo-HasAp bind HasR with 

similar affinity (Table 3). In contrast the binding of GaSal-HasAp to HasR was weaker 

although we could only estimate the KD value to be greater than 1 M as at higher 

concentrations we observed non-specific binding most likely originating from 

heterogeneity introduced because of aggregation of the HasR lipid nanodiscs. The KD 

values were determined by steady-state association measurements at various analyte 

concentrations (Figure 16). This result indicates that the HasAp/HasR interaction, while 

weaker for the GaSal-HasAp complex, is not completely inhibited and suggests the nature 

of the scaffold is critical in facilitating the correct protein-protein interaction for ligand 

release and transcriptional activation. 

 

Figure 16. Surface Plasmon Resonance Traces and Steady-State Binding Fit. HasAp was directly 
immobilized to the chip and HasR was used as the analyte at concentrations from 0.063 to 1 M. 
Representative sensorgrams are shown in the upper panel. Response differentials at steady state were 
plotted as a function of analyte concentration and fit to a 1:1 binding model as shown in the lower 
panel. To obtain a more appropriate fit, KD values were obtained from steady-state response values 
as a function of analyte concentration (Χ2 = 0.02-0.5) for n=3. A) apo-HasAp B) holo-HasAp C) 
GaSal-HasAp. 
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Table 3. Binding Affinities of HasAp to HasR as Measured by SPR. 

 

 

 

 

Structural Studies of the Salophen-HasAp Complex Reveal Differences in Solution 

Conformations that May Affect Signaling 

The salophen-HasAp effectively inhibits the activation of the Has signaling cascade 

without completely inhibiting the binding of HasAp to HasR, indicating that there must be 

differences in ligand release that prevent the transfer and uptake. We next sought to 

investigate if differences in the solution conformations of HasAp could lead to the inability 

to initiate ligand transfer despite nearly superimposable crystal structures. HasAp 

undergoes a large conformational rearrangement of the H32 loop upon heme binding 

(Figure 17A, RMSD between apo and holo = 5.7 Å, PDB 3MOK and 3ELL).158  In the 

FeSal-HasAp crystal structure, this loop is also in the closed position and reveals less 

significant differences in the overall fold between holo-HasAp and the FeSal-HasAp 

complexes (Figure 17B, RMSD = 0.81 Å, PDB ID 3ELL and 3W8M).109 We expect that 

if the GaSal-HasAp is more conformationally flexible relative to holo-HasAp and is 

otherwise identical to FeSal-HasAp structurally, then these differences may be responsible 

for impaired ligand release despite maintained HasR binding. 

Ligand KD (nM, ± SD) 

Apo-HasAp 810 ± 50 

Holo-HasAp 479 ± 20 

GaSal-HasAp >1000 
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We analyzed the solution structures of apo-, holo-, and GaSal-HasAp by HDX-MS. 

Differences in deuterium uptake over time are reflective of how readily backbone amide 

hydrogens of a protein exchange with the solvent hydrogens or deuterons in a manner 

dependent on structure, solvent-exposure, and flexibility. We have previously used this 

technique to describe ligand induced structural and dynamic changes of the heme binding 

protein PhuS and HemO, and ensured complete proteolytic coverage through the 

development of a coverage map (Figure 18).159,160 Here, heme binding resulted in 

significant protection from deuteration throughout the heme binding site, consistent with 

Figure 17. Conformational changes of HasAp upon ligand binding. (A) Alignment of apo−, holo−, and 
FeSal−HasAp, highlighting the closure of the H32 loop from the apo− (orange, PDB 3MOK) to the holo− 
(blue, PDB 3ELL) and FeSal−HasAp (red, PDB 3W8M) forms. (B) Alignment of holo− and FeSal−HasAp, 
highlighting the closed-loop conformation with minimal structural differences. Relative deuteration of 
HasAp bound to heme (C) and GaSal (D). Individual peptides are plotted from the N- to C-terminus based 
on the first residue number. For each peptide, differences in the percent deuteration at each time point, color 
coded according to the legend, with the sum of all differences integrated over time are represented in gray 
bars. Also, 98% confidence intervals are represented as dashed (for individual time points) and solid (for 
total sums) lines. Peptides exceeding both confidence intervals were considered to display a statistically 
significant difference in deuterium uptake between the apo and ligand bound form and were mapped onto the 
crystal structure of holo−HasAp (panel C, inset; PDB 3ELL). Positive values indicate protection from 
deuteration upon ligand binding, and negative values indicate increased deuteration of a region upon ligand 
binding. Significant regions are highlighted and color coded on the HasAp structure (panel C, inset) 
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loop closure and decreased solvent exposure (Figure 17C). Similar protection of the heme 

site was observed upon GaSal binding further suggesting that GaSal binds to HasAp in the 

heme site and is coordinated with the same ligands (Figure 17D). As GaSal-HasAp is not 

crystallized, we have used the FeSal-HasAp structure as a representative example for 

mapping structural changes and visualizing the bound ligand. In contrast with the 

crystallographic comparison of FeSal-HasAp and holo-HasAp, the H32 and Y75 loops 

contained the greatest differences in deuterium uptake between the heme-bound and GaSal-

bound states (Figure 19). 



42 
 

On the H32 loop, the GaSal binding increased protection from deuteration relative 

to the apo form, but not at strongly as heme binding GaSal is a smaller scaffold that does 

not have as extensive interactions with the protein, particularly those between the backbone 

Figure 18. Coverage Map of Wild-Type Full-Length HasAp Following Pepsin Digestion. The coverage 
map was obtained as described in the experimental methods section. Complete coverage of the protein 
sequence was achieved over 76 peptides with an average redundancy of 5.7 peptides/residue. 
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of the H32 loop and heme (Figure 19B). Notably, in the heme bound crystal structure, the 

His loop is observed to engage in several possible interactions with the porphyrin, 

including hydrogen bonds between the amide hydrogens of P34 and G35 with the heme 

propionates, or the V37 carbonyl with the heme methyl groups that are absent in the 

salophen-bound complex (Figure 19C). The lack of these interactions and increased 

flexibility of the heme site do not prevent HasR binding, but, combined with the structural 

differences in the salophen ligand, likely hinder the initiation of ligand release and uptake 

through HasR. 

To assess whether this observation carried a thermodynamic consequence, we 

measured the melting temperatures of the three HasAp complexes by circular dichroism. 

All three HasAp spectra show similar degrees of folding at 25 oC, indicating that the overall 

Figure 19. Deuteration differences between ligand-bound forms. A) Percent Deuteration of GaSal-HasAp 
minus holo-HasAp. Positive peaks represent greater deuteration in the salophen-bound form, negative peaks 
indicate increased deuteration in the heme-bound form. Inset: representation of protein regions that are 
different between all three HasAp states, using FeSal-HasAp as a representation of GaSal-HasAp. B) 
Deuteration of a Peptide Comprising Residues 26-54. C) Heme binding site with heme (blue) and FeSal (red) 
overlaid. Potential contacts between the H32 loop and heme are drawn in red. 
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structure is not significantly impacted by ligand binding (Figure 20A). HasAp bound to 

GaSal still showed increased thermal stability (65 oC), but not to the extent of heme binding 

(Figure 20B). Taken together the HDX-MS and CD data indicate significant differences 

between the holo and GaSal-HasAp complexes not reflected in the FeSal-HasAp crystal 

structure that may be responsible for the lack of signaling. These differences in solution 

carry physiological consequences beyond inhibiting signaling, wherein the decreased 

stability of the GaSal-HasAp compared to holo-HasAp may increase susceptibility to 

proteolytic cleavage in the host. 

2.3 Discussion 

As an extracellular protein, HasAp must be secreted in considerable amounts to 

counteract both diffusion from the site of infection and host defense mechanisms such as 

proteolysis to effectively scavenge heme. Its relative abundance and role in virulence 

coupled with the advantage of an extracellular target make HasAp an attractive therapeutic 

target that can lead to the dysregulation of heme sensing and host adaptation. Though 

GaPPIX is a potent redox-inactive heme mimic that enters the cell through the Has and Phu 

systems where it is causes toxicity, the levels of transcriptional activation of the Has system 

Figure 20. Thermal denaturation of HasAp bound to heme or GaSal. A) Comparison of three ligand 
states at 25 oC. B) Thermal denaturation profiles at 222 nm fit to a sigmoidal distribution. CD spectra were 
recorded as described in materials and methods. 
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are not decreased. This will lead to a downstream increase in HasAp levels which will, 

over time, counteract the inhibitory effect and lead to increased heme-scavenging abilities. 

Additionally, the lack of iron obtained through this pathway will also lead to adaptation 

towards siderophore-based iron acquisition as the heme systems lead to gallium toxicity, 

limiting the potential of GaPPIX as a long-term therapeutic option. Structurally, GaPPIX 

is identical to heme, which also increases the potential for off-target effects and inhibition 

of human heme binding proteins such as heme oxygenase, highlighting a need for new 

scaffolds with greater selectivity towards HasAp.161 

Previous heme mimetic approaches reported that FeSal and FePhthalocyanine 

(FePc) were inhibitors of heme uptake when cultures were not supplied with holo-HasAp 

as an iron source.109  However, in the presence of holo-HasAp, only FePc was inhibitory, 

suggesting that the larger phthalocyanine macrocycle blocks HasR and inhibits heme 

uptake.  More recent studies showed that GaPc activity results from active transport 

through HasR and not inhibition of heme uptake, as previously described.108  Based on 

these conflicting reports, we sought to revisit the mechanism of inhibition by the salophen 

complexes as potential therapeutics due to their synthetic accessibility and modularity.  

While the salophen scaffold binds to HasAp, unlike the PPIX scaffold it is less likely that 

these molecules will be generic inhibitors of heme proteins, given the significance of both 

the extensive hydrophobic and salt bridge interactions afforded by the propionate groups 

of PPIX.162,163  

We found that, unlike GaPPIX, both FeSal and GaSal inhibited the activation of 

the cell surface signaling cascade. We have previously demonstrated that heme-dependent 

activation of the signaling cascade requires the release of heme from HasAp to HasR.95  
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The lack of signaling suggests that FeSal and GaSal are either not released to HasR or, if 

they are released, do not induce the requisite conformational change in the HasR signaling 

domain required to trigger the cascade or to be transported.  We also found that the 

metallosalophens retained activity in the ΔhasRΔphuR mutant, indicating that the uptake 

is independent of the heme receptors. As metal chelates, the salophen complexes are likely 

a substrate for xenosiderophore receptors expressed by P. aeruginosa to utilize 

siderophores from other bacteria, a strategy that has also been used to develop siderophore-

drug conjugates.34,164,165  The development of Cefiderocol, an FDA-approved iron-

chelating cephalosporin that differs from typical siderophore-drug conjugates, was found 

to be transported despite containing no natural siderophore and only included iron-

chelating features linked to a cephalosporin antibiotic.34,54  The current data would support 

a similar mechanism of uptake that will be explored in future studies.  As GaSal displayed 

antimicrobial activity consistent with previous reports of gallium-based therapies, this 

strategy conveniently combines the use of gallium salts and a porphyrin mimetic into a 

single compound that targets both iron and heme pathways without leading to the 

upregulation of the heme sensing system.62,107 

We further characterized the mechanism through which GaSal is inhibitory to better 

understand what features could be explored in later metallosalophen derivatives. While the 

salophen complexes have weaker binding affinities than the PPIX counterparts, we found 

while GaSal-HasAp has a weaker binding affinity than holo-HasAp to HasR, the 

interaction was not completely inhibited. To further investigate the weaker binding and 

decreased transcriptional activation by the metallosalophen complexes, we studied the 

HasAp complexes by HDX MS. These experiments showed increased conformational 
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flexibility of the H32 loop with GaSal-HasAp relative to holo-HasAp, which is consistent 

with the loss of stabilizing interactions with the PPIX macrocycle.115  The lack of these 

interactions is also consistent with the decreased binding affinity of the metallosalophens 

relative to their PPIX counterparts.  The increased flexibility of the H32 loop may therefore 

prevent HasR binding in a manner that triggers the conformational change and concerted 

ligand release. The increased flexibility of the loop is also reflected in the lower Tm values. 

