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CHAPTER I  

 

INTRODUCTION 

 

A portion of the following section was previously published in Trends in Biochemical 

Sciences (July 2019) doi: 10.1016/j.tibs.2019.06.010. 

 

 The discovery of penicillin in the early 20th century ushered in a new area of medical 

treatments that revolutionized bacterial infection management. Over several decades, a variety of 

antibiotics with distinct modes of action were discovered that increased life expectancy 

considerably (Adedeji, 2016). As quickly as these therapies became commonplace, so did the 

discovery of bacteria resistant to antibiotics. Antibiotic-resistant bacterial infections now represent 

a major public health crisis, and estimates project that antibiotic-resistant infections will become 

the main cause of mortality in the United States within a few decades (O'Neill, 2014). Importantly, 

the rise of these antibiotic-resistant infections hastens the arrival of a post-antibiotic era, where 

therapies that were commonplace for half a century will no longer be sufficient to prevent or 

eliminate bacterial infections. This Dissertation focuses on Acinetobacter baumannii, which is a 

bacterial species that has emerged as a major concern for antibiotic-resistant infections. Multi-drug 

and pan-drug resistant A. baumannii infections have become so difficult to treat that the World 

Health Organization has listed A. baumannii as its most critical pathogen for which new 

therapeutics are needed to treat infections (WHO, 2017). It has also been listed by the CDC as an 

ñurgent threatò to public health, which is its highest threat level (CDC, 2019).  
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A. baumannii is a Gram-negative obligate aerobe and a frequent cause of nosocomial 

infections. While the genus Acinetobacter possesses many environmental species located globally, 

the natural reservoir for A. baumannii is unknown, but it is likely in human-associated locations 

(Peleg et al., 2008). As an opportunistic pathogen, infections resulting from A. baumannii usually 

occur in immunocompromised patients and manifest themselves in several ways, including wound 

and burn infections, urinary tract infections, and sepsis (Peleg et al., 2008). Notably, A. baumannii 

is one of the most common causes of ventilator-associated pneumonia. Despite the alarming 

increase in multi-drug resistant A. baumannii infections, mechanistic studies of the organismôs 

basic physiology and virulence are limited (Harding et al., 2018). These facts highlight the 

importance of understanding how A. baumannii causes disease to inform new antimicrobial 

therapy design.  

Like all bacterial pathogens, A. baumannii must acquire nutrients from the host to replicate. 

Specifically, nutrient metals are required for life and serve in a variety of structural and enzymatic 

contexts in all domains of life. In this Dissertation, I present research focused on how the struggle 

for nutrients shapes the host-Acinetobacter interactions and physiology, which a major focus on 

nutrient zinc (Zn). Chapter I (Introduction) summarizes mechanisms used by the vertebrate host 

to buffer against changes in Zn availability and provides a literature review of diverse bacterial 

pathogen Zn homeostasis systems. I also address unanswered questions regarding how nutrient 

starvation impacts A. baumannii physiology, especially since key metabolic steps are metal-

dependent. Chapter II presents evidence that host-mediated metal starvation stresses the metal-

dependent process of riboflavin biosynthesis in A. baumannii, and the bacterium responds to this 

metal limitation by employing a multi-step regulatory network to maintain sufficient flavin levels. 

This regulatory network provides a new framework for how flavin regulation likely occurs 
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throughout Proteobacteria. Additionally, enzymes involved in bacterial cell envelope biogenesis 

are metal-dependent, but whether bacteria alter the cell wall in response to nutrient limitation was 

unknown. In Chapter III, I demonstrate that A. baumannii responds to nutrient Zn starvation by 

upregulating a cell wall-modifying enzyme that promotes maintenance of an effective cellular 

envelope during nutrient starvation I also found that this enzyme is crucial for survival within the 

host and synergizes with a clinically-relevant antibiotic to limit A. baumannii pathogenesis. In 

Chapter IV, I describe how the amino acid histidine serves as a nutrient source for A. baumannii. 

This utilization is critical for the ability of A. baumannii to cause disease in a mouse model of 

pneumonia, but it may be driven by histidine serving as a nitrogen source instead of a carbon 

source. Chapter V focuses instead on how the host responds to A. baumannii infection and provides 

insight into dynamics of metal withholding from bacterial pathogens by utilizing a bioluminescent 

iron reporter. Together, this Thesis underscores the struggle for nutrients at the host-pathogen 

interface and highlights important metabolic requirements that A. baumannii possesses to cause 

disease.  

