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Abstract 
 

All living organisms require zinc for essential cellular processes, which necessitates 

efficient zinc acquisition mechanisms. For the Gram-positive bacterial pathogen 

Streptococcus pneumoniae, zinc must be scavenged from host tissues in a process akin to 

piracy. This is facilitated by the high-affinity zinc importer AdcCB, which is paired with two 

zinc-specific solute-binding proteins (SBPs), AdcA and AdcAII. Although essential for 

growth, zinc can be toxic in biological systems due to its ability to compete for binding to 

non-cognate metalloproteins and thereby disrupting their function. To prevent toxic 

accumulation of zinc ions, S. pneumoniae employs a zinc-efflux pathway known as CzcD. 

Despite the importance of zinc to pneumococcal biology, these zinc homeostatic 

mechanisms remain poorly understood. To address this, the mechanisms used by 

S. pneumoniae to achieve zinc homeostasis were explored in this study at the molecular, 

cellular and host-pathogen levels.  

To gain a more detailed understanding of zinc acquisition by S. pneumoniae, AdcA was 

investigated in detail using a combination of structural and biochemical approaches. AdcA 

contains additional zinc-recruiting motifs that have been suggested to enhance its ability to 

recruit zinc. While these zinc-recruiting motifs were found here to bind zinc ions, they were 

not necessary for pneumococcal growth in zinc-limited media, suggesting that their role in 

zinc binding may occur under conditions of higher zinc availability. The ligand-binding 

mechanism of AdcA was also explored, which revealed that zinc ion coordination is 

facilitated by localised changes in mobility and not significant structural rearrangements. 

These data indicate a distinct mechanism of ligand binding for a metal-uptake SBP, and 

provide a plausible explanation for the limited structural rearrangements observed in zinc-

specific SBPs from other bacteria. 

The role of zinc was also investigated at the host-pathogen interface using a nutritionally 

zinc-limited mouse model of infection. During host infection, S. pneumoniae were found to 

predominantly encounter zinc limitation, even in the zinc-replete mice. This suggested that 

in the host environment, zinc homeostasis by S. pneumoniae is primarily determined by zinc 

acquisition, which is facilitated by AdcA and AdcAII, while CzcD permits fine-tuning of zinc 

accumulation. CzcD was also shown to be important for bacterial resistance to killing by 

phagocytic cells, which implicates zinc in a direct antimicrobial role against this pathogen 

during host infection.  



 

	 vii 

Collectively, the work presented in this study significantly advances our understanding 

of the mechanisms of zinc homeostasis by S. pneumoniae, particularly in the context of the 

host. These findings provide important insights into how this important human pathogen 

readily colonises and causes disease in humans, which is facilitated, in part, by the tight 

regulation of its cellular zinc quotient. 
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Chapter 1: Introduction 
 
 

The first-row transition metal ions manganese through to zinc play critical roles in 

biological systems, where they participate in a range of catalytic and structure-stabilisation 

roles in metal-dependent proteins (Andreini et al., 2008). To meet this cellular requirement, 

bacteria must acquire these metal ions from their environment using dedicated metal-uptake 

systems. For bacterial pathogens invading the host, this necessitates piracy of these essential 

metal ions from the host environment. However, the host employs an array of mechanisms 

to restrict the availability of essential nutrients to invading pathogens; this nutrient-

withholding response is called nutritional immunity (Weinberg, 1975; Hood and Skaar, 

2012). In addition, metal ions can be inherently toxic in biological systems, due to their 

ability to non-specifically bind to proteins and thereby disrupt cellular functions. Therefore, 

bacterial pathogens must overcome host nutritional immunity to acquire sufficient metal 

ions to meet cellular requirements, but limit accumulation of potentially toxic 

concentrations of metal ions. To achieve this, bacteria use a combination of import, efflux 

and regulatory mechanisms, that enable homeostasis of a precise cellular metal quotient. 

These mechanisms enable subversion of host defences, and are therefore important 

contributors to colonisation and virulence by bacterial pathogens. Understanding bacterial 

mechanisms of metal ion homeostasis is therefore of critical importance for comprehending 

how bacterial pathogens interact with the host and cause disease. 

The theme of the research presented herein was to investigate the role of zinc at the host-

pathogen interface, with consideration of both the mechanisms of zinc homeostasis, and the 

abundance of zinc in the host. Specifically, this thesis examines the zinc homeostatic 

mechanisms of the human pathogen Streptococcus pneumoniae, with a focus on the zinc-

uptake protein AdcA, and investigates how these mechanisms contribute to pneumococcal 

disease using a nutritionally zinc-limited host infection model. 

 

 

1.1  Streptococcus pneumoniae and human disease 
 

The Gram-positive bacterial pathogen S. pneumoniae was first identified as one of the 

causative agents of pneumonia in 1881, by both George Miller Sternberg and Louis Pasteur 
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independently. Since its identification, this bacterium, which is also known as the 

pneumococcus, has emerged as one of the world’s foremost bacterial pathogens. In addition 

to pneumonia, the pneumococcus is an important aetiological agent for a range of 

respiratory and systemic diseases, including otitis media, sinusitis, bacteraemia, and 

meningitis. Pneumococcal infections kill more than one million people each year (O'Brien 

et al., 2009). The largest proportion of these deaths occur in children, although 

immunocompromised individuals and the elderly are also highly susceptible to lethal 

pneumococcal infections (Blasi et al., 2012). Additionally, the pneumococcus causes 

significant morbidity in both developed and developing countries, predominantly in the 

form of otitis media infections. In the United States, otitis media costs the economy ~$3 

billion per year, and is the leading reason for prescription of antibiotics for children (Rodgers 

et al., 2009). Otitis media is similarly a significant problem in Australia, particularly among 

Indigenous Australian children (Morris et al., 2005). In Australian children aged between 15 

and 19 months, the incidence of otitis media is greater than 60% in Indigenous children, 

compared with less than 30% in non-Indigenous children (Lehmann et al., 2008). The 

hearing damage caused by recurrent and chronic otitis media has profound impacts on the 

cognitive development and education of Indigenous children, resulting in permanent social 

disadvantage for these individuals (Williams and Jacobs, 2009). 

Colonisation of the nasopharynx by S. pneumoniae is an essential prerequisite for disease 

caused by this organism (Bogaert et al., 2004). The human nasopharynx is also the main 

reservoir for the pneumococcus, as this pathogen is host adapted with no environmental or 

zoonotic reservoirs. The pneumococcus normally colonises this site asymptomatically, but 

in a proportion of cases it can penetrate surrounding tissues to cause local and systemic 

infections (Kadioglu et al., 2008). Carriage rates are highest in children under the age of six, 

ranging up to 70%, compared to rates of approximately 4% in adults (Regev-Yochay et al., 

2004). Nasal carriage is also associated with pneumococcal transmission in the community, 

particularly from groups with high rates of carriage, such as children (Leiberman et al., 

1999). The mechanisms underlying pneumococcal transmission remain poorly understood, 

although it is believed to occur through aerosol droplets, or by direct transfer between 

individuals through close contact (Musher, 2003). The central importance of nasal carriage 

to pneumococcal transmission and disease has emphasised the requirement for control 

strategies that reduce pneumococcal carriage rates in the community, in addition to treating 

and preventing infections by this pathogen. 
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1.1  The challenges of controlling pneumococcal infection 
 

Currently, global efforts to control pneumococcal disease involve the use of antibiotics 

and four different vaccines. However, numerous factors limit the effectiveness of these 

strategies, as evidenced by the persistence of high rates of pneumococcal disease worldwide. 

The strategies used and their limitations are discussed below. 

 

1.1.1 Antibiotics 
 

Penicillin was first employed for the treatment of pneumococcal infections in the 1940s, 

and was highly effective (Watson et al., 1993). However, penicillin-tolerant pneumococci 

were detected in Australia in the late 1960s (Hansman and Bullen, 1967), followed shortly 

after by isolation of penicillin-resistant pneumococci in various regions worldwide. The 

resistance mechanism to the β-lactam antibiotics including penicillin is well documented, 

and occurs through modifications to the cell-wall penicillin-binding proteins which greatly 

reduce their affinity for penicillin (Tomasz and Munoz, 1995). Alarmingly, reports of 

pneumococci resistant to other classes of antibiotics, including macrolides, fluoroquinolones 

and third-generation cephalosporins, are also increasing (Blasi et al., 2012). Up to 30% of all 

pneumococcal strains worldwide are predicted to be multidrug resistant, i.e. are resistant to 

three or more classes of antibiotics (Lynch and Zhanel, 2009). In Australia, approximately 

17% of pneumococcal isolates are multidrug resistant, and the prevalence of isolates resistant 

to at least one class of antibiotics has steadily increased since 1999 (Gottlieb et al., 2008). Of 

particular concern for the control of pneumococcal disease is the global rise of macrolide 

resistance, due to its established association with pneumococcal treatment failure (Jacobs 

and Johnson, 2003; Daneman et al., 2006). This is alarming given the high prevalence of 

macrolide-resistant pneumococci worldwide, particularly in parts of Asia where more than 

88% of pneumococcal isolates are macrolide resistant (Song, 2013). 

The primary mechanism by which pneumococci acquire antibiotic resistance genes 

occurs via horizontal transfer from antibiotic-resistant streptococcal species (Reichmann et 

al., 1997). This is facilitated by the natural genetic competence of the pneumococcus, which 

enables uptake and integration of exogenous DNA (Straume et al., 2015). Given this 
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immutable aspect of pneumococcal biology, it is highly likely that future antibiotics used to 

treat pneumococcal infections will face similar problems of rapid dissemination of antibiotic 

resistance. These challenges reinforce the need for alternative strategies for controlling 

pneumococcal disease, such as vaccines. 

 

1.1.2 Pneumococcal vaccines 
 

Vaccination is a crucial control measure used against the pneumococcus. The currently 

available vaccines are directed against the immunogenic capsular polysaccharide (CPS) of 

the organism. Over 98 immunologically-distinct CPS types (serotypes) have been identified 

thus far (Geno et al., 2017), which elicit limited cross-protection. CPS-based vaccines have 

therefore been designed to provide protection against a subset of the most prevalent 

serotypes. The first pneumococcal polysaccharide vaccine (PPV) was licensed in 1977, and 

was 14-valent, protecting against 14 serotypes of the pneumococcus. This was followed by a 

23-valent formulation (PPV23) in 1983. PPV23 was found to be 74% effective at protecting 

against invasive pneumococcal disease in adults (Moberley et al., 2008), although it has not 

been shown to reduce carriage of vaccine serotypes (Daniels et al., 2016). However, a 

significant shortcoming of PPV23 is that CPS is a T-cell-independent antigen, and therefore 

does not elicit immunological memory and has no booster effect. Hence, PPV23 is poorly 

immunogenic in children up to five years of age (Douglas et al., 1983), which is the group 

most at risk of pneumococcal infection. This caveat prompted the development of 

polysaccharide conjugate vaccines (PCVs), which are described below. PPV23 is still widely 

used for immunisation of adults; in Australia, PPV23 is recommended for adults over the 

age of 65, or those under the age of 65 at high risk of developing pneumococcal disease, 

including Indigenous Australians and immunodeficient individuals (Australian Technical 

Advisory Group on Immunisation [ATAGI], 2017).  

To elicit T-cell dependent immunological memory in young children, PCVs were 

developed, in which the CPS are covalently attached to a diphtheria toxoid protein carrier. 

The first PCV was released in 2000 and was 7-valent (PCV7), protecting against the seven 

most prevalent pneumococcal serotypes. Subsequently, 10-valent (PCV10) and 13-valent 

(PCV13) formulations were developed that were directed against the same serotypes as the 

7-valent vaccine, plus additional serotypes. Within 10 years of the introduction of PCV7, the 

incidence of severe pneumonia had decreased significantly in vaccinated individuals (Griffin 
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et al., 2013). Furthermore, PCV7 also appeared to reduce pneumococcal carriage and disease 

in unvaccinated individuals through herd immunity effects (Hammitt et al., 2006). Despite 

this, several problems are associated with PCVs. The cost of production of these vaccines is 

considerable, making these vaccines relatively inaccessible to developing countries, who 

have the greatest need for pneumococcal vaccines due to their significant pneumococcal 

disease burden (Moffitt and Malley, 2011). An additional emerging concern with the use of 

PCVs is the phenomenon of serotype replacement, whereby vaccine usage drives the 

replacement of vaccine-covered serotypes with non-vaccine serotypes in the community. 

Serotype replacement of nasal carriage strains was observed after the introduction of PCV7, 

with an associated increase in pneumococcal infection rates to pre-PCV7 levels in groups 

most at risk of pneumococcal infection (Singleton et al., 2007). The effect of widespread use 

of PCV13 on serotype replacement is not yet known, but is anticipated to have similar effects 

to those of PCV7 (Daniels et al., 2016). 

Collectively, the limitations of current control measures for pneumococcal disease, 

including rising rates of resistance to antibiotics, and the issues of cost, lack of broad 

protection, and serotype replacement associated with currently available vaccines, are 

considerable. These shortcomings highlight the need for novel approaches for treating 

pneumococcal disease. To facilitate the development of improved treatment strategies for 

pneumococcal disease, a greater understanding of pneumococcal and host factors that 

mediate their interaction during infection is required.  

 

 

1.2 The role of pneumococcal virulence factors in pathogenesis and the 

immune response 
 

The pneumococcus employs an arsenal of virulence factors that allow it to colonise the 

host nasopharynx, invade deeper tissues, and modulate the host immune response. These 

include the pneumococcal capsule, the cytotoxin pneumolysin, and surface proteins that 

mediate interactions with the host environment, such as attachment to host cells (Kadioglu 

et al., 2008). The current understanding of these virulence factors is discussed below in the 

context of their roles in host colonisation and invasive disease. An atypical class of virulence 

factors, the ATP-binding cassette (ABC) permease family, is then reviewed given their 

emerging importance in pneumococcal colonisation and pathogenesis. 
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1.2.1 Pneumococcal colonisation 
 

Colonisation of a new host is initiated by adherence of pneumococcal cells to the 

respiratory epithelium. The major pneumococcal virulence factor is the capsule, which is 

composed of polysaccharides and forms the outermost layer of the pneumococcus (Skov 

Sorensen et al., 1988). One of the roles of capsule is to protect the pneumococcus from 

entrapment in the mucous layer of the nasopharynx during the initial stages of colonisation 

(Jonsson et al., 1985; Nelson et al., 2007; Weinberger et al., 2009). However, a thicker capsule 

can hinder pneumococcal adherence to epithelial cells. To combat this, most isolates exhibit 

phase variation, to switch between an opaque phenotype, which is characterised by a thicker 

capsule, and a transparent phenotype, with a thinner capsule that is more amenable to 

adherence (Weiser et al., 1994; Kim and Weiser, 1998). Pneumococcal adherence to host 

cells is mediated by a suite of adhesins expressed on the pneumococcal surface, including 

CbpA, ChoP, and pili, which interact with various host cell receptors including the receptor 

for platelet activating factor (rPAF) and the polymeric immunoglobulin receptor (Kadioglu 

et al., 2008).  

Colonisation elicits a mild inflammatory response from the host immune system. 

Pneumococci are detected by host pattern recognition receptors (PRRs), including toll-like 

receptors (TLRs) and nucleotide-binding oligomerisation domain (NOD) proteins (Koppe 

et al., 2012). TLR2 detects lipoteichoic acid and lipoproteins (Schroder et al., 2003; 

Tomlinson et al., 2014), TLR4 detects pneumolysin (Malley et al., 2003), and TLR9 

recognises CpG-motif-containing pneumococcal DNA (Albiger et al., 2007), whilst NOD2 

recognises proteoglycans (Davis et al., 2011). The consequence of stimulation of these PRRs 

is activation of NF-κB, resulting in the production of pro-inflammatory cytokines including 

IL-8 and TNF-α (Koppe et al., 2012). These act as chemoattractants for neutrophils, and 

activate various immune and non-immune cells (Opitz et al., 2010). Pneumococci also 

activate all three complement pathways (Brown et al., 2002b; Ali et al., 2012), further 

promoting phagocytic cell recruitment. Despite this, the recruited neutrophils are frequently 

ineffective at clearing the colonising pneumococci, allowing the carrier state to persist 

(Kadioglu et al., 2008).  
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1.2.2 Invasive pneumococcal infection 

 

The precise pneumococcal factors that facilitate invasion remain poorly defined, 

although the cytotoxin pneumolysin appears to play a significant role. Pneumolysin is a 53 

kDa protein that binds to host cell membranes via surface glycans (Shewell et al., 2014), and 

then interacts with membrane cholesterol, where it homo-oligomerises to form large, 

cytotoxic pores of up to 30 nm in diameter (Morgan et al., 1995). Pneumolysin also mediates 

numerous host cell modulatory functions at sublytic concentrations (Hirst et al., 2004). 

Pneumococcal invasion of the respiratory epithelium is potentiated by pneumolysin, which 

disrupts tight junctions in the epithelial layer (Rubins and Janoff, 1998). Upon breaching this 

barrier, pneumococci utilise various surface proteins for either digestion of, or attachment 

to, extracellular matrix components. Notable examples are hyaluronidase, which mediates 

the digestion of hyaluronic acid in host connective tissue and may contribute to further 

pulmonary inflammation (Rapport et al., 1951; Jedrzejas et al., 2002), and PavA and enolase, 

which both bind components of the extracellular matrix including fibronectin and 

plasminogen (Bergmann et al., 2001; Holmes et al., 2001). 

Invading pneumococci face various assaults by the immune system. Pneumococci in the 

lung are phagocytosed by alveolar macrophages, which are important sentinels that protect 

against foreign particles and invading organisms in the lower airway (Dockrell et al., 2003). 

Insufficient clearance of pneumococci by alveolar macrophages induces neutrophil 

infiltration to assist with clearance (Dockrell et al., 2012). However, the resultant 

inflammation associated with the immune response can further potentiate pneumococcal 

pathogenesis, rather than clear the infection. Pneumolysin directly causes acute lung injury 

due to its cytolytic effects (Witzenrath et al., 2006), but can also facilitate inflammation at 

sub-lytic concentrations by inducing the release of pro-inflammatory mediators from 

neutrophils and macrophages (Cockeran et al., 2001; McNeela et al., 2010). This promotes 

the recruitment of more neutrophils (Steel et al., 2013). The resultant inflammation may aid 

in pneumococcal dissemination from the lungs into the bloodstream, leading to the 

development of invasive disease (Orihuela et al., 2004; Steel et al., 2013). 

 

1.2.3 The role of ATP-binding cassette permeases in pneumococcal virulence 
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Beyond the classical virulence factors, such as the capsule and pneumolysin, the 

importance of other pneumococcal proteins in host colonisation and pathogenesis is 

becoming increasingly understood. A key example is the ABC permease family, which 

facilitate the ATP-dependent uptake of essential nutrients, including metal ions, chelated 

metals such as haem, vitamins, amino acids, peptides, carbohydrates, and lipids (Cui and 

Davidson, 2011). ABC permeases are discussed in greater detail in Section 1.4.1.1. Solute-

binding proteins (SBPs) are critical extracytoplasmic components of these systems, which 

bind the specific nutrient and deliver it to the membrane-embedded translocation complex 

(Lewis et al., 2012). The pneumococcus is estimated to encode approximately 30 SBPs 

(Kohler et al., 2016), of which a number have been confirmed to contribute to virulence; 

these include SBPs involved in the uptake of metal ions (Berry and Paton, 1996; Dintilhac et 

al., 1997; Brown et al., 2001; Claverys, 2001; Brown et al., 2002a; Bayle et al., 2011), amino 

acids (Hartel et al., 2011; Basavanna et al., 2013), polyamines (Ware et al., 2006), and sugars 

(Ogunniyi et al., 2012). The metal-ion uptake SBPs have received particular attention for 

their key contributions to colonisation and pathogenesis in murine models of human disease 

(Lewis et al., 2012). The manganese-binding SBP PsaA is the best characterised of the 

pneumococcal SBPs, and has important roles in colonisation, pneumonia and bacteraemia 

in murine infection models (Berry and Paton, 1996; Marra et al., 2002; Ogunniyi et al., 2002; 

Johnston et al., 2004; McAllister et al., 2004). In addition to PsaA, the pneumococcus 

expresses three iron-specific SBPs, PiaA, PiuA and PitA, which each mediate iron uptake as 

part of the Pia, Piu and Pit ABC permeases, respectively (Brown et al., 2001; Brown et al., 

2002a; Ogunniyi et al., 2012). Each of the three SBPs facilitates the uptake of a distinct form 

of chelated iron, including haem and haemoglobin by Piu (Tai et al., 2003), and the 

siderophore ferrichrome by Pia (Cheng et al., 2013). These iron-uptake SBPs have 

overlapping function in vitro, although all three SBPs are required for full virulence in 

murine models of infection (Brown et al., 2002a). Lastly, the zinc-uptake SBPs AdcA and 

AdcAII have recently been implicated in colonisation and virulence of the host (Bayle et al., 

2011; Plumptre et al., 2014). AdcA and AdcAII are discussed further in Section 1.5.1.  

Collectively, the key roles of SBPs in pneumococcal virulence highlight the importance 

of efficient nutrient acquisition by this pathogen in the host environment. In particular, 

pneumococcal acquisition of iron, manganese and zinc is critical for disease, which 

emphasises the essential nature of these metals for the pneumococcus. Thus, the roles of 

metal ions in pneumococcal biology warrants further investigation. 
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1.3 Transition metals in biology 
 

In biological systems, metal ions are important cofactors for various proteins, where they 

can play structural roles, by stabilising the tertiary or quaternary structures of proteins, or 

catalytic roles, by lowering the activation energy required for reactions to proceed (Andreini 

et al., 2008). Between one third and one half of all proteins require an interaction with a 

metal ion to facilitate their activity or function (Figure 1.1) (Andreini et al., 2008; Waldron 

et al., 2009). The diversity of metal ion usage by different classes of metalloproteins is 

evidenced by the distribution of metalloproteins across all six of the Enzyme Commission 

classes (Andreini et al., 2008).  

The stability of protein-transition metal complexes is represented by the Irving-Williams 

series, which is Mn2+ < Fe2+ < Co2+ < Ni2+ < Cu2+ > Zn2+ (Irving and Williams, 1953). 

Accordingly, copper forms the most stable complexes, and is therefore the most competitive 

transition metal ion, followed by nickel and zinc, cobalt, iron, and least of all manganese. 

Consequently, metalloproteins that require the less competitive metal ions for their function, 

such as manganese, have the potential to bind more competitive metal ions, such as copper 

and zinc, in a phenomenon termed mismetallation (Foster et al., 2014). Depending on the 

nature of the cognate ion, mismetallation can have various consequences for a protein, 

including no effect, perturbed protein function, or inactivation (Lemire et al., 2013; 

Barwinska-Sendra and Waldron, 2017). Mismetallation is minimised in biological systems 

by precise regulation of intracellular metal ion abundances that poise highly competitive 

metal ions (such as copper and zinc) at lower concentrations than less competitive metals, 

such as manganese (Foster et al., 2014). In this way, metalloproteins acquire their required 

metal ion while minimising the likelihood of mismetallation (Waldron and Robinson, 2009).  

Iron, manganese and zinc are the most frequently used first-row transition metal ions in 

metalloproteins. Iron is a versatile metal in biological systems due to its flexible redox 

chemistry, which allows it to participate in a wide range of redox-catalysis reactions 

(Barwinska-Sendra and Waldron, 2017). Iron-dependent metalloproteins have a diverse 

array of roles in cellular processes, including respiration, DNA replication, and oxygen 

transport (Skaar, 2010). However, for organisms living in aerobic environments, the flexible 

redox chemistry of iron also presents important challenges, due to its ability to participate   
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Figure 1.1: Metal ion usage in enzymes. 

The relative abundances of metal ion cofactors employed by enzymes in the Protein Data 
Bank. First row transition metal ions are utilised by 67% of enzymes, with zinc being the most 
commonly used of these. Adapted from (Andreini et al., 2008). 
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in highly damaging Fenton chemistry. Furthermore, the poor solubility of iron in aerobic 

environments is an important caveat in biological systems, and necessitates specialised 

storage and chaperone strategies (Johnstone and Nolan, 2015). Certain bacterial species have 

evolved to avoid the challenges associated with iron usage via substitution of iron with 

manganese. A prominent example is Borrelia burgdorferi, which is the causative agent of 

Lyme disease, although several lactobacilli species are also known to be manganese-centric 

(Archibald, 1986; Posey and Gherardini, 2000). The divalent cation of manganese (Mn2+) is 

soluble in biological systems and cannot induce Fenton chemistry, but is redox active like 

iron, and thus can participate in redox-activation reactions in enzymes. Manganese is 

required by almost all forms of life due to the essential roles of manganese-dependent 

metalloproteins in various cellular processes, including protein phosphorylation, carbon 

metabolism, and oxidative stress management (Papp-Wallace and Maguire, 2006). 

Zinc is the second most common metal cofactor in enzymes after magnesium (Andreini 

et al., 2008). This is attributed to the unique chemical properties of zinc, which allow it to 

participate in a wide range of reactions. Unlike iron and manganese, zinc is stable in the +2 

oxidation state and is not redox active because of its full 3d orbital. Instead, zinc is a potent 

activator of non-redox reactions as a result of its strong Lewis acidity, which can be attributed 

to its small ionic radius (0.74 Å for Zn2+) and high affinity for electrons (Andreini et al., 

2008). The flexible coordination chemistry of zinc also lends itself to usage by enzymes, as 

the zinc ion can be coordinated by a combination of oxygen, nitrogen, or sulphur atoms, 

with coordination numbers ranging from four, the preferred number of coordinating 

ligands, up to six (Andreini et al., 2008). Zinc is also employed as a structural cofactor to 

provide stability to proteins, as exemplified by the zinc-finger protein family (Andreini et al., 

2006b). The widespread usage of zinc in metalloproteins makes this metal indispensable for 

all forms of life. However, the properties that enable zinc to readily bind to proteins and 

serve in these crucial functions also render it capable of interacting with non-zinc-binding 

proteins to cause mismetallation (Foster et al., 2014). Organisms therefore employ a number 

of homeostatic mechanisms that work in concert to maintain the cytoplasmic zinc 

concentration within a narrow optimal range, in which the function of zinc-dependent 

metalloproteins is preserved, but the potential for zinc to cause mismetallation is minimised. 

This optimal zinc concentration range is referred to as a state of zinc sufficiency.  

In bacteria, approximately 5% of proteins are predicted to be zinc dependent (Andreini 

et al., 2006b). Zinc is also important for the virulence of numerous pathogens, including the 
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pneumococcus (Campoy et al., 2002; Ammendola et al., 2007; Ammendola et al., 2008; Sabri 

et al., 2009; Bayle et al., 2011; Plumptre et al., 2014). Both environmental and pathogenic 

bacterial species require effective zinc homeostatic mechanisms to achieve zinc sufficiency 

in environments of changing zinc abundance. Furthermore, bacteria provide useful model 

systems for investigating cellular mechanisms of zinc homeostasis due to their relative 

simplicity compared with eukaryotic organisms, particularly Gram-positive species as a 

result of their lack of a periplasmic compartment. The current understanding of bacterial 

mechanisms of zinc homeostasis is outlined in the following section. 

 

 

1.4 Mechanisms of bacterial zinc homeostasis 
 

Bacteria use a diverse array of zinc homeostatic mechanisms to achieve zinc sufficiency. 

These mechanisms fulfil zinc import, zinc efflux, or intracellular zinc buffering and/or 

storage functions. Details of these mechanisms are provided below in the context of these 

key functions. The diversity in mechanisms used by different bacterial species to fulfil one 

aspect of zinc homeostasis, for example zinc uptake, highlight the critical importance of 

effective zinc homeostatic mechanisms to bacteria.  

 

1.4.1 Zinc uptake 
 

Bacterial species use a range of zinc transporters and other zinc-binding proteins to 

facilitate efficient zinc acquisition in diverse environments. Three classes of bacterial 

transporters are associated with zinc uptake: ABC transporters, ZIP (ZRT-, IRT-like protein) 

proteins, and the recently discovered zincophore systems (Blindauer, 2015). Interestingly, 

several species express more than one of these zinc-uptake systems that act in a 

complementary manner to ensure zinc sufficiency. These include non-typeable Haemophilus 

influenzae (Rosadini et al., 2011), Listeria monocytogenes (Corbett et al., 2012), Vibrio 

cholerae (Sheng et al., 2015), Pseudomonas aeruginosa (Pederick et al., 2015), Escherichia coli 

(Sabri et al., 2009), and Salmonella enterica serovar Typhimurium (S. Typhimurium) (Cerasi 

et al., 2014). In pathogenic species, the additional zinc-uptake systems have been shown to 

contribute to virulence (Sabri et al., 2009; Rosadini et al., 2011; Corbett et al., 2012; Cerasi et 

al., 2014), and to provide a competitive advantage over other microbial species in the host 
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(Sheng et al., 2015). In addition, some species express other proteins which complement the 

ability of zinc transporters to acquire zinc. Together, these systems ensure that bacteria 

acquire sufficient zinc from their environment to fulfil zinc-dependent cellular processes. 

Each of these systems or proteins is outlined below, and are summarised in Figure 1.2a. 

 

1.4.1.1 ATP-binding cassette transporters 
 

Most bacterial species utilise ABC transporters to acquire zinc from their environment 

(Hantke, 2005). ABC transporters are the largest family of membrane transporters and are 

found in all forms of life. ABC transporters can be broadly divided into two functional 

groups, ABC importers and ABC exporters, depending on the polarity of transport across a 

lipid bilayer. Recently, a third type of ABC transporter, known as the energy-coupling factor 

(ECF) transporters, has also been identified (for a review, see Eitinger et al., 2011). ECF 

transporters typically operate as importers, and have a different overall architecture and 

transport mechanism to canonical ABC transporters (ter Beek et al., 2014). To date, they 

have not been shown to be involved in zinc transport, and are therefore beyond the scope of 

this review. Notably, while ABC exporters are found in all domains of life, canonical ABC 

importers are restricted to bacteria and archaea. ABC importers are composed of two 

transmembrane domains (TMDs), which are embedded in the lipid bilayer, two nucleotide-

binding domains (NBDs), which are situated on the inside of the cell, and an SBP (Locher, 

2009). In Gram-positive species, SBPs are tethered to the external face of the lipid envelope 

via a lipid moiety, in contrast to Gram-negative species, in which SBPs freely diffuse within 

the periplasm (Davidson and Chen, 2004). Together, the SBP and its cognate ABC importer 

form an ABC permease complex. 

In bacteria, ABC permeases facilitate the uptake of various nutrients, including zinc ions. 

The archetypal zinc permease is ZnuABC, which is comprised of the SBP ZnuA, the TMD 

ZnuB, and the NBD ZnuC (Patzer and Hantke, 1998; Patzer and Hantke, 2000). ZnuA plays 

an important role in determining the high affinity of these systems for zinc. Studies of ZnuA 

homologues from various species have revealed that its dissociation constant (KD) for zinc 

falls in the low nanomolar range (Wei et al., 2007; Yatsunyk et al., 2008). Zinc-specific ABC 

permeases are employed by most bacterial species for zinc acquisition under conditions of 

severe zinc limitation, and are associated with the virulence of numerous pathogens, 

including S. Typhimurium (Campoy et al., 2002), pathogenic E. coli (Sabri et al., 2009; 

Gabbianelli et al., 2011), Acinetobacter baumannii (Hood et al., 2012), Campylobacter jejuni
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(Davis et al., 2009), Haemophilus ducreyi (Lewis et al., 1999), and S. pneumoniae (Bayle et 

al., 2011; Plumptre et al., 2014).  

The structures of the ZnuA homologues from E. coli, Synechocystis 6803 and 

S. Typhimurium have been solved (Banerjee et al., 2003; Chandra et al., 2007; Li and Jogl, 

2007; Wei et al., 2007; Yatsunyk et al., 2008; Ilari et al., 2011). These have revealed a two-

lobed structure, with an α-helical linking helix joining the two lobes, consistent with the 

Cluster A-I metal-binding SBPs (Berntsson et al., 2010). In addition, ZnuA homologues 

frequently feature a highly-charged loop of residues adjacent to the metal-binding site (Lu et 

al., 1997; Chen and Morse, 2001; Banerjee et al., 2003; Chandra et al., 2007; Li and Jogl, 2007; 

Wei et al., 2007; Petrarca et al., 2010; Falconi et al., 2011; Ilari et al., 2011; Castelli et al., 

2013). This loop is commonly referred to as the His-rich loop, owing to its significant 

proportion of histidine residues, and is suggested to contribute to the recruitment of zinc 

ions into the high-affinity zinc-binding site of these proteins (Castelli et al., 2013). The 

putative role of the His-rich loop is discussed further in Section 1.4.1.4. 

 

1.4.1.2 ZIP-like proteins 
 

The ZIP-like proteins are ubiquitous in biology, and are involved in the transport of a 

range of metal ions, including iron, manganese, cadmium, cobalt, copper and zinc (Kambe 

et al., 2014). Transport is believed to occur via passive electrodiffusion in a pH-dependent 

manner, independent of the proton-motive force, although structural data to support this is 

lacking (Lin et al., 2010). The first ZIP-family zinc transporter to be identified in bacteria 

was ZupT in E. coli (Grass et al., 2002). ZupT homologues have since been identified in 

S. Typhimurium (Karlinsey et al., 2010; Cerasi et al., 2014) and Cupriavidus metallidurans 

(Kirsten et al., 2011). In both uropathogenic E. coli and S. Typhimurium, ZupT contributes 

to virulence, albeit in a secondary role to ZnuABC (Sabri et al., 2009; Cerasi et al., 2014). In 

contrast to ZnuABC, ZupT has a lower affinity for zinc and a broad ligand specificity, 

although it shows a preference for zinc transport over its other metal ion ligands (Grass et 

al., 2005a). 

 

1.4.1.3 Metallophore systems 
 

A relatively new class of zinc-uptake system has been identified in bacteria which 

resemble iron siderophore-mediated acquisition systems, and have therefore been dubbed 
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metallophore systems. These systems were first identified in the soil-dwelling bacterium 

Streptomyces coelicor (Hesketh et al., 2009), but have since been identified in pseudomonads, 

Yersinia pestis, and most recently in S. aureus (Leach et al., 2007; Bobrov et al., 2014; Ghssein 

et al., 2016). These systems generally comprise three parts: a biosynthetic pathway for the 

synthesis of the metallophore, an export system to mediate release of the metallophore into 

the extracellular space, and an import system to capture the metal-bound metallophore. 

Staphylopine, the metallophore produced by S. aureus, has been reported to have broad 

binding specificity (Ghssein et al., 2016). Furthermore, its predicted structure resembles 

nicotianamine, an important compound for metal homeostasis in plant species (Curie et al., 

2009; Walker and Waters, 2011). Considering the widespread usage of siderophores for iron 

uptake by bacteria, it is possible that non-iron metallophore systems are also used by a 

diverse array of bacterial species. Detailed genomic, structural and biochemical studies are 

required to identify more of these systems in bacterial genomes and accurately ascribe their 

metal specificity. 