Since the melting temperature of GaSal-HasAp is also much closer to apo-HasAp than 

holo-HasAp, GaSal binding leads to a less-stable and more proteolytically susceptible 

HasAp complex, further diminishing the ability of P. aeruginosa to acquire and sense 

heme. 

With the utility of GaSal, we envision that future derivatives will have increased 

HasAp affinity. New designs could also extend molecules anchored to the heme site into 

the HasAp/HasR interaction region with the goal of blocking binding to HasR entirely. 

Conveniently, approaches that either block the HasR interaction entirely or prevent ligand 

release from HasAp are likely to have merit. Based on our findings, the development of an 

inhibitor that is transported through HasR should be avoided as this will lead to the 

activation of the signaling cascade. Additionally, these inhibitors should maintain affinity 

to iron uptake pathways to not target the heme sensing pathway exclusively, which would 

be overcome by adaptation to iron acquisition.  

2.4 Conclusion 

Various gallium formulations have been employed for antimicrobial applications. 

The use of GaSal represents a more specific approach that targets the extracellular 

hemophore HasAp and the heme-sensing ability of P. aeruginosa in addition to targeting 



48 
 

iron uptake for antimicrobial activity. The biophysical consequences of salophen binding 

versus heme build on the structural characterization of the Has system previously reported. 

This work provides a platform for the development of new heme mimics that can target 

bacterial hemophore signaling as well as iron uptake. These dual mechanisms have the 

propensity to slow the development of resistance as the simultaneous evolution of 

mutations in separate pathways is likely to lead to reduced fitness and survival of the 

bacteria. Furthermore, that these mechanisms are critical for infection but not survival 

outside of the host further lowers selective pressure for the development of resistance. 

2.5 Methods 

Synthesis  

All the reagents and solvents were purchased from commercial sources and used as 

received, unless otherwise stated. The 1H and 13C NMR spectra were obtained in DMSOd6 

on a 400 MHz spectrometer with chemical shifts referenced to tetramethylsilane (TMS). 

Purity (>95%, HPLC) of FeSal and GaSal were confirmed by HPLC as only singular peaks 

were detected. 

2,2'-((1E,1'E)-(1,2-

phenylenebis(azaneylylidene))bis(methaneylylidene))diphenol (Salophen). O-

phenylenediamine (5.4 g, 50 mmol) was dissolved in dichloromethane (100 mL). To the 

resulting solution was added salicylaldehyde (12.2 g, 100 mmol). The mixture was stirred 

at room temperature for 8 h before removing solvent via rotary evaporation, to afford an 

orange solid (10.5 g, 99%). 1H NMR (400 MHz, DMSOd6): δ 12.94 (s, 2 H), 8.941 (s, 2 

H), 7.68-7.66 (d, 2 H), 7.48-7.40 (m, 6 H), 7.00-6.95 (t, 4 H).166 
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Iron-Salophen Chloride (FeSal). To a solution of salophen (0.316 g, 1 mmol) in 

ethanol (3 mL) was added ferric chloride (0.16 g, 1 mmol). The reaction mixture was heated 

at 65 oC in a sealed pressure tube overnight. A black precipitate was washed with cold ether 

and collected (70 mg, 17%). NMR peaks broadened beyond detection due to paramagnetic 

effects of iron. HRMS (ESI) m/z: [M -Cl]+ Calc’d for C20H14N2O2Fe 370.0405; Found 

370.0443  

Gallium-Salophen Nitrate (GaSal). To a solution of salophen (0.316 g, 1 mmol) 

in ethanol (10 mL) was added Gallium (III) nitrate hydrate (0.274 g, 1 mmol). The reaction 

mixture was refluxed for 2 h and cooled to room temperature. The final product was 

collected by filtration and washed with ethanol and diethyl ether to afford yellow crystals 

(0.2 g, 50%). 1H NMR (400 MHz, DMSOd6): δ 9.37 (s, 2 H), 8.16-8.13 (m, 2 H), 7.68-

7.66 (dd, 2 H), 7.66-7.51 (m, 4 H), 7.02-6.99 (d, 2 H), 6.90-6.86 (t, 2 H). 13C NMR (400 

MHz, DMSOd6): δ 167.9, 162.9, 137, 136.6, 135.4, 129, 122.3, 118.3, 117.1, 117. HRMS 

(ESI) m/z: [M -NO3]+ Calc’d for C20H14N2O2Ga 383.0311; Found 383.0301 

Bacterial Strains 

Pseudomonas aeruginosa (PAO1 and mutants) strains were stored as glycerol 

stocks in LB at -80 °C and were freshly streaked on Pseudomonas isolation agar (BD 

Biosciences) before transferring to liquid culture medium. PAO1 (wild type) was used as 

reported.167  PAO1 LacZ fusions and hasAp deletion strains were constructed as described 

previously.95  The heme receptor deletion strain (PAO1 ΔhasRΔphuR) was constructed as 

reported.91  The pyoverdine biosynthesis deletion strain (PAO1 ΔpvdA) was constructed as 

reported.76 The full-length hasAp gene in a pET11a plasmid was transformed into E. coli 

BL21 (DE3) competent cells for protein expression following selection on LB-agar plates.  
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Expression of HasAp 

HasAp was prepared from freshly transformed E. coli BL21(DE3) competent cells 

harboring the pET11a plasmid with the full-length hasAp gene as previously described with 

an additional purification step.95  Briefly, a single colony was cultured for 16 h in LB 

medium (50 mL) containing 100 μg/mL ampicillin.  The cells were harvested by 

centrifugation, resuspended in M9 media, and divided evenly among 4 1-L cultures in M9 

containing 100 μg/mL ampicillin and grown to an A600 of ~1.0. The cells were once again 

pelleted and resuspended in 4 fresh 1-liter M9 cultures and induced with 1 mM final 

concentration of isopropyl-β-D-thiogalactopyranoside and grown for 16 h at 30 °C. Cells 

were harvested by centrifugation and resuspended in 40 mL of lysis buffer (20 mM Tris-

HCl (pH 7.5), 20 mM NaCl, 1 mM EDTA) containing a protease inhibitor cocktail tablet 

(cOmpleteTM EDTA-Free, Roche Applied Science), 1 mg/mL DNase, and 25 mg/mL 

lysozyme and passed through an LM-20 microfluidizer at 20,000 p.s.i. The suspension was 

centrifuged at 25,000 rpm for 1 h to separate the cell debris. The supernatant was applied 

to a Q-Sepharose column (2.6 × 10 cm) pre-equilibrated with 20 mM Tris-HCl (pH 7.5) 

and 20 mM NaCl). The column was washed (3-5 column volumes) with buffer and the 

protein eluted over a gradient from 20 to 600 mM NaCl in 20 mM Tris-HCl (pH 7.5). The 

purity of the eluted fractions was determined by SDS-PAGE, and those containing HasAp 

were pooled. To separate the apo-protein, the pooled fractions were concentrated to ~5 mL 

and exchanged into 50 mM sodium phosphate buffer with 0.7 M ammonium sulfate (pH 

7.0). The concentrate was loaded onto a Butyl Sepharose Fast Flow (GE Healthcare, 2.6 × 

10 cm) column equilibrated with the same buffer. Weakly bound contaminants and holo-

HasAp were eluted with 2-3 bed volumes of 50 mM sodium phosphate containing 0.5 M 
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ammonium sulfate. Apo-HasAp was then eluted with a linear gradient of sodium phosphate 

(50 to 20 mM) containing ammonium sulfate (0.5 to 0 M). Fractions were once again 

analyzed by SDS-PAGE and the apo-HasAp was pooled, concentrated (Spin-X UF 10k 

MWCO, Corning) and exchanged into 20 mM sodium phosphate buffer. 

Expression and Purification of HasR 

HasR was prepared as reported with modifications to prepare the protein in lipid 

discs.168,169  Briefly, a single colony of freshly transformed E. coli BL21 (DE3) cells 

harboring the pHasR22b plasmid was selected to inoculate 50 mL of noninducing MDAG-

135 media containing 100 μg/mL Amp and grown overnight at 37 °C and 225 rpm.  This 

culture was used to inoculate 4 1-L flasks of autoinducing MDA-5052 media containing 

100 μg/mL Amp and grown for 10 h at 25 °C. Cells were harvested by centrifugation for 

15 min at 7,000 rpm at 4 °C. 

Pellets were resuspended in 40 mL lysis buffer and passed through an LM-20 

microfluidizer at 20,000 p.s.i. Debris was removed by centrifugation at 12,000 rpm for 15 

min and the supernatant was centrifuged for 1 h at 25,000 rpm to pellet the cellular 

membranes. Pelleted membranes were resuspended in 30 mL lysis buffer with an added 

EDTA-free protease inhibitor tablet overnight. The cytoplasmic membrane proteins were 

solubilized by addition of 2% (v/v) Triton X-100 (Sigma) and 0.5% (v/v) N-

Lauroylsarcosine sodium salt (Sigma). The membrane fractions were stirred at room 

temperature for 1 h and pelleted at 25,000 rpm for 1 h at 4 °C. The resulting supernatant 

containing only the cytoplasmic membrane proteins was discarded. The pelleted OM 

fraction was then resuspended in 30 mL of lysis buffer containing an EDTA-free protease 

inhibitor cocktail tablet and stirred at 4 °C overnight. 
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The RC DC protein assay (Bio-Rad) was used to determine total protein 

concentration. The OM fragments were diluted to at least 10 mg/mL final concentration. 

The styrene-maleic acid copolymer (Xiran SL30010 P20) was then added to the OM 

suspension to a final concentration of 2.5% (v/v) and inverted continuously at r.t. for 1 h. 