   

Zinc is required for life  

Transition metals are essential micronutrients required to carry out biological processes in 

all domains of life (Andreini et al., 2006b). Their requirement stems from unique biochemical 

properties attributed to late d-block elements that selected for their incorporation into catalytic and 

structural components of proteins during evolution. The essential metal zinc (Zn) is unique among 

the first row d-block elements in that it possesses a filled d-orbital and does not undergo redox 

cycling. Zn is ubiquitous in life and is required for the structure or function of thousands of 

metalloproteins (Andreini et al., 2006a). Zn is an essential micronutrient for the survival and 
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proliferation of bacteria, including pathogens that are major causes of morbidity and mortality 

worldwide (Hood and Skaar, 2012). Given this essentiality, both vertebrate hosts and pathogens 

evolved processes to maintain Zn homeostasis. While mechanisms of maintenance and storage of 

Zn within vertebrates have been well described in recent decades (King et al., 2000), the diverse 

array of systems that pathogens possess to compete for this essential nutrient during infections has 

only recently been appreciated (Hood and Skaar, 2012). In this review, we discuss vertebrate Zn 

homeostasis and mobilization during infections, followed by a summary of our current 

understanding of bacterial Zn uptake and utilization systems.  

 

Vertebrate zinc homeostasis is a highly regulated and dynamic process 

As the second most abundant trace metal in humans, around 2 to 4 grams of Zn are 

distributed throughout the body in various tissue sites (Eggleton, 1940). In vertebrates, the 

gastrointestinal tract serves as a major regulator of Zn homeostasis by tuning absorption and 

excretion via metal transporter proteins (King et al., 2000) (Figure 1). While the range of total Zn 

within the body is relatively stable for most humans, changes in dietary Zn availability are 

associated with poor health (King et al., 2000). Human genetic deficiencies in Zrt/Irt-like Protein 

(ZIP) family members, which are the primary Zn importers in eukaryotes, cause severe Zn 

deficiency (Kury et al., 2002). Additionally, dietary Zn deficiency is a major public health burden, 

with at least 25% of the global population being at risk of inadequate dietary Zn (Maret and 

Sandstead, 2006; Wessells and Brown, 2012). Consequences of Zn deficiency include impaired 

immune function, delayed wound healing, diarrhea, and increased susceptibility to infection 

(Hambidge, 2000). Conversely, Zn toxicity occurs in acute and chronic forms and is linked to 

several sources, including Zn supplements and parenteral nutrition, among others (Broun et al., 
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1990; Potter, 1981).  Acute symptoms of Zn intoxication include symptoms like nausea and 

vomiting (McKinney et al., 1994), while chronic intoxication may result in reduced immune 

function and altered copper (Cu) and iron (Fe) levels, demonstrating the interconnectedness 

between nutrient metals within the body (Trumbo et al., 2001).  

Host tissues and circulating cells evolved mechanisms to control Zn levels to mitigate 

against the adverse effects of Zn deficiency and toxicity on human health. In circulation, serum Zn 

is mostly bound by albumin, transferrin, and a2-macroglobulin but remains accessible to 

transporters to balance Zn levels within cells (Rink and Haase, 2007). The primary regulators of 

mammalian Zn transport are the ZIP Zn importers and the Zn-transport (ZNT) exporters (Figure 

1).  There are 14 isoforms of mammalian ZIP transporters that share many structural and functional 

properties, where they facilitate the import of Zn, and sometimes other cations, into the cytoplasm 

from the extracellular space or from intracellular vesicles and organelles (Kimura and Kambe, 

2016).  However, aside from ZIP1 which is found on all cells, expression of the other ZIPs varies 

depending on the cell type (Bonaventura et al., 2015). Likewise, the ZNT family includes 10 

isoforms, some of which are expressed ubiquitously, while others are cell-type specific 

(Bonaventura et al., 2015). ZNTs generally function in reverse of ZIPs, where they export Zn out 

of the cytoplasm into circulation or cellular vesicles and organelles. Expression of a subset of ZIPs 

and ZNTs is controlled by the Metal response element-binding Transcription Factor-1 (MTF-1) 