 

1.4.1.4 Other zinc acquisition proteins 
 

In addition to the three types of zinc-uptake transporters described above, other non-

transporter proteins contribute to zinc acquisition in bacteria. An example is the TonB-

dependent outer membrane protein ZnuD in Gram-negative species, which mediates the 

uptake of zinc ions into the periplasm (Blindauer, 2015). To date, ZnuD homologues have 

been identified in Neisseria meningitidis, P. aeruginosa and A. baumannii (Stork et al., 2010; 

Hood et al., 2012; Calmettes et al., 2015; Pederick et al., 2015). In addition to ZnuD, 

N. meningitidis expresses a second zinc-specific outer-membrane protein known as CbpA, 

which mediates the uptake of calprotectin-zinc complexes (Stork et al., 2013). Calprotectin 

is a eukaryotic protein from the S100 family that is released by neutrophils during infection, 

and binds manganese and zinc ions to restrict the availability of these nutrients to invading 

bacteria (Morey et al., 2015). The ability of N. meningitidis to overcome this facet of 

nutritional immunity, by piracy of the calprotectin-zinc complex, is analogous to bacterial 

iron-acquisition systems that transport iron bound by host factors, such as lactoferrin (Stork 

et al., 2013). Gram-positive species do not require TonB-dependent transporters due to their 

lack of an outer membrane. However, some Gram-positive species express proteins that 

serve similar roles in recruiting zinc to the cell surface, such as the polyhistidine triad (Pht) 

protein family in the pneumococcus. These proteins are localised to the cell wall and 
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contribute to zinc uptake in zinc-limited conditions (Plumptre et al., 2014). The Pht proteins 

are discussed further in Section 1.5.1 below. 

Some bacterial species also express additional proteins or protein domains that directly 

enhance zinc uptake via ABC transporter-mediated mechanisms. For example, the 

periplasmic protein ZinT (formerly known as YodA) contributes to zinc uptake in E. coli 

and S. Typhimurium via ZnuA (Kershaw et al., 2007; Petrarca et al., 2010). Notably, zinT is 

only found in species that encode znuA homologues, although not all znuA-expressing 

species express zinT (Petrarca et al., 2010). Interestingly, certain Gram-positive species also 

express ZinT, in the form of a soluble domain fused to the zinc-specific SBP (Panina et al., 

2003). A notable example is AdcA from S. pneumoniae, which is discussed in greater detail 

in Section 1.5.1 below. In SBP-ZinT fusion proteins like AdcA, the ZinT domain may play a 

similar role in zinc acquisition by enhancing the ability of the zinc-specific SBP domain to 

recruit zinc (Bersch et al., 2013; Plumptre et al., 2014). Initial studies of ZinT and ZnuA from 

S. Typhimurium have shown that the two proteins form a complex in vitro, which may be 

important for zinc transfer between them (Petrarca et al., 2010; Ilari et al., 2014). However, 

the results from the complex-formation studies were not conclusive. A weak complex with 

mass 48 kDa was observed between the two proteins by gel permeation chromatography, 

which largely corresponded with the predicted mass of the complex of 53.2 kDa (Petrarca et 

al., 2010). In contrast, a significantly smaller complex of 38 kDa, similar to the mass of ZnuA 

only, was measured by small angle X-ray scattering (Ilari et al., 2014). Furthermore, the role 

of ZinT in zinc acquisition may overlap with that of the His-rich loop in ZnuA. Deletion of 

the His-rich loop alone had no effect on the ability of S. Typhimurium to survive in a zinc-

depleted medium, whilst deletion of ZinT caused a minor growth perturbation (Petrarca et 

al., 2010). In contrast, deletion of both the His-rich loop and ZinT caused severe growth 

perturbation of S. Typhimurium in zinc-depleted media, similar to deletion of znuA. 

Consequently, the precise contribution of ZinT to zinc acquisition via ZnuA remains to be 

determined. ZinT has also recently been implicated in facilitating resistance to a number of 

metals in E. coli, including cobalt, mercury and cadmium, by acting as a chaperone for these 

metals (Colaco et al., 2016). However, deletion of zinT caused only minor increases in the 

sensitivity to these metals in growth analyses in vitro, precluding a major role for ZinT in 

resistance to metal stress. 
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1.4.2 Zinc efflux and buffering of intracellular zinc ions 

 

The zinc import systems outlined above ensure that the cytoplasmic zinc abundance is 

sufficient for zinc-dependent cellular processes. These systems act in concert with zinc efflux 

and buffering systems, which precisely fine-tune the intracellular zinc concentration to 

maintain it within the optimal, zinc-sufficient range of the organism. Members of the P-type 

ATPase, cation diffusion facilitator (CDF), and resistance, nodulation and division (RND) 

protein families facilitate zinc efflux in bacteria (Blindauer, 2015) (Figure 1.2b). In addition 

to efflux systems, many bacterial species are known to buffer intracellular zinc ions on a 

cytoplasmic pool of molecules (Hantke, 2005). As a result, zinc is only ever transiently 

unchaperoned in the cytoplasm, which limits the potential for zinc ions to interact with non-

zinc-binding proteins and cause mismetallation (Outten and O'Halloran, 2001). Zinc-

dependent proteins have a high affinity for zinc and can compete with this cytoplasmic pool 

of buffering molecules to bind zinc ions. The different types of zinc-efflux systems and 

buffering systems used by bacteria are outlined in turn below. 

 

1.4.2.1 P-type ATPases 
 

The P-type ATPase family is a ubiquitous group of proteins that transport ions and lipids 

across membranes, harnessing the energy from ATP hydrolysis to power transport (Moller 

et al., 1996; Palmgren and Nissen, 2011). These transporters have a conserved four-domain 

architecture, consisting of the cytoplasmic A (activator), P (phosphorylation), and N 

(nucleotide binding) domains, which together are responsible for ATP hydrolysis, and the 

M (transmembrane) domain, which provides the translocation pathway for the solute 

(Palmgren and Nissen, 2011). Transport occurs via an alternating-access ‘Post-Albers’ cycle 

(Albers, 1967; Post et al., 1969). These transporters can be divided into numerous subtypes, 

with subtype P1B responsible for the transport of metal ions such as monovalent copper and 

divalent zinc ions (Axelsen and Palmgren, 1998). The P1B-type ATPase ZntA from E. coli 

exhibits broad substrate specificity, facilitating resistance to zinc as well as cadmium and lead 

(Liu et al., 2006). 

 

1.4.2.2 Cation diffusion facilitator (CDF) transporters 
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The CDF family of proteins constitute a diverse family of proton-coupled antiporters 

that mediate the transport of a range of metal ions (Kolaj-Robin et al., 2015). Much of our 

understanding of bacterial CDFs is derived from biochemical and structural characterisation 

of the zinc-, iron-, and cadmium-transporting CDF YiiP from E. coli (Grass et al., 2005b; 

Wei and Fu, 2005; Lu and Fu, 2007). The functional YiiP transporter is a homodimer, 

consisting of two TMDs and two cytosolic C-terminal domains (CTDs) (Lu and Fu, 2007). 

Transport occurs via an alternating-access model, which is coupled with the import of a 

single proton (Gupta et al., 2014). Other bacterial CDF homologues implicated in zinc 

homeostasis include ZitB, also from E. coli (Grass et al., 2001), and CzcD from S. pneumoniae 

(Kloosterman et al., 2007), which is discussed further in Section 1.5.2. 

 

1.4.2.3 Resistance, nodulation and division (RND) systems 
 

In addition to the P-type ATPases and CDF proteins, some Gram-negative species utilise 

periplasm-spanning RND systems to efflux metal ions directly from the cytosol into the 

extracellular milieu (Blindauer, 2015). In bacteria, RND systems fall into two broad 

categories, hydrophobic and amphiphilic efflux, and heavy metal efflux, based on their 

transported substances (Nies, 2003). RND proteins span the cytoplasmic membrane, and 

operate in tripartite complexes with an outer membrane protein (OMP), and a periplasm-

spanning membrane-fusion protein (MFP) that connects the OMP and RND proteins 

(Nikaido, 2011). RND systems important for zinc resistance have been identified in 

P. aeruginosa (Perron et al., 2004), C. metallidurans (Pak et al., 2013), and Caulobacter 

crescentus (Valencia et al., 2013). 

 

1.4.2.4 CorA transporters 
 

Members of the CorA superfamily of ion transporters have been implicated in zinc 

homeostasis in V. parahaemolyticus (Tan et al., 2009), as well as enterobacteriaceae including 

S. Typhimurium (Worlock and Smith, 2002). The CorA superfamily is composed of 

transporters involved in magnesium homeostasis (CorA homologues), zinc efflux (ZntB 

homologues), and those with unknown transport specificity (Wan et al., 2011). The ZntB 

monomer has a two-domain organisation, with a large cytoplasmic N-terminal domain, and 

a small hydrophobic domain containing two membrane-spanning helices (Caldwell and 

Smith, 2003). The functional transporter, however, is a homopentamer, with each monomer 
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containing at least three zinc-binding sites that have micromolar KDs for zinc (Wan et al., 

2011). The transport process has been suggested to be powered by the proton-motive force 

(Wan et al., 2011), although this is yet to be shown experimentally. 

 

 

1.4.2.5 Buffering and storage of zinc 
 

Many bacterial species limit the free, or labile, zinc concentrations in the cytosol using 

low molecular weight (LMW) thiols. The tripeptide glutathione (GSH), comprised of L-γ-

glutamyl-L-cysteine-glycine, is an abundant LMW thiol in many organisms, including 

bacterial species (Fahey, 2013). GSH has various roles in the cell, including redox 

homeostasis, and resistance to osmotic, oxidative and metal stresses (Fahey et al., 1978). In 

E. coli, GSH contributes to resistance to zinc, copper, cadmium and chromate (Helbig et al., 

2008), in addition to arsenite and mercury (Latinwo et al., 1998). Certain bacilli, 

staphylococcal and streptococcal species utilise the LMW thiol bacillithiol (BSH) as an 

alternative to GSH (Newton et al., 2009). In B. subtilis, BSH is the major buffer of the labile 

zinc pool (Ma et al., 2014). BSH may also play more direct roles in zinc homeostasis, as it has 

been shown to facilitate zinc dissociation from the zinc-dependent transcriptional activator 

CzrA in vitro, which regulates the zinc efflux pathways CadA and CzcD in B. subtilis (Ma et 

al., 2014). This finding suggests that LMW thiols such as BSH may directly participate in 

zinc-dependent regulation in the cell in some species, in addition to buffering. Other 

bacterial species also utilise free amino acids, such as histidine, to buffer zinc ions in the 

cytosol. In A. baumannii, histidine is important for buffering zinc in both zinc-replete and 

zinc-limited conditions (Nairn et al., 2016). The cytosolic histidine pool binds free zinc ions 

during conditions of zinc repletion, but can be rapidly catabolised during zinc starvation to 

provide a readily-mobilised zinc source (Nairn et al., 2016). 

 

1.4.3 Zinc sensing and regulation 

 

The zinc homeostatic mechanisms described above are regulated by zinc-responsive 

metalloregulatory proteins that are highly responsive to the intracellular abundance of zinc. 

Many bacterial species express two zinc-dependent regulators, which each regulate the 

expression of genes involved in either zinc uptake, or zinc efflux and buffering (Capdevila et 

al., 2016). Together, the affinities of these regulators for zinc define the intracellular 
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concentration range of the cell. Deviation from this range drives the expression of the 

appropriate zinc homeostatic mechanisms, which return the bacterium to zinc sufficiency 

(Waldron et al., 2009). 

 

1.4.3.1 Regulators of zinc uptake 
 

The Fur-family regulator Zur is the archetypal repressor of zinc uptake in bacterial 

species (Patzer and Hantke, 1998; Patzer and Hantke, 2000). A diverse array of bacterial 

species use Zur, including E  coli (Patzer and Hantke, 1998), L. monocytogenes (Dalet et al., 

1999), S. aureus (Lindsay and Foster, 2001), Y. pestis (Li et al., 2009), and P. aeruginosa 

(Ellison et al., 2013). Zur homologues have a conserved two-domain structure, comprising 

an N-terminal DNA-binding domain containing a helix-turn-helix motif, and a C-terminal 

dimerisation domain (Fillat, 2014). Cooperative binding of zinc-bound Zur dimers occurs 

on operator DNA sequences to form a dimer-dimer, resulting in transcriptional repression 

of downstream genes (Gilston et al., 2014). Zur-regulated genes vary between species, 

although in most species, the core Zur regulon includes znuABC, genes that encode non-

zinc-requiring paralogues of ribosomal proteins, and zinT in Gram-negative species and 

some bacillus species (Gilston et al., 2014). In streptococci, which lack Zur homologues, zinc 

uptake is regulated by the MarR-family regulator AdcR (Panina et al., 2003), which is also 

known as ZitR in Lactococcus lactis (Llull and Poquet, 2004; Llull et al., 2011). AdcR is 

discussed further in the context of pneumococcal zinc homeostasis in Section 1.5.1. 

 

1.4.3.2 Regulators of zinc efflux 
 

Zinc-efflux systems are regulated by a distinct subset of zinc-dependent 

metalloregulators from those described above. The best characterised of these is the MerR-

family regulator ZntR from E. coli (Brocklehurst et al., 1999; Outten et al., 1999; Outten and 

O'Halloran, 2001; Pruteanu et al., 2007). Members of the MerR-regulator family bind to their 

operator DNA sequences in both their apo and metal-bound forms (Guerra and Giedroc, 

2012). Rather than modulating the affinity of the regulatory protein for DNA binding, metal 

binding causes conformational changes in the DNA-bound protein that distort the DNA, 

which convert a suboptimal promoter to an optimal one (Outten et al., 1999). This enables 

the induction of downstream gene expression, such as zntA, to facilitate zinc efflux 

(Brocklehurst et al., 1999). A further layer of regulation of zinc homeostasis via ZntR has 
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been identified in E. coli, wherein zinc binding by ZntR renders the protein less susceptible 

to protease degradation by Lon and ClpXP proteases (Pruteanu et al., 2007). Consequently, 

in the absence of metal stress, apo-ZntR is targeted for degradation. The broader significance 

of metalloregulator stability and its connection to regulation of bacterial zinc efflux remains 

to be determined. 

The SmtB/ArsR family are also employed in the regulation of zinc efflux in some 

bacterial species (Osman and Cavet, 2010). Distinct from members of the MerR family, the 

SmtB/ArsR family are strictly repressor proteins, which associate with their operator 

sequences in their apo conformation to repress transcription, but dissociate upon metal 

binding (Eicken et al., 2003). Homologues of this family that have roles in zinc homeostasis 

include SmtB from Synechococcus PCC 7942 (Morby et al., 1993), ZiaR from Synechocystis 

6803 (Thelwell et al., 1998), and CzrA from S. aureus (Kuroda et al., 1999). In most species, 

these proteins regulate the expression of zinc-efflux pathways from the P-type ATPase and 

CDF families (Busenlehner et al., 2003).  

The third type of zinc efflux regulator in bacteria is SczA, which is utilised by 

S. pneumoniae and S. pyogenes (Kloosterman et al., 2007; Martin et al., 2017). SczA is a TetR 

family transcriptional regulator, and is suggested to act as both a transcriptional repressor 

and a transcriptional activator (Kloosterman et al., 2007). SczA is discussed in more detail 

in the context of pneumococcal zinc homeostasis in Section 1.5.2. 

Collectively, the zinc uptake, extrusion, and buffering mechanisms outlined above, and 

the metalloregulators that control their expression, help bacteria achieve zinc sufficiency in 

diverse and dynamic environments. For pathogenic species, these mechanisms are 

important for responding to varying zinc concentrations between different anatomical 

niches in the host (Versieck, 1985; Cerasi et al., 2013). Furthermore, the vertebrate host 

exploits the requirement for zinc by pathogens, by restricting the availability of zinc and 

other metal ion nutrients in the host for nutritional immunity (Hood and Skaar, 2012). 

Conversely, some studies have shown that the host exploits the toxicity of zinc to poison 

invading pathogens (Lemire et al., 2013). This is particularly evident in macrophages, which 

have been shown to use either zinc starvation or zinc poisoning to kill phagocytosed 

pathogens, depending on the engulfed species (Stafford et al., 2013). Zinc availability can 

also vary significantly between different hosts, as a result of various co-morbidities such as 

sickle cell disease, which alters the metabolism of several metal ions in the body, or from 

nutritional zinc deficiency (Prasad, 2013). Understanding how specific pathogens, such as 
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the pneumococcus, respond to this spectrum of zinc availability in the host will provide 

important insights into how these pathogens interact with their hosts and cause disease. 

 

 

1.5 Pneumococcal zinc homeostasis 
 

The importance of zinc for various aspects of pneumococcal biology has been 

determined, including for viability and genetic competence (Dintilhac et al., 1997; Dintilhac 

and Claverys, 1997; Claverys, 2001), cell morphology (Bayle et al., 2011), and virulence 

(Bayle et al., 2011; Plumptre et al., 2014). The molecular basis for this requirement for zinc 

can be attributed to the numerous zinc-dependent metalloproteins utilised by the 

pneumococcus, including phosphorylcholine esterase (Lagartera et al., 2005; 

Hammerschmidt, 2009), peptidoglycan deacetylase (Blair et al., 2005), alcohol 

dehydrogenase (Lanie et al., 2007; Stroeher et al., 2007; Potter et al., 2010), ribosomal 

proteins (Panina et al., 2003), and zinc metalloproteinases (Blue et al., 2003; Chiavolini et 

al., 2003; Shafeeq et al., 2013). However, it is likely that these represent only a small 

proportion of the zinc-dependent metalloproteins in this organism. A crude proteomic 

analysis to identify pneumococcal proteins containing zinc- or copper-binding motifs 

suggested that 8.7% of the proteome may bind zinc, representing 166 proteins (Sun et al., 

2011). If this number is taken as a general estimate, it is possible that many zinc-dependent 

pneumococcal proteins are yet to be characterised. To achieve zinc sufficiency to maintain 

the zinc requirements of these proteins, the pneumococcus employs a combination of zinc 

homeostatic mechanisms (Figure 1.3), similarly to other bacterial species. As S. pneumoniae 

is a strictly host-adapted pathogen, its zinc homeostatic mechanisms offer a rare opportunity 

to investigate how these mechanisms have evolved to respond to zinc availability in the 

niches it colonises or infects in the host. The current understanding of these mechanisms is 

outlined below.  

 

1.5.1 Pneumococcal zinc uptake 
 

Similarly to most bacterial species, the pneumococcus facilitates high-affinity zinc 

acquisition via an ABC permease, encoded by the adc locus, which was first identified in a   
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Figure 1.3: Overview of zinc homeostasis in S. pneumoniae. 

In the pneumococcus, zinc uptake is facilitated by the ABC transporter AdcCB (dark blue), 
and two zinc-specific SBPs, AdcA (pale blue and yellow) and AdcAII (purple). The Pht 
proteins (green) are localised to the cell wall, and contribute to zinc uptake predominantly 
via AdcAII by an unknown mechanism. Excess zinc in the cytoplasm is exported by the 
proton antiporter CzcD. Free zinc ions in the cytoplasm are also buffered by glutathione 
(dark green). The zinc import and efflux genes in the pneumococcus are regulated by two 
zinc-dependent metalloregulators, AdcR (yellow) and SczA (salmon). Zinc ions are shown 
as red diamonds. 
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random mutagenesis screen for competence-deficient mutants (Dintilhac and Claverys, 

1997). Genetic analysis of this locus revealed it to be an operon comprising four open-

reading frames: adcR, encoding a MarR-family transcriptional regulator, and adcCBA, 

encoding the NBD, TMD, and SBP of an ABC permease system, respectively (Dintilhac et 

al., 1997; Dintilhac and Claverys, 1997; Claverys, 2001). Based on the homology between 

adcA and metal-specific SBPs from other bacterial species, AdcCBA was suggested to be a 

metal-specific ABC permease (Dintilhac and Claverys, 1997). In support of this hypothesis, 

zinc supplementation was found to restore growth of an adc deletion strain in minimal 

media (Dintilhac et al., 1997). This became the first study to unequivocally demonstrate the 

importance of zinc for the pneumococcus. A second zinc-specific SBP, annotated as AdcAII, 

was subsequently identified in a genome-wide search for putative metal-specific SBPs 

(Claverys, 2001). Interestingly, AdcAII is an orphan SBP encoded in an operon with phtD, 

and is not clustered with the adcRCBA operon (Claverys, 2001; Panina et al., 2003). Despite 

this, AdcAII has been shown to facilitate zinc uptake via AdcCB, similarly to AdcA (Bayle et 

al., 2011; Plumptre et al., 2014). AdcA and AdcAII are discussed further in Section 1.5.1.1 

below.  

Another class of proteins that contribute to pneumococcal zinc uptake are the Pht 

proteins (PhtA, PhtB, PhtD, and PhtE), which feature five to six histidine-triad motifs 

(HxxHxH) that are each predicted to bind one zinc ion (Plumptre et al., 2012). The pht genes 

are clustered as two sets of pairs in the pneumococcal chromosome: phtA with phtB, and 

phtD with phtE (Adamou et al., 2001; Rioux et al., 2011). Notably, phtD is co-transcribed 

with adcAII, while the expression of phtA, phtB and phtE is monocistronic (Plumptre et al., 

2012). Deletion of all four pht genes was found to cause severe growth perturbation in 

minimal media, which was restored upon manganese or zinc supplementation (Rioux et al., 

2011), thereby confirming roles for these proteins in pneumococcal transition metal 

homeostasis. The Pht proteins have been suggested to contribute to pneumococcal zinc 

uptake via AdcAII, due to the co-transcription of phtD with adcAII (Loisel et al., 2011). This 

was supported by the findings from another study, which showed that AdcAII has a greater 

dependence on the Pht proteins to facilitate zinc uptake in vitro and in vivo compared with 

AdcA (Plumptre et al., 2014). However, the exact nature of the relationship between the Pht 

proteins and AdcAII remains poorly defined. While cross-linking analyses have suggested 

that PhtD and AdcAII can form a complex in vitro (Loisel et al., 2011), only a minor 
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proportion of PhtD was observed to form a complex with AdcAII. Furthermore, the 

attachment of AdcAII to the cell membrane and PhtD to the cell wall suggests that a 

physiologically relevant direct interaction between these two proteins is improbable, based 

on the physical separation between these two cellular structures (Matias and Beveridge, 2006; 

Zuber et al., 2006). Alternatively, PhtD and the other Pht proteins may mediate zinc uptake 

via AdcAII through an intermediate zinc chaperone, although no such protein has yet been 

identified.  

Transcriptional regulation of zinc uptake, including the adc operon, adcAII and the pht 

genes, is facilitated by AdcR (Figure 1.4) (Panina et al., 2003; Shafeeq et al., 2011; Plumptre 

et al., 2014). The AdcR monomer contains two zinc-binding sites, one in its regulatory 

domain, and the other in its DNA-binding domain, both of which have femtomolar affinities 

for zinc (Reyes-Caballero et al., 2010). Zinc binding induces conformational changes in 

AdcR that increase its affinity for its operator DNA sequence, resulting in DNA binding and 

inhibition of downstream gene transcription (Guerra et al., 2011). Conversely, upon 

depletion of cytoplasmic zinc, AdcR releases zinc, resulting in its dissociation from the 

operator DNA sequence and concomitant transcription of adcR, adcCBA, adcAII and the 

pht genes, thereby alleviating the perceived cytoplasmic zinc shortage (Shafeeq et al., 2011). 

Notably, the adcRCBA, adcAII-phtD, and phtE genes are differentially regulated by AdcR, 

with one, two, and three putative AdcR-binding sites identified upstream of each gene 

cluster, respectively (Plumptre et al., 2014). Transcriptional de-repression of these genes 

under zinc starvation was found to approximately correlate with the number of putative 

AdcR-binding sites upstream of each operon, such that under the same conditions adcA 

transcription was up-regulated four-fold, compared with six-fold up-regulation of adcAII 

and ~30-fold up-regulation of phtE (Plumptre et al., 2014). 

 

1.5.1.1 AdcA and AdcAII: distinct SBPs with overlapping function 
 

The presence of two zinc-specific SBPs in the pneumococcus is unusual, and has been 

described for only some streptococcal species (Shafeeq et al., 2013). Previous studies have 

suggested that AdcA and AdcAII were redundant for zinc uptake in vitro, as deletion of adcA 

or adcAII had no effect on zinc uptake by pneumococci in a cation-defined medium (Bayle 

et al., 2011). However, a closer examination of their functions in vivo demonstrated that they 

have distinct but overlapping roles in zinc acquisition (Plumptre et al., 2014). Strains 

harbouring deletions in adcA or adcAII showed clear perturbation in their ability to colonise  
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adcA adcB adcC adcR adcAII phtD phtE

1 kb

Figure 1.4: Genomic organisation of the zinc-uptake genes in S. pneumoniae. 

A schematic representation of the genetic organisation of the adc and pht genes in the 
S. pneumoniae D39 chromosome. Putative AdcR-binding sites are shown upstream of each 
operon as white ovals. Colours used are consistent with Figure 1.3. phtA and phtB are not 
shown for simplicity, but are located directly downstream of phtD and are transcribed 
monocistronically. Figure adapted from (Plumptre et al., 2014). 
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the nasopharynx and lungs of mice, by comparison with the wild-type S. pneumoniae D39 

strain (Plumptre et al., 2014), while loss of both SBPs (∆adcA∆adcAII) abrogated 

colonisation. Furthermore, AdcAII was observed to be more important than AdcA for 

pneumococcal fitness in the lungs and blood at 48 hours post-challenge (Plumptre et al., 

2014). Together, these findings suggested that AdcA and AdcAII have niche- and temporal-

specific roles during host infection. This is consistent with the important differences between 

these two proteins outlined above, including their differential regulation by AdcR, and the 

dependence of AdcAII on the Pht proteins for zinc uptake. Additional differences between 

AdcA and AdcAII are evident at the primary sequence level, which may provide insight into 

the distinct roles of these proteins in zinc uptake during host infection. Primary sequence 

analysis of AdcA has revealed that it is comprised of two domains, an N-terminal SBP 

domain that has homology to ZnuA (AdcAZnuA domain), and a C-terminal domain with 

homology to ZinT from Gram-negative organisms (AdcAZinT domain) (Panina et al., 2003; 

Loisel et al., 2008). Furthermore, AdcA features a 17-residue long His-rich loop region, 

similarly to other zinc-specific SBPs (Lu et al., 1997; Banerjee et al., 2003; Li and Jogl, 2007; 

Wei et al., 2007; Yatsunyk et al., 2008; Falconi et al., 2011; Ilari et al., 2011; Pederick et al., 

2015). In contrast, AdcAII is composed of a single zinc-specific SBP domain, and does not 

feature a His-rich loop (Loisel et al., 2008) The key differences in the structural features of 

AdcA and AdcAII, and their different dependence on the Pht proteins, suggests that these 

two proteins employ distinct modalities of zinc recruitment. However, detailed 

investigations of the zinc-binding mechanisms of these proteins are hampered by the paucity 

of structural information available. To date, only the structure for zinc-bound AdcAII has 

been solved (PDB ID 3CX3) (Loisel et al., 2008). Further structural characterisation of these 

two proteins is required to reveal their precise contributions to pneumococcal zinc uptake 

in the host. 

 

1.5.2 Dealing with excess zinc 
 

Once the pneumococcus achieves zinc sufficiency, as defined by AdcR, the transcription 

of these genes is repressed by zinc-bound AdcR binding to its operator sequences upstream 

of the adc and pht gene clusters (Shafeeq et al., 2011; Plumptre et al., 2014). Continued zinc 

accumulation is sensed by the zinc-dependent metalloregulator SczA (Kloosterman et al., 

2007). Zinc binding by SczA is proposed to cause a conformational change in the protein, to 
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allosterically switch SczA from a transcriptional repressor to an activator (Kloosterman et 

al., 2007). SczA-regulated genes include czcD, as well as adhB, a putative zinc-dependent 

alcohol dehydrogenase, and nmlR, encoding a MerR family transcriptional regulator 

(Kloosterman et al., 2007). CzcD is a zinc and cobalt efflux system, and is critical for 

pneumococcal zinc resistance in vitro (Kloosterman et al., 2007). However, the importance 

of CzcD for virulence remains to be determined. Interestingly, czcD transcription is also up-

regulated in response to nickel, cobalt, and cadmium stress, in addition to zinc stress 

(Kloosterman et al., 2007; Begg et al., 2015). This suggests that all three metals may be able 

to bind to and allosterically activate SczA. The precise conformational changes that occur in 

SczA upon metal binding, to induce these allosteric changes in its activity, have not been 

defined. Structural characterisation of SczA, and assessment of its interaction with its 

operator DNA region, are required to fully understand this unusual metalloregulator. 

In addition to zinc efflux, buffering of cytosolic zinc ions by GSH has also been 

implicated in pneumococcal zinc resistance (Potter et al., 2012). Pneumococci lack the GSH 

biosynthesis genes gshA and gshB, and instead rely on its import via the SBP GshT (Potter et 

al., 2012). Deletion of gshT increases sensitivity to zinc, divalent copper and cadmium in 

broth culture (Potter et al., 2012; Begg et al., 2015). However, on solid agar, the sensitivity to 

zinc of the gshT mutant strain is minor compared with the czcD deletion strain, which has 

severely perturbed growth on zinc-supplemented agar (Begg et al., 2015). This suggests that 

zinc buffering by GSH occurs as a secondary mechanism to zinc efflux via CzcD, similarly to 

what has been observed in E. coli (Helbig et al., 2008). 

 

 

1.6 Research Questions and Aims 
 

Zinc is an essential micronutrient for the pneumococcus, but also has the potential to be 

toxic. The pneumococcus therefore utilises a range of zinc homeostatic mechanisms to 

ensure zinc sufficiency. These mechanisms must respond to changes in zinc abundance in 

different niches of the host and at distinct time-points during infection. However, many 

aspects of these mechanisms remain poorly understood, particularly in the context of the 

host. Detailed characterisation of these mechanisms will greatly advance our understanding 

of how this formidable pathogen colonises the host and causes invasive disease. The aim of 
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this thesis is to determine how the pneumococcus facilitates zinc homeostasis in the host. 

The specific aims are: 

1. To characterise the structural features of AdcA that contribute to zinc binding. 

2. To determine the mechanism of zinc binding and release by AdcA. 

3. To ascertain how host zinc influences pneumococcal zinc homeostasis and 

pathogenesis.
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Chapter 2: Materials and methods 
 
 
2.1 Strains, plasmids and oligonucleotides 
 

The oligonucleotides used in this study were purchased from Sigma and are listed in 

Table 2.1. The bacterial strains and plasmids used in this study are listed in Table 2.2 and 

Table 2.3, respectively.  

 
 
2.2 Bacterial culturing 
 

S. pneumoniae strains were routinely grown at 37°C with 5% CO2 on blood agar (BA) 

[39 g/L Columbia base agar (Oxoid), 5% v/v defibrinated horse blood], in THY [Todd-

Hewitt broth (Oxoid), 0.5% w/v Bacto yeast extract (Becton Dickinson and Company)], or, 

for mouse challenge, in serum broth [10% v/v horse serum, 10 g/L peptone (Oxoid), 10 g/L 

Lab Lemco (Oxoid), 5 g/L NaCl]. For phenotypic assays, including growth kinetic assays and 

metal accumulation analyses, S. pneumoniae strains were grown in a cation-defined 

semisynthetic medium with casein hydrolysate and 0.5% yeast extract (cation-defined 

medium; CDM) according to the recipe of (Lacks and Hotchkiss, 1960), except that FeSO4, 

CuSO4 and ZnSO4 were omitted. The metal content of CDM was determined using 

inductively coupled plasma mass spectrometry (ICP-MS) and typically contained 15 µM Zn 

and < 1 µM Mn. Growth media were supplemented with the following antibiotics where 

appropriate: erythromycin (0.2 µg/mL), chloramphenicol (6 µg/mL), streptomycin (150 

µg/mL), gentamycin (5 µg/mL) and kanamycin (50 µg/mL). All antibiotics were sourced 

from Sigma. 

E. coli strains were routinely grown at 37°C in Luria Bertani Lennox broth (LB) (1% w/v 

tryptone, 0.5% w/v yeast extract, 0.5% w/v NaCl) or on LB agar plates (LB supplemented 

with 1.5% agar). LB broth and agar were supplemented with kanamycin (50 µg/mL) to 

maintain plasmids. For protein expression, bacteria were grown in Overnight Express 

Instant TB medium (Merck Millipore) supplemented with 1% glycerol and 100 µg/mL 

kanamycin. 
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Table 2.1: Oligonucleotides used in this study. 

Name Sequence (5’ - 3’) Description 

PAT7F CGAAATTAATACGACTCACTATAGG Amplification of ORFs in 
LIC vectors 

PAT7R GCTAGTTATTGCTCAGCGG Amplification of ORFs in 
LIC vectors 

AdcALIC1F TGGGTGGTGGATTTCCTGGTAAACTC
AATATCGTGACA 

Amplification of full-
length adcA or ZnuA 
domain of adcA 

AdcALIC1R TTGGAAGTATAAATTTCCATGCGCCA
ACATTTCTTGGGC 

Amplification of full-
length adcA or ZinT 
domain of adcA 

AdcALIC2F TGGGTGGTGGATTTCCTCAAAATGGT
TACTTCGAGGAT 

Amplification of ZinT 
domain of adcA 

AdcALIC2R TTGGAAGTATAAATTTCCGTCTGTTGT
TTGTTTCAAAGC 

Amplification of ZnuA 
domain of adcA  

AdcA_H63A_1F GGTGCTGGGACAGAACCTGCGGAAT
ACGAACCATCTGCC SDM of full-length AdcA 

AdcA_H63A_1R GGCAGATGGTTCGTATTCCGCAGGTT
CTGTCCCAGCACC SDM of full-length AdcA 

AdcA_H140A_1F CATCACCATGAGTTTGACCCCGCGGT
TTGGTTATCACCAGTTCGT SDM of full-length AdcA 

AdcA_H140A_1R ACGAACTGGTGATAACCAAACCGCGG
GGTCAAACTCATGGTGATG SDM of full-length AdcA 

AdcA_H204A_1F AACAAAAGAGCTTTGTGACTCAAGCG
GCAGCCTTTAACTATCTTGCC SDM of full-length AdcA 

AdcA_H204A_1R GGCAAGATAGTTAAAGGCTGCCGCTT
GAGTCACAAAGCTCTTTTGTT SDM of full-length AdcA 

AdcA_E66A_1F AGAACCTCATGAATACGCACCATCTG
CCAAGGCAG SDM of full-length AdcA 

AdcA_E66A_1R CTGCCTTGGCAGATGGTGCGTATTCA
TGAGGTTCT SDM of full-length AdcA 

AdcA_E240A_1F GCTCGCTTGGCAGAATTGACAGCGTA
TGTCAAGAAAAATAAAATCG SDM of full-length AdcA 

AdcA_E240A_1R CGATTTTATTTTTCTTGACATACGCTG
TCAATTCTGCCAAGCGAGC SDM of full-length AdcA 

AdcA_A73C_1F ACCATCTGCCAAGGCAGTTTGCAAAA
TCCAAGATGCAGAT SDM of full-length AdcA 

AdcA_A73C_1R ATCTGCATCTTGGATTTTGCAAACTGC
CTTGGCAGATGGT SDM of full-length AdcA 

AdcA_T98C_1F AACATGGGTACCTAAATTGCTAGATT
GTTTGGATAAGAAAAAAGTGAAAACC SDM of full-length AdcA 

AdcA_T98C_1R GGTTTTCACTTTTTTCTTATCCAAACA
ATCTAGCAATTTAGGTACCCATGTT SDM of full-length AdcA 

AdcA_A233C_1F CAGATGCAGAGCCATCAGCTTGTCGC
TTGGCAG SDM of full-length AdcA 

AdcA_A233C_1R CTGCCAAGCGACAAGCTGATGGCTCT
GCATCTG SDM of full-length AdcA 
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AdcA_A259C_1F TCTATTTTGAAGAAAATGCCTCACAAT
GCCTTGCTAACACACTTTCAAAAG SDM of full-length AdcA 

AdcA_A259C_1R CTTTTGAAAGTGTGTTAGCAAGGCAT
TGTGAGGCATTTTCTTCAAAATAGA SDM of full-length AdcA 

AdcA_T60C_1F AACTCCTAATCGGTGCTGGGTGCGAA
CCTCATGAATACGAACC SDM of full-length AdcA 

AdcA_T60C_1R GGTTCGTATTCATGAGGTTCGCACCC
AGCACCGATTAGGAGTT SDM of full-length AdcA 

AdcA_E66C_1F GGACAGAACCTCATGAATACTGCCCA
TCTGCCAAGGCAGTTGC SDM of full-length AdcA 

AdcA_E66C_1R GCAACTGCCTTGGCAGATGGGCAGT
ATTCATGAGGTTCTGTCC SDM of full-length AdcA 

rpsL_F GGTCGGAATTGTAGCTAACAG Amplification of rpsL 
from D39 genome 

rpsL_R CTACACGTCCACGACGAGCAG Amplification of rpsL 
from D39 genome 

Janus cassette F CCGTTTGATTTTTAATGGATAATG Amplification of Janus 
cassette 

Janus cassette R AGAGACCTGGGCCCCTTTCC Amplification of Janus 
cassette 

adcA_seq_F CTAGTATTGCCCTGCGTCTG 
 Sequencing adcA ORF 

adcA_seq_R AGCCCTTAACTATGGCACTAG 
 Sequencing adcA ORF 

adcA_Flank_F TCCTAATAGGTCATTGCACTAGC 
 

Amplification of adcA 
upstream flank 

adcA_Flank_R 
TTGTGCTATAATATAGTTGAAATGATA
AAT 
 

Amplification of adcA 
downstream flank 

adcA_Janus_X 
CATTATCCATTAAAAATCAAACGGGTT
CGTCTCCTATTTGATAAAACG 
 

Mutagenesis of adcA 
(upstream flank, overlap 
with Janus cassette) 

adcA_Janus_Y 
AGGGGCCCAGGTCTCTTGAGAAATC
GACTAGTTCATAAGAG 
 

Mutagenesis of adcA 
(downstream flank, 
overlap with Janus 
cassette) 

adcA_F GGTAAACTCAATATCGTGACAAC 
Amplification of full-
length adcA or ZnuA 
domain of adcA 

adcA_R1 ATGCGCCAACATTTCTT 
Amplification of full-
length adcA or ZinT 
domain of adcA 

adcA_R2 ATGAACTAGTCGATTTCTCATCAGTCT
GTTGTTTGTTTCAAAGC 

Amplification of ZnuA 
domain of adcA 

adcA_X GTTGTCACGATATTGAGTTTACC 
Mutagenesis of adcA 
(upstream flank, overlap 
with adcA 5’ sequence) 

adcA_Y1 AATGTTGGCGCATTGA 

Mutagenesis of adcA 
(downstream flank, 
overlap with adcA 3’ 
sequence) 

adcA_Y2 TGATGAGAAATCGACTAGTTCAT Mutagenesis of adcA 
(downstream flank, 
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overlap with 3’ end of 
ZnuA domain of adcA) 

qSPD1638_F TTGGTTCTAGCGCTGTTCTT Transcription of czcD 

qSPD1638_R AGGCTCCTAGCAGGCTAAAC Transcription of czcD 

qSPD0890(BE)_F GGAACAGTTGAGAACCAACCA Transcription of phtE 

qSPD0890(BE)_R TAGGGTCACTCCCCACATTC Transcription of phtE 
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Table 2.2: Strains used in this study. 