The suspension was frozen in liquid nitrogen and thawed at 42 oC a total of 5 times 

followed by passage through a microfluidizer at 20,000 p.s.i. This cycle was then repeated 

once more. The final suspension was centrifuged at 25,000 rpm for 1 h at 4 oC and the 

supernatant containing the HasR in lipid nanodisc (HasR-smalp) was collected. The 

supernatant was concentrated and the HasR concentration was determined using the 

extinction coefficient of 126 mM-1 cm-1 after subtracting the blank containing the filtrate 

(to account for absorption of residual lipids and polymer). 

Preparation of HasAp Complexes 

Heme and GaPPIX were purchased from Frontier Scientific. Heme solutions were 

prepared as described previously immediately before use and concentrations determined 

via pyridine hemochrome assay.170  GaPPIX solutions were prepared identically, except 

concentrations were determined using the extinction coefficient at 404 nm (90.6 mM cm-

1).  Apo-HasAp was prepared at a desired concentration in 20 mM sodium phosphate buffer 

(pH 7.4, 25 oC). To this solution was added a 3-fold molar excess of ligand prepared in the 

same buffer solution. Excess unbound ligand was removed using 7K MWCO centrifugal 

desalting columns (ZebaTM Spin, Thermo Fisher Scientific) according to manufacturer’s 

recommendations. 
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Binding Affinity Determination by Fluorescence Quenching 

Binding affinities were determined on an ISS K2 multifrequency fluorometer in L-

format using 1 cm quartz cuvettes. To a 1 µM solution of apo-HasAp in 20 mM sodium 

phosphate buffer (pH 7.4, 25 oC) was titrated ligand of interest. Emission spectra were 

recorded (300-500 nm) following excitation at 295 nm. The decrease in maximum emission 

was plotted against the ligand concentration (accounting for dilution) and fit to one-site 

binding using GraphPad Prism 8. 

Growth Inhibition Experiments 

P. aeruginosa strains were grown overnight in 50 mL LB Broth with shaking at 37 

oC. Cells were harvested by centrifugation and resuspended in M9 minimal medium. 

Strains were then inoculated at A600 = 0.05 in 10 mL M9 minimal medium and grown for 

3 h to deplete bacterial iron stores.95 Cultures were then plated in 96-well plates (Costar 

clear, flat-bottom with lid, Corning Inc) at A600 ≈ 0.05 to a final volume of 200 μL in M9 

medium. Supplements (2 µL) were added as 100× stock solutions. Growth curves were 

recorded at 600 nm with a Biotek SynergyTM HT plate reader over 16 h of growth with 

shaking at 37 oC. To account for background absorbance, blank wells were prepared with 

the same supplements but only M9 medium without culture. The blank wells were 

subtracted from the average of three growth wells per condition. 

Transcriptional Reporter Assay 

The chromosomal fusions of the PhasR-lacZ and promoterless lacZ gene were 

previously constructed and used to report on transcriptional activation of the Has signaling 

cascade.95 For all β-gal assays, strains were grown overnight in 50 mL LB broth with 

shaking at 37 oC. Cells were harvested by centrifugation and resuspended in M9 media. 
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Strains were then inoculated at A600 = 0.05 in triplicate in 25 mL of M9 minimal medium 

and cultured for 3 h to deplete bacterial iron stores.95 Growth cultures were then 

supplemented with 1 µM of either holo-HasAp, GaPPIX-HasAp, FeSal-HasAp or GaSal-

HasAp. Aliquots (1 mL) at 0 (just prior to supplementation), 2 and 5 h post supplementation 

were harvested and assayed for β-gal activity as described previously.171 

Circular Dichroism 

Circular dichroism experiments were performed on a Jasco J-810 

spectropolarimeter using 1 mm quartz cuvettes. All samples were recorded with 10 μM 

HasAp in 10 mM potassium phosphate (pH 7.4) at 25 °C from 190 to 260 nm at a scan rate 

of 50 nm/min, with each spectrum representing 5 accumulations. Data were acquired at 

0.2-mm resolution and 10 nm bandwidth. The mean residue ellipticity (degrees cm2 dmol-

1) was calculated using CDPRO software as recommended by Jasco. Thermal denaturation 

studies were performed over a temperature range of 20–90 °C at 222 nm. Melting 

temperatures were determined by fitting denaturation data to a Boltzmann-Sigmoidal 

distribution in GraphPad Prism 8. 

Saturation Transfer Difference NMR 

PAO1 ΔhasAp was cultured overnight from a single colony in LB Broth. The cells 

were harvested by centrifugation and resuspended in M9 Minimal Media. 10 mL of M9 

were inoculated at A600 ~ 0.05 and grown for 3 h. Cell-free supernatant was obtained by 

centrifugation and subsequent filter-sterilization by a 0.22 µM syringe filter. Supernatant 

was then used as the solvent for subsequent STD experiments. Final sample volume 

contained 600 µL of supernatant with or without 10 µM HasAp (as a negative control) and 

5% D2O for solvent locking. 
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The STD experiments were performed at 25 oC on an Agilent DD2 500 MHz spectrometer. 

The vendor supplied pulse sequences, dpfgse_satxfer.c was used, the on- and off-resonance 

fids are subtracted in-place through phase-cycling, to yield only the difference fid. 

Selective saturation was performed for 2.5 s and consisted of 50 ms Gaussian pulses 

separated by a 1-ms delay at a field strength of 50 Hz. A spectral width of 6,000 Hz (12 

ppm), a 90-degree pulse of 9.6 μs, and 16,384 points were used to collect the data with a 

0.5 s delay between transients. Transmitter offset was on the water signal. Solvent 

suppression was achieved via excitation sculpting. The selective irradiation on-resonance 

with the protein was at 1.5 ppm and the off-resonance irradiation was at 25 ppm. 

Surface Plasmon Resonance  

Apo-HasAp, GaSal-HasAp and holo-HasAp were covalently bound to the surface 

of flow cells 2, 3 and 4 of a CM5 chip to a final level of 50 RU using the NHS-EDC kit 

(GE Life Sciences, Piscataway, New Jersey). Flow cell 1 was used as blank. HasR-his (0-

1000 nM) in 120 µL of HBS-EP buffer (GE Life Sciences) was injected into flow cells 1 

to 4 at 25 oC until the signal reached saturation. The surface was then washed with buffer 

for 3 min and the dissociation of analyte-ligand complexes was followed over time. The 

flow cells were regenerated by injecting 15 µL aliquots of 10 mM glycine, pH 1.5 followed 

by 15 µL aliquots of 10 mM NaOH and the process was repeated. Values from the reference 

flow cell were subtracted to obtain the values for specific binding. The maximum response 

units during the steady-state phase were plotted as a function of HasR concentration and 

data were fitted to a 1:1 binding model using BIAeval 4.1 software (Biacore). 



56 
 

Hydrogen-Deuterium Exchange Mass Spectrometry 

The coverage maps for all proteins were obtained from undeuterated controls as 

follows: 3 µL of 20 µM sample in 20 mM sodium phosphate buffer (pH 7.4, 25 oC) was 

diluted with 27 μL of ice-cold quench (100 mM Glycine, 5.5 M Guanidine-HCl, pH 2.4). 

After 5 min, 120 µL of 50 mM Glycine buffer, pH 2.4 was added prior to the injection. 50 

µL of quenched samples were injected into a Waters HDX nanoAcquity UPLC (Waters, 

Milford, MA) with in-line digestion (NovaBioAssays Immobulized protease type 

XVIII/pepsin column). Peptic fragments were trapped on an Acquity UPLC BEH C18 

peptide trap and separated on an Acquity UPLC BEH C18 column. A 7 min, 5% to 35% 

acetonitrile (0.1% formic acid) gradient was used to elute peptides directly into a Waters 

Synapt G2-Si mass spectrometer (Waters, Milford, MA). MSE data were acquired with a 

20 to 30 V ramp trap CE for high energy acquisition of product ions as well as continuous 

lock mass (Leu-Enk) for mass accuracy correction. Peptides were identified using the 

ProteinLynx Global Server 3.0.3 (PLGS) from Waters. Further filtering of 0.3 fragments 

per residues was applied in DynamX 3.0. 

For each state (i.e. apo and ligand bound), the HD exchange reactions and controls 

were acquired using a LEAP autosampler controlled by Chronos software. The reactions 

were performed as follows: 2 µL of 20 µM of apo HasAp or in complex with ligand in 20 

mM sodium phosphate buffer (pH 7.4, 25 oC) was incubated in 18 µL of 20 mM sodium 

phosphate buffer containing 30 µM ligand (99.99% D2O, pD 7.4). All reactions were 

performed at 25 °C. Prior to injection, deuteration reactions were quenched at various times 

(10 s, 1 min, 10 min, 1 h and 2 h) with 60 µL of 100 mM Glycine buffer, 5.5 M Guanidine-

HCl, pH 2.4, followed 1 min later by a post quench dilution of 170 µL of 50 mM Glycine 
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buffer, pH 2.4. The resulting sample volume was injected. Back exchange correction was 

performed against fully deuterated controls acquired by incubating 2 µL of 20 μM apo-

HasAp containing 6.0 M guanidine HCl in 18 µL 20 mM sodium phosphate buffer (99.99 

% D2O, pD 7.4) for 24 h at 25 oC prior to data collection. All deuteration time points and 

controls were acquired in triplicates. 

The deuterium uptake for all identified peptides with increasing deuteration time and for 

the fully deuterated control was determined using Water’s DynamX 3.0 software. The 

normalized percentage of deuterium uptake (%Dt) at an incubation time t for a given 

peptide was calculated as follows: 

%𝐷 =
( )

, 

with mt the centroid mass at incubation time t, m0 the centroid mass of the undeuterated 

control, and mf the centroid mass of the fully deuterated control. Percent deuteration 

difference plots, Δ%Dt(Apo – Liganded), displaying the difference in percent deuteration 

between the apo and ligand bound HasAp for all identified peptides, at all deuterium 

incubation times probed were generated. Confidence intervals for the Δ%D plots were 

determined using the method outlined by Houde et al, adjusted to percent deuteration using 

the fully deuterated controls.172 Confidence intervals (98%) were plotted on the Δ%D plots 

as horizontal dashed lines and used to determined peptides with statistically significant 

differences in deuterium uptake between the apo and complexed state. 
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Chapter 3. The soluble Gallium Heme Mimic GaSal-2 Inhibits Pseudomonas 

aeruginosa Heme Sensing and Utilization, Providing Protection Against Acute 

Infection in Mice. 