(Giedroc et al., 2001). MTF-1 is a cytoplasmic transcription factor that undergoes nuclear 

translocation following Zn binding, where it regulates certain ZIPs and ZNTs to maintain Zn 

homeostasis (Kimura and Kambe, 2016). However, not all Zn transporters are MTF-1-regulated, 

and the diversity of expression and localization of ZIPs and ZNTs highlights the importance of 

fine-tuning Zn levels depending on the tissue and cell type.   
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Aside from direct import and export of Zn, intracellular Zn sequestration also must occur 

to prevent toxicity. A major component of Zn chelation within eukaryotic cells occurs through the 

action of metallothionein and glutathione. Metallothionein and glutathione are cysteine-containing 

molecules that link reversible Zn binding with the cellular redox state (Jiang et al., 1998; Maret, 

2000). This reversible Zn binding allows these molecules to serve as a component of the 

intracellular Zn buffering system that includes the potential delivery of Zn to apoforms of 

metalloenzymes (Jacob et al., 1998). Metallothionien is synthesized in several organs, including 

the liver and kidneys, and can be found in circulation (Rahman et al., 2017). In vitro estimates 

demonstrate that sulfur-containing molecules like metallothionein control approximately 30% of 

a cellôs Zn buffering capacity (Krezel et al., 2007). However, the exact dynamics of Zn buffering 

are likely dependent on cell type and environmental conditions. 

Alterations in nutrient Zn availability affect many biological processes, and mechanistic 

studies have identified how immune system function changes in response to Zn fluctuations (Rink 

and Haase, 2007). The impact of Zn deficiency on immune system function has been reviewed in-

depth previously (Bonaventura et al., 2015; Rink and Haase, 2007). Importantly, altered Zn 

concentrations affect both innate and adaptive branches of the immune system. Within innate 

immunity, excess Zn can induce chemotaxis of neutrophils, which are one of the primary cell types 

responsible for innate immune-mediated pathogen clearance (Hujanen et al., 1995). Zn deficiency 

impedes the antimicrobial activity of neutrophils and macrophages by altering the oxidative burst 

and inhibiting phagocytosis (Hasegawa et al., 2000; Sheikh et al., 2010). The maturation of 

dendritic cells (DCs), which connect the innate and adaptive immune system through antigen 

presentation, is also modulated by Zn availability. DCs experiencing Zn deficiency increase 

expression of major histocompatibility complexes and costimulatory molecules, while Zn excess 
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inhibits this upregulation (Kitamura et al., 2006). In the adaptive immune system, T cells and 

various T cells subsets are susceptible to alterations in Zn availability; insufficient Zn decreases T 

cell maturation while increasing apoptosis (King et al., 2005). Changes in Zn homeostasis alter the 

balance of TH1, TH2 and TH17 subsets, and Zn supplementation promotes regulatory T cell 

induction and TH9 differentiation (Kitabayashi et al., 2010; Maywald et al., 2018; Prasad, 2000; 

Rosenkranz et al., 2016).  B cells appear to be impacted less by Zn deprivation, but they too 

experience a reduction in total cell numbers as well as alterations in development and antibody 

production (DePasquale-Jardieu and Fraker, 1984; Stefanidou et al., 2006). Collectively, these 

studies establish Zn homeostasis as a critical determinant of vertebrate survival and immune cell 

function.  
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Figure 1. Vertebrate Zn homeostasis systems. Changes in dietary Zn (grey) can be associated with 

adverse clinical outcomes and diarrheal disease. Zn buffering is regulated by changes in epithelial 

cell (ET) Zn uptake/efflux associated with the gastrointestinal (GI) tract primarily by the action of 

ZIP Zn importers and ZNT Zn exporters. ZIP activity results in Zn uptake from the intestinal lumen 

into ETs, and ZNT activity results in efflux of Zn from the ETs via the lamina propria into 

circulation and the extracellular space. Small molecule Zn chelators such as metallothioneins 

(MTs) that are produced in high abundance by the liver and kidneys also contribute to Zn buffering 

(King et al., 2000). Immune cells such as dendritic cells (DCs) may respond differentially 

depending on nutrient Zn availability.  
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Zinc is mobilized during microbial infections 

 In addition to altered immune function in response to changes in dietary Zn, Zn availability 

can also modulate the response of the vertebrate host to infection and inflammation. During the 

acute phase of inflammation, serum Zn drops substantially due to proinflammatory cytokines 

altering Zn transporter expression, which results in the accumulation of Zn-bound metallothioneins 

by hepatocytes that capture incoming Zn (Aydemir et al., 2012) (Figure 2). This decrease in 

bioavailable Zn is part of an immune response known as nutritional immunity, which was first 

described for sequestration of Fe from invading microbes (Weinberg, 1974). However, our 

understanding of nutritional immunity has expanded in recent years to include other nutrients, such 

as manganese (Mn) and Zn (Palmer and Skaar, 2016). Nutritional immunity is implicated as a 

critical host defense mechanism for many types of pathogens, and the role of nutrient metal 

withholding during fungal infections has been reviewed previously (Crawford and Wilson, 2015).  