Strain Description Source/Reference 

E. coli XL-10 GOLD TetR ∆(mcrA)183 ∆(mcrCB-hsdSMR-
mrr)173 endA1 supE44 thi-1 recA1 
gyrA96 relA1 lac Hte [F’ proAB 
lacIqZDM15 Tn10 (TetR) Amy CamR] 

Agilent 

E. coli Lemo21(DE3) fhuA2 [lon] ompT gal (l DE3) [dcm] 
∆hsdS/pLemo(CamR) 
l DE3 = l sBamH1o ∆EcoR1-B 
int::(lacI::PlacUV5::T7 gene 1) i21 
∆nin5 
pLemo = pACYC184-PrhaBAD-lysY 

New England Biolabs 
(Wagner et al., 2008) 

S. pneumoniae D39 Serotype 2 (Avery et al., 1944) 

D39 ∆adcA Replacement of adcA with cmlR (Plumptre et al., 2014) 

D39 ∆adcAII Null mutant of adcAII (Plumptre et al., 2014) 

D39 ∆adcA∆adcAII Replacement of adcA with cmlR; null 
mutant of adcAII 

(Plumptre et al., 2014) 

D39 rpsL+ Replacement of rpsL gene with K56T 
mutant variant 

This study 

D39 adcA::Janus 
∆adcAII 

Replacement of adcA with the Janus 
cassette; null mutant of ∆adcAII 

This study 

D39 
adcA∆zinT∆adcAII 

adcA truncated to encode only 
AdcAZnuA domain (residues 27 to 308); 
null mutant of ∆adcAII 

This study 

D39 
adcA∆loop∆adcAII 

adcA mutated to exclude His-rich loop 
(residues 120 to 136 removed except 
Gly124, Gly129 and Gly132); null 
mutant of ∆adcAII 

This study 

D39 
adcA∆zinT∆loop∆adcAII 

adcA truncated to encode only 
AdcAZnuA domain (residues 27 to 308); 
His-rich loop excluded (as above); null 
mutant of ∆adcAII 

This study 

D39 adcA∆His∆adcAII adcA mutated in the metal-coordinating 
pocket of the ZnuA domain (H63A, 
H140A, H204A); null mutant of ∆adcAII 

This study 

D39 
adcAE66A/E240A∆adcAII 

adcA mutated in putative docking 
residues (E66A, E240A); null mutant of 
∆adcAII 

This study 

D39 ∆czcD Replacement of czcD with eryR CL Ong 
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Table 2.3: Plasmids used in this study. 

Plasmid Description Source 

pCAM-nLIC01 KanR, ligation independent cloning 
expression vector encoding a N-terminal 
dodecahistidine tag 

CA McDevitt 

pCAM-cLIC01 KanR, ligation independent cloning 
expression vector encoding a C-terminal 
dodecahistidine tag 

CA McDevitt 

pCAM-nLIC01-AdcA KanR, adcA gene lacking the signal 
sequence (residues 1 to 26), cloned into 
pCAM-nLIC01 vector 

(Plumptre et al., 
2014) 

pCAM-cLIC01-ZinT KanR, adcA gene lacking the signal 
sequence and the AdcAZnuA domain, cloned 
into pCAM-cLIC01 vector 

This study 

pCAM-nLIC01-
AdcAH63A 

KanR, adcA gene lacking the signal 
sequence with a H63A mutation, cloned into 
the pCAM-nLIC01 vector 

This study 

pUC57-AdcA∆loop KanR, adcA gene lacking the signal 
sequence and His-rich loop (residues 120 to 
136 except Gly124, Gly129 and Gly132), in 
the pUC57 vector. 

This study 

pCAM-nLIC01-
AdcA∆loop 

KanR, synthesised adcA gene from pUC57 
vector lacking the signal sequence and the 
His-rich loop (as above), cloned into pCAM-
nLIC01 vector 

This study 

pCAM-nLIC01-
ZnuA∆loop 

KanR, synthesised adcA gene lacking the 
signal sequence, the AdcAZinT domain and 
the His-rich loop (as above), cloned into 
pCAM-nLIC01 vector 

This study 

pCAM-nLIC01-
AdcA∆His 

KanR, adcA gene lacking the signal 
sequence, with His63A, His140A and 
His204A mutations, cloned into pCAM-
nLIC01 vector 

This study 

pCAM-nLIC01-
AdcAE66A/E240A 

KanR, adcA gene lacking the signal 
sequence, with E66A and E240A mutations, 
cloned into pCAM-nLIC01 vector 

This study 

pCAM-nLIC01-
AdcAT60C 

KanR, adcA gene lacking the signal 
sequence, with a T60C mutation, cloned into 
pCAM-nLIC01 vector 

This study 

pCAM-nLIC01-
AdcAE66C 

KanR, adcA gene lacking the signal 
sequence, with a E66C mutation, cloned 
into pCAM-nLIC01 vector 

This study 

pCAM-nLIC01-
AdcAT98C/A233C 

KanR, adcA gene lacking the signal 
sequence, with T98C and A233C mutations, 
cloned into pCAM-nLIC01 vector 

This study 
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pCAM-nLIC01-
AdcAA73C/A259C 

KanR, adcA gene lacking the signal 
sequence, with A73C and A259C mutations, 
cloned into pCAM-nLIC01 vector 

This study 

pCAM-nLIC01-
AdcAT60C/T98C 

KanR, adcA gene lacking the signal 
sequence, with T60C and T98C mutations, 
cloned into pCAM-nLIC01 vector 

This study 

pCAM-nLIC01-
AdcAT60C/A233C 

KanR, adcA gene lacking the signal 
sequence, with T60C and A233C mutations, 
cloned into pCAM-nLIC01 vector 

This study 

pCAM-nLIC01-
AdcAT98C/A259C 

KanR, adcA gene lacking the signal 
sequence, with T98C and A259C mutations, 
cloned into pCAM-nLIC01 vector 

This study 

 
  



Chapter 2 

	 39 

2.3 Manipulation of DNA 
 
2.3.1 Genomic and plasmid DNA isolation 

 
Pneumococcal genomic DNA was isolated from 7 mL of mid-log bacterial culture. Cells 

were harvested by centrifugation at 3,270 ´ g, 22°C for 10 min, prior to resuspension in PBS 

with 1% sodium deoxycholate. DNA isolation was performed using the DNeasy Blood & 

Tissue Mini Kit (Qiagen) as per the manufacturer’s instructions. Plasmid DNA was isolated 

from 10 mL of mid-log E. coli cultures. Cells were harvested by centrifugation at 3,270 ´ g, 

22°C for 10 min, and the DNA isolated using the Spin MiniPrep Kit (Qiagen), as per the 

manufacturer’s instructions. 

 
2.3.2 PCR and agarose gel electrophoresis 
 

PCR was performed using Expand High Fidelity DNA polymerase (Roche), or Phusion 

High Fidelity DNA polymerase (ThermoFisher), according to the manufacturers’ 

instructions, on a MasterCycler Nexus thermal cycler (Eppendorf). For overlap extension 

PCR, where multiple DNA fragments were amplified together to form a larger product, 

equimolar quantities of each DNA fragment were used as the template, to a total template 

quantity of 25 ng. DNA was mixed with 5 × GelPilot DNA Loading Dye (Qiagen) prior to 

electrophoresis on gels composed of 0.8 to 1.5% agarose dissolved in TAE [40 mM Tris, 20 

mM acetic acid, 1 mM ethylenediaminetetraacetic acid (EDTA)], with RedSafe Nucleic Acid 

Solution (Intron Biotechnology) at 1:10,000. Electrophoresis was performed in TAE at 

160 V. DNA was visualised by transillumination with short wavelength ultraviolet light using 

a Gel Doc XR system (Bio-Rad). Purification of PCR-amplified DNA was performed using 

the QIAquick PCR Purification Kit (Qiagen) according to the manufacturer’s instructions. 

 
2.3.3 Site-directed mutagenesis 
 

To generate point mutants in the nLIC01 AdcA expression construct (Table 2.3), the 

QuikChange Lightning Site-Directed Mutagenesis Kit (Agilent) was used according to the 

manufacturer’s instructions, on a MasterCycler Nexus thermal cycler (Eppendorf). 

Oligonucleotides for site-directed mutagenesis are listed in Table 2.1. 
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2.3.4 DNA quantification and sequencing 

 
The quantity and quality of purified DNA was assessed using a PHERAstar FS 

spectrophotometer (BMG Labtech). The A340 value was subtracted from the A260 value and 

this value was multiplied by 50 to give the DNA concentration in ng/µL. The purity of the 

DNA was assessed using the A260/A230 and A260/A280 values, which gave an indication of 

contamination of the DNA samples with salts and protein, respectively. Samples with 

A260/A230 and A260/A280 values of >1.8 were deemed of sufficient quality for subsequent 

applications. DNA was submitted to the Australian Genome Research Facility for 

sequencing. 

 
2.3.5 Restriction enzyme digest 
 

T4 DNA ligase and restriction enzymes SwaI and DpnI (New England Biolabs) were 

used according to the manufacturer’s instructions. 

 
 
2.4 Transformation of bacteria 
 
2.4.1 Pneumococcal transformation 

 
Pneumococcal strains were grown in THY medium to OD600 of 0.4. Cultures were 

subsequently diluted 1:10 in THY competence medium (THY supplemented with 0.2% w/v 

BSA, 0.2% w/v glucose, 0.02% w/v CaCl2) and incubated with 100 ng/mL competence-

stimulating peptide I (CSP-1) for 14 min at RT. Purified DNA (20 to 30 ng) was then added 

and cells were incubated at 37°C for 2 - 3 h, then plated onto BA supplemented with the 

appropriate antibiotic. Successful transformants were verified by PCR and DNA sequencing. 

 
2.4.2 Preparation of competent E. coli and transformation 
 

E. coli XL10 GOLD and Lemo21(DE3) cells were made chemically competent for 

bacterial transformation. XL10 GOLD was grown in 20 mL LB supplemented with 20 mM 

MgSO4 for 8 h at 37°C with shaking, then subcultured into 500 mL LB with 20 mM MgSO4 

and grown at 20°C with shaking to an OD600 of 0.5 – 0.7. The culture was cooled on ice for 

10 min prior to centrifugation at 3,270 × g at 4°C for 10 min. Cells were resuspended in 80 

mL of chilled transformation buffer [10 mM piperazine-N,N’-bis(2-ethanesulfonic acid) 
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(PIPES), 15 mM CaCl2, 250 mM KCl, 55 mM MnCl2] and incubated on ice for a further 10 

min, prior to centrifugation at 3,270 × g at 4°C for 10 min and subsequent resuspension in 

20 mL chilled transformation buffer with 2.5 mL dimethyl sulfoxide (DMSO). Cells were 

then aliquoted, flash frozen and stored at −80°C. The Lemo21(DE3) competent cells were 

made essentially the same way, but with the inclusion of chloramphenicol in the growth 

media to maintain the pLemo plasmid. To transform the chemically-competent cells, an 

aliquot was thawed and 100 µL of cells were incubated with 1 – 10 ng of plasmid DNA for 

30 min on ice. Cells were heat-shocked at 42°C, incubated on ice for 1 min, then 1 mL LB 

added and cells recovered at 37°C with shaking for 1 – 2 h. 100 µL of culture was then spread-

plated onto LB agar plates containing the appropriate antibiotics, and grown overnight. 

Single colonies were streaked out to obtain a clonal population.  

 
2.4.3 Construction of pneumococcal strains expressing adcA mutants 

 
To generate strains of pneumococci expressing mutant isoforms of adcA, the Janus 

cassette (Sung et al., 2001) was used to replace adcA (SPD_1997) by homologous 

recombination in a D39 ∆adcAII strain that is resistant to streptomycin via a mutation in 

rpsL. To introduce the Janus cassette, 2 kb of the upstream and downstream flanking regions 

of adcA were PCR amplified from D39 genomic DNA using primers complementary to the 

flanking region and the Janus cassette, i.e. adcA_flank_F with adcA_Janus_X for the 

upstream flank, and adcA_flank_R and adcA_Janus_Y for the downstream flank. The 

flanking regions were joined to the Janus cassette using overlap extension PCR, and this 

DNA fragment was transformed into streptomycin-resistant D39 ∆adcAII and plated onto 

BA supplemented with kanamycin. PCR and sequencing were performed to confirm 

replacement of adcA with the Janus cassette.  

The mutant isoforms of AdcA of interest to pneumococcal Zn acquisition were PCR 

amplified from the relevant AdcA protein expression constructs (see Table 2.3) using the 

oligonucleotides adcA_F and adcA_R1 or adcA_R2. To produce flanking regions of adcA 

with ends complementary to the adcA mutant inserts, 2 kb flanking regions were amplified 

from D39 genomic DNA using adcA_flank_F with adcA_X, and adcA_flank_R with 

adcA_Y1 or adcA_Y2. Overlap extension was used to join the flanking regions onto the adcA 

mutant insert, and this was subsequently transformed into the D39 ∆adcAII adcA::Janus 

strain. Transformants were plated onto BA supplemented with streptomycin to select for 
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loss of the Janus cassette. Replacement of the Janus cassette with the adcA mutant sequences 

was confirmed by PCR and sequencing. 

 
 
2.5 Protein analyses 
 
2.5.1 Protein expression 
 

The expression constructs nLIC01 and cLIC01 (see Table 2.3) were used to produce 

recombinant proteins featuring N- or C-terminal dodecahistidine tags, respectively. Protein 

expression was performed using the E. coli expression strain Lemo21(DE3). 20 mL LB pre-

cultures were grown to mid-log then subcultured into 500 mL Overnight Express (Merck) 

in UltraYield flasks (Thomson Instrument Company) and grown to high cell density for 18 

h at 27°C with vigorous shaking. Cells were harvested and the pellets stored at −80°C. 

 
2.5.2 Protein purification 
 

Cell pellets were thawed in resuspension buffer (50 mM MOPS, 400 mM NaCl, 20% 

glycerol pH 7.8) with a cOmplete EDTA-free Protease Inhibitor tablet (Sigma), prior to 

homogenisation in a Tissue Grinder (Wheaton). Cells were then lysed using a Cell Disruptor 

(Constant Systems) at 30 kPsi, and DNase I added to the cell lysate prior to centrifugation at 

4°C for 75 min at 120,000 × g. The supernatant was then isolated and loaded onto an ÄKTA 

Purifier fast performance liquid chromatography system (GE Healthcare Life Sciences). 

Recombinant proteins were purified using a HisTrap HP column (GE Healthcare Life 

Sciences) equilibrated with binding buffer (50 mM MOPS, 400 mM NaCl, 20% glycerol, 15 

mM imidazole, pH 7.8). Dodecahistidine-tagged protein was eluted in 5 mL fractions using 

increasing concentrations of elution buffer (50 mM MOPS, 400 mM NaCl, 20% glycerol, 1 

M imidazole, pH 6.6). Fractions were analysed by SDS-PAGE and immunoblotting to 

confirm elution of the recombinant protein and to assess its purity. Recombinant proteins 

were subsequently desalted into binding buffer using a HiPrep 26/10 Desalting column (GE 

Healthcare Life Sciences) on an ÄKTA Purifier system. The protein yield was determined 

using the A280 measurement, the molar extinction coefficient for the recombinant protein 

(full-length AdcA 70,710 M-1.cm-1; AdcAZinT-only 40,340 M-1.cm-1), and a path length of 0.588 

cm. These values were converted into the protein concentration using the Beer-Lambert law 

(A280 = ƐCL, where Ɛ is the molar extinction coefficient, C is the protein concentration, and 
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L is the path length). In the case of mutant isoforms of full-length AdcA, the molar extinction 

coefficient for wild-type AdcA was used. 

Prior to biochemical analyses, the dodecahistidine tag was removed by proteolytic 

cleavage using 3C Protease from Human Rhinovirus. Recombinant purified protein was 

mixed with protease at a ratio of 10:1 purified protein to protease for 1 h at 4°C. Untagged 

protein was then isolated with a HisTrap HP column on an ÄKTA Purifier, using the binding 

and elution buffers detailed above. Untagged protein was eluted from the column in the 

flowthrough fractions with binding buffer, whereas tagged protein and 3C Protease eluted 

in elution buffer. Tag cleavage was confirmed using SDS-PAGE and immunoblotting of peak 

fractions. 

 
2.5.3 SDS-PAGE and immunoblotting of purified proteins 

 
Protein samples were loaded onto 4 – 12% Bolt Bis-Tris polyacrylamide gels 

(ThermoFisher) and electrophoresed at 200 V for 25 min. To visualise proteins, gels were 

stained with PageBlue Protein Staining Solution (ThermoFisher) and destained in MilliQ.  

 
2.5.4 Protein demetallation and metal content analysis 
 

Purified, untagged protein was subject to dialysis to obtain apo (metal free) protein. The 

protein was dialysed in Slide-A-Lyzer Dialysis Cassettes (ThermoFisher), with a molecular 

weight cut-off of 20 kDa, against 4 L of unfolding buffer (20 mM sodium acetate pH 5.5, 100 

mM NaCl, 20 mM EDTA) over 24 h at RT, followed by 4 L of refolding buffer (20 mM MOPS 

pH 7.2, 100 mM NaCl) over 24 h at 4°C. The dialysed protein was subsequently analysed 

using ICP-MS to confirm it was apo (see Section 2.5.6).  

 
2.5.5 Protein metal-loading assay 
 

20 µM apo protein was mixed with 200 µM ZnSO4 in a 2 mL volume for 1 h at RT. 

Unbound metal ions were removed by applying the sample to a PD10 Desalting Column 

(GE Healthcare Life Sciences) pre-equilibrated with refolding buffer. The desalted sample 

was then analysed for metal content by ICP-MS (see Section 2.5.6). 

 
2.5.6 ICP-MS analysis of purified proteins 
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Proteins to be analysed by ICP-MS were diluted to 2 – 5 µM in 3.5% HNO3 and boiled 

at 96°C for 15 min. Samples were cooled before centrifugation for 25 min at 18,000 × g to 

remove debris. The solution metal ion content was determined on an Agilent 7500cx ICP-

MS (Adelaide Microscopy, University of Adelaide), from which the metal to protein ratio 

could be calculated. 

 
2.5.7 Differential scanning fluorimetry (DSF) assay 

 
10 µM apo untagged protein was incubated with 10 to 100 molar equivalents of ZnS04 

and 5 × SYPRO Orange Protein Dye (ThermoFisher) diluted 1000-fold for 10 min at RT, 

prior to thermal unfolding from 37°C to 97°C with a ramp rate of 1°C a min using an LC480 

Real-Time Cycler (Roche). An excitation wavelength of 470 nm and an emission wavelength 

of 570 nm was used. GraphPad Prism software was used to calculate the first derivative of 

the fluorescence, from which the melting temperature of the proteins could be determined. 

 
2.5.8 Mag-Fura-2 competitive zinc-binding assay 
 

The affinity of AdcAZinT for zinc was determined via a competitive assay with the zinc 

fluorophore Mag-Fura-2 (ThermoFisher). The increase in fluorescence intensity of 150 nM 

zinc-loaded Mag-Fura-2 in response to increasing concentrations of apo AdcAZinT was 

monitored with excitation (370 ± 10 nm) and emission (520 ± 10 nm) wavelengths. The KD 

of AdcAZinT for zinc was then derived using the experimentally-derived KD of Mag-Fura-2 

for zinc and a log10[inhibitor] versus response model in GraphPad Prism. 

 
2.5.9 Crystallisation and structure determination of AdcA 
 

Untagged apo AdcA was purified as above, and provided to Zhenyao Luo at the 

University of Queensland for crystallisation and subsequent structure determination. Sparse 

matrix screens were performed using plates from Hampton Research (Index, PEG/Ion, 

PEGRx, Precipitant Synergy) and Molecular Dimensions (JCSG+, Morpheus Screen, PACT, 

ProPlex), with a total of 768 conditions tested. The 96-well hanging-drop vapour diffusion 

plate format was used for protein crystallisation, with 100 nL protein and 100 nL reservoir 

solution per drop. Plates were set up at the University of Queensland Remote Operation 

Crystallization and X-ray Diffraction (UQROCX) facility using the Mosquito robot (TTP 

Labtech), and incubated in a Rock Imager at 20°C with frequent monitoring for crystal 
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formation. AdcA crystals were grown in 10% w/v polyethylene glycol (PEG) 20000, 18% v/v 

PEG MME 550, 0.03 M CaCl2, 0.03 M MgCl2, and 0.1 M MES/imidazole pH 6.5 at 18°C with 

a protein concentration of 10 mg/mL and ZnCl2 at a 1:10 protein to zinc molar ratio. Crystals 

were fully formed after 10 days and were flash-cooled by rapid immersion in liquid nitrogen 

prior to data collection. The diffraction data were collected on a single crystal at the 

Australian Synchrotron (MX1 beamline). Diffraction information is provided in Table 2.4. 

To determine the structure of AdcA, the diffraction data were indexed and integrated using 

XDS (Kabsch, 2010), then scaled in Aimless (Evans and Murshudov, 2013) and CCP4. Initial 

phases were obtained by molecular replacement using Phenix.Phaser (McCoy, 2007; Adams 

et al., 2010), followed by model building in Phenix.AutoBuild (Terwilliger et al., 2008). The 

structure was adjusted manually in Coot (Emsley et al., 2010) and refined with Phenix.Refine 

(Afonine et al., 2010) and BUSTER (Global Phasing). Structure validity was assessed using 

the Molprobity online server (http://molprobity.biochem.duke.edu) (Chen et al., 2010). 

Each asymmetric unit of the structure contained one protein molecule. The final AdcA 

structure was refined to 1.55 Å resolution. The two metal-binding sites of the protein had 

clear electron density indicating the presence of a metal ion in each binding site. This 

electron density and site occupancy was most consistent with the presence of zinc in the 

metal-binding sites.  

 

2.5.10 Electron paramagnetic resonance (EPR) spectroscopy 
 

Recombinant mutant AdcA protein was expressed and purified as described in Section 

2.5.2. 10 μM of protein was incubated with 100 μM S-(1-oxyl-2,2,5,5-tetramethyl-2,5-

dihydro-1H-pyrrol-3-yl)methyl methanesolfonothionate (MTSL; Santa Cruz 

Biotechnology) in a final volume of 1 mL at 4� for 24 hours under agitation. The free MTSL 

in the protein solution was then removed by dialysis using the SnakeSkin dialysis tubing 10 

kDA molecular weight cut off (MWCO) (ThermoFisher) against 1 L of buffer solution (20 

mM MOPS pH 7.2, 100 mM NaCl) at 4� for 24 hours. The dialysed sample was 

subsequently concentrated to 500 μL using an Ultra-4 Centrifugal filter with 10 kDa MWCO 

(Amicon) and purified by size-exclusion chromatography using a Superdex 75 Increase 

10/300 column (GE Healthcare Life Sciences). The purified sample was then concentrated 

to 50 μM using an Ultra-4 Centrifugal filter with 10 kDa MWCO (Amicon). 100 μL of the 

concentrated sample was loaded into a capillary tube and flash-frozen for EPR measurement.   
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Table 2.4: X-ray data collection and refinement statistics for AdcA. 

 
 
  

Data collection 

Wavelength (Å) 0.954 

Resolution range (Å) 19.84 – 1.55 (1.61 – 1.55) 

Space group P1 21 1 

Unit cell parameters 

a, b, c (Å) 60.1, 44.4, 92.6 

α, β, γ (°) 90.0, 106.8, 90.0 

Completeness (%) 99.6 (95.7) 

Rmerge 0.097 (0.88) 

< I / s(I) > 15.7 (1.9) 

Multiplicity 7.3 (6.2) 
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X-band EPR measurements at RT were recorded in a capillary tube (1.5 mm OD) with a 

Bruker E500 spectrometer using a Bruker super-high Q cavity. Measurements were carried 

out with a modulation frequency of 100 kHz, a modulation amplitude of 0.1 mT, and a 

microwave power of 2 mW (20 dB) (under non-saturating conditions). Q-band DEER data 

at Q-band (ca. 33.3 GHz) at 55 K were acquired on a Bruker X-/Q Elex580 spectrometer 

equipped with a pulse EPR Resonator (EN 5107D2) and a cryogen-free variable temperature 

cryostat from Cryogenic Limited (model PT415).  The four-pulse DEER sequence was 

employed for all measurements; for the detection pulses at frequency nA the sequence was 

p/2−τ1−p− τ1− τ2−p− τ2−echo, and the pump pulse at the frequency nB was moved within 

the time τ1- τ2 of the refocused echo (see Figure 2.1). The detection pulses were phase-cycled 

according to [+x, +x, +x, +; −x, +x, +x, −]. The detection microwave (mw) pulses employed 

lengths of tp/tp/2 = 16 ns/32 ns and the p pump pulse at frequency nB had a duration of tp = 12 

ns. The pump pulse was positioned at the maximum of the NO• signal intensity, and the 

detection pulse sequence was 70 MHz lower in microwave frequency, i.e. nB - nA = 70 MHz. 

A variable τ1 time ranging from ca. 140 − 190 ns (6 increments) was applied to average out 

potential distortions due to nuclear modulations caused by overlap of the excitation range 

of the pump and detection pulses. Time τ2 was made as long at the phase memory relaxation 

TM allowed, from ca. 3.0 µs to 5 µs (see data). The experimental DEER distributions were 

calculated with the Matlab-based programme MMM (www.epr.ethz.ch/software.html). 

 
 
2.6 Molecular dynamics simulations 
 
2.6.1 Preparation of structures and setup of simulation systems 
 

The zinc-bound AdcA crystal structure was used as a starting point for all simulations. 

The crystallographic water molecules were removed. In the crystal structure residues 120 to 

133 that form the His-rich loop in the AdcAZnuA domain were missing. The loop was 

reconstructed using the loop-building tool in Swiss-model (Guex and Peitsch, 1997) 

(http://www.expasy.org/spdbv/). The metal coordinating residues His63, His140 and His204 

were modelled as the ND-H tautomer. For all other His residues the protonation and 

tautomeric states were chosen based on the most likely hydrogen-bonding pattern with   
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Figure 2.1: Four-pulse DEER experiment. 

Four-pulse DEER with the mw detection sequence at ωA applied to the A-spins, and the 
pump pulse at frequency ωB applied to the B-spins. The refocused echo at time 2(τ1+τ2) is 
observed as a function of time t with time zero at t0 = 2τ1 which is outside the spectrometer 
deadtime of ca. 100 ns. 
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surrounding residues. All aspartate and glutamate residues including the metal coordinating 

Glu259 were modelled in their deprotonated state. The N and C-termini were modelled as 

NH3
+ and COO-. To set up the simulation system the protein was placed in a box of SPC 

water (Berendsen et al., 1981). The system was neutralised with Na+ and Cl– ions 

corresponding to an overall concentration of 150 mM NaCl. For simulations of the apo 

protein, the system was set up in the same way except that the metal ions were removed from 

the crystal structure. 
 
2.6.2 Simulation parameters 

 
All MD simulations were performed using the GROMACS (Groningen Machine for 

Chemical Simulation) package version 5.0.1 (Abraham et al., 2015) in conjunction with the 

GROMOS 54A7 force field (Schmid et al., 2011) for proteins. All simulations were 

performed under periodic boundary conditions using a rectangular box with at least 1.2 nm 

between the protein and the box wall. Simulations were carried out in the NPT ensemble 

using a 2 fs time-step. The temperature of the system was maintained at 298 K using a 

Berendsen thermostat (Berendsen et al., 1981) with a time constant of 0.1 ps. Isotropic 

pressure coupling with a time constant of 0.5 ps and a compressibility of 4.5 × 10-5 bar–1 was 

used to maintain pressure at 1.0 bar. Non-bonded interactions were calculated using a twin-

range method with a 0.8 nm short-range cut-off in which interactions were updated every  

time step and a long-range cut-off of 1.4 nm in which the van der Waals and electrostatic 

interactions were updated every 5 steps together with the pair list. The van der Waals 

interactions were evaluated using a 0.8 nm cut-off. To correct for the effect of truncating the 

electrostatic interactions beyond the 1.4 nm long-range cut-off, a reaction field correction 

was applied using a relative dielectric constant of εr = 61.0.  Note that the GROMOS 54A7 

forcefield has been specifically parameterised for use with a reaction field and the given cut-

off values (Schmid et al., 2011). The SHAKE algorithm (Ryckaert et al., 1977) was used to 

constrain the lengths of the covalent bonds. The SETTLE algorithm (Miyamoto and 

Kollman, 1992) was used to constrain the geometry of the water molecules.  

 
2.6.3 Simulations of zinc-bound and apo AdcA 
 

Five independent simulations of the zinc-bound and the apo AdcA were carried out (10 

simulation systems in total). The following same sequence of simulations was performed for 
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each system. After setup, the system was minimised and then relaxed in stages by performing 

a 5 ns simulation in which all protein atoms were positionally restrained (harmonic force 

constant of 500 kJ mol-1 nm-2) followed by a 5 ns simulation with only the backbone atoms 

restrained (harmonic force constant of 500 kJ mol-1 nm-2). Simulations were carried out for 

850 ns during which convergence was monitored using the RMSD of all heavy-atoms in the 

protein. Based on the time evolution of the RMSD the first 100 ns of simulations were treated 

as equilibration and this section of the trajectory was not used for analysis. Thus, in total 3.75 

μs (5 × 750 ns) of production simulations were carried for both the zinc-bound and the apo 

AdcA.  

 

2.6.4 Analysis of MD simulations  
 
2.6.4.1 Cluster analysis  
 

The trajectories from the production run of five independent simulations of zinc-bound 

and apo AdcA were each combined into a single trajectory, each containing 3,750 structures. 

Cluster analysis was performed on the AdcA protein using the clustering algorithm 

described in Daura and co-workers (Daura et al., 1999). Two conformations were considered 

to fall within the same cluster if the heavy-atom RMSD between the conformations was <0.25 

nm. 

 

2.6.4.2 Root mean square deviation (RMSD) 
 

As a measure of the difference between configurations extracted from the trajectories or 

clusters, the RMSD was calculated using the method of Maiorov and Crippen (1994) after 

first performing a rotational and translational fit of each frame of the trajectory to a reference 

structure or domain.  

 

2.6.4.3 Flexibility of the AdcA protein  
 

The mobility of the different domains in the AdcA protein was estimated by the per-

residue root mean square fluctuations (RMSF) calculated from the combined trajectories 

from the zinc-bound and apo AdcA simulations, respectively. The per-residue RMSF was 

calculated by averaging over all atoms in a given residue. 
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2.7 Pneumococcal phenotypic analyses 
 
2.7.1 Growth kinetics assay 

 
Wild-type and mutant pneumococcal strains were grown to mid-log in CDM 

supplemented with 1 µM MnSO4, then subcultured into 96-well plates (Greiner) to a final 

OD600 of 0.05 in 200 µL of CDM supplemented with varying concentrations of ZnSO4 or the 

zinc chelator N,N,N’,N’-Tetrakis(2-pyridylmethyl)ethylenediamine (TPEN). Plates were 

then sealed with gas permeable seals. OD600 measurements were recorded every 30 minutes 

over 16 hours using a FluoSTAR spectrophotometer (BMG Labtech).  

 
2.7.2 Whole cell metal accumulation 
 

Pneumococcal wild-type and mutant strains were inoculated to OD600 0.05 into 45 mL 

CDM supplemented with various concentrations of metal ions and/or TPEN, and grown to 

OD600 0.3, upon which cells were harvested by centrifugation at 7,000 × g at 4°C for 7 min. 

Cells were then washed three times in 20 mL PBS with 5 mM EDTA to remove loosely-

bound surface metal ions, followed by two washes in 20 mL PBS. Each wash was followed by 

centrifugation at 7,000 × g at 4°C for 7 min. Cell pellets were then desiccated overnight in 

pre-weighed 1.5 mL Safe-Lock Tubes (Eppendorf) at 96°C. The dry pellet weight was 

determined prior to boiling in 1 mL 35% HNO3 for 1 h. Insoluble material was removed by 

centrifugation at 18,000 × g for 20 min, and the soluble material diluted tenfold in MilliQ. 

Solution metal concentration was determined using an Agilent 7500cx ICP-MS (Adelaide 

Microscopy). 

 
 
2.8 Murine model of infection 
 
2.8.1 Mice 

 
Outbred female Swiss (CD1) mice were obtained from the Laboratory Animal Services 

breeding facility at the University of Adelaide. All experiments were approved by the 

University of Adelaide Animal Ethics Committee (Animal Welfare Assurance number 

A549-01; project approval number S-2013-053). The procedures performed for this study 

were conducted in strict compliance with the Australian Code of Practice for the Care and 
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Use of Animals for Scientific Purposes (8th Edition, 2013) and the South Australian Animal 

Welfare Act 1985. 