3.1 Introduction 

 The antibiotic development pipeline falls critically short of it’s need, with only two 

of 26 antibiotics in the clinical development pipeline target WHO-priority multi-drug 

resistant Gram-negative pathogens and nearly 80% of new antibiotics are developments of 

existing classes with well-known resistance mechanisms.173 As such, new antibiotic 

strategies are critically needed, with many approaches turning to nontraditional 

mechanisms such as antibodies, phage-based strategies or immunomodulators.173 Research 

targeting virulence traits is also of great interest, as such pathways are important for 

infection but not as critical for survival outside the hose and are therefore expected to exert 

less selective pressure and slow resistance development.174–176 The strategies aim to inhibit 

pathways such as quorum sensing (for bacterial communication and virulence regulation), 

virulence factor secretion and regulation, or biofilm formation.177–180  

Another virulence-based strategy is to target the high nutritional iron requirement 

in pathogenic bacteria, as several virulence pathways are linked to bacterial iron acquisition 

and metabolic pathways.20–22 To this extent, many strategies targeting iron sensing, uptake 

and trafficking have been reported.181 Further, bacteria such as Pseudomonas aeruginosa 

express systems for the uptake of ferric and ferrous iron as well as heme, which accounts 

for 75-90% of iron in a host.74,182 The ability to adapt to acquire iron in multiple forms is 

an important evolutionary trait for the bacteria but creates significant therapeutic 

challenges wherein iron acquisition pathways are abundant and adaptable.164,183 
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Approaches such as siderophore-drug conjugates have shown preliminary success and are 

well-reviewed, leading to the recent approval of Cefiderocol, a first-in-class iron-chelating 

cephalosporin antibiotic.48,49,184,185  These approaches, however, are limited if the 

pathogens counteract this mechanism by shifting to heme as an iron source and decrease 

reliance on siderophores, as P. aeruginosa does in chronic infection.76–78  

A potential strategy for targeting bacterial iron utilization that can be adapted to 

both heme and non-heme iron is the use of gallium as an iron mimic. Ga3+ mimics the 

charge and ionic radius of Fe3+ and adapts similar coordination environments but is 

critically redox-inert under physiological conditions and this inhibits important iron-

dependent metabolic pathways.61,64 This has been shown through the use of gallium-

siderophores as well as gallium heme mimics as well as recent clinical trial data 

repurposing the FDA-approved Ganite (Ga(NO3)3) as an antibacterial 

agent.62,65,70,104,108,113,152 In many cases, antibiotic resistance outpaces antibiotic 

development and the use of gallium is no exception. Reports of gallium-resistant P. 

aeruginosa infections in cystic fibrosis patients suggest the potential for decreased gallium 

intake as well as the potential for gallium efflux when using gallium nitrate.186 Effective 

gallium-based strategies in the future must account for this and successful formulations are 

likely to utilize more than one mechanism of action.187 

With this in mind, the development of gallium therapeutics must consider the 

important interplay between heme and non-heme iron-targeting pathways. We have 

previously reported the use of Gallium Salophen (GaSal) as a heme mimic targeting the 

extracellular hemophore, HasAp, in P. aeruginosa.113 This hemophore delivers heme to the 
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outer-membrane receptor, HasR as part of the Has (Heme Assimilation System) system, 

which is primarily responsible for the sensing of exogenous heme and distinct from the 

higher-capacity Phu (Pseudomonas Heme Uptake) system.91,95 The ability to sense and 

respond to extracellular heme through the Has system is critical to survival and adaptation 

in the host, where both systems are highly upregulated in acute infection, and is therefore 

an attractive extracellular target of inhibition.88 In our previous work, we showed that 

GaSal binds HasAp and reduced the HasAp/HasR signaling cascade through increased 

conformational flexibility of the heme-coordinating H32 and Y75 loops. Our results also 

showed that GaSal inhibits growth in a manner independent of HasR and PhuR, leading to 

our proposed dual mechanism wherein the GaSal-HasAp complex inhibits the heme-

sensing signaling cascade and the uptake of GaSal through potential xenosiderophore 

receptors leads to intracellular gallium toxicity. This equilibrium carries several advantages 

in targeting both heme and siderophore-based iron acquisition in that the bacteria cannot 

simply switch between the systems as both mechanisms are important for iron acquisition 

and thus, the development of resistance will be more challenging. 

We had not yet characterized the potential for intracellular effects of GaSal or 

potential analogs, which are the subject of this work. In this current study, we continue the 

characterization of GaSal and a water-soluble analog, GaSal-2. Structural modifications to 

GaSal may affect the ability of the complex to be transported into the cell or bind to HasAp 

and so GaSal-2 represents the first investigation into such effects on signal inhibition and 

uptake, which are in a careful equilibrium and may have independent effects on activity. 

We sought to further characterize the uptake of GaSal and GaSal-2 and whether GaSal or 

GaSal-2 inhibits heme oxygenase (HemO), which is critical for the breakdown of 
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exogenous heme and use of iron, regulating heme flux into the cell and the generation of 

the heme metabolites biliverdin IX-β/δ (BVIX-β/δ) which have their own regulatory effect 

on HasAp as well as potential links to virulence traits.94  

The development of GaSal-2 also significantly increased the solubility of such a 

complex, which is planar, aromatic, and hydrophobic by nature. Reports of a gallium 

porphyrin mimic (gallium phthalocyanine, GaPc) demonstrate the success of combining 

gallium and HasAp-targeting yet such work commented on the expected insolubility of the 

Pc macrocycle and suggested that, since HasAp could solubilize such a ligand, the GaPc-

HasAp complex could be lyophilized and used as a delivery vehicle.108 Instead, we have 

chosen to develop more soluble analogs of our heme-mimicking inhibitors that rely on our 

proposed mechanism rather than hemophore-based delivery. The synthesis of GaSal-2 also 

includes a common intermediate that can be used to generate additional analogs for various 

purposes. Such investigation is under development and is expected to provide a deeper 

understanding of the structure/activity relationship as it pertains to HasAp binding and 

cellular uptake, solubility, and the potential for further functionalization. The ability to 

maintain affinity towards several points along the iron uptake and utilization pathways of 

P. aeruginosa decreases the potential for resistance as the design of such complexes is not 

necessarily tailored to each target but allows for activity at several targets in an intricately 

linked pathway. Continued characterization of these compounds therefore is not only 

useful for the development of critically-need therapeutic strategies but gleans further 

insight into the importance and connections between iron/heme sensing, uptake, utilization, 

and trafficking pathways.  
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3.2 Results  

Development and Synthesis of GaSal-2 

Based on the previous characterization of GaSal, we sought to develop analogs and 

continue our mechanistic analysis of their activity. As solubility is often a roadblock to 

medicinal chemistry campaigns, we designed GaSal-2 to include solubility-enhancing 

dimethylethylamine tails linked to the salicylaldehyde ring. The presence of a basic tertiary 

nitrogen allows protonation under physiological conditions to increase polarity and 

solubility. Further, we envision the development of the ethylene linker region to be a 

common intermediate in the development of further GaSal analogs functionalized for 

various targeting approaches. To this extent, the selective mono-alkylation of 4-

hydroxysalicylaldehyde with dibromoethane was achieved in good yields after 

optimization of reaction conditions to improve selectivity and yield.188  The intermediate 3 

was achieved through the alkylation of 2 using dimethylamine and produced near 

quantitative yields of an off-white solid. Finally, the synthesis of GaSal-2 was completed 

by reacting two equivalents of 3 with one equivalent of o-phenylenediamine for one hour 

followed by addition of gallium nitrate at 50 oC for several hours. To our delight, the 

resulting metal complexed were collected by precipitation of the reaction mixture in cold 

diethyl ether and filtered to afford the final molecule as a yellow-brown solid. 

Conveniently, GaSal-2 was readily soluble in water, which presents a significant advantage 

over our first inhibitor which was soluble in DMSO and methanol but could be diluted into 

aqueous buffer.  
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Binding and Signal Inhibition  

Figure 21. Binding, Growth Inhibition and Transcriptional Activation with GaSal and GaSal-2. A) 
GaSal results from three separate experiments. B) GaSal-2 results from three separate experiments. C) 
Fluorescence quenching data from HasAp binding studies. D) Growth inhibition studies with GaSal and 
GaSal-2 in PAO1 WT strains normalized to untreated cultures and fit to a sigmoidal dose-response curve. E) 
Transcriptional activation of the Has signaling cascade using a previously established Miller assay. Data 
represent the average and standard deviation of five independent experiments ****, p<0.00005 

To further validate GaSal-2 as an inhibitor with the same mechanism of action as 

GaSal, we determined the HasAp binding affinity as well as the anti-Pseudomonas activity 

in shaking culture and in our use of the HasR transcriptional reporter assay previously 

employed to show that GaSal compounds inhibit that Has system (Figure 21). Through 

these experiments, we found that GaSal-2 has a binding affinity of 1.2 ± 0.3 μM with an 

IC50 of 18.3 ± 1.1 μM (Figure 21C/D). Both metrics are weaker than the activity of GaSal, 

but trade enhanced solubility for weakened activities that still fall in the low-micromolar 

range. To test whether the weaker binding affinity and lower potency, also carried with it 

decreased signal inhibition, we employed a transcriptional reporter assay to confirm a 

decreased transcriptional activation of the HasR promoter at 3 hours. Consistent with 

GaSal, GaSal-2 also showed decreased signaling activity (Figure 21E) and confirmed the 
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potential for later analogs designed through this approach to retain the vital Has system 

inhibition. 

Figure 22. STD-NMR of GaSal-2 with HasAp. Top: Difference spectrum after saturation of 10 μM HasAp 
with 1 mM GaSal-2 in D2O. Bottom: Reference 1D-1H spectrum of GaSal-2 in D2O including GaSal-2 
structure and proton assignments.  

As we are interested in further development of such solubilizing tails, we tested the 

GaSal-2/HasAp complex by STD-NMR (Figure 22). This technique allows regions of a 

ligand that interact with a protein to receiver saturation transfer from an irradiated protein 

to report on ligand binding epitopes. We have used this successfully to show the binding 

of GaSal to HasAp in cellular supernatant and in this case, sought to investigate the 

contributions of the tail to binding. Our results show that the aromatic region of GaSal-2 

binds to HasAp and receives saturation transfer, consistent with our previous reports. One 

of the two ethylene linker regions is weakly represented, suggesting that the linker does 

not interact strongly with HasAp or that only part of the linker interacts significantly with 

the protein. The terminal amine, however, appears very clearly in the STD spectrum which 
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suggests that the end of the tails may regain some interactions with the H32 or Y75 loops 

that could be important to binding or, through some other mechanism and suggests that 

subsequent GaSal analogs can be designed through this strategy with a common linker 

intermediate and varied terminal functionalities for solubility, binding, or further 

conjugation to other substrates.115   

GaSal and GaSal-2 are Transported into the Cells 
 

Figure 23. ICP-MS Uptake Studies with GaSal and GaSal-2. Cultures were grown using PAO1 WT and 
mutant strains as described in Materials and Methods and prepared for ICP-MS in 6% nitric acid. Data 
represent the average and standard deviation of three independent experiments, with levels of gallium and 
iron normalized to dry pellet weight. A) Iron levels. B) Gallium levels.  