Host strategies to limit Zn availability from bacterial pathogens include both cell-mediated Zn 

restriction and extracellular Zn sequestration. Cell-mediated Zn restriction occurs mainly through 

the activity of Zn transporters. For example, the ZIP8 Zn transporter is expressed by immune cells, 

where it associates with the lysosomal transmembrane glycoprotein Lamp1 and decreases 

lysosomal Zn levels (Pyle et al., 2017) (Figure 2). These findings suggest that Zn is actively 

removed from the lysosome as a strategy to limit nutrient Zn from pathogens trapped within this 

cellular compartment.  

Extracellular Zn sequestration mechanisms implicate members of the S100 protein family 

as being critical for Zn limitation during infections (Figure 2). S100 proteins are EF-hand calcium-

binding proteins found in vertebrates that serve important functions in basic physiology and in the 

host inflammatory response (Zackular et al., 2015). A unifying feature among S100 proteins is that 
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they form dimers and may form transition metal binding sites at the dimer interface (Zackular et 

al., 2015). S100A8 and S100A9 are unique among S100 proteins in that they preferentially form 

heterodimers (Hunter and Chazin, 1998). The heterodimeric S100A8/S100A9 protein complex is 

called calprotectin (also known as calgranulin A/B or myeloid-related protein 8/14). Calprotectin 

(Vokaty et al.) is involved in many biological processes, including serving as a damage-associated 

molecular pattern (DAMP) and as ligands for Toll-like receptor 4 (TLR4), the receptor for 

advanced glycation end products (Falagas et al.), and CD33 (Eksioglu et al., 2017; Leclerc et al., 

2009; Vogl et al., 2007). CP is readily detected at infectious foci during infections (Corbin et al., 

2008) and accounts for more than 40% of the cytoplasmic protein content of neutrophils (Yui et 

al., 2003), underscoring CPôs importance during an immune response.  

Part of CPôs immunological importance is due to the proteinôs ability to chelate nutrient 

metals. At the dimer interface between S100A8 and S100A9, two metal binding sites are formed 

that are termed Site I and Site II. Site I possess broad metal-binding capabilities, including ability 

to bind Zn, manganese (Mn), Fe, Cu, and nickel (Ni) (Besold et al., 2017; Corbin et al., 2008; 

Damo et al., 2013; Kehl-Fie et al., 2011; Nakashige et al., 2015; Nakashige et al., 2017). Site II 

only coordinates Zn with high affinity (Brophy et al., 2012; Damo et al., 2013; Korndorfer et al., 

2007). The two metal binding sites are important for CPôs antimicrobial activity, as demonstrated 

by numerous microbial pathogens displaying growth inhibition in vitro in the presence of CP 

(Besold et al., 2017; Clark et al., 2016; Clohessy and Golden, 1995; Corbin et al., 2008; Gaddy et 

al., 2014; Hood et al., 2012; Zygiel et al., 2019). Importantly, addition of exogenous Zn and Mn is 

generally sufficient to reverse CP-mediated growth inhibition, which demonstrates that metal-

binding by CP is adequate to limit microbial growth (Zackular et al., 2015). However, other 

nutrient metals have been implicated in binding by CP, including Ni and Fe, among others. While 
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the relative contribution of CP to Ni withholding is not yet known, Fe is increasingly recognized 

as a metal restricted by CP (Wang et al., 2019; Zygiel et al., 2019). Further, mice deficient in 

producing the CP heterodimer (S100A9-/-) have altered infection susceptibility, demonstrating that 

CP is critical to infection outcome (Achouiti et al., 2012; Corbin et al., 2008; Gaddy et al., 2014; 

Hood et al., 2012; Kehl-Fie et al., 2011; Urban et al., 2009; Wakeman et al., 2016; Zackular et al., 

2016).  