 
2.8.2 Zinc-modified diet 

 
Two-week old mice were provided a low zinc food formula (SF06-016; Specialty Feeds, 

Australia), and acidified drinking water that was either unsupplemented (0 ppm ZnSO4; zinc 

limited) or supplemented with 250 ppm ZnSO4 (zinc replete). This diet was continued for 

two weeks prior to intranasal challenge with pneumococci. 

 
2.8.3 Survival assay 
 

Mice were anaesthetised by intraperitoneal administration of sodium pentobarbitone 

(Ilium) at a dose of 66 µg/g body weight, then subsequently administered approximately 

1×107 CFU of pneumococci suspended in 50 µL serum broth directly onto the anterior nares. 

The challenge dose was confirmed retrospectively by serial dilution and plating on BA. Mice 

were monitored closely for signs of illness and euthanised when moribund.  

 
2.8.4 Pneumococcal colonisation model 
 

To determine the bacterial load during infection, mice were challenged as above in 

Section 2.8.3, then subsequently euthanised at 24 or 36 hours post-challenge by CO2 

asphyxiation. Blood was harvested from the posterior vena cava by syringe. The pleural 

cavity was lavaged through the diaphragm with 1 mL PBS, and the lungs were lavaged with 

1 mL PBS via the trachea. Pulmonary vasculature was perfused with sterile PBS through the 

heart prior to excision of the lungs. The nasopharynx was washed with 1 mL PBS via the 

trachea, followed by excision of the nasal tissue and front upper palate (nasopharyngeal 

tissue). The lungs and nose were homogenised in 1 mL PBS using a Precellys 24-tissue 

homogeniser (Bertin Technologies). All samples were serially diluted in serum broth and 

plated onto BA plates supplemented with gentamycin, and the CFU enumerated after 

overnight growth. 

 
2.8.5 Metal content analysis of mouse tissues 

 
Samples were homogenised prior to boiling at 96°C in the highest concentration of 

HNO3 possible for each niche, i.e. blood, lung and nasopharyngeal tissue were boiled in 35% 
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HNO3, and pleural lavage was boiled in 17.5% HNO3. Samples were centrifuged at 13,000 × 

g for 20 min to remove debris, prior to dilution to a final concentration of 3.5% HNO3. Metal 

ion content was determined using an Agilent 7500cx ICP-MS (Adelaide Microscopy). 

 
2.8.6 Pneumococcal transcriptional analyses 

 
For transcriptional analysis of pneumococci from infected mice, the blood, PL, and 

homogenised lung tissue was diluted in RNAprotect Bacteria Reagent (Qiagen) and 

centrifuged at 400 × g for 5 min to remove eukaryotic cells and tissue debris. Bacterial cells 

were subsequently collected by centrifugation at 3,270 × g for 15 min. For transcriptional 

analysis of pneumococci phagocytosed by THP1 macrophages, differentiated THP1 cells 

were incubated with pneumococcal strain D39 wild-type as described in Section 2.9 below. 

After killing non-phagocytosed bacteria with penicillin and gentamycin, RNAprotect 

Bacteria Reagent was added to lyse the eukaryotic cells and to stabilise the bacterial RNA by 

incubation for 5 min at RT.  

For both mouse tissue and macrophage-derived pneumococcal RNA samples, the 

bacterial RNA was extracted using the acid-phenol method (Ogunniyi et al., 2002) and 

purified using an RNeasy Spin Column (Qiagen). RNA samples were subsequently treated 

with DNase I (Roche) and qRT-PCR was carried out using a SuperScript III One-Step RT-

PCR Kit (ThermoFisher) on a LC480 Real-Time Cycler (Roche). Transcription levels of 

genes analysed were normalised to transcription levels of 16S rRNA. Oligonucleotide 

sequences are listed in Table 2.1. 

 
2.8.7 Flow cytometry 
 

Blood was collected into heparinised tubes from naïve and infected mice by cardiac 

puncture. Red blood cells (RBC) were lysed by hypotonic shock, and the remaining 

leukocytes were isolated by centrifugation at 400 × g for 5 min at 4°C. Lungs were perfused 

with PBS before homogenisation in digestion media [Hank’s Balanced Salt Solution (HBSS; 

ThermoFisher), 125 µg/mL liberase, 100 µg/mL DNase I] for 30 min at 37°C, followed by 

lysis of RBC by hypotonic shock and harvesting of leukocytes as described above. Harvested 

leukocytes were washed in fluorescence-activated cell sorting (FACS) buffer (PBS plus 1% 

heat inactivated foetal calf serum, 0.02% sodium azide [Sigma]), and resuspended in FACS 

buffer prior to blocking in anti-mouse Fc Block (BD) for 30 min at room temperature in the 
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dark. Cells were then incubated with fluorescently-labelled antibodies resuspended in FACS 

buffer for 30 min on ice in the dark, then washed twice in cold FACS buffer, followed by 

resuspension of cells in a final volume of 200 µL of chilled 2% paraformaldehyde (Sigma) 

and storage at 4°C until analysis. Fluorescence data were acquired using a BD LSR II flow 

cytometer with BD FACSDiva software. Acquisition parameters were established using 

unstained and single-stained cells, i.e. cells with no or only one fluorescent antibody stain 

included. Data were then analysed using FlowJo software (FlowJo LLC), using unstained and 

single-stained samples to set gates. See Table 2.5 for immune cell markers used for 

fluorescent antibody labelling.  

 
 
2.8.8 Enzyme linked immunosorbent assay (ELISA) 

 

Mouse plasma and homogenised lung tissue were collected as described in Section 2.8.4. 

The IL-1b and IL-6 expression levels in mouse plasma and homogenised lung tissue were 

determined using the Mouse IL-1b ELISA Kit or Mouse IL-6 ELISA Kit (elisakit.com) 

according to the manufacturer’s instructions. 

 
2.8.9 Immunoblotting of mouse tissues 
 
 

Nf-kB expression levels were determined for mouse blood and lungs by immunoblot. 

Blood and lung samples were collected and treated as described in Section 2.8.4 above. Both 

lung and blood samples were sonicated using a Bioruptor Plus (Diagenode) for 5 cycles of 

10 secs on high. Total protein concentration was determined using the DC Protein Assay 

(Bio-Rad), and 20 µg of each sample was electrophoresed on a 4 – 12% Bolt Bis-Tris 

polyacrylamide gel at 200 V for 30 min prior to transfer to a nitrocellulose membrane using 

an iBlot 7-Minute Blotting System (ThermoFisher). Membranes were blocked with 5% w/v 

skim milk powder in TTBS for 30 min at RT. Blots were incubated with rabbit NF-kB p65 

mAb or rabbit Phospho-NF-kB p65 (Ser536) polyclonal antibody (Cell Signaling 

Technology) at a 1:1,000 dilution in TTBS overnight at 4°C, followed by incubation with goat 

anti-rabbit IRDye 800 (LI-COR Biosciences) diluted 1:10,000 in TTBS for 1 h at RT. Blots   
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Table 2.5: Immune cell markers used for antibody staining. 

 
  Cell type Cell markers 

Blood neutrophils CD11b+ F4/80- Gr1+ 

Blood NK cells CD45+ NK1.1+ 

Blood monocytes CD45+ CD11b+ Ly6c+/- 

Lung monocytes F480+ Gr1high 

Lung neutrophils CD45+ CD11b+ F480- Gr1++ 

Lung NK cells CD11b+ NK 1.1+ 

Lung alveolar macrophages F480+ CD11blow/neg CD11c+ Siglec F+ 
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were dried prior to analysis using an Odyssey Infrared Imaging System (LI-COR 

Biosciences). Band intensities were calculated after subtraction of background signal using 

Image Studio (LI-COR Biosciences) software. 

 
 
2.9 Macrophage killing assays 
 

THP-1 cells (ATCC TIB-202) were grown at 37°C with 5% v/v CO2 in complete RPMI 

medium [RPMI with phenol red (Gibco), supplemented with 10% v/v foetal bovine serum, 

10 mM HEPES, 30 µg/mL penicillin, 50 µg/mL streptomycin]. Cell culture flasks (25 cm2; 

BD Falcon) were seeded with 3.5 × 106 THP-1 cells and differentiated using 100 ng/mL 

phorbol 12-myristate 13-acetate (PMA; Sigma) and incubated for 3 days. Differentiated 

attached THP-1 cells were then washed and incubated in complete RPMI without PMA to 

rest cells for at least two days. To zinc load differentiated THP-1 cells (macrophages), cells 

were incubated with 30 µM zinc pyrithione (Sigma) in complete RPMI for two hours, 

followed by thorough washing in HBSS. Macrophages were detached using 1 mL StemPro 

Accutase (ThermoFisher) and washed in HBSS prior to dilution to 1.1 × 105 cells/mL in 

HBSS. Pneumococcal wild-type D39 and mutant strains were grown as for the phenotypic 

assays described in Section 2.7.1 to OD600 0.3, after which the cells were washed in PBS, 

resuspended in HBSS and co-incubated with the macrophages at a ratio of 1:10 macrophages 

to pneumococci for 90 min at 37°C. The macrophages were then washed with HBSS and the 

extracellular bacteria subsequently killed by incubation with 200 µg/mL gentamycin and 10 

µg/mL penicillin for 30 min at 37°C, followed by washing and then incubation in HBSS for 

60 min. Macrophages were then lysed using 0.0625% Triton X-100 and the phagocytosed 

bacteria were plated onto BA. Bacterial CFU were enumerated after overnight growth at 

37°C with 5% v/v CO2.  

 

2.10 Statistical analyses 
 

The statistical analyses used are indicated in the text. All Student t-tests were two tailed. 

Tukey’s post-test was used for all one-way analysis of variance (ANOVA) tests, unless 

otherwise stated.
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Chapter 3: Structural analyses of AdcA 
 
3.1 Introduction 

 
ABC permeases are widely used by bacterial species to acquire a diverse array of 

substances from their environment, ranging from small molecules such as metal ions, to 

large, complex molecules, including vitamins and carbohydrates (Lewis et al., 2012). The 

specificity of ABC permeases is conferred by their SBP components, as the ABC importer 

translocation pathways do not feature internal ligand-binding sites (Korkhov et al., 2012; 

Locher, 2016). A notable exception is the maltose-uptake permease MalFGK2 from E. coli, 

which has been shown to contain a maltose-binding site within its ABC importer machinery 

(Oldham et al., 2007). Despite significant differences in their size, sequence homology and 

ligand specificity, SBPs share a common overall architecture of two lobes connected by a 

linker region, with the ligand-binding site formed at the interface between the two lobes 

(Quiocho and Ledvina, 1996).  

A wealth of high-resolution structures of different SBPs has enabled the classification of 

SBPs into six clusters, A to F, based on their structural interrelatedness (Table 3.1) 

(Berntsson et al., 2010; Scheepers et al., 2016). The linker region between the two lobes is a 

key differentiating factor between the clusters. Clusters B, C, D and F feature linker regions 

composed of two or three strands that vary in length between each cluster (Berntsson et al., 

2010; Scheepers et al., 2016). In contrast, in Cluster A SBPs the two lobes are connected by 

an α-helix (Berntsson et al., 2010). Cluster E SBPs feature a linker region composed of a long 

β-strand that spans the protein. However, it is important to note that Cluster E SBPs are not 

associated with ABC permeases, and instead are part of tripartite ATP-independent 

periplasmic (TRAP)-mediated transport (Mulligan et al., 2011). In addition to their linker 

regions, the clusters also differ in their ligand specificity. Metal transport is predominantly 

associated with Cluster A, which exclusively bind metal ions and metal chelates, and to a 

minor extent Cluster D. Cluster A can be further subdivided into Cluster A-I, which directly 

bind the transition-metal ions manganese, iron and zinc, and Cluster A-II, which bind 

chelated metals such as haem and vitamin B12.   
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Table 3.1: Structural classification of SBPs. 

Adapted from (Berntsson et al., 2010) and (Scheepers et al., 2016). 
 

 

a: Not associated with ABC permease systems. 
  

Cluster Linker region Ligand 
A-I 

Single α-helix 
Metal ions (Mn, Fe, Zn) 

A-II Metal chelates 
B-I 

Three strands 

Carbohydrates, sugar 
alcohols 

B-II Amino acids 
B-III Aromatic acids 
B-IVa Natriuretic compounds 
B-Va Glutamate 
C Additional domain Peptides, cellobiose, 

opine, Ni ions 
D-I 

Two short strands 

Sugars, sugar alcohols, 
polyamines 

D-II Thiamine, polyamines 
D-III Tetrahedral oxyanions 
D-IV Fe ions 
E-Ia 

Single β-strand 

Organic acids, amino 
alcohols, dipeptides, 
glycerol-3-phosphate 

E-IIa Amino acids 
F-I 

Two long strands 

Thiamine, pyrimidines, 
sulphonates, bicarbonate 

F-II Methionine 
F-III Osmoprotectants 
F-IV Amino acids 
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The structures of numerous Cluster A-I SBPs have been solved, revealing a conserved 

architecture (Lawrence et al., 1998; Lee et al., 1999; Banerjee et al., 2003; Li and Jogl, 2007; 

Loisel et al., 2008; Yatsunyk et al., 2008; Ilari et al., 2011). The two lobes are each composed 

of four antiparallel β-strands that are flanked by α-helices, known as the (α/β)4 fold, which 

are connected by an α-helical linker region of approximately 30 residues. Despite their high 

degree of structural conservation, Cluster A-I SBPs broadly fall into three groups based on 

their metal ion specificity: zinc-binding SBPs, manganese and iron-binding SBPs, and SBPs 

that bind all three metal ions (Eijkelkamp et al., 2015). The specificity for their cognate 

metals is largely governed by the combination of coordinating residues in the metal-binding 

pocket. In the Cluster A-I SBPs associated with iron and manganese uptake, the metal-

binding pockets typically feature two histidine residues, which coordinate the metal ion via 

their Nɛ2 atoms, and two carboxylate groups, from aspartate or glutamate residues. The 

carboxylate groups can act as either monodentate or bidentate ligands, thereby permitting 

up to six-coordinate binding, which is the preferred geometry for these metal ions 

(Eijkelkamp et al., 2015). In contrast, the metal-binding pockets of zinc-specific SBPs are 

typically composed of three histidine residues and a glutamate residue, which together 

coordinate the zinc ion by four-coordinate binding. Notably, in the third Cluster A-I group, 

TroA from Treponema pallidum exhibits a distinct metal-binding pocket composed of three 

histidine residues and an aspartate residue, which can accommodate a zinc ion in an unusual 

pentavalent geometry (Lee et al., 1999; Zheng et al., 2011), but can also accommodate 

manganese and iron ions (Desrosiers et al., 2007). The features of structurally-characterised 

Cluster A-I SBPs are summarised in Table 3.2. 

In addition to the different composition of the metal-binding pocket, the zinc-specific 

SBPs also differ from the other Cluster A-I SBPs via the presence of a His-rich loop. To date, 

all of the structurally characterised zinc-specific SBPs feature this loop, with the exceptions 

of AdcAII from S. pneumoniae and Lbp from S. pyogenes (Banerjee et al., 2003; Loisel et al., 

2008; Yatsunyk et al., 2008; Linke et al., 2009; Ilari et al., 2011). Notably, the His-rich loop is 

yet to be visualised in a crystal structure due to its high mobility, although its position has 

been inferred to be adjacent to the metal-binding pocket. The His-rich loop varies in length, 

from 17 to 50 residues, and in amino acid composition, although it always features a high 

proportion of histidine and other charged residues such as glutamate (Banerjee et al., 2003). 

In several ZnuA homologues, the His-rich loop has been suggested to coordinate additional 

zinc ions (Lu et al., 1997; Wei et al., 2007; Yatsunyk et al., 2008; Ilari et al., 2011), although 



 

	

Table 3.2: Structural features of characterised Cluster A-I SBPs. 

Adapted from (Eijkelkamp et al., 2015). Only the AdcAZnuA domain zinc-coordinating residues are shown for AdcA. 
 

Protein Ligand Coordinating ligands Coordination 
number 

Length of 
His-rich 

loop 

Resolution 
(Å) 

PDB ID Reference 

1 2 3 4 

AdcA 
S. pneumoniae Zn His63 His140 His211 Glu279 4 26 1.6 NA NA 

AdcAII 
S. pneumoniae Zn His71 His147 His211 Glu286 4 NA 2.4 3CX3 (Loisel et al., 

2008) 
Lbp 

S. pyogenes Zn His66 His142 His206 Glu281 4 NA 2.5 3GI1 (Linke et al., 
2009) 

ZnuA 
E. coli Zn His60 His143 His207 Glu59 4 21 2.0 2PS0 (Yatsunyk et al., 

2008) 
ZnuA 

S. Typhimurium Zn His140 His147 His211 Glu59 4 28 1.9 2XQV (Ilari et al., 2011) 

ZnuA 
Synechocystis 

6803 
Zn His83 His179 His243 water 4 25 1.9 1PQ4 (Banerjee et al., 

2003) 

TroA 
T. pallidum Zn His68 His133 His199 Asp279 5 NA 1.8 1TOA (Lee et al., 1999) 

TroA 
S. suis Zn His76 His139 His205 Asp289 5 NA 2.6 3MFQ (Zheng et al., 

2011) 
PsaA 

S. pneumoniae Mn His67 His139 Glu205 Asp280 4 NA 2.8 3ZTT (McDevitt et al., 
2011) 

MntC 
S. aureus Mn His50 His123 Glu189 Asp264 6 NA 2.2 4K3V (Gribenko et al., 

2013) 
MntC 

Synechocystis 
6803 

Mn His89 His154 Glu220 Asp295 4 NA 2.9 1XVL (Rukhman et al., 
2005) 

MtsA 
S. pyogenes Fe His68 His140 Glu206 Asp281 6 NA 1.8 3HH8 (Sun et al., 2009) 
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the physiological relevance of this remains unknown. Numerous roles have been proposed 

for the His-rich loop, including facilitating zinc recruitment into the metal-binding pocket, 

acting as a zinc sensor to modulate zinc binding, or stabilising complex formation between 

ZnuA and the periplasmic zinc chaperone ZinT (Wei et al., 2007; Falconi et al., 2011; Ilari et 

al., 2011; Castelli et al., 2013; Ilari et al., 2014). However, experimental evidence to support 

these proposed roles is lacking. 

A small subset of zinc-specific SBPs also feature a C-terminal domain that has homology 

to ZinT. These SBP-ZinT fusion proteins have been identified in S. pneumoniae, S. pyogenes, 

S. mutans, Enterococcus faecalis and S. aureus (Panina et al., 2003). Similar to other zinc-

specific SBPs, these proteins also feature a His-rich loop region in their SBP domain. The 

presence of the His-rich loop and a ZinT-like domain in these proteins may therefore 

provide a useful model for understanding the roles of the His-rich loop and ZinT in bacterial 

zinc uptake. However, the paucity of structural data for these proteins has hampered detailed 

investigations of these structural features and their roles in zinc binding. 

In this chapter, the structural features of AdcA from S. pneumoniae, including the His-

rich loop and the AdcAZinT domain, are explored through a combination of structural, 

biochemical and phenotypic analyses. These provide important insights into pneumococcal 

zinc uptake in conditions of severe zinc limitation, i.e. during host infection. Furthermore, 

these findings afford a greater understanding of bacterial zinc acquisition via zinc-specific 

SBPs in other bacterial species. 

 

 

3.2 Results 

 

3.2.1 Purification and crystallisation of full-length AdcA. 

 
To gain insights into the structure of AdcA, X-ray crystallography was undertaken. 

Primary sequence analysis of AdcA showed that it contained a signal sequence cleavage site 

between residues 26 and 27 (Figure 3.1), therefore the first 26 residues were truncated in 

recombinant AdcA. Recombinant AdcA was heterologously expressed in E. coli (DE3) 

Lemo21, and purified using a dodecahistidine (12�His)� tag at its N-terminus via 

immobilised metal ion affinity chromatography (IMAC). Previous studies in our laboratory 

have shown that the dodecahistidine tag can bind numerous zinc ions, which could affect 
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downstream zinc-binding analyses of the His-tagged protein. Therefore, the His-tag was 

removed by proteolytic cleavage using 3C protease prior to subsequent analyses. Purification 

yielded protein of greater than 95% homogeneity, which was suitable for X-ray 

crystallography (see Appendix A for UV traces and SDS-PAGE of protein purifications). 

Prior to crystallisation, the purified protein was demetallated to generate apo protein, which 

was confirmed by ICP-MS analysis (see Section 2.5.6). To identify optimal crystallisation 

conditions for AdcA, the untagged apo protein was provided to Dr Zhenyao Luo and Prof. 

Bostjan Kobe (University of Queensland), who performed sparse matrix screens with AdcA 

in the presence of a tenfold molar excess of zinc. 768 conditions were screened in total, with 

only one of these yielding small crystals. This condition was further optimised by making 

small alterations in the matrix conditions, with larger crystals observed in 10% w/v 

polyethylene glycol (PEG) 20000, 18% v/v PEG MME 550, 0.03 M CaCl2, 0.03 M MgCl2 and 

0.1 M MES/imidazole pH 6.5, with a protein concentration of 10 mg/mL. Notably, attempts 

to obtain crystals in the absence of zinc were unsuccessful. Crystal diffraction data were 

collected on the Australian Synchrotron beamline MX1, and are summarised in Table 2.4. 

For further details of data collection and refinement, see Section 2.5.9. One protein molecule 

is in the asymmetric unit, and the refined structure has a resolution of 1.55 Å. Residues 120 

to 133, which correspond with the His-rich loop of AdcA, were poorly resolved, therefore, 

the loop was reconstructed using the loop-building tool in SWISS-MODEL (Guex and 

Peitsch, 1997). 

 

3.2.2 The crystal structure of full-length AdcA. 
 

The refined structure of AdcA with the reconstructed His-rich loop reveals a two-

domain organisation, with each of the AdcAZnuA and AdcAZinT domains forming discrete 

globular protein domains that are connected by a linker of 16 amino acids (Figure 3.2). Two 

zinc ions were identified in the structure, one in each domain. The AdcAZnuA domain has a 

bi-lobed architecture, consisting of an N-lobe and a C-lobe that are each composed of four 

antiparallel β-strands sandwiched by four α-helices in an (α/β)4 fold (Figure 3.3a). The two 

lobes are connected by an α-helical linker of 26 residues. This fold is consistent with the 

Cluster A-I SBPs (Berntsson et al., 2010). The His-rich loop joins strand β4 and helix α4 in 

the N-lobe. While the loop reconstruction positioned the His-rich loop next to the zinc-

binding pocket of the AdcAZnuA domain, the high mobility of the loop, based on its poor   
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Figure 3.2: The high-resolution crystal structure of AdcA with zinc. 

The structure of the full-length AdcA protein as determined by X-ray crystallography. The 
final structure was resolved to 1.55 Å, and reveals that the protein forms two distinct 
domains, AdcAZnuA (cyan) and AdcAZinT (yellow), connected by a highly mobile linker 
(magenta). The His-rich loop was rebuilt into the crystal structure using the loop-building 
tool in SWISS-MODEL (Guex and Peitsch, 1997), and is highlighted in red. Two zinc ions 
were identified in the structure, one in each domain, and are represented as purple 
spheres. 
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Figure 3.3: The AdcAZnuA domain has a Cluster A-I fold. 

(a) The structure of the AdcAZnuA domain with zinc. The AdcAZinT domain is omitted for 
clarity. The AdcAZnuA domain has a conserved Cluster A-I (α/β)4 fold, with an N- and a C-
lobe connected by a rigid α-helical linker. The zinc ion (purple sphere) is coordinated 
between the two lobes. The His-rich loop was rebuilt into the crystal structure using the 
loop-building tool in SWISS-MODEL (Guex and Peitsch, 1997), and is highlighted in red. 
(b) Stereo representation of the zinc-coordinating site of the AdcAZnuA domain. The zinc ion 
(purple sphere) is coordinated by His63, His140, His204 and Glu279, which are 
represented as blue sticks. Bonds are indicated as yellow dashed lines. 
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electron density in the crystal structure, suggests that the His-rich loop likely occupies 

various positions in the AdcAZnuA domain. The zinc-binding pocket in the AdcAZnuA domain 

is formed at the interface of the two domain lobes, with two coordinating ligands provided 

from each lobe, and is partially open to solvent. The zinc ion is coordinated by His63 (2.0 

Å), His140 (2.1 Å), His204 (2.1 Å) and Glu279 (2.0 Å) (Figure 3.3b). The two histidine 

residues coordinate the zinc ion via their Nɛ2 atoms, and the glutamate residue coordinates 

as a monodentate ligand via its Oɛ2 atom. As a result, the four zinc-coordinating ligands 

facilitate four-coordinate binding of the zinc ion, in an arrangement that resembles 

tetrahedral geometry. Zinc ions prefer tetrahedral coordination with bond lengths less than 

2.1 Å (Harding, 2006), therefore the zinc-binding pocket of the AdcAZnuA domain is near to 

optimal for zinc ion coordination. In contrast to the E. coli ZnuA structure, in which a zinc 

ion was identified in the primary zinc-binding pocket in addition to a secondary site near 

the His-rich loop (Yatsunyk et al., 2008), no additional zinc ions were identified in the 

AdcAZnuA domain, suggesting that the AdcAZnuA domain contains only one zinc-binding site.  

Comparison of the structure of the AdcAZnuA domain with the structures of other Cluster 

A-I SBPs shows a high level of structural conservation between these proteins (Figure 3.4). 

Superimposition of the AdcAZnuA domain structure with the zinc-bound structure of AdcAII 

from S. pneumoniae (PDB ID 3CX3) revealed a root mean square deviation (RMSD) of 1.45 

Å, which indicated a high degree of structural homology (Figure 3.4a). This correlates with 

the 42% sequence identity and 59% sequence similarity between these proteins. The 

AdcAZnuA domain shares 25% sequence conservation with ZnuA from E. coli (Eco_ZnuA), 

and differs from the zinc-bound Eco_ZnuA structure (PDB ID 2PS0) by an RMSD of 2.51 Å 

(Figure 3.4b). The AdcAZnuA domain and PsaA from S. pneumoniae also share 31% sequence 

identity and a similar structure, with an RMSD of 2.09 Å between the AdcAZnuA domain and 

the manganese-bound PsaA structure (PDB ID 3ZTT) from (McDevitt et al., 2011) (Figure 

3.4c). Together, these comparisons indicate that the AdcAZnuA domain has a highly similar 

structure to other Cluster A-I SBPs, consistent with the degree of sequence conservation 

between these proteins.  

The C-terminal domain of AdcA, the AdcAZinT domain, is composed of two smaller 

subdomains (Figure 3.5a). The larger of these has homology with the lipocalin-protein 

family (Flower et al., 2000), and is composed of eight antiparallel β-strands and a short α-

helix. A second small helical subdomain is composed of four short α-helices. Like the   
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Figure 3.4: Comparison of the AdcAZnuA domain structure with other Cluster 
A-I SBPs. 

Superimposition of the AdcAZnuA domain structure (cyan, zinc ion shown as purple sphere) 
with the crystal structures of other Cluster A-I SBPs. (a) zinc-bound AdcAII from 
S. pneumoniae (pink, zinc ion shown as grey sphere) (PDB ID 3CX3) solved to 2.4 Å (Loisel 
et al., 2008). (b) ZnuA from E. coli (orange, zinc ion shown as grey sphere) (PDB ID 2PS0) 
solved to 2.0 Å (Yatsunyk et al., 2008). (c) PsaA from S. pneumoniae (lilac, manganese 
ion shown as grey sphere) (PDB ID 3ZTT) solved to 2.8 Å (McDevitt et al., 2011). 
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Figure 3.5: Structural features of the AdcAZinT domain. 

(a) The structure of the AdcAZinT domain with zinc. The AdcAZnuA domain is omitted for 
clarity. The AdcAZinT domain is composed of two subdomains, a major subdomain with a 
lipocalin fold (Flower et al., 2000), from the calyx protein superfamily, and a small helical 
subdomain. The zinc ion (purple sphere) is coordinated by residues from the lipocalin 
subdomain, and is flanked by the helical subdomain. (b) Stereo representation of the zinc-
coordinating site of the AdcAZinT domain. The zinc ion (purple sphere) is coordinated by 
His452, His461, His463 and a chloride ion (green sphere). The histidine residues are 
represented as yellow sticks. The bonds are indicated as yellow dashed lines. 
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AdcAZnuA domain, only a single zinc ion was observed in the AdcAZinT domain, which was 

coordinated by the Nɛ2 atoms of three histidine residues on the lipocalin subdomain: His452 

(2.0 Å), His461 (2.1 Å) and His463 (1.9 Å) (Figure 3.5b). The fourth coordinating ligand was 

identified as a chloride ion, with a bond length of 2.2 Å. Similar to the zinc-binding pocket 

of the AdcAZnuA domain, the zinc ion appears to be coordinated in a tetrahedral geometry. 

The overall protein fold of the AdcAZinT domain is similar to the structures of zinc-loaded 

ZinT from E. coli (PDB ID 1TXL, RMSD 0.61 Å), and S. Typhimurium (PDB ID 4AYH, 

RMSD 0.53 Å) (Figure 3.6), consistent with the high sequence homology shared by these 

proteins (53% identity between the AdcAZinT domain and both ZinT homologues). 

Collectively, the X-ray crystallography of AdcA revealed a distinct two-domain 

structure, with a canonical Cluster A-I SBP domain, and a C-terminal domain that shares 

significant homology with ZinT proteins from other bacterial species. The two metal-

binding sites identified in the structure, one in each domain, were observed to be ideal for 

zinc binding. Together, these findings are consistent with the established role of AdcA in 

pneumococcal zinc uptake (Dintilhac et al., 1997; Bayle et al., 2011). 

 

3.2.3 The His-rich loop and His63 have roles in zinc binding in AdcA. 
 

The His-rich loop was not visible in the crystal structure, consistent with structures of 

ZnuA from other species (Banerjee et al., 2003; Li and Jogl, 2007; Ilari et al., 2011). Therefore, 

to investigate the role of the His-rich loop in AdcA, a biochemical approach was employed. 

A mutant variant of AdcA was generated in which the His-rich loop residues 120 to 136 were 

deleted (AdcA∆loop). However, the glycine residues within this region were retained so as not 

to constrain the mobility of the protein. Recombinant AdcA∆loop was expressed and purified, 

and rendered apo and untagged as described for wild-type AdcA. Zinc binding by 

recombinant AdcA∆loop was then compared with untagged, apo wild-type AdcA by 

differential scanning fluorimetry (DSF). In the DSF assay, protein unfolding with increasing 

temperature is measured using the fluorescent probe SYPRO orange. Therefore, 

fluorescence intensity can be used as a measure of the stability of the protein with increasing 

temperature, wherein protein-ligand interactions that increase the protein stability are 

indicated by an increase in the melting temperature of the protein. Notably, apo AdcA∆loop 

had significantly higher thermostability than apo wild-type AdcA (Table 3.3; P < 0.01, 

Student’s t-test). This is likely due to the minor destabilising effects of the highly mobile His-   
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Figure 3.6: Comparison of the AdcAZinT domain structure with ZinT 
homologues. 

Superimposition of the AdcAZinT domain structure (yellow, zinc ion shown as purple sphere) 
with the crystal structures of the zinc-bound ZinT homologues from (a) E. coli (PDB ID 1TXL) 
solved to 1.7 Å (salmon, zinc ion shown as grey sphere), and (b) S. Typhimurium (PDB ID 
4AYH) solved to 2.5 Å (Ilari et al., 2014) (green, zinc ion shown as grey sphere). 
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Table 3.3: The effect of zinc on the thermal stability of AdcA wild-type and 
mutant variants. 

Protein Apo Tm (°C)a Zinc-loaded Tm (°C)a ∆Tm (°C)b 

Wild-type AdcA 52.9 ± 0.5 72.0 ± 0.6 + 19.1 ± 1.1 

AdcA∆loop 55.3 ± 0.3 69.5 ± 0.0 + 14.2 ± 0.3 

AdcAH63A 52.6 ± 0.5 66.2 ± 0.5 + 13.6 ± 1.0 
 

a: Values shown are the mean and standard deviation from at least three 

independent experiments. 

b: Values shown are the difference in means of the apo isoform and the zinc-
bound isoform. 
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rich loop, consistent with observations of ZnuA from S. Typhimurium (Ilari et al., 2011). 

Zinc increased the thermostability of both proteins, but to a greater extent in the wild-type 

protein (P < 0.01, Student’s t-test). The reduced thermostabilisation of the AdcA∆loop variant 

by zinc suggested that deletion of the His-rich loop compromised the ability of this protein 

to interact with zinc. By way of comparison, an AdcA mutant variant in which the zinc-

coordinating residue His63 from the AdcAZnuA domain had been mutated to alanine 

(AdcAH63A) was expressed and purified, and the apo isoform was assessed by DSF. 

Perturbation of the metal-binding pocket is highly likely to reduce zinc binding, therefore 

the zinc-bound mutant variant was expected to be less thermostable than zinc-bound wild-

type AdcA. The melting temperature of apo AdcAH63A was comparable to wild-type AdcA, 

which indicated that the H63A mutation did not affect overall protein stability. However, 

the extent of thermostabilisation with zinc was significantly reduced in the AdcAH63A variant 

compared with the wild-type protein (P < 0.001, Student’s t-test), consistent with the effect 

of the His63 mutation on zinc coordination. Notably, the increase in the protein melting 

temperature due to zinc binding was similar in the AdcA∆loop and AdcAH63A mutant variants, 

suggesting that deletion of the His-rich loop may affect AdcA zinc binding to a similar extent 

as perturbation of the zinc-binding pocket of the AdcAZnuA domain.  

As zinc binding by AdcA appeared to be affected by deletion of the His-rich loop and 

substitution mutation of the His63 residue, the ability of the AdcA mutant variants to bind 

zinc was further assessed using zinc-loading analyses. Wild-type AdcA and the mutant 

variants were incubated with a ten-fold molar excess of ZnSO4 for 60 min, prior to removal 

of unbound zinc ions using a PD10 desalting column and subsequent analysis by ICP-MS 

(see Sections 2.5.5, 2.5.6). In contrast to a previous study, in which full-length AdcA was 

shown to bind 1.82 ± 0.1 mol zinc (Plumptre et al., 2014), here wild-type AdcA was found 

to bind 4.1 ± 0.1 mol zinc per mol protein (Figure 3.7). As only two zinc-binding sites were 

identified in the structure of AdcA, this finding suggests that the full-length protein may 

contain additional zinc-binding sites that were not evident in the crystal structure. ZnuA 

homologues from various species have also been found to bind additional zinc ions, which 

are suggested to be coordinated on the His-rich loop of these proteins (Lu et al., 1997; 

Desrosiers et al., 2007; Wei et al., 2007; Yatsunyk et al., 2008; Castelli et al., 2013). Consistent 

with this, the AdcA∆loop variant was found to bind 2.4 ± 0.1 mol zinc per mol protein (P < 

0.0001 compared with wild-type, Student’s t-test), which suggested that the His-rich loop 

may be able to coordinate up to two zinc ions. The AdcAH63A variant also showed perturbed   



Chapter 3 

	 74 

 
 
  

Figure 3.7: Stoichiometry of zinc binding by AdcA mutant isoforms. 

The stoichiometry of zinc binding by recombinant wild-type AdcA, AdcA∆loop and AdcAH63A 
was assessed by ICP-MS analysis of the zinc-loaded proteins. Data are the mean with 
SEM from three independent experiments. Statistical significance was determined using 
multiple Student’s two-tailed t-tests, where *** represents P < 0.001, and **** represents 
P < 0.0001. 
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zinc loading of 3.0 ± 0.1 mol zinc per mol protein (P < 0.001 compared with wild-type, 

Student’s t-test), which indicated that the H63A mutation abrogated binding of one zinc ion. 

Collectively, the DSF and zinc-loading analyses confirm the importance of the His-rich loop 

and the His63 residue in zinc binding by AdcA. Furthermore, the zinc-loading analyses 

suggested that AdcA may contain additional zinc-binding sites, which are probably 

coordinated by the His-rich loop.  