In our previous characterization of GaSal, we reported that GaSal-HasAp is 

responsible for signal inhibition while GaSal is taken into the cell where it can lead to 

gallium toxicity. This showed that the cellular activity was independent of either heme 

receptor, HasR and PhuR and that pyochelin and pyoverdine were also likely not 

responsible for cellular uptake, leading to our hypothesis that GaSal, and likely GaSal-2 
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are substrates for the several xenosiderophore receptors encoded by P. aeruginosa.113 To 

confirm the uptake of gallium we measured internal metal levels using ICP-MS. The data 

show that in both WT and deletion strains lacking PhuR, that intracellular gallium is still 

detectable (Figure 23). Additionally, the structural differences in GaSal-2 do not appear to 

affect the gallium uptake relative to GaSal as both inhibitors show similar uptake patterns 

and levels. Interestingly, the use of GaSal or GaSal-2 does not appear to inhibit the 

acquisition of iron supplied as heme in the growth media. 

In-tact GaSal/GaSal-2 Binds to HemO and Inhibits Heme Degradation 

Figure 24. GaSal and GaSal-2 Bind to HemO and Inhibit Heme Degradation. A) GaSal/HemO 
fluorescence quenching from three experiments. B) GaSal-2/HemO fluorescence quenching from three 
experiments. Data were fit to a one-site binding model in GraphPad Prism. C) LC-MS/MS BVIX levels from 
cultures treated with heme (1 μM) and GaSal or GaSal-2 (10 μM) as outlined in the Materials and Methods 
section. Data represent the average of three independent experiments corrected for OD600 as well as an 
average extraction efficiency of 27%. Statistical differences were determined by two-tailed t-tests. 

With the confirmation that gallium is taken into the cell, we next reasoned that 

GaSal or GaSal-2 could bind the P. aeruginosa heme oxygenase, HemO, as the design is 

functionally a heme mimic. Through fluorescence quenching assays, GaSal and GaSal-2 

have low-micromolar binding activity to HemO in vitro, which suggests that HemO is an 
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intracellular target of such complexes (Figure 24A/B). Given our experience with the 

development of HemO inhibitors, we have used an LCMS-MS assay to detect the levels of 

the heme metabolite biliverdin IX β/δ (BVIX-β/δ).126 To this effect, we treated PAO1 with 

heme (1 μM) and GaSal or GaSal-2 (10 μM) and analyzed the resulting BVIX levels 

(Figure 24C). If the complexes bind and inhibit HemO in cells, the resultant metabolite 

levels should be reduced, whereas degraded complexes would not inhibit HemO. Using 

this assay, we saw reduced total levels of BVIX. Of note, BVIXα was below the limit of 

quantification and is not produced by HemO but is produced by a separate heme oxygenase, 

BphO that does not interact with exogenous heme.93,94 Though we did see a reduction in 

average BVIXβ levels with GaSal-2, this did not achieve the typical cutoff for statistical 

significance but is important to note given the reductions in total levels and levels of 

BVIXδ. There was also no statistical difference between BVIX levels when treated with 

GaSal-2 relative to GaSal though the average levels were slightly higher, which opens a 

discussion on whether the metabolite levels and inhibitory potential track with HemO 

binding affinity as well as antibacterial potency. 

GaSal-2 Prevents Colonization in Acute Murine Infection 

Figure 25. Effect of GaSal-2 on PAO1 Infection in Mice. Mice were nebulized with PBS or GaSal-2 and 
infected intranasally with 107 CFU of WT PAO1. Bacterial burden was determined in the nares and lung 24 
h post infection and data represented are the CFU detected in the total sample volume (1 mL PBS nasal wash 
or lung homogenate) and represent individual mice. Data were analyzed by two-tailed t-test using GraphPad 
Prism (***, p<0.0005; ****, p<0.00005). 
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Mechanistic characterization is important for the understanding of therapeutic 

targets but can often be limited in the determination of efficacy when confined to simple 

shaking culture or in vitro experiments. The limited solubility of GaSal in aqueous buffer 

hindered further development in animal models. The development of GaSal-2 therefore 

proved a vital step in continued characterization of this class of compounds using a mouse 

infection model. In this experiment, mice were prophylactically dosed with nebulized with 

PBS or GaSal-2 to deliver the compound to the site of infection, similar to the inhalation 

of tobramycin as a therapeutic, rather than rely on a typical injection. To ensure consistent 

bacterial loads, an acute infection model was used, and mice were subjected to a dose of 2 

x 107 CFU one hour after nebulization. Mice were euthanized after 24 hours and bacterial 

burden was analyzed in both nasal washes and lung homogenate. As shown, GaSal-2 

provides a clear protective effect, similar to the decreased colonization observed in a PAO1 

HasR deletion strain previously studied (Figure 25).88  

3.3 Discussion 

 Our previous characterization of GaSal demonstrated the potential for targeting 

several points along the iron and heme acquisition pathways of P. aeruginosa. In structural 

studies, we determined that one of the potential causes of reduced signaling was due to a 

weaker HasAp/HasR interaction potentially caused by a more flexible H32 and Y75 loop, 

as determined by HDX-MS and that the lack of interactions between GaSal and these loops 

may be cause for a reduced binding affinity relative to heme. In the design of GaSal-2, the 

inclusion of solubilizing tails was also directed at potentially restoring interactions between 

these tails and the coordinating loops of HasAp. Instead, we found that addition of the 
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alkyl-amine tail reduced binding activity and potency in culture while dramatically 

increasing solubility.   

From a structural perspective, this gives interesting insight into the design of future 

derivatives. Our present studies now show that the structural modifications of GaSal to 

yield GaSal-2 also have minimal impact on the reduction in HasAp signaling, suggesting 

that even though the binding affinity is reduced, the tails do not interact with HasAp in 

such a way that restores the conformation needed to fully activate the HasR signaling 

cascade. Instead, we observed that the linker region has minimal interaction with HasAp 

relative to the aromatic region (as expected based on the contribution of hydrophobic 

interactions to binding) even though the methyl groups appear strongly in the STD 

experiment. This suggests that subsequent linker design can use the ethylene linker with 

varied end groups to probe structure-activity relationships as well as potential conjugation 

to other targeting moieties. Additionally, the use of varied end groups on these tails could 

also increase functionality. Wherein we used a dimethylamino group, the inclusion of a 

quaternary ammine could retain the solubility of such complexes by providing a permanent 

positive charge as well as act as a flexible tail with a mechanism of action similar to other 

quaternary ammonium antimicrobial agents that disrupt membranes.189 

Our previous hypothesis showed that the effect of GaSal was independent of either 

HasR or PhuR and so we proposed an alternative mechanism for uptake wherein GaSal 

could be transported as a potential xenosiderophore. Though we have yet to identify a 

specific receptor for this transport, P. aeruginosa encodes a suite of several receptors used 

for siderophore piracy in co-infection.34 In this study, we have shown that gallium is 
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transported into the cell and that it is detectable with similar levels and patterns in strains 

lacking PhuR, the primary heme uptake receptor. As our proposed mechanism involves the 

equilibrium between GaSal-HasAp formation (responsible for signal inhibition) and uptake 

(intracellular toxicity), modifications to GaSal, such as those in GaSal-2, may shift the 

equilibrium if they favor HasAp binding or affect the ability to be transported as a 

siderophore substrate. With this in mind, we saw that GaSal-2 does not have significantly 

different uptake results compared to GaSal, indicating that even with a weaker HasAp 

binding affinity that the equilibrium is preserved. Additionally, we did not see a decrease 

in intracellular iron when GaSal or GaSal-2 were added to cultures. The uptake of GaSal 

as a metal chelate is unlikely to inhibit heme acquisition through HasR and PhuR, so this 

result is consistent with our current mechanistic analysis of GaSal/GaSal-2. These data 

suggest that GaSal is not necessarily a direct inhibitor of heme uptake and that intracellular 

mechanisms of toxicity lie with the disruption of iron utilization whereas the GaSal-HasAp 

complex inhibits extracellular heme sensing but not heme uptake.  

The use of ICP-MS also is limited to the detection of the metal itself and not metal 

complexes. Though we were able to show the formation of GaSal-HasAp complexes 

previously, we had not yet reported evidence for the stability and uptake of GaSal or more 

recently, GaSal-2 as an in-tact complex. The use of our LCMS/MS assay therefore shows 

the effect of these complexes on heme degradation. GaSal or GaSal-2 can bind to HemO 

in vitro as they are similar to heme, and thus have the potential to inhibit HemO activity, 

which is another target under investigation in our lab. If the complex were degraded and 

only gallium enters, then no effect on HemO would be observed and similar levels of BVIX 

would be expected. We saw that GaSal and GaSal-2 reduced metabolite levels by inhibiting 
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HemO. Though not statistically significant, GaSal-2 appeared to have slightly higher BVIX 

levels than GaSal, which suggests that HemO binding affinity is a predictor of intracellular 

potency as GaSal-2 has a weaker binding affinity than GaSal. This is an interesting contrast 

to the reduction in HasAp binding affinity, which did not affect uptake or signaling 

compared to GaSal. Together, these results further demonstrate the dual mechanisms 

wherein HasAp is an extracellular target for the inhibition of heme sensing and HemO is 

an intracellular target for the inhibition of heme utilization. Though we do not as of yet 

have a direct readout of HasAp-mediated toxicity caused by signal inhibition, the lack of 

the HasR receptor and subsequent reduction in acute infection colonization suggests its 

importance for the establishment of infection.88  

Mechanistic analysis in laboratory culture, though we strive for consistency, is 

often impacted by growth conditions and doesn’t always reflect realistic biological results. 

Given our understanding of the importance of heme sensing to infection and our increased 

knowledge of potential GaSal targets, an acute infection model is more representative than 

a growth-inhibition experiment.190,191 While our murine infection model still has 

limitations, and GaSal-2 was dosed prophylactically, we were still very encouraged by the 

reduction in bacterial load observed. These results also highlight the ability of soluble 

GaSal analogs to be delivered through aerosols, which could be a useful method of direct 

delivery to respiratory infections in which P. aeruginosa is often found.192,193 In this model, 

it also suggests that with an abundance of GaSal at the site of the infection, the heme 

signaling cascade is significantly disrupted and the infection has less of a chance to take 

hold, which is harder to recapitulate in cell culture and further shows potential of such 

compounds especially at early stages on infection. The use of GaSal-2 in these studies also 
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highlights the importance of solubility, as initial tests with GaSal needed the aid of a 

DMSO/PEG300 vehicle rather than nebulization in PBS buffer (data not shown). 

The mechanisms of GaSal and GaSal-2 are expanded by these data, which 

previously reported the characterization of the GaSal-HasAp complex and its effect on 

heme signaling. Here, we continue the analysis on an intracellular level and propose 

additional points along the iron/heme uptake and utilization pathways in P. aeruginosa. 

The use of such a strategy with the potential to interfere with several important processes 

in an extended pathway is beneficial as a therapeutic strategy as it complicates the 

evolution of resistance in each individual target, as well as both iron and heme uptake 

pathways. It is important to note that such inhibitors are not necessarily designed and 

tailored to each protein target or step of the pathway and that we are instead investigating 

the targets within the iron trafficking networks that may be affected. The added benefit of 

targeting several points of this pathway through serendipity simplifies any 

polypharmacology approaches into a single scaffold amenable to further modification. 