 

3.2.4 The AdcAZinT domain has a nanomolar affinity for zinc. 
 

The zinc-binding biochemical analyses indicated that the His-rich loop and the His63 

residue, which are both located on the AdcAZnuA domain, were important for zinc binding. 

To investigate the zinc-binding properties of the AdcAZinT domain, residues 326 to 501 of 

AdcA were cloned and expressed as a truncated protein variant (AdcAZinT-only), and purified 

and demetallated prior to analysis by DSF as described above. A ten-fold molar excess of zinc 

increased the thermostability of the protein by 11.1 ± 0.3°C. This is consistent with the 

identification of a zinc-binding site in the AdcAZinT domain in the AdcA crystal structure. 

The affinity of the AdcAZinT-only variant for zinc was also assessed. In a previous study, the 

affinity of full-length AdcA for zinc was determined by isothermal titration calorimetry 

(ITC) (Plumptre et al., 2014). A two-site binding model provided the best fit for the data, 

whereby the high-affinity site (2.4 ± 0.1 nM) was proposed to correspond with the AdcAZnuA 

domain, while the lower affinity site (228 ± 88 nM) was assigned to the AdcAZinT domain 

zinc-binding pocket, based on comparisons with other zinc-specific SBPs. Here, we sought 

to experimentally assign these affinities to the AdcAZnuA and AdcAZinT domains by assessing 

the affinity of AdcAZinT-only for zinc using a zinc-fluorophore competition experiment 

(Pederick et al., 2015). Mag-Fura-2 is a zinc fluorophore that binds zinc at a 1:1 ratio, and 

has a KD for zinc of 46.7 ± 10 nM (Plumptre et al., 2014). By measuring the change in 

fluorescence with titration of increasing concentrations of AdcAZinT-only, a KD for zinc of 240 

± 19 nM was derived for this protein (Figure 3.8). This value is consistent with the KD derived 

for the second zinc-binding site in the ITC analysis of full-length AdcA (Plumptre et al., 

2014), and confirm that the KDs were correctly assigned to each domain in that analysis. 

Together, the thermostabilisation data and the affinity findings presented here support a role 

for the AdcAZinT domain in zinc binding, consistent with the identification of a zinc-binding 

site in the crystal structure of full-length AdcA.  



Chapter 3 

	 76 

 

  

Figure 3.8: Determination of the affinity of AdcAZinT-only for zinc. 

The affinity of the isolated AdcAZinT-only truncated protein variant for zinc was determined 
using a competitive binding experiment with Mag-Fura-2. The normalised fluorescence 
emission of Mag-Fura-2 at 520 nm was monitored in response to the addition of 
increasing concentrations of apo AdcAZinT-only. Data are the mean with SEM from three 
independent experiments. Figure adapted from (Plumptre et al., 2014). 
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3.2.5 Sequence analysis of the ZinT proteins and the AdcAZinT domain. 
 

Comparison of the structure of the AdcAZinT domain from the crystal structure of full-

length AdcA with other ZinT structures revealed a high degree of structural conservation 

between these proteins. To further investigate conserved features of ZinT orthologues, a 

primary sequence alignment was performed on the pneumococcal AdcA sequence with ZinT 

sequences from various bacterial species (Figure 3.9). Two previously identified ZinT 

orthologues from bacillus species, YrpE from B. subtilis and pXO1-130 from B. anthracis 

(Puskarova et al., 2002), were also included in the analysis. The multiple sequence alignment 

revealed that the ZinT orthologues and the AdcAZinT domain from S. pneumoniae share 

significant sequence identity, ranging from 48 - 55%. A conserved feature of the analysed 

sequences is a Gly-Xaa-Trp motif, where Xaa is any amino acid. This motif is a strict 

requirement of the lipocalin family of proteins, which are small secreted or cell-surface-

localised proteins that commonly have roles in the transport of small hydrophobic molecules 

(Flower et al., 2000). In addition, a large proportion of the histidine residues in the sequences 

were conserved between proteins. These include the three zinc-coordinating histidine 

residues that have been confirmed by structural analyses of ZinT from E. coli (Eco_ZinT) 

and S. Typhimurium (Sen_ZinT) (Ilari et al., 2014; Colaco et al., 2016), as well as in AdcA 

in the current study. Numerous conserved histidine residues can also be found clustered at 

the N-termini of the sequences, except for the AdcAZinT domain. Notably, in the Gram-

negative species, the predicted signal peptide cleavage sites were found to be directly 

upstream of this six-residue region, which indicates that this His-rich region is located at the 

extreme N-termini of the mature exported proteins. In contrast, in the bacillus species, the 

predicted signal peptide cleavage sites were identified further upstream of the histidine-rich 

regions, and the histidine-rich regions were significantly longer (13 and 17 residues in 

Bsu_YrpE and Ban_pXO1-130, respectively, compared with six in the Gram-negative 

species). A conserved histidine residue is also present at the C-terminus of the sequences, 

including AdcA. The conservation of these N- and C-terminal histidine residues and the 

ability of histidine to coordinate zinc ions suggests that these residues have a functional role 

in zinc binding by ZinT orthologues. However, extensive structural and zinc-binding 

analyses are required to determine how these residues contribute to zinc binding in these 

proteins.  
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Figure 3.9: Sequence alignment of AdcA with ZinT proteins. 

Primary sequence alignment of AdcA from S. pneumoniae with ZinT orthologues from 
various bacterial species was performed using Clustal Omega (Sievers et al., 2011). In 
Spn_AdcA only the sequence of the AdcAZinT domain is shown. Confirmed zinc-
coordinating residues from structural analyses are indicated with red boxes (Ilari et al., 
2014; Colaco et al., 2016). The signal sequence cleavage sites were predicted using 
SignalP 4.1 (Petersen et al., 2011) and/or LipoP 1.0 (Juncker et al., 2003) and are indicated 
by a purple line. The N-terminal His-region of the proteins (except AdcA) are highlighted in 
grey. The lipocalin structural motif is indicated with a green box. The aligned sequences 
are from: Spn, S. pneumoniae (GI: 116515308); Eco, E. coli (GI: 660343915); Sen, 
S. enterica (GI: 808188375); Yen, Y. enterocolitica (GI: 812140103); Kpn, K. pneumoniae 
(GI: 1045950964); Bsu, B. subtilis (GI: 760457884); Ban, B. anthracis (GI: 10956377). 
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3.2.6 Construction of pneumococcal strains expressing mutant adcA isoforms. 
 

A previous phenotypic investigation of S. Typhimurium showed that the ZnuA His-rich 

loop and the ZinT protein have overlapping roles in zinc recruitment in vitro and in vivo 

(Petrarca et al., 2010). Here, the biochemical and structural analyses of AdcA indicated that 

the His-rich loop and the AdcAZinT domain were important for zinc binding by AdcA, which 

supported a potential role for these structural features in pneumococcal zinc uptake via 

AdcA. To examine this, pneumococcal strains expressing mutant variants of AdcA were 

constructed using the Janus cassette system (Sung et al., 2001). Briefly, the Janus cassette, 

which features a kanamycin resistance gene and a dominant streptomycin sensitivity gene, 

was fused with the flanking regions of adcA by overlap extension PCR (Figure 3.10). This 

product was then transformed into a previously generated ∆adcAII strain (Plumptre et al., 

2014), to facilitate homologous recombination of the Janus cassette with the adcA gene in 

the bacterial chromosome. This was performed in a ∆adcAII mutant background, as 

previous studies have shown that AdcA and AdcAII are functionally redundant for growth 

in vitro (Bayle et al., 2011; Plumptre et al., 2014). As a result, expression of AdcAII by the 

adcA mutant strains would mask the potentially perturbed phenotypes resulting from the 

adcA mutations, which necessitated deletion of adcAII in these strains. To introduce the 

mutant isoforms of adcA into the ∆adcAII adcA::Janus strain, the mutants of interest were 

first generated using site-directed mutagenesis (SDM) in a plasmid, before amplification 

followed by fusion to the flanking regions of adcA by overlap extension PCR (Figure 3.11). 

This product was then used to replace the Janus cassette in the ∆adcAII adcA::Janus strain 

by homologous recombination in the same manner as above. Each mutagenesis step was 

verified by PCR (Figure 3.12) and DNA sequencing.  

 

3.2.7 The His-rich loop and the AdcAZinT domain do not contribute to pneumococcal 
zinc uptake in vitro. 

 
To determine the contribution of the His-rich loop and the AdcAZinT domain to the 

function of AdcA, adcA mutant strains were constructed in which the sequences of the 

AdcAZinT domain and the His-rich loop were deleted independently or together from the 

adcA gene. This was performed using the Janus cassette system described above. From this,   
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Figure 3.10: Construction of a Janus cassette for mutagenesis of adcA using 
overlap extension PCR. 

A schematic overview of the construction of the Janus cassette (Sung et al., 2001) with 
adcA flanking regions for replacement of the adcA gene in the D39 chromosome. The 
Janus cassette and the upstream and downstream flanking regions of adcA were 
amplified in separate PCR reactions, then fused using overlap extension PCR via 
complementary regions between the flanking regions and the Janus cassette. This 
product was then used to replace adcA in a previously generated ∆adcAII strain (Plumptre 

et al., 2014) by homologous recombination. The oligonucleotide sequences are listed in 
Table 2.1. 
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Figure 3.11: Construction of an adcA mutant variant with adcA flanking 
regions by overlap extension PCR. 

Plasmids encoding mutant variants of AdcA were used as templates to PCR amplify adcA 
ORFs that featured point mutations or deletions in AdcA. These were fused to adcA 

upstream and downstream flanking regions, that had either 3’ or 5’ regions complementary 
to the mutant adcA inserts, respectively, by overlap extension PCR. This product was used 
to replace the Janus cassette in the ∆adcAII adcA::Janus strain by homologous 
recombination. The oligonucleotide sequences are listed in Table 2.1. 
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Figure 3.12: Construction of adcA mutant variants using the Janus cassette. 

Agarose gel of PCR amplification of the wild-type adcA gene (1,906 bp), adcA replaced 
by the Janus cassette (1,752 bp), and replacement of the Janus cassette with adcA∆zinT 
(1,246 bp), adcA∆loop (1,864 bp), adcA∆zinT∆loop (1,204 bp), and adcA∆His (1,906 bp). 
DNA ladder was used to determine the approximate size of the PCR products. 
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three adcA mutant strains were produced: adcA∆zinT∆adcAII, adcA∆loop∆adcAII, and 

adcA∆zinT∆loop∆adcAII. The ability of these strains to grow in CDM and CDM-TPEN was then 

assessed, compared with the S. pneumoniae wild-type D39, ∆adcAII and ∆adcA∆adcAII 

strains (Figure 3.13). In unsupplemented CDM, the strains grew similarly (Figure 3.13a). To 

achieve zinc-limited media, the zinc-specific chelator TPEN was used. ICP-MS analysis of 

CDM revealed that this medium contained approximately 15 µM zinc, therefore CDM was 

supplemented with 15 µM TPEN to chelate the majority of the available zinc from the media. 

Addition of TPEN had no effect on the growth of wild-type D39 or the ∆adcAII strain 

(Figure 3.13b). However, growth of the ∆adcA∆adcAII strain was severely perturbed in 

CDM-TPEN, consistent with previous studies (Bayle et al., 2011; Plumptre et al., 2014). This 

indicates that the pneumococcus requires at least AdcA to grow in zinc-limited media. 

Importantly, the adcA mutant strains grew similarly to the D39 wild-type and ∆adcAII 

strains. Together, these findings suggest that deletion of the AdcAZinT domain and/or the 

His-rich loop does not affect the ability of AdcA to facilitate zinc uptake in zinc-limited 

media.  

 

3.2.8 Zinc uptake via AdcA is reliant on a functional AdcAZnuA domain. 
 

The AdcAZinT domain was found not to be important for pneumococcal growth in zinc-

limited media in the presence of a functional AdcAZnuA domain, while deletion of both adcA 

and adcAII completely abolished pneumococcal growth in these conditions. In E. coli, ZinT 

could not compensate for loss of ZnuA in zinc uptake (Gabbianelli et al., 2011). This finding 

is consistent with the need for an SBP to deliver zinc ions to ZnuBC. However, as AdcA is a 

fusion protein of the ZinT protein with a ZnuA-like domain, we sought to determine if the 

AdcAZinT domain could facilitate zinc import via AdcCB independently of the AdcAZnuA 

domain. To address this question, the mutant pneumococcal strain adcAznuA∆His∆adcAII was 

constructed, in which the three zinc-coordinating histidine residues of the AdcAZnuA domain 

zinc-coordinating site (His63, His140 and His204) were mutated to alanine residues. The 

growth of this strain was then compared with the D39 wild-type, ∆adcAII and 

∆adcA∆adcAII strains, using the same data for these strains as in Figure 3.13. The four 

strains grew similarly in unsupplemented CDM, although adcAznuA∆His∆adcAII grew 

marginally better than the other three strains (Figure 3.14a). As described in Section 3.2.7, 

in CDM-TPEN growth of the wild-type D39 and the ∆adcAII strains was not affected, while   
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Figure 3.13: The effect of deletion of the AdcAZinT domain and the His-rich 
loop of AdcA on pneumococcal growth in vitro. 

The growth of wild-type D39 (blue), ∆adcAII (orange), ∆adcA∆adcAII (red), 
adcA∆zinT∆adcAII (teal), adcA∆loop∆adcAII (grey), adcA∆zinT∆loop∆adcAII were compared in 
unsupplemented CDM (a), or in CDM supplemented with 15 µM TPEN (b). Absorbance 
measurements at 600 nm were taken every 30 minutes. Data are the mean with SEM 
from at least three independent experiments. 
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Figure 3.14: The effect of perturbation of the zinc-coordinating site of the 
AdcAZnuA on pneumococcal growth. 

The growth of S. pneumoniae wild-type D39 (blue), ∆adcAII (orange), ∆adcA∆adcAII (red), 
and adcAznuA∆His∆adcAII (light blue), were compared in CDM (a), or in CDM supplemented 
with 15 µM TPEN (b). Growth data for the wild-type, ∆adcAII and ∆adcA∆adcAII strains 
were used from Figure 3.13 above. Absorbance measurements at 600 nm were taken 
every 30 minutes. Data are mean with SEM from four independent experiments. 
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the ∆adcA∆adcAII was severely perturbed (Figure 3.14b). Notably, growth of the 

adcAznuA∆His∆adcAII strain was also perturbed to a similar extent as the ∆adcA∆adcAII strain 

in this media. This suggests that mutation of the three zinc-coordinating histidine residues 

in the AdcAZnuA domain is equivalent to deletion of adcA in the ∆adcAII background, despite 

the presence of an intact AdcAZinT domain. Together, these findings indicate that the 

AdcAZnuA domain is critical for high-affinity pneumococcal zinc import via AdcA, and that 

the AdcAZinT domain cannot compensate for this function. This is consistent with the 

requirement of ABC permease systems for the SBP component to facilitate uptake. 

To assess if the reduced growth of the adcAznuA∆His∆adcAII strain in zinc-limited media 

was associated with a reduction in total zinc abundance in these cells, the four strains 

analysed here were grown in CDM or CDM-TPEN and analysed for metal ion content by 

ICP-MS (for more details see Section 2.7.2) (Figure 3.15). The four strains showed no 

significant difference in zinc accumulation in CDM (assessed by one-way ANOVA). 

However, an overall trend of reduced zinc accumulation can be observed in the 

∆adcA∆adcAII and adcAznuA∆His∆adcAII strains, compared with the D39 wild-type and 

∆adcAII strains. In CDM-TPEN, a similar overall trend is observed, although the differences 

were also not statistically significant. The accumulation of other transition metal ions 

(manganese, iron, cobalt, copper and nickel) was also examined, however, no significant 

differences were observed in the accumulation of these metals by the four strains (data not 

shown). Collectively, the phenotypic analyses here indicate that the AdcAZnuA domain is 

critical for AdcA-mediated zinc uptake, while the His-rich loop and the AdcAZinT domain 

are not required for pneumococcal growth in these conditions. 

 

3.3 Discussion 
 

Bacterial species primarily acquire zinc via zinc-specific Cluster A-I SBPs (Capdevila et 

al., 2016). The pneumococcus encodes two zinc-specific Cluster A-I SBPs, AdcA and 

AdcAII, which both have established roles in zinc uptake in vitro and in vivo (Bayle et al., 

2011; Plumptre et al., 2014). While AdcAII has previously been structurally characterised 

(Loisel et al., 2008), AdcA remained uncharacterised by structural methods. In this study, 

zinc binding by AdcA was investigated by structural, biochemical and phenotypic analyses. 

AdcA had previously been proposed to have a two-domain organisation, with a Cluster A-I 

SBP N-terminal domain, and a C-terminal domain with homology to ZinT, based on its   
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Figure 3.15: Whole-cell zinc accumulation by the adcAznuA∆His mutant variant. 

Wild-type D39 (blue), ∆adcAII (orange), ∆adcA∆adcAII (red) and adcAznuA∆His∆adcAII (light 
blue) strains were grown to an OD600 of 0.3, then washed thoroughly in PBS-EDTA and 
PBS to remove loosely associated zinc ions, prior to analysis by ICP-MS. Data are the 
mean with SEM of three independent experiments. Statistical significance was assessed 
using a one-way ANOVA. 
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sequence (Plumptre et al., 2014). Here, we presented the first high-resolution structure of an 

SBP-ZinT fusion protein, and confirmed that the AdcAZnuA and AdcAZinT domains are 

expressed as distinct domains that share significant structural homology with Cluster A-I 

SBPs and ZinT proteins, respectively. In the crystal structure, the two domains are located 

in close proximity, with the side of the zinc-binding pocket of the AdcAZnuA domain and the 

small helical subdomain of the AdcAZinT domain facing each other. However, no clear contact 

interface could be identified in the structure, therefore the observed close orientation of the 

two domains is probably the result of the crystal lattice. Furthermore, the 16-residue linker 

between the two domains is likely to be flexible due to its lack of secondary structure 

elements, which would permit independent movement of the AdcAZinT domain relative to 

the AdcAZnuA domain in solution. This could be assessed on solution-state AdcA by small 

angle X-ray scattering (SAXS), which measures the shape of the protein envelope. 

Experiments such as these would be informative for investigating the dynamicity of the two 

domains and their relative orientations in solution, which is not possible in the static crystal 

structure.  

The crystal structure also revealed two canonical zinc-binding sites, one per domain. The 

identification of three histidine residues and a glutamate residue coordinating the zinc ion 

in the AdcAZnuA domain metal-binding pocket is consistent with the other structurally 

characterised zinc-specific SBPs (Table 3.2). However, despite the overall conservation of the 

metal-binding pockets of zinc-specific SBPs, subtle variations in metal coordination have 

been described, particularly in the oxygen-contributing residue. In Eco_ZnuA and 

Sen_ZnuA, the zinc-coordinating glutamate residue is located directly upstream of the first 

zinc-coordinating histidine residue (Glu59 and His60, E. coli numbering) (Li and Jogl, 2007; 

Ilari et al., 2011). In contrast to Eco_ZnuA and Sen_ZnuA, in AdcAII the zinc-coordinating 

glutamate residue is located on the C-lobe, resulting in a metal-binding pocket comprised of 

two N-lobe residues and two C-lobe residues. The AdcAZnuA domain metal-binding pocket 

resembles that of AdcAII, with the O-contributing ligand provided by a glutamate residue 

in the C-lobe, in contrast to Eco_ZnuA and Sen_ZnuA. Syn_ZnuA features a further 

distinction from the other zinc-specific SBPs, with the fourth O-contributing ligand 

provided by a water molecule rather than a glutamate residue (Banerjee et al., 2003). Despite 

the observed differences in zinc ion coordination by zinc-specific SBPs, the affinity of these 

proteins for zinc is comparable (Table 3.4). Therefore, differences in the zinc-coordination   
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Table 3.4: Affinity of zinc-binding SBPs for zinc. 

 
 
  

Protein Kd for zinc Reference 

AdcAZnuA domain 

S. pneumoniae 
2.4 ± 0.1 nM (Plumptre et al., 2014) 

ZnuA 

Synechocystis 6803 
7.3 nM (Wei et al., 2007) 

ZnuA 

E. coli 
< 20 nM (Yatsunyk et al., 2008) 

ZnuA 

S. Typhimurium 
< 20 nM (Ilari et al., 2014) 
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pockets do not appear to affect how these proteins bind zinc, although structural and 

biochemical characterisation of additional zinc-specific SBPs is required to confirm this. 

Unlike the zinc-coordinating residues in the zinc-specific SBPs, the zinc-coordinating 

histidine residues of ZinT metal-binding pockets are conserved (Ilari et al., 2014 ; Colaco et 

al., 2016). However, the identification of a zinc-coordinating chloride ion in the AdcAZinT 

domain is unusual among the ZinT proteins, as the fourth coordinating ligand in other ZinT 

structures is a water molecule (Ilari et al., 2014). The chloride ion observed in the AdcAZinT 

domain metal-binding pocket may be the result of the mother liquor used for crystallisation 

of AdcA, which contained MgCl2 and CaCl2. Therefore, it is possible that the physiological 

fourth ligand for the zinc ion in the AdcAZinT domain is a water molecule, consistent with the 

Eco_ZinT and Sen_ZinT structures. The coordinating ligands of the AdcAZinT domain could 

be explored further by extended X-ray absorption fine structure (EXAFS), which is a 

spectroscopy technique that can be used to identify metal-coordinating atoms in 

metalloproteins (Ward et al., 2014). This would determine if chloride ions coordinate the 

zinc ion in conditions other than the crystallisation liquor. EXAFS could also be used to 

probe the precise coordination geometry of the zinc-binding pocket in each protein 

domains, to confirm whether the zinc ions are coordinated by tetrahedral geometry as 

suggested by the crystal structure. However, analyses such as these were beyond the scope of 

the current study.  

The identification of two-zinc binding sites in the crystal structure of AdcA was 

consistent with the findings from previous biochemical and biophysical analyses of AdcA 

(Plumptre et al., 2014). However, the zinc-loading analyses here suggested that AdcA could 

bind two additional zinc ions, potentially on the His-rich loop, which is similar to studies of 

ZnuA in other species (Lu et al., 1997; Desrosiers et al., 2007; Wei et al., 2007; Yatsunyk et 

al., 2008; Castelli et al., 2013). The His-rich loop is characterised by a high proportion of 

histidine and acidic residues, which are highly amenable to zinc coordination. The AdcA 

His-rich loop is 17-residues long; therefore, it is conceivable that it could coordinate up to 

two zinc ions. However, it is unclear why the binding of additional zinc ions was not 

observed in the previous analyses of AdcA, or in the crystal structure presented here. One 

difference in the zinc-loading assays performed in the current study, compared with the 

previous study by Plumptre and colleagues, was the temperature at which the protein was 

incubated with zinc; in the current study, the assay was performed at room temperature, in 

contrast to 4°C in the prior study (Plumptre et al., 2014). This may suggest that binding of 
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the additional two zinc ions is temperature dependent. Despite this, the ITC analyses 

conducted previously were performed at 25°C, and only two zinc-binding events could be 

observed in the data, although zinc titrations were not added beyond a 4:1 molar ratio of zinc 

to protein (Plumptre et al., 2014). Therefore, it is possible that additional low affinity zinc-

binding events were occurring but were not observed. Furthermore, the absence of 

additional zinc ions in the crystal structure may be due to the poor electron density of the 

His-rich loop residues. In one of the Eco_ZnuA structures (PDB ID 2PS0), an additional 

zinc ion was observed in the vicinity of the His-rich loop, although the coordinating residues 

could not be resolved (Yatsunyk et al., 2008). The purported high mobility of the His-rich 

loop in AdcA may have similarly prevented the additional zinc ions and their zinc-

coordinating residues from being resolved in the crystal structure. Overall, further 

experiments are required to confirm the presence of these additional zinc-binding sites on 

AdcA, such as ITC analyses of wild-type AdcA and the AdcA∆loop variant at higher zinc to 

protein ratios.  

To examine the roles of the AdcAZnuA domain, the AdcAZinT domain and the His-rich 

loop in zinc uptake via AdcA, phenotypic analyses were undertaken. These revealed that the 

AdcAZinT domain and the His-rich loop were dispensable for pneumococcal growth in zinc-

limited media, unlike the AdcAZnuA domain, which was essential. The importance of the 

AdcAZnuA domain for pneumococcal growth in these conditions suggests that this domain is 

the SBP component of the Adc permease, which is consistent with its homology with other 

Cluster A-I SBPs. While statistically significant differences in zinc accumulation were not 

detected between the strains, the observed trend suggested that zinc accumulation was 

reduced in the adcAznuA∆His∆adcAII and ∆adcA∆adcAII strains compared with the parent 

strains, which is consistent with the perturbed growth of these strains in CDM-TPEN. It is 

possible that with additional replicates the data would reach statistical significance, although 

due to time constraints further replicates could not be obtained.  

Despite the fact that the AdcAZinT domain and the His-rich loop were not found to be 

important for pneumococcal zinc uptake in vitro, it is possible that they contribute to zinc 

uptake in vivo. AdcA and AdcAII have overlapping functionality in vitro, but have been 

shown to have distinct roles in vivo, with AdcA found to be more important than AdcAII for 

pneumococcal fitness in the nasal wash 24 hours after intranasal challenge (Plumptre et al., 

2014). These findings suggest that the AdcAZinT domain and/or the His-rich loop may be 

important for the ability of the pneumococcus to acquire zinc in this niche during infection. 
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To assess the importance of the His-rich loop and the AdcAZinT domain to pneumococcal 

zinc acquisition in the host, competitive index studies could be undertaken, similar to those 

performed previously in (Plumptre et al., 2014). To do this, mice would be challenged with 

equal CFU of the ∆adcAII background strain with each of the adcA∆zinT∆adcAII, 

adcA∆loop∆adcAII and adcA∆zinT∆loop∆adcAII strains in turn. The CFU of the two strains in each 

mouse could then be enumerated in the nasopharynx, lungs and blood 24 hours after 

challenge (Plumptre et al., 2014). A reduced load of the adcA mutant variant strain relative 

to the ∆adcAII strain would indicate that the deleted structural features in adcA are 

important for pneumococcal zinc acquisition in vivo. 

Taken together, the work presented here has revealed the unique two-domain structure 

of AdcA, which is comprised of a canonical Cluster A-I zinc-specific SBP domain and a 

ZinT-like domain, consistent with the role of AdcA in zinc uptake. While the findings 

presented herein suggested that the His-rich loop could bind zinc, neither the His-rich loop 

nor the AdcAZinT domain contributed to pneumococcal zinc uptake in vitro. In contrast, the 

AdcAZnuA domain was found to be essential, consistent with the requirement for a zinc-

specific SBP as part of the Adc permease system. Collectively, these findings provide 

important new insights into the zinc-binding properties of AdcA and its role in 

pneumococcal zinc uptake. 
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Chapter 4: A distinct mechanism of zinc binding by AdcA 
 
 
4.1 Introduction 

 

The SBPs of ABC permease systems play an essential role in binding substances outside 

the cytoplasm, and delivering them to their cognate ABC importer in the lipid bilayer (Cui 

and Davidson, 2011). Despite significant diversity between different SBPs, including size, 

ligand specificity and sequence conservation, all SBPs share a similar architecture of two 

lobes connected by a linker region, with the ligand-binding site buried within the interlobe 

cleft (Berntsson et al., 2010). Ligand binding induces conformational changes that drive the 

transition of the SBP to its closed, liganded state, although structural analyses have suggested 

that these proteins occupy various transient states, including open-unliganded, closed-

unliganded and open-liganded conformations (Tang et al., 2007; Gouridis et al., 2015). 

Notably, while SBPs in numerous conformations have been observed to dock with their ABC 

importers, docking of the closed-liganded conformation is most strongly associated with 

ATP hydrolysis, and is therefore proposed to be the most important conformation for 

transporter function (Austermuhle et al., 2004). This tight coupling of ATP hydrolysis with 

docking of the closed-liganded conformation of the SBP is suggested to prevent futile ATP 

hydrolysis in the absence of a cargo to be transported (Hall et al., 1997a; Sebulsky et al., 2003; 

Austermuhle et al., 2004).  

For a number of SBPs, various conformational states have been captured by crystal 

structures, which has facilitated detailed investigation of their ligand-binding mechanism. 

The “Venus flytrap” mechanism was first described for the E. coli L-arabinose binding 

protein, and later for the leucine-isoleucine-valine SBP LivJ (Mao et al., 1982; Sharff et al., 

1992; Trakhanov et al., 2005). This mechanism is characterised by a large rotation around 

the linker region between the two lobes of these SBPs, concomitant with up to 60° of opening 

of the ligand-binding site (Trakhanov et al., 2005). This large hinge motion is suggested to 

facilitate binding of bulky ligands, such as amino acids in the case of LivJ, or sugars in the 

case of the L-arabinose binding protein. The flexibility of the linker region is explained by 

its composition: LivJ and the L-arabinose binding protein are both Cluster B SBPs, which 

are characterised by a three-stranded linker between the two lobes of the protein (Berntsson 
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et al., 2010). The linker region is therefore suggested to be an important determinant of the 

ligand-binding mechanism of SBPs. 

In contrast to the Cluster B SBPs, Cluster A SBPs feature a linker region composed of a 

single α-helix, which is significantly less flexible than the three-stranded linker of Cluster B 

SBPs (Berntsson et al., 2010; Scheepers et al., 2016). As such, these proteins have been found 

to exhibit significantly more restricted interlobe rotation than their Cluster B counterparts. 

Comparisons of the apo and haem-bound structures of the Cluster A-II SBP HmuT from Y. 

pestis have revealed a rigid body rotation of 12° around its α-helical linker, resulting in a 1 Å 

closure of the haem-binding pocket (Mattle et al., 2010). Similarly, in the Cluster A-I SBP 

PsaA, a 13° rotation of the C-lobe towards the metal-binding pocket has been observed upon 

ligand binding (Counago et al., 2014). These modest interlobe rotations indicate that Cluster 

A SBPs utilise a distinct ligand-binding mechanism to the Venus flytrap, which is not 

characterised by large interlobe movements around a flexible linker region. Detailed 

structural characterisation of PsaA has revealed a ligand-binding mechanism that resembles 

a spring hammer (Counago et al., 2014). By comparing the high-resolution structures of 

manganese-bound PsaA (closed liganded, PDB ID 3ZTT), apo PsaA (open unliganded, PDB 

ID 3ZK7), and a manganese-bound Asn280 mutant variant (open liganded, PDB ID 3ZKA), 

a stepwise mechanism could be determined (Counago et al., 2014). Coordination of the 

manganese ion is initiated by the manganese-coordinating residue Glu205, with subsequent 

coordination of the manganese ion by His139 and Asp280, accompanied by distortion of the 

C-terminal end of the linking helix to introduce an extra helical turn (the “spring”) and 

rotation of the C-lobe towards the metal-binding site (the “hammer”). His67 is the final 

residue to coordinate the manganese ion, to facilitate closure of the ligand-binding site.  

While the spring-hammer mechanism has provided important insights into ligand 

binding by a Cluster A-I SBP, it is still unclear if other Cluster A-I SBPs also use this 

mechanism, such as zinc-specific SBPs. Comparisons of the apo and zinc-bound crystal 

structures of ZnuA from E. coli (Eco_ZnuA) revealed no change in the protein backbone 

(Yatsunyk et al., 2008). The absence of interlobe rotation in ZnuA upon zinc binding 

suggests that a spring-hammer mechanism is unlikely in this protein. Notably, while large 

structural rearrangements were not observed between the apo and zinc-bound structures, 

small rearrangements were identified in the zinc-binding pocket (Yatsunyk et al., 2008). In 

the apo protein, the zinc-coordinating residues Glu59 and His60 were observed to be rotated 

out of the metal-binding pocket, whilst His143 and His207 retained a similar position in the 
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apo and zinc-bound structures. Similar changes in the zinc-binding pocket were observed 

between the apo and zinc-bound structures of ZnuA from Synechocystis 6803 (Syn_ZnuA), 

while the backbone atoms deviated by a minor 0.28 Å (Wei et al., 2007). Taken together, 

these findings suggest that the zinc-specific Cluster A-I SBPs may use a distinct mechanism 

to the spring hammer in PsaA. This is surprising given the highly similar structure and 

function of the zinc- and manganese-specific SBPs. Consequently, further detailed structural 

analyses of other zinc- and manganese-specific SBPs are required to confirm this 

proposition. 

The pneumococcus expresses three Cluster A-I SBPs: AdcA, AdcAII and PsaA. The 

AdcAZnuA domain shares 31% sequence identity with PsaA, 25% sequence identity with 

Eco_ZnuA, and 27% sequence identity with Syn_ZnuA. This moderate degree of sequence 

conservation between the AdcAZnuA domain and these Cluster A-I SBPs suggests that the 

AdcAZnuA domain may utilise a similar ligand-binding mechanism to ZnuA and/or PsaA. 

Despite the importance of AdcA to pneumococcal zinc acquisition (Bayle et al., 2011; 

Plumptre et al., 2014), the details of its ligand-binding mechanism remain to be elucidated. 

In this chapter, the solution-state conformational dynamics of apo and zinc-bound AdcA 

were investigated through a combination of molecular dynamics (MD) simulations and 

electron paramagnetic resonance (EPR) spectroscopy, which together suggest that AdcA 

utilises a distinct ligand-binding mechanism. Collectively, this work provides important 

novel insights into the mechanisms of zinc uptake via AdcCBA, and provides a new 

paradigm for understanding the ligand-binding mechanisms of Cluster A SBPs.  

 

 

4.2 Results 
 

4.2.1 Simulated conformational dynamics of AdcA. 
 

Building on the framework of investigations of ligand binding in ZnuA and PsaA, apo 

and metal-bound structures of AdcA were required to investigate its ligand-binding 

mechanism. The structure of zinc-bound AdcA from S. pneumoniae has been solved, and is 

presented in Chapter 3 of this study. However, attempts to solve the high-resolution 

structure of apo full-length AdcA or the AdcAZnuA domain in isolation were unsuccessful. 

Furthermore, at the time of writing, no apo AdcA structures or further ZnuA structures had 
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been deposited in the Protein Data Bank. Therefore, to investigate the zinc-binding 

mechanism of AdcA, simulations were undertaken to examine structural features of apo 

AdcA. This approach had the additional advantage of providing information about the 

conformational dynamics of AdcA, in contrast to the static structures obtained from protein 

X-ray crystallography. The zinc-binding mechanism of the AdcAZnuA domain, and not the 

AdcAZinT domain, was the focus of this study, as the AdcAZnuA domain is the Cluster A-I SBP 

domain of AdcA, and is therefore the domain that interacts with AdcCB for zinc uptake. 

This is consistent with the finding in Chapter 3 that the AdcAZnuA domain plays a critical role 

in pneumococcal zinc uptake in vitro, which the AdcAZinT domain could not compensate for. 

However, all biophysical and biochemical analyses of the zinc-binding mechanism of 

AdcAZnuA presented herein were performed on the full-length protein, with only the data for 

the AdcAZnuA domain presented. Therefore, any observations made are physiologically 

relevant.  

Five independent MD simulations of metal-free and zinc-AdcA were performed by Dr 

Evelyne Deplazes (University of Queensland). Each simulation was run for 750 ns after 

equilibration of the system, giving a total of 3.75 µs of simulation time for both apo and zinc-

bound AdcA. All simulations used the zinc-bound AdcA crystal structure as a starting point, 

with the zinc-free AdcA simulations beginning with removal of the two zinc ions from the 

structure. The inherent limitation of this approach is that the simulations will be biased 

towards the zinc-bound AdcA conformation. To limit the structural bias in the simulations, 

longer simulation times were utilised to increase sampling of the broadest range of possible 

AdcA conformations.  