3.4 Conclusion 

This characterization builds on our previous report that GaSal inhibits heme sensing 

and can also be taken into the cell to afford additional mechanisms of toxicity. Our current 

work continues to investigate intracellular effects by showing the uptake of gallium and 

iron via ICP-MS as well as the inhibition of HemO. The design of GaSal analogs 

successfully produced a water-soluble candidate, which showed preliminary success in 

acute murine infection. These results are an encouraging step in the development of these 

metallotherepeautics with the potential to interfere with several levels of P. aeruginosa 
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iron and heme trafficking. We envision that subsequent analogs can be used to probe 

binding affinity to HasAp and increase potency, though, given our proposed mechanism, 

HasAp binding affinity may not be as critical a factor given the equilibrium between 

signaling inhibition and uptake. Our synthetic strategy conveniently includes the potential 

for a common linker with varied ends, which also allows for expedient generation of 

analogs for various purposes such as conjugation with various targeting moieties, solubility 

enhancers, and asymmetrical salophen construction.  

3.5 Methods 

Pseudomonas aeruginosa Strains and Growth Protocol 

Pseudomonas aeruginosa (PAO1 and mutants) strains were stored as glycerol stocks in LB 

at -80 °C and were freshly streaked on Pseudomonas isolation agar (BD Biosciences) 

before transferring to liquid culture medium. PAO1 (wild type) was used as reported.167 

The PAO1 lacZ fusion was constructed as described previously.95 The heme receptor 

deletion strains (PAO1 ΔhasR, PAO1 ΔphuR) were constructed as reported.91  

For subsequent experiments, strains were cultured overnight from a single colony in 5 mL 

LB broth with shaking with shaking at 37 oC. Cells were harvested by centrifugation and 

resuspended in M9 media and used to inoculate fresh M9 minimal medium at A600 = 0.05 

and then cultured for 3 h to deplete bacterial iron stores.95 Supplements were added as 

described below for each experiment. 

Expression and Purification of WT apo-HasAp 
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WT, full-length HasAp was prepared from freshly transformed E. coli BL21(DE3) 

competent cells as previously described in 4 L of M9 media.113 Cells pellets were 

resuspended and lysed with an LM-20 microfluidizer at 18,000 psi. Lysate was clarified 

by centrifugation and applied to a Q-Sepharose column. HasAp was eluted over a gradient 

from 20 to 600 mM NaCl in 20 mM Tris-HCl (pH 7.5) and desired fractions as determined 

by SDS-PAGE were pooled. Apo-HasAp was further on a Butyl Sepharose Fast Flow 

column equilibrated with 50 mM sodium phosphate buffer with 0.7 M ammonium sulfate 

(pH 7.0). Holo-HasAp and other proteins eluted within 2-3 bed volumes of 50 mM sodium 

phosphate containing 0.5 M ammonium sulfate. Apo-HasAp was then eluted with a linear 

gradient of sodium phosphate buffer (50 to 20 mM) containing ammonium sulfate (0.5 to 

0 M). Fractions were once again analyzed by SDS-PAGE and the apo-HasAp was pooled, 

concentrated (Amicon stirred cell with Ultracel 10 kDa filter) and exchanged into 20 mM 

sodium phosphate buffer. 

Expression and Purification of WT HemO 

HemO was expressed and purified as previously described from freshly transformed cells 

in LB broth.125,126 Lysate containing HemO protein was purified by Q-Sepharose Fast 

Flow chromatography as described with HasAp. Protein was eluted with a 20 mM Tris 

(pH 8.0 at 4 °C), 100 to 500 mM NaCl gradient. Protein fractions were monitored by 

SDS-PAGE analysis, and the fractions were further pooled and purified using a Sephadex 

200 column equilibrated and eluted with 20 mM Tris buffer (pH 8). 
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Preparation of HasAp Complexes 

Apo-HasAp was prepared at a desired concentration in 20 mM sodium phosphate buffer 

(pH 7.4, 25 oC). To this solution was added a 3-fold molar excess of ligand prepared in the 

same buffer solution. Excess unbound ligand was removed using 7K MWCO centrifugal 

desalting columns (ZebaTM Spin, Thermo Fisher Scientific) according to manufacturer’s 

recommendations. 

Binding Affinity Determination by Fluorescence Quenching 

Binding affinities were determined on an ISS K2 multifrequency fluorometer in L-format 

using 1 cm quartz cuvettes. To a 1 µM solution of apo-HasAp or HemO in 20 mM sodium 

phosphate buffer (pH 7.4, 25 oC) was titrated ligand of interest. Emission spectra were 

recorded (300-500 nm) following excitation at 295 nm. The decrease in maximum emission 

was plotted against the ligand concentration (accounting for dilution) and fit to one-site 

binding using GraphPad Prism 9. 

Saturation Transfer Difference NMR 

STD experiments were performed as described previously, with a 600 final volume 

containing 1 mM GaSal-2 and 10 μM HasAp (as a negative control, a protein-free sample 

was used) in D2O. Experiments were performed at 25 °C on an Agilent DD2 500 MHz 

spectrometer.113  

Growth Inhibition Assays 

After culturing as described above, cells were plated in three wells per condition on 96-

well plates (Costar clear, flat-bottom with lid, Corning Inc) at A600 ≈ 0.05 to a final volume 
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of 200 μL in M9 medium containing 1 μM heme. Inhibitors (2 µL) were added as 100× 

stock solutions. Growth curves were recorded at 600 nm with a Biotek SynergyTM HT plate 

reader over 16 h of growth with shaking at 37 oC and technical replicates were averaged 

per condition. IC50 values were determined by plotting the final OD600 value as a function 

of inhibitor concentration and analyzing by nonlinear regression in GraphPad Prism 9. Data 

presented are the average of at least three independent experiments.  

Transcriptional Reporter Assays 

The chromosomal fusion PhasR-lacZ was previously constructed and used to report on 

transcriptional activation of the Has signaling cascade.95 After the described growth 

protocol, cultures were supplemented with 1 µM of either holo-HasAp, GaSal-HasAp, or 

GaSal2-HasAp. Aliquots (1 mL) were collected at 3 hours post supplementation and 

assayed for β-gal activity as described previously.171 Data represent the average of three or 

more independent experiments.  

ICP-MS Uptake Studies 

After iron starvation as described, heme and inhibitors were added at 1 and 10 μM, 

respectively, and the cultures were incubated for an additional 6 h. For each time point, the 

OD600 was recorded and 2 mL of culture was collected for analysis.  

Each sample was pelleted and washed with fresh M9 media. Dried pellet weights were 

recorded for normalization and the pellets were then dissolved in 200 μL of trace metal-

free 67% nitric acid and incubated at room temperature for 2-3 days. Samples were added 

to 2 mL of ultrapure water to a final nitric acid concentration of 6.7% and analyzed by on 
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an Agilent 7700 ICP-MS (Agilent Technologies). ICP-MS runs were calibrated with high-

purity iron and gallium standard solutions (Sigma- Aldrich), and values were corrected for 

drift using values for scandium and germanium (CPI International) as internal standards 

and added to samples during processing. Corrected values were then normalized to cell 

pellet weights. Reported values represent the average of three independent experiments. 

Biliverdin Extraction and Analysis by LC-MS/MS 

Cultures were grown as described above. Heme and inhibitors were added at 1 and 10 μM, 

respectively, and the cultures were incubated for an additional 4 h. Cells were harvested by 

centrifugation in 50 mL conical tubes at 6000 rpm for 20 minutes at 4 oC. Supernatants 

were collected and filtered through 0.22 μm syringe filters and stored at -80 oC until 

extraction.  

Biliverdin was extracted and analyzed as previously reported.126 Briefly, supernatants were 

supplemented with dimethyl ester BVIXα as an internal standard (10 ng/mL final 

concentration), acidified to pH 2.5 with 10% TFA, and loaded over a C18 Sep-Pak column 

(Waters) equilibrated with 2 mL each of acetonitrile (ACN), H2O, 0.1% TFA in H2O, and 

methanol (MeOH) in 0.1% TFA (10:90). After sample application, the column was washed 

with 4 mL of 0.1% TFA, 4 mL of an ACN/0.1% TFA mixture (20:80), and 2 mL of a 

MeOH/0.1% TFA mixture (50:50) and eluted with 1 mL of MeOH. Purified BVIX samples 

were dried and stored up to 1 week at −80 °C prior to LC-MS/MS analysis. 

For analysis, samples were resuspended in of DMSO (10 μL), diluted to 100 μL with a 

mobile phase of ACN and H2O [50:50 (v/v)], and centrifuged at 14000 rpm for 5 min at 4 
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°C. BVIX isomers (2 μL) were separated on an Ascentis RP-amide 2.7 mm C18 column 

(10 cm × 2.1 mm) at a flow rate of 0.4 mL/ min and analyzed by LC-MS/MS (Waters TQ-

XS triple quadrupole mass spectrometer with an AQUITY H-Class UPLC instrument). The 

mobile phase consisted of solvent A (H2O and 0.1% formic acid) and solvent B (ACN and 

0.1% formic acid). The initial gradient is 64% A and 36% B and then 5 min at 55% A and 

45% B, 8 min at 40% A and 60% B, 8.5 min at 5% A and 95% B, and 10 min at 64% A 

and 36% B. Using multiple-reaction monitoring (MRM), fragmentation patterns of the 

precursor ions were detected at 583.21 (BVIX). The source temperature was set to 150 °C, 

the capillary voltage to 3.60 kV, and the cone voltage to 43 V. The column was kept at 30 

°C during separation. The precursor ions used in MRM for BVIXα,-β, and -δ isomers were 

297.1, 343.1, and 402.2 with collision energies of 38, 36, and 30 V, respectively. Analysis 

was performed by converting the BVIX ion intensities to concentrations via a standard 

curve, normalizing to the OD600 and correcting for BVIX extraction efficiency (average = 

27%) using dimethyl ester BVIXα ion intensities. Data represent the average of three 

independent experiments. 

Murine Challenge Model 

PAO1194 was grown overnight from frozen stock on Lysogeny Agar (LA; Miller 

formulation) at 37°C. A single colony was picked and used to start 3 mL cultures in 

Lysogeny Broth (LB; Miller formulation) that were incubated overnight at 37 °C under 

constant shaking. The culture was then diluted 1:100 in LB and incubated for 4-5 hours at 

37 °C under constant shaking to reach exponential phase. Bacteria were then washed by 

centrifugation at 5000 x g for 3 min and resuspension in phosphate buffered saline (PBS). 
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The infectious dose was adjusted to 2 x107 colony forming units (CFU)/20μL using optical 

density (OD600; SpectraMax i3 and Cerillo Stratus plate readers).  