Dominant conformations were identified using a cluster analysis approach. Briefly, the 

trajectories from each production run were concatenated, with each ns frame representing a 

structural snapshot from the simulations, i.e. 3,750 structures in total for simulations of 

AdcA both with and without zinc. Cluster analysis was performed on all heavy atoms in the 

AdcAZnuA domain (residues 27 to 312) using a clustering algorithm (Daura et al., 1999) and 

a cut-off of 0.2 nm, for both the zinc-bound and zinc-free concatenated trajectories. The 

results of the cluster analyses are summarised in Table 4.1. From the cluster analysis of the 

simulations with zinc, four clusters that each represented >5% of all structures were 

identified, which together represented 86% of all the structures (Figure 4.1). The most 

populated cluster, cluster 1, contained 43% of the structures, with the subsequent clusters 

containing between 12% and 19% of the structures. A comparison of the MD starting   
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Table 4.1: Cluster analysis of the AdcAZnuA domain from MD simulations of 
AdcA with zinc.a 

 

 
a: Only clusters containing > 5% of structures are shown. 
b: See Figure 3.3 for helix labelling. 
c: RMSD of backbone atoms only. 
 
  

Cluster 
number 

% of 
structures 

RMSD to MD starting structure (nm) 
 

Backbone 
atoms 

Backbone atoms 
without His-rich loop 

Backbone atoms without His-
rich loop and helix α3b 

1 43 0.48 0.37 0.35 

2 19 0.42 0.36 0.35 

3 12 0.41 0.38 0.36 

4 12 0.51 0.42 0.36 
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Figure 4.1: Clustering of AdcAZnuA domain structures in solution from MD 
simulations of AdcA with zinc. 

Four clusters each representing > 5% of all structures were identified in the cluster analysis 
of MD simulations of AdcA with zinc. The central structure of each cluster is shown: (a) 
cluster 1 (purple), (b) cluster 2 (pink), (c) cluster 3 (green), and (d) cluster 4 (yellow). The 
MD starting structure is depicted in grey in (a) to (d). Results of the cluster analyses are 
summarised in Table 4.1. 
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structure (the zinc-bound AdcA crystal structure) to the central structure of each cluster 

revealed that the most variable parts of the AdcAZnuA domain were the rebuilt His-rich loop 

and helix α3 (see Figure 3.3) on the N-lobe. The variability in the N-lobe helix was the result 

of reversible unwinding of helix α3 in the simulations. However, overall, the four clusters 

exhibit only small changes from the MD starting structure, with RMSD values of backbone 

atoms ranging from 0.41 to 0.51 nm.  

In contrast to the cluster analysis of AdcA with zinc, the simulations of AdcA without 

zinc were grouped into seven clusters (Figure 4.2), which each represented a smaller subset 

of the structures in solution, from 16% (cluster 1, the most populated cluster) to 5% (cluster 

7) (Table 4.2). These results are indicative of greater flexibility of the AdcAZnuA domain in the 

simulations without zinc, which allowed the protein to sample a larger conformational space. 

Similar to the structures from the simulations with zinc, the most variable parts of the 

protein were the His-rich loop and the α3 helix, again caused by reversible unwinding of this 

helix in the simulations. An additional region of mobility was observed in the apo 

simulations, consisting of a loop of residues Ala58 to Ser68, which was relatively 

conformationally rigid in the simulations with zinc. Notably, none of the seven clusters 

showed a rigid body rotation of the C-lobe relative to the N-lobe, when compared with the 

starting structure. In contrast, these movements have been observed in simulations of PsaA, 

consistent with the spring-hammer mechanism described for this protein (Counago et al., 

2014; Deplazes et al., 2015). The absence of interlobe rotations in the simulations here 

suggest that the AdcAZnuA domain does not use a spring-hammer mechanism. 

The absence of large structural rearrangements in the AdcAZnuA domain upon zinc 

binding, as indicated by the cluster analysis of the MD simulations, prompted an 

investigation into smaller, localised changes in mobility or structure associated with zinc 

binding. To assess how the mobility of different regions of the AdcAZnuA domain were 

affected by zinc binding, the root mean squared fluctuation (RMSF) of each residue was 

calculated for the backbone atoms using the combined trajectories, and compared between 

the apo and zinc-bound simulations (Figure 4.3a). These analyses revealed that the His-rich 

loop, formed by residues Leu116 to Pro139, was the most mobile part of the protein, 

consistent with its absence from the AdcA structure. However, its mobility did not change 

between the apo and the zinc-bound protein. The region of the protein with the largest 

difference in mobility between the apo and zinc-bound simulations was the small loop of 

residues comprising Ala58 to Ser68, which were identified as a mobile region in the cluster   
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Figure 4.2: Clustering of AdcAZnuA domain structures in solution from MD 
simulations of apo AdcA. 

Seven clusters each representing ≥ 5% of all structures were identified in the cluster analyses 
of MD simulations of AdcA without zinc. The central structure of each cluster is shown: (a) 
cluster 1 (dark red), (b) cluster 2 (pale yellow), (c) cluster 3 (magenta), (d) cluster 4 (dark 
blue), (e) cluster 5 (orange), (f) cluster 6 (lilac), and (g) cluster 7 (teal). The MD starting 
structure is depicted in grey in (a) to (g). Results of the cluster analyses are summarised in 
Table 4.2. 
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Table 4.2: Cluster analysis of the AdcAZnuA domain from MD simulations of 
AdcA without zinc.a 

 
 
a: Only clusters containing ≥ 5% of structures are shown. 
b: RMSD of backbone atoms only. 
 
  

Cluster number % of structures RMSD to MD 
starting structure 

(nm)b 

RMSD to most 
dominant 

conformation of 
zinc-bound 

AdcAZnuA (nm)b 

1  16 0.60 0.48 

2 12 0.43 0.35 

3 12 0.64 0.50 

4 10 0.52 0.63 

5 8 0.55 0.36 

6 7 0.47 0.41 

7 5 0.46 0.40 
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Figure 4.3: The effect of zinc binding on the mobility of residues in the 
AdcAZnuA domain. 

Root mean square fluctuation (RMSF) per residue was calculated from MD simulations of 
zinc-free (apo; blue) and zinc-bound (orange) simulations of AdcA. (a) RMSF versus 
residue plot of AdcA. Only the AdcAZnuA domain (residues 27 to 312) is shown for clarity. 
Residues 58 to 68, which show the greatest difference in mobility in the simulations without 
zinc compared with the simulations with zinc, are highlighted by a red box. (b) The 
structure of the AdcAZnuA domain, with the mobile loop residues 58 to 68 highlighted in red. 
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analysis above. When these residues were mapped to the structure of the AdcAZnuA domain, 

they were found to be located proximal to the zinc-coordinating site (Figure 4.3b; residues 

highlighted in red). Interestingly, one of the zinc-coordinating residues, His63, features on 

this loop, which suggests that zinc ion coordination by His63 may have an important role in 

modulating the mobility of this loop. From here on, this loop will be referred to as the His63-

loop.  

Collectively, the investigations of the conformational dynamics of AdcA indicated that 

metal binding in the AdcAZnuA domain is associated with decreases in the mobility of small 

regions of the protein. The absence of the characteristic features of the spring-hammer 

mechanism of PsaA in the simulations suggests that the AdcAZnuA domain employs a distinct 

ligand-binding mechanism, which appears to be mediated by the observed small changes in 

mobility, and may be linked to zinc-ion coordination by the His63 residue. 

 

4.2.2 Design of AdcA cysteine mutant variants for DEER spectroscopy. 
 

To complement the MD simulations, protein conformational changes were assessed 

using DEER spectroscopy, which is a technique based on EPR spectroscopy (Jeschke, 2012). 

DEER enables measurement between paramagnetic species, such as nitroxide groups (NO•), 

which can be introduced into recombinant proteins via site-directed spin labelling (SDSL). 

This involves mutation of residues of interest to cysteines by SDM, followed by covalent 

attachment of a spin label such as MTSL to the introduced cysteine residues. AdcA contains 

only a single cysteine residue within its lipobox motif, which is truncated from the 

recombinant protein for purification. Therefore, adventitious MTSL labelling of endogenous 

AdcA cysteine residues during SDSL was not a concern. To assess distance changes in the 

AdcAZnuA domain upon zinc binding, five residues in the AdcAZnuA domain were selected for 

mutation to cysteine (Thr60, Ala73, Thr98, Ala233 and Ala259), which were combined to 

make five double cysteine variants (Figure 4.4a). These residues were chosen to provide 

coverage of the structural elements in the AdcAZnuA domain, and for their surface 

accessibility and low conservation across various Cluster A-I SBPs. In four of the five mutant 

variants, the cysteine residue pairs are located across the N- and C-lobes, whilst in the fifth 

mutant variant two residues on the N-lobe, T60C and T98C, were analysed (Figure 4.4b). 

SDM was employed to substitute the selected residues in the nLIC01-AdcA expression   
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Figure 4.4: AdcA double cysteine variants for DEER analysis. 

Five residues in AdcA were mutated to cysteine residues. The Cα atoms of these residues 
are shown as coloured spheres. Only the AdcAZnuA domain is shown for clarity. (a) Side 
view of the AdcAZnuA domain. (b) The cysteine residues were labelled with MTSL, as shown 
for T60C. (c) Top view of the AdcAZnuA domain, with the cysteine residue pairs indicated by 
dashed black lines. 
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construct, and mutant sequence fidelity was confirmed by DNA sequencing. The five double 

cysteine variants were expressed and purified as described in Section 2.5. The purification 

data (i.e. UV traces and SDS-PAGE analysis) are in Appendix A. Although the mutations 

were not within the metal-binding site, it cannot be excluded that the mutations influenced 

the ability of AdcA to bind zinc. Therefore, DSF was employed to facilitate rapid assessment 

of zinc binding by the mutant variants. The five mutant variants demonstrated significant 

thermostabilisation upon zinc binding that was comparable to the wild-type protein (Table 

4.3). From this, it was inferred that the mutant variants were not perturbed in their ability to 

bind zinc. 

 

4.2.3 The AdcAZnuA domain does not undergo large structural rearrangements upon 
zinc binding. 

 
The double-cysteine variants described above were labelled with MTSL (Figure 4.4b), 

prior to analysis using DEER spectroscopy in both their apo and zinc-bound states. Spin 

labelling was performed by Dr Zhenyao Luo, and DEER spectroscopy measurements were 

performed by Dr Jeffrey Harmer (both at University of Queensland). The dipolar evolution 

functions (Figure 4.5a) represent the primary DEER data that has been background 

corrected to subtract the effects of intermolecular dipole interactions (Pannier et al., 2000). 

Only minor differences in the dipolar evolution functions were observed between the apo 

and zinc-bound forms of each mutant variant. A model-free Tikhonov regularisation was 

fitted to the dipolar evolution data, which was then used to determine the distribution of 

distances between the nitroxide groups of the MTSL spin labels in each protein (Figure 4.5b) 

(Pannier et al., 2000). Notably, the distances measured between the pairs of residues in the 

T60C/T98C, T60C/A233C and T98C/A259C variants fit a Gaussian distribution, i.e. were 

normally distributed. The mean distance measured for zinc-loaded T60C/T98C 

corresponded closely with the distance obtained from the crystal structure (25.2Å and 26.5Å, 

respectively; Table 4.3). In contrast, for the remaining four mutants, the distances obtained 

from the crystal structure underpredicted the mean distances obtained from the DEER 

analyses of the zinc-loaded proteins. This was most dramatic in T60C/A233C, for which a 

19Å greater mean distance was measured by DEER compared with the crystal structure. 

These findings suggest that the protein crystallised in a more compact conformation, 

possibly due to crystal packing, in contrast to the DEER, which showed that the protein   
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Table 4.3: Biophysical parameters of the AdcA double cysteine variants. 

 
Protein sample Distance between mutant 

residues (Ca – Ca; Å) 
Tm (°C) of 

apo proteinb 
Tm (°C) of zinc-
bound proteinb 

Crystal structure DEERa 

Wild-type NA NA 52.9 ± 0.5 72.0 ± 0.6 

T60C/T98C 25.2 26.5 51.2 ± 0.8 70.0 ± 0.0 
T60C/A233C 29.1 38.1 48.6 ± 3.8 68.6 ± 0.0 

A73C/A259C 41.6 49.9 49.1 ± 0.4 70.5 ± 0.9 
T98C/A233C 47.2 51.2 47.7 ± 0.8 69.7 ± 0.3 

T98C/A259C 46.6 51.6 48.1 ± 3.8 68.7 ± 0.3 
 
 
a: Mean distances calculated from Tikhonov regularisation fit of zinc-loaded DEER 
spectroscopy data shown in Figure 4.5. 
b: Data are the mean and standard deviation of at least three independent 
experiments. 
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Figure 4.5: DEER characterisation of the effect of zinc binding on the AdcA 
double cysteine variants. 

Apo and zinc-loaded double cysteine AdcA variants were labelled with MTSL, then 
analysed using DEER spectroscopy. (a) The dipolar evolution functions were baseline 
corrected for intermolecular dipole interactions, and normalised for intensity. The data 
were fitted by Tikhonov regularisation (apo, red dashed line; zinc bound, purple dashed 
line). (b) Distance distributions for each mutant variant were generated using the data 
from (a) and normalised to a probability density function. 
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sampled larger interlobe distances in solution. Zinc had little effect on the distance 

distributions for each mutant variant. Only in the T60C/T98C, A73C/A259C and 

T98C/A259C mutant variants were minor shifts observed between the distance distributions 

of the apo and zinc-bound proteins, corresponding with minor conformational changes 

upon zinc binding. Overall, these data show that zinc binding is not associated with large 

interlobe conformational changes in AdcAZnuA. This contrasts with previous solution-state 

simulation analyses of PsaA, which showed that manganese binding was associated with over 

22° of interlobe rotation (Counago et al., 2014). Therefore, the findings from the DEER 

indicate that the AdcAZnuA domain does not use a spring-hammer mechanism to bind zinc, 

consistent with the results from the simulations of AdcA presented above. 

Collectively, the DEER analyses revealed that the AdcAZnuA domain samples broader 

conformations in solution than in the crystal structure. However, zinc binding caused no 

significant change in the distances measured within the protein, suggesting that the zinc-

binding mechanism of the AdcAZnuA domain is not mediated by large structural 

rearrangements or conformational changes. This was consistent with the findings from the 

simulations presented above. Together, the data from the DEER and the simulations indicate 

that zinc binding by the AdcAZnuA domain occurs by a mechanism distinct to the spring-

hammer mechanism in PsaA, which is associated with localised changes in mobility rather 

than large interlobe movements. 

 

4.2.4 Mobility of the His63-loop based on EPR spectroscopy. 
 

The absence of large conformational changes upon zinc binding, in both the MD 

simulations and DEER spectroscopy, indicated that the zinc-binding mechanism of the 

AdcAZnuA domain was distinct from the spring-hammer mechanism in PsaA, and was instead 

associated with changes in mobility of small regions of the protein such as the His63-loop. 

This is consistent with structural analyses of Eco_ZnuA and Syn_ZnuA, which revealed that 

zinc binding induced localised structural rearrangements in the zinc-binding site, while the 

overall protein backbone remained unchanged (Wei et al., 2007; Yatsunyk et al., 2008). As 

zinc-ion coordination by His63 was likely driving the reduction in mobility of the His63-

loop, it was possible that the zinc-binding mechanism of the AdcAZnuA domain was mediated 

by changes in mobility of the His63-loop. Therefore, the mobility of the His63-loop was 

explored further. To confirm the mobility of residues Ala58 to Ser68 in the His63-loop, 
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continuous wave (cw) EPR spectroscopy was utilised in combination with SDSL. Cw EPR 

spectroscopy provides information about the mobility of a single MTSL-labelled cysteine 

residue on a picosecond to microsecond timescale, through measurement of the 

paramagnetic relaxation of the MTSL spin label. The mobility of the MTSL spin label 

influences the distinctive line shape of the spectra: a nitroxide group on a highly mobile spin-

labelled residue can rapidly interconvert between different rotameric states, resulting in a 

sharp line shape. In contrast, a relatively rigid MTSL-labelled residue exhibits slower or no 

interconversion between rotameric states, resulting in peak broadening (Deplazes et al., 

2015). Two residues on the His63-loop, Thr60 and Glu66, were individually mutated to 

cysteines for SDSL (Figure 4.6), using SDM with the wild-type nLIC01-AdcA expression 

construct. The mutant variants were expressed and purified as described in Section 4.2.2 

above. 

Prior to cw EPR analysis, the effect of the introduced cysteine residues on zinc binding 

by AdcA was assessed by DSF. These results (Table 4.4) showed that zinc binding was 

unaffected by mutagenesis within the His63-loop. For each of the purified mutant variants, 

apo and zinc-loaded samples was provided to Dr Zhenyao Luo (University of Queensland) 

for labelling with MTSL. The cw X-band EPR spectra were then collected by Dr Jeffrey 

Harmer (University of Queensland). The EPR spectra (Figure 4.7) have line shapes that are 

consistent with spin-labelled proteins. In both mutants, the spectral line shapes are sharper 

in the apo proteins, relative to the zinc-bound forms of both mutants, which is consistent 

with a more mobile MTSL-labelled residue. In contrast, the increased peak broadening of 

the zinc-bound proteins indicates that in the presence of zinc, these spin-labelled residues 

are less mobile. Collectively, these analyses support the findings from the MD simulations, 

that the His63-loop residues Ala58 to Ser68 are more mobile in the apo protein compared 

with the zinc-bound protein. This suggests that coordination of the zinc ion in the zinc-

binding site, including coordination by His63, is likely to have an important role in 

modulating the mobility of the His63-loop. 

 

4.2.5 Sequence analysis of the His63-loop. 
 

The role of zinc ion coordination in modulating the mobility of the His63-loop 

warranted further examination of the residues comprising this loop, to investigate how the 

His63-loop contributed to the zinc-binding mechanism of the AdcAZnuA domain. A primary  
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Figure 4.6: AdcA single cysteine mutants for continuous wave (cw) X-band 
EPR analysis. 

Thr60 and Glu66 on the His63-loop (highlighted in red) were mutated to cysteine residues 
for cw X-band EPR spectroscopy. The Cα atom of each residue is indicated by a coloured 
sphere. Only the AdcAZnuA domain is shown for clarity. (a) Side view of the AdcAZnuA domain. 
(b) Top view of the AdcAZnuA domain. 
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Table 4.4: Thermal stability of AdcA single cysteine variants with zinc, as 
determined by DSF. 

 
Protein sample Tm (°C) of apo 

protein 
Tm (°C) of zinc-
bound proteina 

AdcA wild-type 52.9 ± 0.5 72.0 ± 0.6 
T60C 52.2 ± 0.8 70.5 ± 0.0 
E66C 52.4 ± 0.4 71.7 ± 0.3 

 
a: Data are the mean and standard deviation from at least two independent 
experiments.  
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Figure 4.7: Representative continous wave (cw) EPR spectra of the AdcA 
T60C and E66C mutant variants. 

Cw EPR spectra in the X-band of the single-cysteine AdcA variants T60C and E66C, which 
were labelled with MTSL. The spectra were normalised for intensity. Dashed lines in (a) 
indicate part of spectra shown in (b) to highlight the differences in the main peak. 
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sequence alignment of AdcA with other Cluster A SBPs was performed to identify conserved 

residues in this loop region (Figure 4.8), which could suggest important functional roles. As  

discussed in Chapter 3, the His63 residue is conserved across the zinc-specific SBPs, as well 

as the manganese-specific SBP PsaA. Notably, Glu66 and Pro67 from Spn_AdcA are also 

conserved across Spn_AdcAII, Spn_PsaA, and Syn_ZnuA, in contrast to Eco_ZnuA and 

Sen_ZnuA, which have a serine and a leucine in these positions. Conserved glutamate 

residues in SBPs have previously been implicated in the docking mechanism of SBPs onto 

their cognate ABC importer (Hvorup et al., 2007; Woo et al., 2012). Structural analyses of 

the bacterial vitamin B12 uptake system have revealed that docking of its SBP BtuF with the 

ABC importer machinery BtuCD is mediated by two conserved acidic residues, Glu74 and 

Glu202, which form salt bridges with a conserved Arg74 residue on the periplasmic face of 

each subunit of the BtuC dimer (Hvorup et al., 2007). A similar docking mechanism has 

been described for the structurally-related haem-specific SBP HmuT (Woo et al., 2012). 

HmuT and BtuF are from the Cluster A-II family of metal-chelate SBPs, and are structurally 

related to the AdcAZnuA domain. The conservation of this docking mechanism in HmuT and 

BtuF, and the structural similarity between the Cluster A-I and Cluster A-II SBPs, suggests 

that this docking mechanism may also extend to the Cluster A-I SBPs. According to the 

crystal structure of AdcA, the conserved Glu66 residue is located on the apex of the N-lobe, 

in a similar position to the N-lobe docking glutamate residues in BtuF and HmuT (Hvorup 

et al., 2007; Woo et al., 2012). Comparative analyses of the C-lobe sequences from 

Spn_AdcA, Spn_AdcAII and Spn_PsaA revealed a single conserved glutamate residue 

present in all sequences. This residue in AdcA (Glu240) is positioned on the apex of the C-

lobe. Furthermore, when the position of the analogous glutamate residue in AdcAII, Glu247, 

was considered in the structure of zinc-bound AdcAII (PDB ID 3CX3), it superimposed 

closely with the position of Glu240 in zinc-bound AdcA. Similarly, the putative N-lobe 

docking residues, Glu66 from AdcA, and Glu74 from AdcAII, superimposed closely in the 

crystal structures of both proteins (Figure 4.9). Together, these findings suggest that AdcA, 

AdcAII, and PsaA from S. pneumoniae may utilise a similar mechanism for docking onto 

their cognate ABC importers as the Cluster A-II SBPs BtuF and HmuT, and that this is 

mediated via conserved glutamate residues. In AdcA, the Glu66 and Glu240 residues were 

the most likely candidates for facilitating the docking interaction with AdcB.
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Figure 4.9: The putative docking residues of AdcA and AdcAII from 
S. pneumoniae. 

Superimposition of the zinc-bound structures of AdcA (cyan; only the AdcAZnuA domain is 
shown for clarity) and AdcAII (pink, PDB ID 3CX3 from (Loisel et al., 2008)). The putative 
docking residues Glu66 and Glu240 from AdcA (dark blue), and Glu74 and Glu247 from 
AdcAII (magenta), are depicted in sphere representation. The zinc ion from each structure 
is represented as a sphere (AdcA, purple blue; AdcAII, pale pink). 
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4.2.6 Phenotypic analyses of the putative docking residues Glu66 and Glu240 in 
AdcA. 

 
To determine if Glu66 and Glu240 in AdcA have functionally important roles in zinc uptake 

by the pneumococcus, a mutant pneumococcal strain was generated (adcAE66A/E240A∆adcAII), 

for which the Glu66 and Glu240 residues were mutated to alanine residues in a ∆adcAII 

background strain (Figure 4.10). This was performed using the Janus cassette system, as 

described in Sections 2.4.3 and 3.2.6. The ability of this strain to grow in CDM and CDM-

TPEN was then assessed, relative to the D39 wild-type, ∆adcAII, and ∆adcA∆adcAII strains 

(Figure 4.11). All strains grew similarly in CDM (Figure 4.11a). In contrast, chelation of zinc 

in the media using TPEN severely abrogated the growth of the ∆adcA∆adcAII strain, but did 

not affect growth of the wild-type or ∆adcAII strains (Figure 4.11b), as described in Section 

3.2.7. Notably, growth of the adcAE66A/E240A∆adcAII strain was also significantly perturbed in 

CDM-TPEN compared with the wild-type and ∆adcAII strains, although it grew marginally 

better than the ∆adcA∆adcAII strain. This suggested that the Glu66 and Glu240 residues 

have an important role in zinc uptake by AdcA in the pneumococcus in zinc-limiting 

conditions. 

To examine whether the perturbed growth of the adcAE66A/E240A∆adcAII strain in CDM-

TPEN was accompanied by a reduction in the total zinc accumulation in these cells, the four 

strains examined in the growth assays above were grown in CDM or CDM-TPEN, then 

analysed for metal ion content using ICP-MS (see Section 2.7.2). The results for zinc are 

presented in Figure 4.12. The abundance of manganese, iron, cobalt, nickel and copper was 

also determined, however, no significant differences in the accumulation of these metals 

were observed between the four strains grown in either media condition (data not shown). 

The ∆adcA∆adcAII strain accumulated significantly less zinc than the wild-type D39 strain 

in CDM (P < 0.05, one-way ANOVA), whereas no significant difference was found between 

the other strains (Figure 4.12a). Similar to the metal accumulation data presented in Chapter 

3, an overall trend of decreased zinc accumulation is apparent in the adcAE66A/E240A∆adcAII 

strain, compared with the D39 wild-type and ∆adcAII strains. The same trend can also be 

observed in CDM-TPEN, although again these differences did not reach statistical 

significance (Figure 4.12b). Collectively, the phenotypic analyses presented here indicate 

that the Glu66 and Glu240 residues in AdcA are important for pneumococcal growth under  
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Figure 4.10: Replacement of adcA with the adcAE66A/E240A variant using the 
Janus cassette. 

Agarose gel of PCR amplification of the wild-type adcA gene (1,906 bp), adcA interrupted 
by the Janus cassette (1,752 bp), and replacement of the Janus cassette with 
adcAE66A/E240A (1,906 bp). DNA ladder was used to determine the approximate size of the 
PCR products. 
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Figure 4.11: The effect of mutation of the Glu66 and Glu240 residues in AdcA 
on pneumococcal growth in vitro. 

Growth of the adcAE66A/E240A∆adcAII strain (green) was compared to wild-type D39 (blue), 
∆adcAII (orange), and ∆adcA∆adcAII (red) in CDM (a) or CDM supplemented with 15 µM 
TPEN (b). The same data for the wild-type, ∆adcAII and ∆adcA∆adcAII strains was used 
as in Figures 3.11 and 3.12. Growth was performed at 37°C with 5% CO2, with absorbance 
measurements taken every 30 min. Data are the mean with SEM from at least three 
independent experiments. 
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Figure 4.12: Whole-cell zinc accumulation by the adcAE66A/E240A∆adcAII 
mutant strain. 

The D39 wild-type (blue), ∆adcAII (orange), ∆adcA∆adcAII (red), and adcAE66A/E240A∆adcAII 
(green) strains were grown to an OD600 of 0.3, then washed thoroughly in PBS-EDTA and 
PBS to remove loosely associated zinc ions, prior to analysis by ICP-MS. Data are the 
mean with SEM of three independent experiments. Statistical significance was determined 
using a one-way ANOVA, where * represents P < 0.05. 
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conditions of severe zinc limitation in vitro, and that this may be due to a role for these 

residues in pneumococcal zinc accumulation. 

 

 

4.3 Discussion 
 

SBPs are critical components of ABC permeases (Cui and Davidson, 2011). Despite this, 

the ligand-binding mechanisms of relatively few SBPs of the Cluster A group have been 

described to date. In this study, the mechanism of zinc binding by the Cluster A-I SBP 

domain of AdcA from S. pneumoniae was examined. To do this, the solution-state dynamics 

of the AdcAZnuA domain were investigated using MD simulations and EPR spectroscopy. The 

simulations suggested that the AdcAZnuA domain protein backbone is largely immobile. 

While the apo protein was more flexible overall, with a larger number of conformations 

identified by cluster analysis, the apo protein still showed only minor deviations from the 

starting structure. These findings suggest that the AdcAZnuA domain is relatively rigid in 

solution overall, even in its apo conformation. The DEER analyses supported this, showing 

narrow distance distributions for all the mutants except for T98C/A233C, consistent with 

limited interlobe movement in both the apo and zinc-bound forms of each mutant variant. 

The T98C/A233C mutant had a broader distance distribution that was skewed towards the 

larger inter-residue distances. Thr98 is located on helix α3, which was observed to be more 

mobile in the simulations of both apo and zinc-bound forms of AdcA due to reversible 

unwinding. The broad and skewed distance distribution for the T98C/A233C is therefore 

likely to be a result of the mobility of helix α3, and not because of interlobe motion. The 

DEER also revealed that the AdcAZnuA domain adopts a broader conformation in solution 

than what was observed in the crystal structure, which was not significantly changed by zinc 

binding. This suggests that in solution the AdcAZnuA domain is more open, even in its zinc-

bound state. Previous simulations of apo PsaA revealed similar broad conformations in 

solution, compared with the crystal structure (Deplazes et al., 2015). These differences in 

both AdcA and PsaA are likely caused by contacts in the crystal lattice that stabilise the 

proteins in a more compressed conformation. Together, the findings from solution-state 

analyses of AdcA and PsaA highlight the importance of investigating proteins in their 

solution state, in addition to structural analysis through X-ray crystallography, as crystal 
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structures do not necessarily provide accurate representations of protein conformations in 

solution.  

The DEER analyses did not detect inter-residue distance changes in the AdcAZnuA 

domain upon zinc binding. This contrasts with DEER analyses of ligand binding in the 

maltose-binding protein from E. coli, from which distance changes of 6 Å were detected 

between the maltose-free and maltose-bound conformations (Hall et al., 1997b). Notably, 

the limited conformational changes observed in the AdcAZnuA domain upon zinc binding are 

consistent with the structural analyses of Eco_ZnuA and Syn_ZnuA (Wei et al., 2007; 

Yatsunyk et al., 2008), which did not show interlobe rotation between their apo and zinc-

bound structures. By contrast, PsaA and the Cluster A-II SBPs BtuF and HmuT have been 

found to undergo interlobe rotations between 4 – 13° upon binding their ligands (Karpowich 

et al., 2003; Mattle et al., 2010; Counago et al., 2014). Based on this, the ligand-binding 

mechanism of the zinc-specific Cluster A-I SBPs is likely to be distinct from the other Cluster 

A SBPs. As the zinc-binding mechanism of the AdcAZnuA domain did not involve large 

structural rearrangements, smaller localised changes in structure or mobility were 

investigated. The His63-loop is a leading candidate for this, due to its increased mobility in 

the apo protein instead of the zinc-bound protein, and its direct connection to the zinc-

binding pocket via His63. In contrast to the high mobility of the His63 residue in apo AdcA, 

the other three zinc-coordinating residues remained relatively static. This suggests that in 

the apo AdcAZnuA domain, these residues may be positioned in a pre-formed binding site. 

Based on this, we propose a distinct mechanism of zinc binding in the AdcAZnuA domain that 

is initiated by zinc entering the pre-formed binding pocket and being coordinated by His140, 

His204 and Glu279. Coordination of the zinc ion by His63 then mediates stabilisation of the 

His63-loop, which operates similarly to a “trapdoor” over the zinc-binding pocket to 

facilitate its closure. Through changes in the mobility of the His63-loop, the AdcAZnuA 

domain can thereby mediate closure of its zinc-binding pocket without requiring large 

conformational changes or interlobe rotations. Notably, the changes observed in the zinc-

binding pockets of Eco_ZnuA and Syn_ZnuA between their apo and zinc-bound structures 

are consistent with the “trapdoor model”, particularly the observation that the analogous 

residue to His63, i.e. His60, was rotated out of position away from the metal-binding pocket 

in both apo proteins. The trapdoor mechanism may therefore extend to the other zinc-

specific SBPs, although solution-state analyses of these proteins are required to confirm that 
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zinc binding is accompanied by localised changes in mobility, similarly to those observed in 

AdcA. 

To confirm the trapdoor mechanism in the AdcAZnuA domain, experiments that restrict 

the mobility of the His63-loop could be utilised. One possible approach would be to use 

cysteine cross-linking to isolate the loop away from the metal-binding pocket by introducing 

two cysteine residues into the protein using SDM: one on the His63-loop, and a second one 

in close proximity on the immobile protein backbone. In the apo protein under oxidising 

conditions, the His63-loop should get locked out of position away from the zinc-

coordination site. Using a metal-loading assay (Counago et al., 2014), locking of the His63-

loop away from the zinc-coordinating site would be detected by an abrogation of zinc 

coordination by the AdcAZnuA domain. An alternative approach to confirm the trapdoor 

mechanism would be to alter the mobility of the His63-loop by introducing glycine or 

proline residues to the loop. These would either introduce mobility, or restrict mobility, 

respectively, which would influence the ability of the protein to bind zinc using the zinc-

loading assay described above. However, these analyses were beyond the scope of the current 

study. 

Notably, the trapdoor mechanism may be important for facilitating docking of the 

ligand-bound AdcAZnuA domain onto AdcB. Glu66 and Glu240 of AdcA were identified here 

as putative docking residues due to their conservation with other Cluster A-I SBPs and their 

location on the apex of each lobe, with Glu66 positioned on the His63-loop. Stabilisation of 

the His63-loop upon zinc binding would also stabilise Glu66, which may position it 

optimally for salt-bridge formation with AdcB, whereas in apo AdcA, Glu66 is likely to be 

too mobile to efficiently form the salt bridge with AdcB. In contrast to Glu66, the Glu240 

residue on the C-lobe was observed to be relatively immobile in the protein, therefore we 

propose that the position of the Glu66 residue is the determinant of docking with AdcB. In 

contrast, in PsaA the rigid-body rotation of the C-lobe around the linking helix is proposed 

to optimally position the C-lobe putative docking residue Glu241 for salt-bridge formation 

with PsaC (Counago et al., 2014).  

The importance of Glu66 and Glu240 for pneumococcal zinc uptake in zinc-limited 

media supports their proposed role in facilitating the interaction with AdcB. However, an 

alternative explanation is that the alanine substitutions perturbed the affinity of the AdcAZnuA 

domain for zinc, thereby causing the growth defect in zinc-limited media. Given that the 

substitution mutations were outside the metal-binding pocket, this is unlikely, although 
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determination of the affinity of the recombinantly-expressed AdcAE66A/E240A mutant variant 

for zinc would be required to confirm this. It is also important to note that additional forces 

may also stabilise the SBP-TMD interaction, beyond the docking-residue salt bridges, such 

as additional electrostatic interactions and/or hydrogen bonding (Borths et al., 2002). 

Therefore, docking may still occur in the absence of optimal positioning of the docking 

residues. This may explain why growth of the adcAE66A/E240A∆adcAII strain was perturbed in 

CDM-TPEN, but to a lesser extent than the ∆adcA∆adcAII strain, as zinc import via AdcCB 

could still occur, albeit less efficiently. 

To unequivocally confirm the role of the AdcA Glu66 and Glu240 residues in docking 

onto AdcB, transport assays with recombinant AdcCB and an AdcAE66A/E240A mutant variant 

would need to be undertaken. These would involve reconstituting AdcCB into 

proteoliposomes, and assessing zinc transport or ATPase activity upon incubation with the 

zinc-loaded AdcAE66A/E240A mutant variant compared with wild-type recombinant AdcA. 

Similar assays could be conducted to confirm the docking arginine residue(s) in AdcB. The 

primary sequence of AdcB contains nine arginine residues, which would each need to be 

assessed. AdcB is yet to be structurally characterised, and there is a paucity of structures in 

the Protein Data Bank that have sufficient sequence identity (ideally ≥ 50%) to AdcB to use 

for homology modelling. Therefore, it is impossible to propose which arginine residues are 

most likely to be surface exposed on AdcB for interaction with AdcA, which necessitates 

analysis of each of them in turn. Alternatively, SDM could be employed to mutate each 

arginine residue to alanine in the adcB gene in the pneumococcal chromosome, and then the 

ability of these mutant strains to grow in zinc-limited media could be assessed, similarly to 

the phenotypic analyses presented here. Analyses similar to the ones outlined here will need 

to be undertaken in future studies of the docking mechanism of AdcA with AdcB.  