Five weeks-old outbred CD-1 mice (Charles River) were placed in a mouse restrainer and 

submitted to nebulization using an Aeroneb delivery system (Kent Scientific). GaSal-2 was 

prepared at a concentration of 10mg/ml. A total of 100μl of either GaSal-2 (approximate 

dose of 50mg/kg) or PBS were then nebulized and delivered over the course of 20s. One-

hour post-nebulization, mice were anesthetized by intraperitoneal administration of 

ketamine (77 mg/kg) (Patterson Veterinary #07-803-6637) and xylazine (7.7 mg/kg) 

(Patterson Veterinary #07-808-1939) in 0.9% saline, as described previously195. Mice were 

then infected by intranasal administration of 20μL of bacterial suspension containing 2 

x107 CFUs and allowed to recover from anesthesia. Fourteen hours post-challenge, mice 

were euthanized by intraperitoneal injection of Euthasol® (390 mg pentobarbital/kg; 

Patterson Veterinary #07-805-9296) in 0.9% NaCl. Immediately following euthanasia, 

body temperature was recorded using a rectal probe thermometer (Kent Scientific). Lungs 

were aseptically removed, weighted, and homogenized using a Polytron PT 2500 E 

homogenizer (Kinematica) in 1 mL of sterile PBS. In addition, nasal wash was collected 

by flushing 1 mL of sterile PBS through the nasal cavity. Bacterial burden in the lung and 

the nares were quantified by serial dilutions and plating on Pseudomonas Isolation Agar 

(PIA; Becton, Dickinson and Company, Cat #292710). 
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Chapter 4. Conclusions and Future Directions. 

4.1 Summary 

 The need for new therapeutic options in the fight against multi-drug resistant 

bacteria cannot be overstated. One such strategy gaining momentum, as evidenced by the 

recent approval of cefiderocol, is targeting bacterial iron acquisition.181 Iron is a critical 

micronutrient for pathogens such as P. aeruginosa, and as such several virulence factors 

are regulated by iron availability in addition to the many strategies employed to acquire 

iron from the host.21,22,88 The idea of “nutritional immunity” seeks to sequester iron stores 

away from invading pathogens and as a result, bacteria have responded by expressing 

complex interconnected systems for the acquisition of heme, which represents a majority 

of the iron content of the host.141,196,197 Heme is a critical source of iron in infection and 

therefore represents a potential therapeutic target.  

 P. aeruginosa expresses two non-redundant heme systems, that rely on the outer-

membrane TonB-dependent receptors HasR and PhuR, as described in the introduction.90,91 

While the Phu system is predominantly an uptake system, the Has system relies on the 

secretion of an extracellular hemophore, HasAp, to sense and scavenge extracellular heme 

and that this sensing of the environment is critical for infection, even though HasR is not 

as critical for heme uptake. Based on the importance of heme sensing, we chose HasAp as 

a therapeutic target based on reports that heme mimics with varied structural features could 

bind to HasAp in the same site.108,109,111 Initially, we selected the “salophen” structure 

described in Chapter 2 due to synthetic accessibility and the modular structure that would 

permit further development for later structure-activity relationship studies. In our first 

characterization of this complex with an iron center, we showed that FeSal binds to HasAp 
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with low micromolar binding affinity (~1 μM). The FeSal-HasAp complex also did not 

achieve the same level of signaling activation as holo-HasAp, indicating that there may be 

structural differences in solution not reflected in the published crystal structure. We also 

showed FeSal can act as an iron source independent of HasR and PhuR, prompting our 

hypothesis that such scaffolds are also substrates for uptake through siderophore receptors. 

To capitalize on this uptake, we synthesized the salophen complex with gallium. Gallium 

is often used in place of iron for antibacterial purposes as it mimics iron while inhibiting 

critical redox-dependent processes.64 We saw the same effects on signaling, and the GaSal 

complex showed growth inhibition over the FeSal counterpart. Through structural analysis, 

we showed that the coordinating loops of HasAp are more flexible in solution when bound 

to GaSal, as evidenced by increased deuterium exchange compared to the holo-HasAp and 

that this reduces the binding affinity of the HasAp complex with HasR, consistent with 

reduced signaling capacity. This analysis showed the potential for HasAp-targeting 

inhibitors of P. aeruginosa that disrupt the ability to sense exogenous heme and, separately, 

can lead to toxicity when the unbound inhibitors are transported into the cell.  

 The work in Chapter 3 continues the characterization of GaSal and presents the 

synthesis of the analog GaSal-2, which modifies the salicylidene ring to include an ethylene 

tail with a terminal dimethylamine group. This group enhances the solubility of GaSal as 

GaSal-2 is water-soluble and can be used without the aid of solubilizing vehicles such as 

DMSO, which, although typically controlled for, can be toxic when scaled up or adapted 

to downstream assays.198 GaSal-2 has a slightly reduced binding affinity and weaker 

potency relative to GaSal (KD ~1.2 μM vs ~0.8 μM; IC50 18 μM vs 9 μM), likely because 

of the altered structure. STD-NMR analysis, however, shows that the ethylene linker has 
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minimal interaction with the protein, so the terminal dimethylamine, which does appear to 

interact strongly, may disrupt some of the binding by interfering with the H32 or Y75 loops 

of HasAp. Conveniently, this interaction did not reduce the HasR signal inhibition 

observed with GaSal. Further studies confirmed the uptake of GaSal and GaSal-2 using 

ICP-MS, indicating that structural modification did not appear to affect uptake of the 

inhibitors, which is advantageous to our proposed equilibrium between HasAp binding and 

uptake. We also showed that GaSal and GaSal-2 can bind to the intracellular heme 

oxygenase, HemO, resulting in the decrease in biliverdin levels (which has in indirect effect 

on the post-transcriptional regulation of HasAp).94 As the uptake of gallium was confirmed, 

this shows that these inhibitors can cause toxicity by inhibiting the degradation of heme 

and use of iron. GaSal-2 also showed a lesser degree of inhibition, which further 

demonstrates that HemO binding, which we not previously reported, may be a critical 

component of activity. As the orientation of heme in the binding pocket of HemO dictates 

the metabolite produced, the use of different tails and end groups could also be a useful 

strategy towards further HemO inhibitor development, especially if HemO inhibition is 

largely responsible for intracellular toxicity whereas HasAp binding disrupts 

extracytoplasmic signaling.199,200 As HemO is a vital part of heme utilization and its 

metabolites have a downstream effect on HasAp and potentially virulence traits as well, 

the inhibition of HemO through the salophen scaffolds provides not only further 

mechanistic understanding of these inhibitors but also additional weight to the idea that 

such a target is of therapeutic benefit (in addition to the other classes of HemO inhibitors 

previously reported by the Wilks and Xue labs).94,124,126 Given the further mechanistic 

understanding and enhanced solubility of GaSal-2, our studies also showed that GaSal-2 
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shows significant protective benefit in murine acute infection, where the sensing and 

utilization of extracellular heme is significantly upregulated compared to laboratory culture 

showing the potential of these compounds in a more realistic way.88 

4.2 Future Directions 

 The development of metallosalophen heme mimics represents a promising strategy 

for the inhibition of P. aeruginosa heme sensing and iron utilization. From a synthetic 

standpoint, the modular route can be used to generate derivatives with various linkers and 

end groups. We can also use this route to generate asymmetrical scaffolds using two 

different salicylaldehyde groups with different substitution patterns. This will extend the 

chemical space occupied by the salophen core and should enable the use of targeting 

moieties or sites for covalent linkage specific to one side of the complex, allowing further 

tailoring and development of this class of compounds.  

 Presently, we have shown that the inhibition of HemO could be an intracellular 

mechanism of toxicity distinct from the HasAp/HasR signaling inhibition. Though we have 

proposed that GaSal and analogs are taken in as metal chelates through siderophore 

receptors, further characterization of this uptake could be done to identify the effect of 

GaSal on the array of outer membrane xenosiderophore receptors encoded by P. 

aeruginosa.34 The presence of xenosiderophores can also repress native siderophore 

biosynthesis so the uptake of our complexes without the benefit of iron acquisition may 

further inhibit siderophore-based iron acquisition.35 Inside the cell, there are also plenty of 

opportunities for further mechanistic characterization as little is understood about gallium 

trafficking other than its mimicry of ferric iron. While the salophen complex binds to 

HemO, it could also bind to another heme-trafficking protein, PhuS, the roles of which are 
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under active research in the lab.122,201 If the complex is eventually degraded, the gallium 

center could also bind to the ferric uptake regulator, Fur, which globally regulates many 

iron-dependent genes.23,24 The redox-inactive properties of gallium may also interfere with 

intracellular iron trafficking and storage, such as the iron mobilization pathway of 

BfrB/Bfd that is important for iron storage and maintenance of accessible iron levels.127–

129  

 Lastly, while we believe the metallosalophen strategy shows good promise for the 

development of new antibacterial compounds, the need for new therapeutics is unlikely to 

end. The interference in heme sensing and utilization pathways of P. aeruginosa is a good 

target for therapeutic intervention and we must be prepared to continuously search for new 

molecules. To this extent, we are continuing to develop a system capable of screening 

compound libraries based on the Has signaling cascade. The use of such an assay, which 

we hope will link inhibition to a change in fluorescent readout by GFP, will identify new 

entities that inhibit various steps in the heme sensing and utilization pathways that can then 

be isolated as leads for further characterization. Our present approach has relied on the 

structure-based design of heme mimics but the use of a more high-throughput system also 

expands the capability to develop new inhibitors in conjunction with our well-defined in 

vitro and in vivo tests reported in Chapter 2 and 3. Our development of new therapeutics 

through these strategies may be a small step in the fight against antibiotic resistance but is 

one we believe has significant potential for further exploration and will also result in further 

characterization of the heme trafficking pathways in P. aeruginosa to better understand 

their role in infection and virulence. 
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4.3 Conclusions 

 The rapid rise of multi-drug resistant pathogens threatens the global healthcare 

system and shows no signs of slowing, indicating that current antibiotics may not remain 

viable as long as we would hope. The discovery of new candidates and strategies is an 

arduous process, but a critical one if we aim to treat infections as they evolve. The targeting 

of iron utilization and the use of gallium as an iron mimic have gained significant traction 

in recent years, but the preference of pathogens such as P. aeruginosa for heme acquisition 

puts an obstacle in front of the “trojan-horse” siderophore-based strategies. The secreted 

hemophore, HasAp, is critical to sensing host heme levels in infection and is therefore an 

attractive target for the dysregulation of iron homeostasis. Indeed, this work reports the 

characterization of gallium salophen compounds targeting HasAp that, in addition to 

decreasing the levels of extracellular heme signaling, have intracellular mechanisms that 

interfere with iron utilization and lead to toxicity. Notably, the formation of the GaSal-

HasAp complex does not completely abolish HasA/HasR binding, which has the potential 

to not only dampen the signaling cascade but forms a non-productive HasAp complex to 

decrease the levels of heme-scavenging HasAp in solution (whereas GaPPIX-HasAp 

would deliver the ligand and be released as apo-HasAp). We have demonstrated a modular 

synthetic route to access several analogs of these compounds that can be tailored to 

multiple purposes with straightforward modifications. The potential of these heme mimics, 

that also function as xenosiderophore structures, hopefully circumvents potential resistance 

development by possessing multiple points of action and may even allow use of these 

compounds in other hemophore-secreting pathogens or iron-dependent organisms. 