Collectively, the findings presented in this chapter have described the conformational 

dynamics of the AdcAZnuA domain, finding it to be a relatively rigid protein with small 

regions of variable mobility. These observations led to the proposal of a novel ligand-binding 

mechanism, the trapdoor mechanism. This mechanism was also associated with docking of 

AdcAZnuA onto AdcB, although further studies are required to directly assess this. The 

trapdoor mechanism can also be applied to other zinc-specific SBPs, suggesting a conserved 

mechanism of ligand binding by these proteins. Overall, the trapdoor mechanism describes 

a novel paradigm for ligand binding by Cluster A-I SBPs, and presents the first insights into 
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how the ligand-binding mechanism of a Cluster A SBP contributes to the docking 

interaction between the SBP and its ABC importer.
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Chapter 5: The role of host zinc in pneumococcal infection 
 
 
5.1 Introduction 
 

Zinc is an important trace element for human health. By total abundance, it is the second 

most prevalent transition metal in the human body after iron (Prasad, 2008). Furthermore, 

it has been predicted that approximately 10% of the human genome encodes zinc-binding 

proteins (Andreini et al., 2006a). The importance of zinc in human biology is exemplified by 

the spectrum of health problems associated with severe zinc deficiency, including stunted 

growth, hypogonadism, and skin disorders (Prasad, 2013). Zinc deficiency is also associated 

with a higher incidence of infections, including pneumonia and diarrhoea, which are 

estimated to kill more than 800,000 people worldwide per year (World Health Organisation, 

2002). While severe zinc deficiency is relatively rare, moderate zinc deficiency is estimated 

to affect at least two billion people worldwide, making it a significant burden on human 

health (Prasad, 2003). Cereal-based diets are a major cause of zinc deficiency, as they contain 

high levels of phytic acid, which limits zinc absorption (Black et al., 2008). Furthermore, 

individuals who eat vegan diets are at greater risk of developing nutritional zinc deficiency 

(Foster and Samman, 2015). Certain medical conditions also increase the risk of zinc 

deficiency, including malabsorption syndrome, liver and renal diseases, and sickle cell 

disease (Prasad, 2013).  

The increased susceptibility of zinc-deficient individuals to respiratory and 

gastrointestinal infections implicates zinc in playing an important role in protecting against 

these infections. Numerous studies have examined zinc supplementation as an adjunct 

therapy to conventional antibiotic treatment of pneumonia in children (Brooks et al., 2004; 

Bose et al., 2006; Chang et al., 2006; Valentiner-Branth et al., 2010; Bansal et al., 2011; 

Ganguly et al., 2011; Valavi et al., 2011; Basnet et al., 2012; Shah et al., 2012; Srinivasan et al., 

2012; Wadhwa et al., 2013; Sempertegui et al., 2014). However, only a minority of studies 

demonstrated a benefit of zinc supplementation on pneumonia disease outcome (Brooks et 

al., 2004; Srinivasan et al., 2012), while one study of southern Indian children showed that 

zinc supplementation was associated with a prolonging of symptoms during the hot season 

(Bose et al., 2006). These inconsistencies have been suggested to be due to the significant 

heterogeneity in disease severity and zinc deficiency between different study participants 



Chapter 5 

	126 

(Basnet et al., 2015). Furthermore, the precise molecular mechanisms of host zinc in defence 

against pneumonia are poorly understood, which limits the outcomes of these studies to 

general observations. Clearly, greater understanding of the roles of zinc at the host-pathogen 

interface is required to determine how zinc deficiency affects disease, and how zinc 

supplementation may reverse those deficiencies in selected patients. 

Host manipulation of metal ion abundances during infection is well established, with 

iron withholding being a key example (for reviews see (Ong et al., 2006; Braun and Hantke, 

2011; Nobles and Maresso, 2011)). This is mediated by expression of iron-binding proteins, 

including haem, ferritin, and transferrin (Hood and Skaar, 2012). Similarly, the host 

withholds zinc and manganese from invading pathogens using calprotectin, which can be 

present at infection sites in concentrations exceeding 1 mg/mL (Clohessy and Golden, 1995). 

Neutrophils are the primary source of calprotectin, although epithelial cells also produce 

calprotectin in response to pro-inflammatory cytokines (Liang et al., 2006; Zheng et al., 

2008). Calprotectin contains two metal-binding sites, one that can accommodate a 

manganese or zinc ion, and a second site that can only bind zinc, with both sites having a 

picomolar to nanomolar affinity for these metals (Kehl-Fie et al., 2011). Calprotectin-

mediated metal restriction has been shown to be important in host defence against S. aureus, 

A. baumannii and Klebsiella pneumoniae (Corbin et al., 2008; Achouiti et al., 2012; Hood et 

al., 2012). In addition to zinc restriction by nutritional immunity, the acute phase response 

is a general host mechanism by which the plasma zinc concentration significantly decreases 

in response to infection, as well as inflammation and trauma (Gabay and Kushner, 1999). 

This is primarily mediated by an increase in the cytokine IL-6, which stimulates expression 

of the zinc-uptake transporter ZIP14 and metallothionein in hepatocytes (Huber and 

Cousins, 1993; Siewert et al., 2004; Liuzzi et al., 2005). Thus, the liver imports zinc from the 

blood and stores it, with the resultant hypozincaemia suggested to restrict zinc availability 

to invading pathogens to limit disease (Shankar and Prasad, 1998). 

Zinc is also used against invading pathogens via immune cells. Zinc deficiency is linked 

to numerous immune cell deficiencies, including reductions in circulating T and B 

lymphocytes, reduced natural killer cell activity, and perturbed chemotaxis in neutrophils 

(Shankar and Prasad, 1998). Of all the immune cell types, monocytes and macrophages are 

reportedly particularly sensitive to zinc deficiency, showing reductions in key functions 

including release of pro-inflammatory cytokines and phagocytosis (Wirth et al., 1989; 

Scuderi, 1990; Driessen et al., 1994; Humphrey et al., 1997). Zinc is also important for killing 
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of phagocytosed pathogens by neutrophils and macrophages. S. pyogenes is exposed to high 

concentrations of zinc within the phagosome of neutrophils, which contributes to killing of 

this pathogen (Ong et al., 2014). Furthermore, zinc has been shown to co-localise with 

Mycobacterium tuberculosis in infected macrophages, which may be a mechanism by which 

the host attempts to control infection by this pathogen (Botella et al., 2011). However, the 

mechanism of killing of intracellular pathogens by macrophages appears to be organism 

specific, as macrophage clearance of the yeast pathogen Histoplasma capsulatum is mediated 

through zinc starvation (Winters et al., 2010). These differences in the use of zinc to kill 

phagocytosed pathogens highlight the need for further studies that determine the precise 

molecular roles of zinc in the defence against specific pathogens. 

To overcome these zinc-mediated host defences, pathogens draw from an arsenal of 

mechanisms that allow them to acquire zinc with high affinity, but escape the toxicity of high 

concentrations of zinc. In the pneumococcus, high-affinity zinc acquisition is enabled by the 

Adc system, in combination with the zinc-specific SBPs AdcA and AdcAII (Dintilhac et al., 

1997; Dintilhac and Claverys, 1997; Claverys, 2001; Bayle et al., 2011; Plumptre et al., 2014). 

The Pht proteins also contribute to zinc uptake and pneumococcal virulence (Plumptre et 

al., 2014). Conversely, pneumococcal zinc efflux is mediated by the CDF-family zinc-efflux 

system CzcD (Kloosterman et al., 2007), although the importance of CzcD in virulence is yet 

to be established. The critical roles of the Adc and Pht proteins in pneumococcal virulence 

suggest that pneumococci encounter zinc restriction during host infection. However, the 

specific zinc environments that invading pneumococci encounter in the host, and the ways 

that the zinc homeostatic mechanisms respond to these, are yet to be fully characterised.  

In this chapter, pneumococcal zinc homeostasis is examined in the context of the host 

using a nutritionally zinc-limited mouse model of infection. This model provides insight 

into how the host uses zinc to control pneumococcal disease. 

 

 

5.2 Results 
 

5.2.1 Development of the zinc-limited diet 
 

To create a nutritionally zinc-limited mouse model of infection, two-week old Swiss 

(CD1) female mice were fed a low-zinc modified chow (see Section 2.8.2 for details). After 
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two weeks on the diet, serum zinc concentrations were reduced to 12.3 ± 6.4 µM, compared 

with 40.0 ± 6.6 µM in mice fed standard chow (Figure 5.1). The observed 69% decrease in 

serum zinc concentrations in mice fed the low-zinc chow was consistent with moderate to 

severe zinc deficiency in human populations (Wessells et al., 2014). To restore serum zinc 

concentrations in mice fed the low zinc chow to normal levels, the drinking water was 

supplemented with zinc sulphate for the duration of the diet. Supplementing the drinking 

water with 100 ppm zinc sulphate increased the serum zinc concentration to 21.8 ± 1.7 µM, 

whereas supplementation with 250 ppm zinc sulphate increased it to 38.8 ± 8.7 µM, which 

was comparable to the serum zinc concentration of mice fed standard chow. Therefore, the 

low zinc modified chow was used in combination with 250 ppm zinc supplementation in the 

drinking water for the zinc-replete diet. 

 

5.2.2 Zinc-limited mice are more susceptible to pneumococcal infection. 
 

To determine how dietary zinc intake impacted mouse susceptibility to fulminant 

disease, a virulence experiment was performed. Groups of eight mice were fed either the 

zinc-limited diet or the zinc-replete diet for two weeks, prior to intranasal challenge with 2 

× 107 CFU of wild-type D39 S. pneumoniae. Survival times of the mice were recorded for up 

to three days post-challenge. Zinc-replete mice had survival times ranging between 48 and 

98 hours post-challenge, with a median survival time of 64.5 hours (Figure 5.2). In contrast, 

zinc-limited mice exhibited significantly reduced survival times, with all mice succumbing 

to fulminant disease within 44 hours of challenge (median survival time 40.75 hours; P < 

0.0001 using a Log-rank Mantel-Cox test). Together, these data indicate that zinc-limited 

mice are more susceptible to lethal pneumococcal disease than zinc-replete mice. 

 

5.2.3 Tissue zinc abundance is altered by the zinc-limited diet and infection 
 

To determine how the zinc-limited diet affected zinc concentrations in various 

anatomical niches of naive mice, mice were fed either diet for two weeks prior to euthanasia 

and harvesting of the nasopharynx, lungs and serum. These niches were analysed because 

they are physiologically relevant to pneumococcal infection. The pleural cavity was also 

lavaged with PBS for analysis, as previous murine infection studies by our laboratory have   
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Figure 5.1: Serum zinc concentrations of mice fed a zinc-limited diet. 

Mouse serum zinc levels after a two-week dietary zinc intervention. Two-week old mice 
were fed a modified low zinc chow, and then had their drinking water supplemented with 
zinc (concentrations as shown). The serum zinc concentration for mice fed a standard 
diet is included for comparison. Zinc concentrations in harvested serum were measured 
using inductively coupled plasma mass spectrometry (ICP-MS). Data are the mean with 
SEM. Statistical significance was determined using a one-way ANOVA, where **** 
represents P < 0.0001, and n.s. denotes not significant. 
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Figure 5.2: The effect of a zinc-modified diet on survival of mice challenged 
with wild-type D39. 

Groups of eight mice were fed either the zinc-limited diet or the zinc-replete diet for two 
weeks, prior to intranasal challenge with 1 � 107 colony-forming units (CFU) of wild-type 
D39. Mice were monitored and survival times were recorded over four days. 
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shown that wild-type D39 infect this niche during fulminant disease (Eijkelkamp et al., 

2016). The harvested tissue samples were boiled in 95% nitric acid prior to analysis of zinc 

content by ICP-MS, as described in Section 2.8.5. The diet caused dramatic increases in the 

zinc abundance of the serum, as mentioned in Section 5.2.1 above, as well as the nasopharynx 

(Figure 5.3; P < 0.0001, one-way ANOVA). In contrast, no difference in zinc abundance was 

observed in the lungs or pleural lavage between dietary groups.  

The tissue zinc abundances of infected mice were also examined, as zinc is known to be 

redistributed in the host during infection as part of the acute phase response (Gabay and 

Kushner, 1999). Mice were challenged intranasally with 1 × 107 CFU of wild-type D39 after 

the dietary period. Based on the survival curves presented above, time points of up to 36 

hours post-challenge would allow invasive disease to develop, before mice became 

moribund. Therefore, groups of challenged mice were sacrificed by CO2 asphyxiation 24 and 

36 hours after challenge, and the nasopharynx, lungs, serum and pleural lavage were 

collected and analysed for zinc content by ICP-MS. At 24 hours post-challenge, zinc-limited 

mice had reduced nasopharyngeal zinc abundance compared with zinc-replete mice (Figure 

5.3a, P < 0.0001), while the diet had no statistically significant effect on zinc abundance in 

the other niches at this time-point (Figure 5.3b - d). At 36 hours post-challenge, the effect of 

the zinc-limited diet was more pronounced, with reduced zinc abundance observed in the 

nasopharynx (P < 0.0001), lungs (P < 0.05), and serum (P < 0.01), compared with zinc-replete 

mice. These differences in zinc abundance were associated with different patterns of tissue 

zinc flux between the two dietary groups over the course of infection. In zinc-replete mice, 

the abundance of lung zinc increased significantly between naïve and 36-hour infected mice 

(P < 0.001), whereas no increase in lung zinc abundance was observed in the zinc-limited 

mice between these time-points. Furthermore, zinc-replete mice had reduced serum zinc 

abundance at 24- and 36-hours post-challenge compared with naïve mice (24 hours, P < 

0.0001; 36 hours, P < 0.001), while the zinc abundance of zinc-limited mouse serum did not 

change significantly over the course of infection. Taken together, these findings highlight a 

direct effect of nutritional zinc deficiency on zinc abundance in three physiologically 

relevant niches for pneumococcal infection: the nasopharynx, the lungs, and the serum. 

Furthermore, pneumococcal infection had different effects on the niche zinc concentrations 

in mice fed either diet, suggesting that zinc homeostasis may be altered in zinc-limited mice. 
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Figure 5.3: Host tissue zinc abundances. 

Groups of mice were fed either the zinc-limited diet or the zinc-replete diet for two weeks 
prior to harvesting (naïve mice) or intranasal challenge (infected mice). Infected mice 
were harvested at 24 h or 36 h post-challenge. Harvested tissues were then analysed for 
zinc content by ICP-MS. Data are the mean with SEM. Statistical significance was 
determined using a one-way ANOVA, where * represents P < 0.05, ** represents P < 
0.01, *** represents P < 0.001, and **** represents P < 0.0001. 
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5.2.4 Tissue zinc abundance influences pneumococcal colonisation 

 
 

To investigate how the differences in niche zinc abundances observed above affected the 

ability of pneumococci to colonise the host, pneumococcal CFU were enumerated from the 

four niches at the same time-points as above. At 24 hours post-challenge, each niche 

exhibited similar bacterial loads for the zinc-limited mice and the zinc-replete mice (Figure 

5.4). However, differences in bacterial burden became apparent at 36 hours between the two 

dietary groups. In zinc-limited mice, pneumococcal colonisation increased significantly in 

all four niches between 24 and 36 hours (nasopharynx, P < 0.001; lungs, P < 0.0001; pleural 

cavity, P < 0.05; blood, P < 0.01; one-way ANOVA). In contrast, in zinc-replete mice, 

significant increases in the bacterial loads between these time-points were observed only in 

the lungs (P < 0.05) and the pleural cavity (P < 0.01), whereas in the nasopharynx and the 

blood no significant change was observed. At 36 hours post-challenge, the bacterial load was 

higher in zinc-limited mice, by comparison with zinc-replete mice, in the nasopharynx (P < 

0.05), the lungs (P < 0.05), and the blood (P < 0.05).  

Together, these results show that the zinc-limited diet has time-dependent effects on 

pneumococcal colonisation that become apparent between 24 hours and 36 hours post-

challenge. These are associated with higher bacterial burdens in several niches of zinc-

limited mice at 36 hours post-challenge, compared with zinc-replete mice. These findings 

therefore suggest that host zinc has niche-specific roles in protecting against pneumococcal 

colonisation. Due to the interesting differences in tissue zinc concentrations and CFU 

observed at 36 hours post-challenge, this time-point was used for all further analyses. 

 

5.2.5 Pneumococci directly sense host zinc during infection 
 

The apparent inverse correlation between niche zinc abundance and pneumococcal 

bacterial burden suggested that the local zinc concentration may be influencing 

pneumococcal colonisation. Therefore, to ascertain if the pneumococci were directly 

encountering zinc, genes involved in pneumococcal zinc homeostasis were profiled. 

Pneumococci were recovered from the lungs, pleural cavity, and blood of zinc-limited or 

zinc-replete mice, and transcription of the zinc-responsive genes czcD and phtE were 

analysed in collaboration with Dr Bart Eijkelkamp (University of Adelaide). Expression of   
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Figure 5.4: Host colonisation by S. pneumoniae. 

Groups of mice were fed either diet and challenged as described in the legend for Figure 
5.3. The nasopharynx, lungs, pleural lavage and blood were harvested from the mice and 
assessed for their bacterial burden by enumerating the CFU. Individual points represent a 
single niche from a single mouse. Solid lines represent the geometric means of each group. 
Dashed lines indicate the limit of detection. Statistical significance was determined using a 
one-way ANOVA, where * presents P < 0.05, ** represents P < 0.01, *** represents P < 
0.001 and **** represents P < 0.0001. 
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czcD, the gene encoding the major zinc efflux transporter in the pneumococcus, was up-

regulated by 6.6-fold in the lungs and 4.8-fold in the blood of zinc-replete mice, relative to  

pneumococci recovered from zinc-limited mice (Figure 5.5a; P < 0.01, Student’s t-test). In 

contrast, phtE, which encodes a polyhistidine triad protein that contributes to pneumococcal 

zinc uptake, was significantly down-regulated in the lungs by 3-fold (P < 0.05) and in the 

blood by 3.1-fold (P < 0.01) in zinc-replete mice, relative to zinc-limited mice (Figure 5.5b). 

Consistent with the similar zinc abundance and the similar numbers of pneumococci in the 

pleural cavity between the dietary groups, no difference in the expression of czcD or phtE 

was observed in pneumococci occupying this niche in mice fed either diet. Overall, these 

results indicate that the reduced zinc abundance in the lungs and blood of zinc-limited mice 

result in physiologically-relevant reductions in pneumococcal zinc exposure. 

The effect of host zinc abundance on colonisation was then further interrogated using 

pneumococcal mutant strains perturbed in zinc uptake (∆adcA, ∆adcAII and 

∆adcA∆adcAII) or zinc efflux (∆czcD). The ability of these strains to infect the lungs, pleural 

cavity, and blood of mice from both dietary groups was compared with that of wild-type 

pneumococci at 36 hours post-challenge. The fitness of the ∆adcA strain, which only 

expresses AdcAII, was significantly lower than wild-type D39 in the lungs of zinc-replete 

mice (Figure 5.6a, P < 0.001, Student’s t-test), whereas no differences in fitness were observed 

for the ∆adcAII (AdcA only) strain compared with the wild-type strain in this niche. In 

contrast, colonisation of the ∆adcA∆adcAII strain, which is deficient in high-affinity zinc 

import, was severely compromised compared with the wild-type strain in the lungs of both 

dietary groups (P < 0.0001), but to a greater extent in the zinc-limited mice. The fitness of 

the ∆czcD strain was also compromised in the zinc-replete lungs, but not in the zinc-limited 

lungs, relative to wild-type. This indicates that pneumococci encounter sufficient zinc in the 

zinc-replete lungs to necessitate a zinc efflux system, suggesting that host zinc is bioavailable 

to invading pneumococci. Together, these findings indicate that pneumococci encounter 

zinc restriction in the lung, which is more severe in the zinc-limited mice than in the zinc-

replete mice. This is consistent with the lower total zinc abundance detected in the zinc-

limited mouse lungs, as well as the requirement for CzcD in zinc-replete lungs, but not zinc-

limited lungs.  

In the pleural cavity, the ∆adcA strain was compromised to a similar extent in both 

dietary groups, relative to wild-type (Figure 5.6b, P < 0.05). The ∆adcAII strain was also 

compromised in the zinc-limited mice (P < 0.0001), but not in zinc-replete mice, suggesting   
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Figure 5.5: Relative expression of czcD and phtE pneumococcal genes during 
host infection. 

Relative mRNA expression levels of czcD (a) and phtE (b) in fold-change, of wild-type 
pneumococci recovered from zinc-replete mice, relative to wild-type pneumococci 
recovered from zinc-limited mice, at 36 h post challenge. Data are the mean with SEM. 
Statistical significance was determined using the Student’s t-test, where * represents P < 
0.05, ** represents P < 0.01, and n.s. denotes not significant. 
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Figure 5.6: Host colonisation by S. pneumoniae adc and czcD deletion strains 
relative to wild-type. 

Mice were fed either diet for two weeks prior to intranasal challenge with D39 wild-type, 
∆adcA, ∆adcAII, ∆adcA∆adcAII, or the ∆czcD strain for 36 h. The CFU were enumerated 
in the lungs (a), pleural lavage (b), and blood (c), and then corrected to wild-type. The data 
are the mean with SEM. Statistical significance was determined using the Student’s two-
tailed t-test, where * represents P < 0.05, *** represents P < 0.001, **** represents P < 
0.0001, and n.s. denotes not significant. B.d. denotes below detection. Raw data can be 
found in Appendix B. 
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that pneumococci may encounter more severe zinc starvation in the zinc-limited pleural 

cavity that necessitates the expression of both AdcA and AdcAII for wild-type levels of  

survival in this niche. In contrast, the ∆adcA∆adcAII strain could not be detected in the 

pleural cavity of either dietary group, consistent with the reduced ability of this strain to 

persist in the lungs, as shown in Figure 5.6a, and subsequently invade the pleural cavity. No 

difference in the fitness of the ∆czcD strain was observed in this niche in either dietary group. 

Overall, these results show that pneumococci encounter severe zinc restriction in the pleural 

cavity, which necessitates high-affinity zinc uptake via AdcA and AdcAII. Furthermore, the 

compromised fitness of the ∆adcAII strain in the zinc-limited mice, but not zinc-replete 

mice, suggests that pneumococci encounter a greater degree of zinc starvation in the pleural 

cavity of these mice. This is despite a similar concentration of zinc being detected in the 

pleural lavage in both dietary groups. 

Lastly, in the blood, the single zinc-uptake deletion strains were not compromised 

compared to wild-type in either dietary group (Figure 5.6c). However, deletion of both adcA 

and adcAII resulted in severely compromised invasion of the blood compared to wild-type 

(P < 0.0001), particularly in the zinc-limited mice. In contrast, deletion of czcD provided a 

fitness advantage over wild-type in the zinc-limited mice (P < 0.05), but made no difference 

in the zinc-replete mice. The reduced fitness of the ∆adcA∆adcAII strain in the blood of both 

dietary groups suggests that high-affinity zinc uptake is necessary to enter and/or survive in 

this niche. Furthermore, the greater colonisation defect of this strain in the zinc-limited mice 

is consistent with the lower zinc abundance in zinc-limited blood compared with zinc-

replete blood.  

Collectively, the gene expression profiling and the mutant colonisation analyses 

presented here show that pneumococci are directly affected by host zinc. In particular, 

pneumococci “encounter” less zinc in the lungs and blood of zinc-limited mice, consistent 

with the reduced abundance of zinc in these tissues compared with zinc-replete mice. 

Despite this, high-affinity zinc acquisition was important for colonisation of both dietary 

groups, suggesting that pneumococci also encounter reduced zinc bioavailability in vivo, 

even in the zinc-replete mice. 

 

5.2.6 Calprotectin modulates host zinc availability 
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The compromised fitness of the ∆adcA∆adcAII strain in the lungs, pleural cavity, and 

blood suggested that zinc was restricted in these niches in both mouse groups, particularly 

in the zinc-limited mice. Consistent with this, the total zinc abundance data in Figure 5.3 

showed that zinc-limited mouse lungs and serum contained significantly less zinc than their 

zinc-replete counterparts. However, these data show total zinc abundance, and do not 

account for differences in zinc availability caused by zinc-binding host factors such as 

calprotectin. To determine if the zinc-limited mice expressed higher levels of calprotectin, 

the transcription of the calprotectin subunit gene S100A8 was analysed in lung homogenates 

and blood from zinc-limited and zinc-replete mice (Figure 5.7), in conjunction with Dr Bart 

Eijkelkamp (University of Adelaide). The diet had no significant effect on the abundance of 

S100A8 transcripts in the lungs of naive or infected mice (Figure 5.7a). Transcript abundance 

of S100A8 significantly increased in the lungs of both groups upon infection (zinc-limited, 

P < 0.001; zinc-replete, P < 0.01; one-way ANOVA). S100A8 expression was also observed 

to increase in the blood upon infection (Figure 5.7b), but to different extents in the two 

dietary groups. In infected zinc-limited mice, S100A8 was more highly expressed compared 

with zinc-replete mice (P < 0.001). This correlates with the reduced bioavailability of zinc in 

the zinc-limited blood, as indicated by the greater colonisation defect of the ∆adcA∆adcAII 

strain and the fitness advantage of the ∆czcD strain compared with wild-type D39. 

Collectively, these results suggest that the greater degree of zinc starvation experienced by 

pneumococci in the blood of zinc-limited mice may be the result of calprotectin-mediated 

restriction of zinc availability, in addition to the observed reduced zinc abundance in these 

mice. 

 

5.2.7 Immune cell recruitment is not affected by nutritional zinc limitation 
 

Zinc has numerous roles in the development of the immune system (Prasad, 1998). To 

assess if the increased bacterial load in zinc-limited mice was mediated by a perturbed innate 

immune response to infection, the recruitment of innate immune cells to the lungs and blood 

of infected mice was analysed. Here, tissues were harvested from naive and infected mice 

from the two dietary groups, and the leukocytes were isolated prior to flow cytometry by Dr 

Catherine Hughes (University of Adelaide). The diet had no effect on the relative abundance 

of each cell type in naive mice (Figure 5.8). Upon infection, a significant increase in the 

proportions of monocytes and neutrophils were observed in the lungs of both  
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Figure 5.7: Expression of S100A8 in mouse lungs and blood. 

The relative mRNA expression of the S100A8 subunit of calprotectin was assessed in the 
lungs (a) and blood (b) of naïve and infected mice 36 h post-challenge. Expression levels 
were normalised to actB. Data are the mean with SEM. Statistical significance was 
determined using a one-way ANOVA, where * presents P < 0.05, ** represents P < 0.01, 
*** represents P < 0.001 and **** represents P < 0.0001. 
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Figure 5.8: Innate immune cell abundance in response to pneumococcal 
infection. 

Mice were fed either diet for two weeks, then harvested (naïve mice) or challenged 
intranasally for 36 h before harvesting (infected mice). The lungs and blood from these 
mice were processed and pooled within each group to get three independent replicates per 
group. The relative abundance of each cell type was determined using multicolour flow 
cytometry analysis. Gating and data analyses were performed using FlowJo. The data are 
the mean with SEM. Statistical significance was determined using a one-way ANOVA, 
where * represents P < 0.05, ** represents P < 0.01, *** represents P < 0.001, and **** 
represents P < 0.0001. 
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dietary groups (Figure 5.8a, b; P < 0.0001, one-way ANOVA). This was associated with a 

concomitant decrease in the proportion of alveolar macrophages in the lung (Figure 5.8d; P 

< 0.0001). This decrease is likely to be due to the large infiltration of leukocytes into the lungs  

upon infection, and not due to a reduction in the absolute number of alveolar macrophages 

in this niche. No change was observed in the abundance of natural killer cells in the lungs as 

a result of the zinc-limited diet or infection (Figure 5.8c). Taken together, these results show 

that the diet did not influence phagocytic cell abundance or recruitment in the lung.  

A similar overall pattern was observed in the blood, with an increase in blood monocytes 

(Figure 5.8e; zinc-limited, P < 0.001; zinc-replete, P < 0.05) and NK cells (Figure 5.8g; zinc-

limited, P < 0.0001; zinc-replete, P < 0.001) in both dietary groups upon infection. However, 

the abundance of blood neutrophils differed between the two dietary groups. Upon 

infection, zinc-limited mice had an increase in blood neutrophils (Figure 5.8f, P < 0.01), 

while no change was observed in the proportion of this cell type in zinc-replete mice. This 

may be due to the increased bacterial burden in the zinc-limited mice, as shown in Figure 

5.4d, although a higher abundance of the other cell types was not observed in the zinc-limited 

mice. Taken together, these results suggest that the zinc-limited diet does not affect innate 

immune cell abundance or recruitment in the lungs or blood, except for blood neutrophils, 

which were more abundant in zinc-limited mice. This indicates that the greater susceptibility 

of the zinc-limited mice to disease is not due to a defect in the ability of the immune system 

to amount a response to infection via innate immune cells. 

 

5.2.8 The impact of nutritional zinc limitation on cytokine expression 
 

While there was no significant change in innate immune cell recruitment observed in 

the zinc-limited mice compared with the zinc-replete mice, zinc also has known roles in 

cytokine production and signalling (Shankar and Prasad, 1998). The cytokines IL-1β and 

IL-6 have established roles in the inflammatory response to bacterial infection, including 

pneumococcal infection (Koppe et al., 2012). Therefore, the concentrations of these 

cytokines were assessed in the lungs and plasma of both dietary groups by ELISA (Figure 

5.9). A similar concentration of IL-1β was observed in the lungs of naive mice from the two 

diet groups. Upon infection, IL-1β concentrations increased to a greater extent in the zinc-

limited mice than in the zinc-replete mice (zinc-limited, P < 0.0001; zinc-replete, P < 0.05; 

zinc-limited versus zinc-replete, P < 0.01; one-way ANOVA). This is indicative of a  
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Figure 5.9: Expression of IL-1β in mouse lungs. 

Groups of mice were fed either diet then challenged as described in the legend for Figure 
5.8 above. Levels of IL-1β in mouse lung homogenate from naïve and 36-hour-challenged 
mice fed either diet were determined by ELISA. Data are the mean with SEM. Statistical 
significance was determined using a one-way ANOVA, where * represents P < 0.05, ** 
represents P < 0.01, and **** represents P < 0.0001. 
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heightened inflammatory response, which may be due to the higher bacterial burden in this 

niche. In the plasma, the ELISA failed to detect IL-1β in naïve mice from either dietary group,  

therefore plasma IL-1β concentrations were not pursued further. IL-6 concentrations were 

assessed in the same manner, and showed that IL-6 was expressed at similar levels in the 

lungs (Figure 5.10a) and plasma (Figure 5.10b) of naive mice from both dietary groups. At 

36 hours post-challenge, IL-6 concentrations significantly increased in the lungs (P < 0.001) 

and plasma (zinc-limited, P < 0.001; zinc-replete, P < 0.05) of both mouse groups, compared 

with naive mice. Importantly, no difference in the concentration of IL-6 was observed 

between the dietary groups within each niche, despite the higher bacterial burden in both 

niches of zinc-limited mice. This contrasts with the higher concentration of IL-1β measured 

in the lungs of zinc-limited mice than zinc-replete mice.  

The effect of the diet and infection on activation of the transcription factor NF-κB was 

also analysed in the lungs and blood. NF-κB has key roles in regulating genes in both the 

innate and adaptive immune systems, and is activated during bacterial infection (Li and 

Verma, 2002). Furthermore, previous studies have shown that NF-κB activation is regulated 

by zinc (Driessen et al., 1994; Wellinghausen et al., 1996; Haase et al., 2008; Prasad et al., 

2011). Thus, the effect of dietary zinc on NF-κB activation was assessed. Upon activation, 

several residues in the NF-κB complex are phosphorylated, including the Ser536 residue in 

the p65 subunit (Christian et al., 2016). Therefore, to analyse the proportion of activated 

NF-κB to total NF-κB in the lungs and blood, a quantitative immunoblot was performed 

using antibodies specific for the Ser536-phosphorylated and Ser536-unphosphorylated 

forms of p65. No significant change in the ratio of phosphorylated p65 to unphosphorylated 

p65 was observed between diet groups or upon infection in the lungs (Figure 5.11a) or blood 

(Figure 5.11b), indicating that the zinc-limited diet did not affect activation of NF-κB.  

Collectively, these data indicate that the zinc-limited diet does not affect pro-

inflammatory cytokine signalling during infection, except for an increase in IL-1β in the 

blood. Together with the innate immune cell abundance data presented above, these findings 

suggest that the zinc-limited diet does not cause a deficiency in the ability of the innate 

immune system to mount a response to infection. Therefore, the increased bacterial burden 

in the zinc-limited mice cannot be explained by a deficient innate immune response. 
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Figure 5.10: Expression of IL-6 in infected mouse lungs and blood. 

Groups of mice were fed either diet then challenged as described in the legend for Figure 
5.8 above. The concentration of IL-6 in lung homogenates (a) and plasma (b) from naïve 
and infected mice fed either diet was determined by ELISA. Data are the mean with SEM. 
Statistical significance was determined using a one-way ANOVA, where * represents P < 
0.05 and *** represents P < 0.001. 
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Figure 5.11: Activation of NF-κB in infected mouse lungs and blood. 

Groups of mice were fed either diet then challenged as described in the legend for Figure 
5.8 above. The abundance of the phosphorylated p65 subunit of NF-κB relative to the 
unphosphorylated form of p65 was determined by quantitative immunoblot in lung 
homogenate (a) and blood (b) from naïve and infected mice fed either diet. Samples were 
corrected to a total protein concentration of 20 µg before loading onto the SDS-PAGE gel. 
Band intensity was quantified using the LI-COR Image Studio software. Data are the mean 
with SEM. Statistical significance was assessed using a one-way ANOVA. 
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5.2.9 Zinc enhances killing of pneumococci by phagocytic cells 

 

The zinc-limited diet did not appear to cause a reduction in the innate immune response 

to pneumococcal infection, either through innate immune cells or through cytokine 

production. However, zinc has previously been shown to be important for killing of 

phagocytosed pathogens by neutrophils and macrophages (Wirth et al., 1989; Botella et al., 

2011; Ong et al., 2014). To investigate how zinc impacted killing of pneumococci by 

phagocytic cells, differentiated THP1 monocytes and polymorphonuclear cells (PMNs) were 

used for macrophages and neutrophils, respectively. These two cell types were loaded with 

zinc, and the ability of phagocytosed pneumococci to survive in these cells was assessed by 

Dr Bart Eijkelkamp (University of Adelaide) and Dr Cheryl-lynn Ong (University of 

Queensland). Pneumococcal intracellular survival was significantly decreased in the zinc-

loaded macrophages and PMNs compared with untreated cells (Figure 5.12a; THP1, P < 

0.0001; PMNs, P < 0.001, Student’s t-test). This suggested that these cell types use zinc to kill 

phagocytosed pneumococci. To assess this further, the ability of the ∆czcD mutant strain to 

survive in zinc-loaded macrophages and PMNs was compared to wild-type pneumococci. 

The czcD deletion strain showed significantly reduced survival in both phagocytic cell types, 

compared with the wild-type strain (Figure 5.12b), which confirmed that pneumococci are 

exposed to high levels of zinc in phagocytic cells. In contrast, survival of the ∆adcA∆adcAII 

strain was not significantly different from wild-type in both cell types (Figure 5.12c). Overall, 

these data show that pneumococci are exposed to high levels of zinc in phagocytic cells, and 

that zinc has a direct antimicrobial effect against the pneumococcus in these cells. This may 

be an important mechanism by which the host defends against pneumococcal infection. 

 

 

5.3 Discussion 
 

Zinc deficiency is a risk factor for the development of disease in humans, including 

bacterial infections. However, the confounding data from zinc supplementation trials has 

highlighted fundamental gaps in our understanding of how zinc serves to protect against 

infections. Previous studies have investigated pneumococcal disease in a zinc-limited mouse 

model, revealing that these mice were more susceptible to pneumococcal disease than their 

zinc-replete counterparts (Strand et al., 2001; Strand et al., 2003). However, these studies  
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Figure 5.12: The role of zinc in killing of pneumococci by phagocytic cells. 

(a) Survival of wild-type D39 in differentiated THP1 monocytes and polymorphonuclear 
cells (PMNs) that were untreated or loaded with zinc. Bacterial survival was calculated as 
the ratio of the number of CFU after incubation with the phagocytic cells to the number of 
starting CFU, and then normalised to survival in untreated differentiated THP1 monocytes. 
(b) Survival of wild-type D39 (WT) and ∆czcD in zinc-loaded differentiated THP1 
monocytes and PMNs. (c) Survival of WT and ∆adcA∆adcAII in zinc-loaded differentiated 
THP1 monocytes and PMNs. The survival percentages in (b) and (c) were determined as 
for (a) above. Data are the mean with SEM. Statistical significance was determined using 
the Student’s two-tailed t-test, where * represents P < 0.05, ** represents P < 0.01, *** 
represents P < 0.001 **** represents P < 0.0001, and n.s. denotes not significant. 
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failed to consider the niche-specific effects of zinc abundance on pneumococcal bacterial 

burden, and therefore provided limited insight into the ways that zinc defends against 

pneumococcal disease. Here, we developed a murine model of zinc limitation to determine 

the molecular mechanisms of protection by zinc against pneumococcal infection. The zinc-

limited diet caused a significant reduction in serum zinc concentration, consistent with 

moderate to severe zinc restriction in human populations (Wessells et al., 2014). 

Furthermore, the zinc-limited mice were more susceptible to pneumococcal infection, with 

higher bacterial loads in the nasopharynx, lungs and blood at 36 hours post-challenge, 

concomitant with significantly shortened survival times. This is consistent with the previous 

studies in zinc-deficient mouse models of pneumococcal disease (Strand et al., 2001; Strand 

et al., 2003), but also with the increased susceptibility of zinc-deficient human populations 

to infectious diseases (World Health Organisation, 2002). Therefore, the zinc-limited mouse 

model developed in this study was highly suitable for investigating how host zinc protects 

against pneumococcal infection. 

The zinc-limited diet caused multiple effects in the mice over the two-week dietary 

intervention, which may have contributed to the enhanced susceptibility of these mice to 

pneumococcal infection. One such effect was a reduced growth rate, compared with the zinc-

replete group. At the end of the two-week diet, the average weight of the zinc-limited mice 

was 15.2 grams, compared with 19.4 grams for their zinc-replete counterparts (P < 0.0001, 

Student’s t-test). This was consistent with previous zinc-deficient mouse models, for which 

similar differences in weight were observed for the two dietary groups (Strand et al., 2001; 

Strand et al., 2003). Zinc deficiency is associated with reduced appetite, which may have 

slowed weight gain in the zinc-limited group. The smaller size of the zinc-limited mice is a 

potential concern with regards to the challenge dose used for the mice. Both dietary groups 

received the same challenge dose, therefore the dose may have been more potent in the zinc-

limited mice as a result of their smaller size, which could explain why the zinc-limited mice 

were more susceptible to disease. However, the comparable bacterial burden in both dietary 

groups at 24 hours suggests that the smaller size of the zinc-limited mice was not responsible 

for their greater susceptibility to pneumococcal disease later during infection. To avoid diet-

dependent differences in mouse size in future experiments, a pair feeding strategy could be 

used, where mice fed the zinc-replete diet are provided the same amount of feed consumed 

by the zinc-limited group on the day prior. This approach would resolve potential appetite-
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dependent effects on weight gain, although the mouse size appeared to have negligible effects 

on disease susceptibility in this model. 

The zinc-limited diet also caused reductions in tissue zinc abundance in the 

nasopharynx, lungs, and blood, which inversely correlated with bacterial load at 36 hours 

post-challenge. This suggested that pneumococci directly responded to tissue zinc 

abundance. The results from the pneumococcal gene profiling and transcriptional analyses 

supported this, by showing that the reduced tissue zinc abundances in the zinc-limited host 

affected pneumococcal zinc homeostasis. Furthermore, the results from these analyses 

provided insight into the availability of zinc in each niche in zinc-limited mice, which was 

not evident from the tissue zinc abundance data alone. The compromised colonisation of the 

∆adcA∆adcAII strain in both dietary groups suggested that zinc is always limiting to the 

pneumococcus, irrespective of the dietary zinc status of the host. This highlights the 

importance of high-affinity zinc acquisition via the Adc permease for the pneumococcus 

during infection, consistent with the established role of this system in virulence (Bayle et al., 

2011; Plumptre et al., 2014). Despite the fact that pneumococci required high-affinity zinc 

uptake to colonise the lungs effectively, CzcD was also important for colonisation of the zinc-

replete lungs. Together, these findings suggest that zinc is not highly abundant in this niche, 

which necessitates a high-affinity zinc-uptake system. However, zinc is sufficiently available 

to the pneumococcus, such that a zinc-efflux system confers a fitness advantage, perhaps by 

enabling fine control of intracellular zinc abundance. A different situation was observed in 

the blood, where deletion of czcD conferred a fitness advantage in the zinc-limited mice, but 

made no difference to fitness in the zinc-replete mice. The fact that the ∆czcD strain was not 

disadvantaged in the zinc-replete blood, which had a higher zinc abundance, suggests that 

the zinc in this niche is less available to the pneumococcus, in contrast to the zinc-replete 

lungs. In the zinc-limited blood, a basal level of zinc efflux by CzcD was detrimental to the 

pneumococci, consistent with severe zinc restriction in this niche. The enhanced expression 

of calprotectin in the zinc-limited blood may have contributed to the severity of zinc 

restriction in this niche. However, further analyses are required to determine if the mRNA 

expression corresponds with calprotectin protein abundance in the blood, as well as in the 

lungs. Furthermore, determining the tissue distribution of calprotectin in the lungs would 

provide important insights into the role of calprotectin in modulating zinc availability in this 

niche. Despite these caveats, the calprotectin mRNA expression, together with the zinc 

abundance and bacterial load data from all the niches analysed, suggest an overall model of 
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zinc limitation in both zinc-limited and zinc-replete mice, which is more severe in the zinc-

limited mice. However, wild-type pneumococci can overcome this severe zinc limitation in 

the zinc-limited mouse, to proficiently colonise the lungs and blood and cause higher 

bacterial burden than in zinc-replete mice, which shows that restricted zinc availability does 

not control pneumococcal colonisation. Furthermore, the fact that pneumococci colonising 

zinc-replete mice still encountered zinc limitation, despite the higher zinc abundance in 

these mice, showed that the higher zinc abundance in these niches does not appear to directly 

protect against pneumococcal colonisation. This may provide an explanation for why zinc 

supplementation of zinc-replete mice does not facilitate enhanced protection against 

pneumococcal challenge, as shown in a previous study (Hembre et al., 2008). Overall, the 

findings from our model suggest that niche zinc abundance does not directly affect 

pneumococcal colonisation.  

While tissue zinc abundance did not appear to play a direct role in pneumococcal 

colonisation, it is possible that the reduced zinc abundance in zinc-limited mice caused 

reductions in key zinc-dependent processes. In particular, numerous immune processes 

require zinc (Prasad, 2007). Despite this, the zinc-limited diet did not cause a deficit in 

phagocytic cell abundance in the lungs or blood, or in pro-inflammatory cytokine signalling. 

Interestingly, more blood neutrophils and lung IL-1β were observed in zinc-limited mice, 

which could be due to the higher bacterial loads in this niche. However, it is intriguing that 

we did not observe the same pattern for all the innate immune cell types and cytokines 

examined in the zinc-limited mice. The similar overall magnitude of the immune response 

in the two dietary groups, despite the higher bacterial loads in the zinc-limited mice, could 

suggest that the immune response is dysfunctional in this group. This may have contributed 

to the higher susceptibility of these mice to disease. Analysis of the immune response at 

earlier time-points, such as 24 or 30 hours, would be informative to compare the magnitude 

of the immune response in both dietary groups. A defect in the immune response in the zinc-

limited mice at these earlier time-points would allow pneumococci to proliferate and invade 

to a greater extent, resulting in the observed increase in bacterial load in the zinc-limited 

mice compared with the zinc-replete mice at 36 hours. An alternative explanation for why 

the zinc-limited mice suffered a higher bacterial burden is that the zinc-limited diet may 

have affected the function of phagocytic cells. Macrophages and neutrophils are highly 

sensitive to zinc deficiency, and in zinc-deficient individuals these cell types show numerous 

defects in their key functions, including killing of intracellular pathogens (Prasad, 2013). In 
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the current study, zinc was shown to be important for killing of pneumococci by 

macrophages and neutrophils in vitro, similarly to its effect on killing of S. pyogenes by 

neutrophils (Ong et al., 2014). Furthermore, CzcD was found to be important for 

pneumococcal resistance to macrophage and neutrophil killing in vitro in the current study. 

Interestingly, this may explain why the ∆czcD strain was less competitive than wild-type 

pneumococci in the lungs of zinc-replete mice, but not zinc-limited mice. If the macrophages 

and neutrophils in the zinc-replete mice were sufficiently zinc loaded, phagocytosed 

pneumococci in the lungs would be exposed to high concentrations of zinc, which would 

necessitate a functional zinc-efflux system. In contrast, in the zinc-limited mice, these 

phagocytic cells may have been depleted of zinc, and therefore significantly impaired in their 

ability to kill phagocytosed pneumococci. To determine if the zinc-limited diet affected the 

zinc loading of neutrophils and macrophages in the current model, these cells could be 

isolated from naive and infected mice, and analysed for zinc content using an intracellular 

zinc fluorophore such as Fluozin-3, or by ICP-MS analysis. Furthermore, the ability of these 

primary cells to kill pneumococci in an in vitro assay could be assessed, in both untreated 

and zinc-treated forms. However, these experiments were beyond the scope of the current 

study.  

Overall, this study has described a physiologically relevant mouse model of nutritional 

zinc deficiency for examining pneumococcal infection. The zinc-limited diet caused changes 

in host tissue zinc homeostasis during infection, resulting in higher bacterial loads and 

shortened survival times for pneumococcal infection in the mice. The higher bacterial 

burden in the zinc-limited mice did not appear to be a result of a deficiency in the ability of 

the immune system to amount a response to infection. Finally, the importance of zinc in 

phagocytic cell killing of pneumococci was established, which suggested that macrophages 

and neutrophils from zinc-limited mice are perturbed in their ability to kill phagocytosed 

pneumococci due to an insufficiency of zinc. The findings from this model highlight the 

importance of zinc at the host-pathogen interface, and reveal a hitherto unrecognised 

importance of zinc in immune defence against pneumococcal infection. 
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Chapter 6: General discussion 
 
 

Zinc is an important metal ion in biological systems, and is required for the virulence of 

numerous pathogens, including S. pneumoniae (Campoy et al., 2002; Sabri et al., 2009; Bayle 

et al., 2011; Plumptre et al., 2014). As the pneumococcus is an obligate human pathogen, 

with no known environmental or zoonotic reservoirs, it must acquire essential zinc ions 

from host tissues. However, numerous mechanisms restrict the availability of zinc ions to 

invading pathogens as part of nutritional immunity (Hood and Skaar, 2012). To overcome 

host-mediated zinc limitation, the pneumococcus utilises the ABC transporter AdcCB in 

combination with the zinc-specific SBPs AdcA and AdcAII. The Adc permease works in 

concert with CzcD to achieve cytoplasmic zinc sufficiency. Despite the importance of zinc 

homeostasis to pneumococcal disease, the systems that facilitate this process have remained 

poorly understood. This, in turn, has limited our understanding of how this pathogen 

interacted with the host. In this thesis, the zinc homeostatic mechanisms of the 

pneumococcus were explored at the molecular, cellular and host-pathogen interaction levels. 

This work has delivered novel insights into how S. pneumoniae colonises the host and causes 

disease. 

To address the paucity of knowledge regarding AdcA-mediated zinc acquisition, AdcA 

was investigated in detail, with particular focus on its additional structural features, namely 

the His-rich loop and the AdcAZinT domain. These structural features were not found to 

contribute to zinc uptake in zinc-limited conditions in vitro, despite previous suggestions 

that they may enhance the ability of AdcA to recruit zinc (Plumptre et al., 2014). Notably, 

this is consistent with AdcAII, which has also been shown to be sufficient for zinc uptake in 

the absence of additional zinc-recruiting motifs (Plumptre et al., 2014). While AdcAII 

features a charged loop near its metal-binding pocket, this loop does not feature histidine 

residues, and is therefore unlikely to have a direct role in zinc recruitment. The affinity of 

AdcAII for zinc is 3.3 ± 0.5 nM (Dr Victoria Pederick, personal communication), which is 

comparable to the affinity of the AdcAZnuA domain for zinc (Plumptre et al., 2014). Based on 

this, it is unlikely that AdcA would require additional zinc-recruiting domains to facilitate 

efficient zinc uptake while AdcAII does not. While the Pht proteins have been suggested to 

play a role in AdcAII-mediated zinc uptake (Plumptre et al., 2014), a direct interaction 

between these proteins is unlikely given their physical separation, and an intermediate 
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protein chaperone is yet to be identified. Therefore, AdcAII appears to facilitate efficient zinc 

uptake without the requirement for additional zinc-recruiting domains or proteins. The 

AdcAZnuA domain lacking the His-rich loop should be similarly competent for zinc uptake in 

zinc-limited media, which was supported by the results from the phenotypic analyses herein. 

Taken together, these findings suggest that the AdcAZinT domain and the His-rich loop do 

not improve the ability of AdcA to recruit zinc. 

An alternative function of the AdcAZinT domain and/or the His-rich loop could be in 

buffering of zinc ions at the cell surface. The lower affinity of the AdcAZinT domain for zinc, 

compared with the AdcAZnuA domain, suggests that zinc would be preferentially bound by 

the higher affinity AdcAZnuA domain before binding to the AdcAZinT domain. This is 

supported by the ITC analyses (Plumptre et al., 2014). Further confirmation could be derived 

using nuclear magnetic resonance spectroscopy on AdcA and titrating with zinc. Zinc 

binding in the two metal-binding pockets could be observed by shifts in the peaks 

corresponding with atoms in the metal-coordinating residues, which would reveal which site 

bound zinc ions first. The His-rich loop can bind up to two zinc ions, although these are 

likely to be loosely associated, similar to the His-rich loop in ZnuA from Synechocystis 6803, 

E. coli and S. Typhimurium (Wei et al., 2007; Yatsunyk et al., 2008; Ilari et al., 2014). 

Therefore, in the host environment, the His-rich loop is unlikely to bind zinc ions unless the 

zinc availability is relatively high. Based on this, a zinc buffering role for the AdcAZinT domain 

and the His-rich loop during increases in zinc availability is conceivable. A buffering system 

such as this would help to mitigate fluxes in zinc availability that are encountered in the host 

environment, and therefore improve the ability of the pneumococcus to respond to these 

changes. Furthermore, buffering of excess zinc ions on the AdcAZinT domain and the His-

rich loop would provide a readily accessible zinc pool at the cell surface, which could be used 

when the local zinc concentration decreases again. Notably, a putative zinc buffering role for 

the His-rich loop and the AdcAZinT domain could explain why these structural features were 

not required for pneumococcal growth in zinc-limited media, as their proposed roles in zinc 

buffering were not required in these conditions. Furthermore, zinc buffering may also 

explain why AdcAII lacks these structural features. Transcription of adcAII is repressed to a 

greater extent than that of adcA in zinc-replete conditions, which suggests that AdcAII is 

more important during conditions of severe zinc limitation (Plumptre et al., 2014). As a 

result, AdcAII would be unlikely to encounter excess zinc ions that would require buffering, 

in contrast to AdcA. To assess if the AdcAZinT domain and the His-rich loop in AdcA have 
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buffering roles, experiments that tested the ability of the pneumococcus to respond to shock 

treatments with varying zinc concentrations, that compared the adcA∆zinT∆loop∆adcAII strain 

with the ∆adcAII background strain, would be informative. For example, the transcription 

of czcD in both strains could be used to indicate how well these strains respond to zinc stress. 

Buffering by the His-rich loop or the AdcAZinT domain may then be observed by the 

decreased transcriptional response of czcD in the adcA∆zinT∆loop∆adcAII strain compared with 

the parent strain. 

In addition to a role in zinc buffering, the His-rich loop may also modulate the ability of 

the AdcAZnuA domain to bind zinc ions. A putative zinc-sensing role for the His-rich loop 

has been suggested in a study of Syn_ZnuA (Wei et al., 2007). The authors proposed that the 

His-rich loop may act as a periplasmic zinc sensor in Synechocystis 6803, wherein a 

conformational change in the His-rich loop upon zinc coordination could prevent zinc 

binding in the primary metal-binding pocket, thereby abrogating ZnuA-mediated zinc 

uptake. Perturbation of zinc binding and/or release from the metal-binding pocket would 

necessitate a large conformational change in the highly disordered His-rich loop, which is 

unlikely given its low affinity for zinc ions. Furthermore, conformational changes such as 

those proposed by Wei and colleagues would be expected to be observable in the crystal 

structures of zinc-specific SBPs with zinc, but have not been observed in the available crystal 

structures to date. A zinc-sensing role for the His-rich loop therefore seems unlikely. To 

experimentally investigate this in AdcA, the AdcA∆loop variant could be assessed for its ability 

to facilitate zinc uptake in a zinc transport assay, using AdcCB reconstituted into 

proteoliposomes. At higher zinc concentrations, a zinc-sensing role of the His-rich loop 

would result in less zinc uptake into proteoliposomes by wild-type AdcA compared with the 

AdcA∆loop variant, due to the inability of the AdcA∆loop variant to inhibit zinc uptake. 

Together, the putative zinc-buffering roles and the potential regulatory role of the His-rich 

loop would provide additional levels of regulation of zinc uptake that would enable fine-

tuning of pneumococcal zinc acquisition, which may reduce the need for energetically 

expensive up-regulation of genes to respond to changes in zinc availability. 

In bacterial species that express discrete ZinT proteins, and not SBP-ZinT fusion 

proteins like AdcA, ZinT may have a different role to the AdcAZinT domain. Sen_ZinT has 

been shown to have an affinity for zinc of 22.0 ± 2 nM, compared with the KD of Sen_ZnuA 

for zinc, which is below 20 nM (Ilari et al., 2014). The affinity of ZinT from S. Typhimurium 

for zinc is therefore sufficiently high to facilitate zinc binding in zinc-limited conditions. 
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Furthermore, higher EDTA concentrations were shown to be required to induce expression 

of ZinT in LB, compared with ZnuA (Petrarca et al., 2010). The expression of ZinT during 

severe zinc limitation and its high affinity for zinc are consistent with a role for this protein 

in facilitating zinc uptake during severe zinc shortage. This is supported by studies from 

various species, which show that deletion of zinT reduces bacterial growth in zinc-limited 

media and/or perturbs virulence (Kershaw et al., 2007; Graham et al., 2009; Petrarca et al., 

2010; Gabbianelli et al., 2011). However, it is important to note that in these studies, deletion 

of znuA was found to cause greater perturbation of growth and virulence in these conditions 

than deletion of zinT. This is consistent with the critical role of ZnuA in zinc uptake from 

the periplasm, in contrast to the accessory role of ZinT. Together, these findings clearly 

support a role for ZinT in enhancing zinc uptake via ZnuA in these species during conditions 

of severe zinc shortage. In contrast, a role for zinc buffering by ZinT in Gram-negative 

species appears to be less likely. While initial reports of ZinT suggested that it was important 

for buffering metal ions including cadmium in the periplasm, later studies clearly 

demonstrated that ZinT was important for zinc uptake and did not contribute to cadmium 

resistance (David et al., 2003; Graham et al., 2009). Furthermore, the decreased expression 

of ZinT observed in S. Typhimurium and E. coli cell lysates in response to increasing zinc 

availability in the growth media suggests that ZinT does not have a major role in zinc 

buffering in these species (Petrarca et al., 2010; Gabbianelli et al., 2011).  

Another aspect of pneumococcal zinc acquisition that was explored in this thesis was the 

ligand-binding mechanism of the AdcAZnuA domain for zinc. This was found to be mediated 

by localised changes in mobility, and not structural rearrangements, as have been observed 

in other SBPs, such as PsaA (Counago et al., 2014). The ligand-binding mechanism of the 

AdcAZnuA domain may provide insights into how highly similar SBPs, such as PsaA and 

AdcA, achieve specificity for their cognate metal ions. Tight regulation of transition metal 

homeostasis in the pneumococcus necessitates that the Adc and Psa permeases are highly 

specific, and do not enable uptake of non-cognate metal ions. The complexity of the ligand-

binding mechanisms of PsaA compared with the AdcAZnuA domain may reflect the difficulty 

of ensuring ligand specificity in an SBP involved in manganese uptake. PsaA has been found 

to bind both manganese and zinc (Lawrence et al., 1998), despite the fact that the metal-

binding pocket is optimal for binding the “harder” manganese ion by featuring two oxygen-

contributing residues (McDevitt et al., 2011; Counago et al., 2014). The observation that zinc 

can bind in this pocket is consistent with the flexibility of the coordination geometry of zinc, 
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and its ability to form stable protein-metal complexes. However, the zinc-PsaA interaction 

has been found to be irreversible, which is explained by the spring-hammer mechanism of 

ligand binding (Counago et al., 2014). The flexibility around the C-terminal end of the 

linking helix, which is important for manganese binding, shows greater distortion when 

PsaA coordinates zinc, and permits a near to optimal tetrahedral coordination of the zinc 

ion. As such, the ligand-binding mechanism of PsaA permits manganese binding and 

release, as well as zinc binding without release. In contrast to PsaA, manganese and the other 

first-row transition metal ions cannot bind to full-length AdcA (Plumptre et al., 2014). Thus, 

in the AdcAZnuA domain, the ligand-binding mechanism only needs to permit coordination 

of a zinc ion, and is therefore distinct from that of PsaA, which has to ensure binding and 

release of manganese over non-cognate metal ions such as zinc. This may explain why 

structural rearrangements were not observed in the AdcAZnuA domain upon ligand binding. 

It is still unclear how the metal-binding pocket of the AdcAZnuA domain excludes other 

transition metal ions that feature near the top of the Irving-Williams series, such as copper, 

which can also be coordinated in metal-binding pockets containing three nitrogen-

contributing residues and an oxygen-contributing residue (Sun et al., 2011). Copper has a 

similar ionic radius to zinc (0.73 Å in Cu2+ versus 0.74 Å in Zn2+), therefore the metal-binding 

pocket cannot sterically exclude copper ions. One possibility is that the coordinating ligands 

in the metal-binding pocket do not permit coordination of Cu2+ in one of its preferred 

geometries, such as square planar, square pyramidal or distorted octahedral (Haas and 

Franz, 2009). Further structural studies of the AdcAZnuA domain metal-binding pocket are 

required to elucidate how it discriminates between zinc and copper ions. Experiments such 

as EXAFS will be invaluable for providing detailed information about the coordination of 

the zinc ion in the metal-binding pocket, including its precise coordination geometry. This 

will provide insights into how the metal-binding pocket confers specificity for zinc. 

To understand how pneumococcal zinc acquisition contributes to host infection, a 

nutritionally zinc-limited murine model of pneumococcal infection was developed. Notably, 

this work showed that pneumococci “encounter” low zinc availability, even in the zinc-

replete host, while high zinc availability was only observed in the zinc-replete lungs. As a 

result, high-affinity zinc acquisition was required in all niches, in contrast to CzcD, which 

was important in specific tissue environments. Together, these findings indicate that zinc 

acquisition plays a more prominent role in ensuring pneumococcal zinc homeostasis in the 

host environment, whilst CzcD permits fine-tuning of the cytoplasmic zinc concentration. 
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The overlapping yet distinct roles of AdcA and AdcAII would be important for ensuring 

adequate zinc uptake by the pneumococcus in these conditions in the host. Under conditions 

of zinc starvation, adcAII would be up-regulated, ensuring adequate zinc uptake. Upon an 

increase in zinc availability, adcAII would be repressed, and the His-rich loop and the 

AdcAZinT domain in AdcA could potentially bind the excess zinc ions and store them at the 

cell surface. Together, AdcA and AdcAII would ensure adequate zinc uptake over a range of 

available zinc concentrations in the host environment, thereby facilitating pneumococcal 

virulence.  

The finding that pneumococci could cause disease in the zinc-limited mice is intriguing, 

as this may represent the clinical scenario in a significant proportion of pneumococcal 

disease worldwide. Pneumococcal disease is disproportionally high in developing countries 

(World Health Organisation, 2013), including countries with endemic nutritional zinc 

deficiency (Wessells et al., 2012). Therefore, it is highly likely that the pneumococcus 

frequently encounters more pronounced zinc limitation during infection of zinc-deficient 

individuals in these regions. Effective mechanisms of zinc acquisition would therefore be 

critical for the ability of the pneumococcus to both colonise and cause disease in these 

populations. As such, it is perhaps not surprising that pneumococcal disease was more severe 

in the zinc-limited mice than the zinc-replete mice, as this reflects the aetiology of 

pneumococcal disease in these regions.  

Notably, the insights into the zinc homeostatic mechanisms of the pneumococcus 

provided by this study could be exploited for novel treatment strategies of pneumococcal 

disease. For example, the critical importance of high-affinity zinc uptake for pneumococcal 

disease provides a potential avenue that could be targeted by novel antimicrobial 

compounds. This has already been demonstrated in PsaA using a fragment-based drug 

discovery approach, which has yielded two inhibitors that are effective against 

pneumococcal growth (Bajaj et al., 2015). A potential inhibitor would need to target both 

AdcA and AdcAII to be effective, or alternatively target the interaction of the SBPs with 

AdcCB to prevent zinc uptake. Drug design would be facilitated by the available high-

resolution structural information for AdcA and AdcAII. An antimicrobial treatment such as 

this would greatly reduce the severity of disease, as suggested by the severely perturbed 

virulence of ∆adcA∆adcAII strain in both mouse dietary groups. Furthermore, the 

importance of zinc for macrophage killing of pneumococci suggests that supplementing 

zinc-deficient individuals with zinc may improve their ability to control pneumococcal 
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infections, by restoring zinc-mediated killing of pneumococci by macrophages. Therefore, 

widespread zinc-supplementation programs could be efficacious for reducing the burden of 

pneumococcal disease in these populations. A potential avenue that is currently being 

explored is the use of zinc-fortified staple foods, including bio-fortified crops such as rice, to 

improve the zinc status of zinc-deficient populations. A number of studies have determined 

that zinc-fortified foods increase zinc absorption in human populations (Hess and Brown, 

2009; Shah et al., 2016), although further studies are required to unequivocally determine if 

these foods also increase serum zinc concentrations. As zinc deficiency is associated with 

increased susceptibility to pneumonia (World Health Organisation, 2002), further research 

is also required to establish whether fortification of staple foods with zinc helps to protect 

individuals from pneumonia infections. Despite these caveats, zinc fortification of staple 

foods is a promising approach to alleviate zinc deficiency in endemic regions of the world. 

In areas where nutritional zinc deficiency coincides with a high burden of pneumococcal 

disease, zinc-fortified foods may decrease the severity of disease burden in these populations, 

possibly by increasing the ability of macrophages to kill phagocytosed pneumococci in 

infected individuals. Overall, novel treatments for pneumococcal infection that exploit its 

mechanisms of zinc homeostasis, including novel antimicrobials that target pneumococcal 

zinc uptake, and supplementation of zinc-deficient individuals with zinc, may be important 

tools for the treatment of pneumococcal disease. This is particularly important in developing 

countries, which have the highest pneumococcal disease burden, compounded by limited 

access to vaccines and increasing rates of antibiotic resistance. 
Collectively, the work presented in this thesis provides important insights into how the 

pneumococcus achieves zinc homeostasis. The structure and ligand-binding mechanism of 

AdcA were explored, which revealed how this protein contributes to high-affinity zinc 

uptake in the pneumococcus. These findings highlight the complexity of acquiring metal 

ions with high affinity and specificity by bacteria, particularly in environments of low 

abundance such as the host. Furthermore, these mechanisms were shown to be critical for 

the ability of the pneumococcus to cause severe disease in a zinc-limited host, while zinc 

efflux was found to be important for pneumococcal resistance to macrophage killing. 

Together, these mechanisms of zinc homeostasis allow the pneumococcus to acquire 

sufficient zinc in the host and to resist immune clearance, which contribute to the ability of 

this pathogen to cause significant morbidity and mortality worldwide. 
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Appendix A: Protein Purifications 
 

 
 
Figure A1: Purification of recombinant wild-type AdcA. 
Full-length wild-type AdcA was purified using immobilised metal-ion affinity chromatography 
by virtue of its His-tag. (a) The elution profile shows a peak at 600 mM imidazole, 
corresponding with wild-type AdcA. The protein concentration was measured by 
absorbance measurement at 280 nm (blue line). The imidazole concentration is indicated 
by a red line. (b) Coomassie-stained SDS-PAGE analysis of IMAC elution fractions from 
(a), compared with soluble protein molecular weight standards. Elution volumes are 
indicated above the lanes.  
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Figure A2: Purification of recombinant AdcA∆loop. 
Full-length AdcA∆loop was purified using immobilised metal-ion affinity chromatography by 
virtue of its His-tag. (a) The elution profile shows a peak at 600 mM imidazole, 
corresponding with AdcA∆loop. The protein concentration was measured by absorbance 
measurement at 280 nm (blue line). The imidazole concentration is indicated by a red line. 
(b) Coomassie-stained SDS-PAGE analysis of IMAC elution fractions from (a), compared 
with soluble protein molecular weight standards. Elution volumes are indicated above the 
lanes.  
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Figure A3: Purification of recombinant AdcAH63A. 
Full-length AdcAH63A was purified using immobilised metal-ion affinity chromatography by 
virtue of its His-tag. (a) The elution profile shows a peak at 600 mM imidazole, 
corresponding with AdcAH63A. The protein concentration was measured by absorbance 
measurement at 280 nm (blue line). The imidazole concentration is indicated by a red line. 
(b) Coomassie-stained SDS-PAGE analysis of IMAC elution fractions from (a), compared 
with soluble protein molecular weight standards. Elution volumes are indicated above the 
lanes.  
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Figure A4: Purification of recombinant AdcAZinT-only. 
AdcAZinT-only was purified using immobilised metal-ion affinity chromatography by virtue of 
its His-tag. (a) The elution profile shows a peak at 600 mM imidazole, corresponding with 
AdcAZinT-only. The protein concentration was measured by absorbance measurement at 280 
nm (blue line). The imidazole concentration is indicated by a red line. (b) Coomassie-stained 
SDS-PAGE analysis of IMAC elution fractions from (a), compared with soluble protein 
molecular weight standards. Elution volumes are indicated above the lanes.  
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Figure A5: Purification of recombinant AdcAT60C/T98C. 
Full-length AdcAT60C/T98C was purified using immobilised metal-ion affinity chromatography 
by virtue of its His-tag. (a) The elution profile shows a peak at 600 mM imidazole, 
corresponding with AdcAT60C/T98C. The protein concentration was measured by absorbance 
measurement at 280 nm (blue line). The imidazole concentration is indicated by a red line. 
(b) Coomassie-stained SDS-PAGE analysis of IMAC elution fractions from (a), compared 
with soluble protein molecular weight standards. Elution volumes are indicated above the 
lanes.  
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Figure A6: Purification of recombinant AdcAT60C/A233C. 
Full-length AdcAT60C/A233C was purified using immobilised metal-ion affinity chromatography 
by virtue of its His-tag. (a) The elution profile shows a peak at 600 mM imidazole, 
corresponding with AdcAT60C/A233C. The protein concentration was measured by absorbance 
measurement at 280 nm (blue line). The imidazole concentration is indicated by a red line. 
(b) Coomassie-stained SDS-PAGE analysis of IMAC elution fractions from (a), compared 
with soluble protein molecular weight standards. Elution volumes are indicated above the 
lanes.  
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Figure A7: Purification of recombinant AdcAA73C/A259C. 
Full-length AdcAA73C/A259C was purified using immobilised metal-ion affinity chromatography 
by virtue of its His-tag. (a) The elution profile shows a peak at 600 mM imidazole, 
corresponding with AdcAA73C/A259C. The protein concentration was measured by absorbance 
measurement at 280 nm (blue line). The imidazole concentration is indicated by a red line. 
(b) Coomassie-stained SDS-PAGE analysis of IMAC elution fractions from (a), compared 
with soluble protein molecular weight standards. Elution volumes are indicated above the 
lanes.  
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Figure A8: Purification of recombinant AdcAT98C/A233C. 
Full-length AdcAT98C/A233C was purified using immobilised metal-ion affinity chromatography 
by virtue of its His-tag. (a) The elution profile shows a peak at 600 mM imidazole, 
corresponding with AdcAT98C/A233C. The protein concentration was measured by absorbance 
measurement at 280 nm (blue line). The imidazole concentration is indicated by a red line. 
(b) Coomassie-stained SDS-PAGE analysis of IMAC elution fractions from (a), compared 
with soluble protein molecular weight standards. Elution volumes are indicated above the 
lanes.  
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Figure A9: Purification of recombinant AdcAT98C/A259C. 
Full-length AdcAT98C/A259C was purified using immobilised metal-ion affinity chromatography 
by virtue of its His-tag. (a) The elution profile shows a peak at 600 mM imidazole, 
corresponding with AdcAT98C/A259C. The protein concentration was measured by absorbance 
measurement at 280 nm (blue line). The imidazole concentration is indicated by a red line. 
(b) Coomassie-stained SDS-PAGE analysis of IMAC elution fractions from (a), compared 
with soluble protein molecular weight standards. Elution volumes are indicated above the 
lanes.  



Appendix A 

	169 

 
 
Figure A10: Purification of recombinant AdcAT60C. 
Full-length AdcAT60C was purified using immobilised metal-ion affinity chromatography by 
virtue of its His-tag. (a) The elution profile shows a peak at 600 mM imidazole, 
corresponding with AdcAT60C. The protein concentration was measured by absorbance 
measurement at 280 nm (blue line). The imidazole concentration is indicated by a red line. 
(b) Coomassie-stained SDS-PAGE analysis of IMAC elution fractions from (a), compared 
with soluble protein molecular weight standards. Elution volumes are indicated above the 
lanes.  
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Figure A11: Purification of recombinant AdcAE66A. 
Full-length AdcAE66A was purified using immobilised metal-ion affinity chromatography by 
virtue of its His-tag. (a) The elution profile shows a peak at 600 mM imidazole, 
corresponding with AdcAE66A. The protein concentration was measured by absorbance 
measurement at 280 nm (blue line). The imidazole concentration is indicated by a red line. 
(b) Coomassie-stained SDS-PAGE analysis of IMAC elution fractions from (a), compared 
with soluble protein molecular weight standards. Elution volumes are indicated above the 
lanes. 
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Appendix B: Colonisation of host tissues by Streptococcus 
pneumoniae  
 

 
 
Figure B1: Host colonisation by S. pneumoniae adc and czcD deletion strains.  
Mice were fed either the zinc-limited diet or the zinc-replete diet (see Section 5.2.1) for two 
weeks prior to intranasal challenge with S. pneumoniae wild-type D39, ∆adcA, ∆adcAII, 
∆adcA∆adcAII or the ∆czcD strain for 36 h. The CFU were enumerated in the lungs (a), 
pleural lavage (b), and the blood (c). The data are the mean with SEM. All strains were 
compared to wild-type (WT) D39 by one-way ANOVA using Dunnett’s posttest, where ** 
represents P < 0.01, *** represents P < 0.001 and **** represents P < 0.0001. 
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Appendix C: Plumptre et al., 2014 Molecular Microbiology 
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Appendix D: Morey et al., 2015 Biometals 
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Appendix E: Begg et al., 2015 Nature Communications 
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Appendix F: Luo et al., 2015 Acta Crystallographica Section F 
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Appendix G: Eijkelkamp et al., 2014 PLoS One 
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