Ultimately, the potential for development of this class of inhibitors also allows further 
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understanding of the interconnected pathways through which P. aeruginosa senses, 

acquires, utilizes, and regulates iron levels. 
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Appendix I: Results from Testing of Symmetrical and Asymmetrical Soluble GaSal 

Analogs. 

I.1 Background 

Chapter 3 describes the design and characterization of GaSal-2 as a soluble derivative of 

GaSal, which is the subject of Chapter 2. Solubility can often be an obstacle to medicinal 

chemistry campaigns and hinder the development of structure-activity relationships across 

analogs.202–204 To counteract this, several GaSal analogs were designed with varied end 

groups to maintain solubilizing features and probe whether these tails had any effect on 

HasAp binding or efficacy. Further, asymmetrical analogs were also designed and 

synthesized as a route towards further development and functionalization. This appendix 

serves as a preliminary report on the testing of such analogs and their potential for further 

development as inhibitors.  

I.2 Results 

General structure and solubility of GaSal analogs 

 

 

Figure 26. Structures of Symmetrical (left) and Asymmetrical (right) GaSal Analogs.  

 Like GaSal-2, additional derivatives were designed to include solubilizing tails at 

the 4-hydroxy position of 2,4-dihydroxysalicylaldehyde. After the synthesis, completed 

compounds were tested for solubility in water without the aid of solubilizing agents such 
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as DMSO or PEG. All reported compounds were soluble at a concentration 10 mg/mL but 

were not analyzed for specific solubility to preserve material, given that the tested 

concentration was well within the working concentration needed for testing. Next, analogs 

were tested for HasAp binding and growth inhibition consistent with assays reported in 

Chapter 2 and 3 (Table 4). 

Binding Affinity and IC50 Determination of GaSal Analogs 

Table 4. Binding Affinities and IC50 Values of GaSal Analogs 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

At this time, complete characterization of all compounds is not yet finished but a 

preliminary effect of the tail regions can be observed. Analogs retained low micromolar 

R Tails KD (HasAp, μM) IC50 (PAO1, μM) 

-H (GaSal) 0 0.80 ± 0.08 8.1 ± 2.4 

  2 (2a) 1.2 ± 0.3 29.5 ± 3.1 

(GaSal-2) 1 (2b) In progress 9.1 ± 1.0 

 
2 (3a) 1.5 ± 0.3 μM 10.8 ± 0.1 

(GaSal-3) 1 (3b) In progress 7.9 ± 0.9 

 
2 (4a) 1.1 ± 0.1 μM > 50 

(GaSal-4) 1 (4b) In progress 7.1 ± 2.6 

 2 (5a) In progress 30 ± 8 

(GaSal-5) 1 (5b) In progress 6.6 ± 2.1 

 
2 (6a) 2.5 ± 1.2 μM 19.9 ± 9.3 

(GaSal-6) 1 (6b) In progress 8.9 ± 0.8 
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binding affinity to HasAp, indicating that the inclusion of the tails did not prevent binding, 

consistent with our results from Chapter 3. Additionally, though a slight decrease in HasAp 

binding is observed, the use of different terminal groups did not appear to affect binding 

as significantly as the addition of the tails in the first place. Most analogs also retained low 

to mid double-digit micromolar potency in PAO1 culture. Interestingly, the asymmetrical 

versions showed better efficacy, though we have not yet determined if this is a result of 

HasAp binding. The asymmetrical structures more closely resemble to parent GaSal, which 

still shows the tightest binding and potency, which suggests that the inclusion of the tails 

slightly weakens the efficacy of such compounds but not beyond usability and gains a 

significant advantage in terms of solubility.  

I.3. Discussion 
 

 The addition of solubilizing tails to the 4-OH position of the salicylaldehyde ring 

led to the development of a preliminary set of water-soluble GaSal analogs that largely 

retained HasAp binding affinity and anti-Pseudomonas activity. Though binding affinities 

are not yet available for the asymmetrical analogs, the inclusion of the tails seemed to 

slightly weaken binding affinity relative to the unsubstituted GaSal. Rather than restore 

potential stabilizing interactions with the metal-coordinating H32 or Y75 loops and 

improve binding affinity, these tails may interact with the protein in such a way that slightly 

hinders binding, though low-micromolar affinity still presents a good starting point for 

optimization, rather than observing a significant loss of activity. In Chapter 3, our STD-

NMR experiments showed that the tails have minimal interaction with the protein, which 

is consistent with the similar affinities reported across the set of analogs. This presents an 

interesting opportunity for analysis of the heme binding site to determine how the tails may 
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be oriented in the pocket or if the terminal groups have any interactions with the 

coordinating loops. We have, as of yet, been unable to crystallize these inhibitors with 

HasAp but such experiments are ongoing and could provide insight into binding orientation 

and positioning within the heme binding site, since the binding of the unsubstituted parent 

salophen has been defined.109,113 From a solution perspective, continuing our HDX-MS 

analysis of the analogs or using additional techniques such as HSQC-NMR, for which the 

HasAp resonance assignments have been completed, could also describe differences in 

protein structure  caused by the tails of GaSal2-6 relative to GaSal.87,115 Such observations 

of ligand binding in asymmetrical analogs would also reveal binding orientations, which 

could be used to tailor the tails to target certain regions of the protein. Heme, though it is 

asymmetrical, has a specific orientation within the heme binding pocket that is the result 

of hydrophobic interactions of the porphyrin macrocycle as well as contacts between the 

proportionate groups and the coordinating loops.115 This orientation can be flipped 180o 

about the α-γ meso axis when R33 is mutated.145 Though the tails of GaSal analogs may 

be important for binding orientation, it would also be interesting to determine if the 

asymmetrical analogs have a preferred orientation within the heme binding pocket where 

the tails could be pointed towards either the α-helix or β-sheet wall.  

 The determination of binding affinities for the asymmetrical analogs GaSal2b-6b 

would also help determine if HasAp binding may shift the equilibrium between GaSal-

HasAp complex formation and cellular uptake. Though the inhibition of sensing may be 

critical for anti-infective capabilities, our data suggest that intracellular toxicity is a more 

direct mechanism of action for these compounds. However, the formation of the GaSal-

HasAp complex in the extracellular environment is also beneficial even though uptake may 
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be slowed. The GaSal-HasAp complex still binds to HasR, as described in Chapter 2, but 

with reduced signaling due to a lack of ligand release to the receptor. This functionally 

generates an inert HasAp pool that does not further upregulate HasAp levels. Inhibitors 

such as GaPPIX or GaPhthalocyanine rely on transport through HasR for efficacy and 

therefore would activate the signaling cascade, leading to upregulated HasAp levels.108,113 

Further, the delivery of these ligands through HasR would lead to the release of apo-HasAp 

which could continue scavenging for heme whereas our inhibitors are not delivered and 

reduce the efficacy of HasAp as an extracellular heme sensor/scavenger. Though the 

intracellular gallium toxicity is important, the depletion of usable HasAp outside the cell 

is an important feature that should also be considered and the basis for continuing to test 

such heme-mimicking salophen compounds for HasAp activity. 

The difference in intracellular activity between symmetrical and asymmetrical 

GaSal compounds also suggests that the tails impact the way in which GaSal is trafficked 

through the cell. The HasAp binding affinities would suggest whether the structure impacts 

the equilibrium of HasAp binding vs cellular uptake. Our characterization of GaSal-2 as 

an inhibitor of HemO also adds an intracellular mechanism, so these and future analogs 

could also be screened for HemO binding. Such data would also indicate whether HemO 

affinity is a predictor of efficacy in addition to HasAp. Additionally, as the gallium center 

is important for toxicity, the asymmetrical compounds may be better substrates for uptake 

as metal chelates leading to enhanced activity over their symmetrical counterparts. If more 

of the compound is reaching and inhibiting HemO, this could be a mechanistic explanation 

for differences in activity. The use of localization experiments such as thermal proteome 

profiling could reveal differential trafficking of such analogs if the tails are having a 
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significant effect while also further characterizing the uptake pathways of such 

compounds.205 

I.4. Conclusion 

 As all compounds contain a gallium core, the differences in efficacy may be driven 

by binding affinity or transport efficiency through heme utilization and iron uptake 

pathways. Such compounds are therefore not only useful inhibitors, but tools through 

which to interrogate the trafficking of such compounds through such tightly regulated 

networks. We envision that further experiments could determine the cellular localization 

of such complexes or the fate of the gallium core and how the structures impact trafficking. 

The difference in intracellular potency is the main driver of such questions, with 

improvements observed for the asymmetrical variants. From a synthetic standpoint, the 

ability of such compounds to be generated through modular routes also permits 

straightforward and well-tolerated functionalization to further probe structure-activity 

relationships to HasAp as well as other proteins under investigation in our labs. Ultimately, 

the derivatization of future inhibitors that target several points along the described 

pathways while maintaining desired solubility profiles is a powerful route to new anti-

Pseudomonas treatment development. 

I.5. Methods 

Synthesis 

Synthesis of substituted salicylaldehydes was optimized using 4-hydroxysalicycladehyde 

according to conditions reported by Frank et al.188 Synthesis of GaSal analogs was carried 

out as described for the synthesis of GaSal-2 in Chapter 3, and asymmetrical versions used 

one equivalent of substituted aldehyde and one equivalent of 2-hydroxyacetophenone. 
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Complexes were isolated by precipitation in cold diethyl ether and characterized by NMR 

before using in biological assays.  

Binding Affinity Determination 

Binding affinities were determined on a Biotek Synergy H1 microplate reader using 200 

μL/well. To a 1 µM solution of apo-HasAp in 20 mM sodium phosphate buffer (pH 7.4, 

25 oC) was titrated ligand of interest. Emission spectra were recorded (300-500 nm) 

following excitation at 295 nm. The decrease in maximum emission was plotted against 

the ligand concentration (accounting for dilution) and fit to one-site binding using 

GraphPad Prism. Data represent the average and standard deviation of three experiments. 

Growth Inhibition Assays 

Growth inhibition assays were performed as described in Chapter 2 and 3. Briefly, a single 

colony of PAO1 was isolated from Pseudomonas isolation agar (BD Biosciences) before 

transferring to 5 mL LB broth with shaking with shaking at 37 oC. overnight. Cells were 

harvested by centrifugation and resuspended in M9 media and used to inoculate fresh M9 

minimal medium at A600 = 0.05 and then cultured for 3 h to deplete bacterial iron stores.95 

Heme was added to 1 μM, and inhibitors were added from 0 to 100 μM and cultures were 

grown at 37 oC for 16 h with shaking in a Biotek Synergy H1 microplate reader. The final 

OD600 values were used to calculate relative growth and inhibition and fit to a nonlinear 

dose-response model in GraphPad Prism to determine IC50 values. Data represent the 

average of three independent experiments.  
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