 Other S100 proteins are also implicated in Zn withholding at the host-pathogen interface, 

including S100A7 and S100A12 (Figure 2). S100A7, also called psoriasin, functions as a 

homodimer and is constitutively expressed in the skin and at mucosal surfaces. S100A7 binds two 

Zn ions across the dimer interface (Brodersen et al., 1999). Similar to CP, Zn withholding by 

S100A7 may contribute to limiting metal availability from bacteria (Glaser et al., 2005). S100A12, 

also known as calgranulin C, also functions as a homodimer and binds Zn and Cu at its dimer 

interface (Moroz et al., 2003). Recombinant S100A12 can inhibit microbial growth through Zn 

chelation (Haley et al., 2015; Shank et al., 2018), but its broader contribution to immunity has been 

difficult to define due to its absence in mice (Zackular et al., 2015). Additionally, the contribution 

of S100A12 to Cu withholding during bacterial infections is largely unexplored.  

Zn mobilization occurs during infections not only to sequester the metal from invading 

pathogens, but perhaps to be trafficked within immune cells to impart toxicity (Figure 2). While 

Zn is redox-inactive, the Irving-Williams series predicts that the high affinity of Zn for metal 

binding sites promotes aberrant loading of Zn to non-Zn proteins, which leads to toxic effects 

through mismetallation or other indirect mechanisms (Braymer and Giedroc, 2014). Macrophages 

infected with Mycobacterium tuberculosis accumulate Zn within the cell that is sufficient to induce 

bacterial Zn intoxication (Botella et al., 2011). Additionally, internalization of Streptococcus 
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pyogenes by human neutrophils results in Zn mobilization that may induce bacterial Zn poisoning 

(Ong et al., 2014). Conversely, macrophages infected with the fungal pathogen Histoplasma 

capsulatum also accumulate Zn, but this Zn is shuttled from the phagosome to the Golgi apparatus 

in a granulocyte macrophage-colony stimulating factor (GM-CSF)-dependent manner 

(Subramanian Vignesh et al., 2013a). Downstream consequences of this Zn shuttling include 

generation of reactive oxygen species (ROS) to inhibit H. capsulatum growth, presumably by 

preventing appropriate metalation of Zn/Cu superoxide dismutase enzymes (Subramanian Vignesh 

et al., 2013b). These results imply that Zn accumulation within immune cells, mediated by 

shuttling of Zn out of the phagosome, indirectly diminishes pathogen viability (Subramanian 

Vignesh et al., 2013b). These findings suggest that both Zn starvation and toxicity are employed 

by the host to limit microbial survival, but precise situations in which starvation or toxicity may 

be utilized is not well-defined.   
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Figure 2. Zn is mobilized in hosts during microbial infections and inflammation. In response to 

microbial challenge, serum Zn drops through increased expression of zinc transporters (not 

depicted) and mobilization and uptake of Zn-binding metallothioneins (MTs). Immune cells 

contribute to changes in Zn availability, where expression of ZIP Zn importers drives accumulation 

of Zn within these cells. Zn is also mobilized within immune cells; Mycobacterium tuberculosis 

(orange ovals) experiences Zn intoxication within macrophages in a ZNT1-dependent manner, and 

Streptococcus pyogenes (pink spheres) is poisoned by Zn within the neutrophil lysosome  (Botella 

et al., 2011; Ong et al., 2014). Conversely, the fungal pathogen Histoplasma capsulatum (yellow 

ovals) has been shown to be Zn-starved within the macrophage lysosome (Subramanian Vignesh 

et al., 2013a). These two mechanisms within the lysosome are denoted by a dashed line. 

Additionally, metal-chelating proteins are produced as part of the inflammatory response to further 

reduce Zn availability for pathogens, including those within the S100 protein family. S100A7 

binds Zn and is produced in high abundance by keratinocytes, and S100A12 binds both Zn and 

Cu. The heterodimer of S100A8/S100A9, known as calprotectin (Vokaty et al.), binds Zn with 

high affinity, as well as other divalent cations. CP is a major component of the neutrophil 

cytoplasmic protein content and is abundant at sites of infection and inflammation within 

vertebrates.  
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Metalloregulators control bacterial zinc homeostasis  

 In response to metal restriction by the host, microbes have evolved mechanisms to subvert 

nutritional immunity during infections. The bacterial response to changes in metal availability is 

primarily mediated by metalloregulatory proteins, although metabolite-sensing and riboswitch-

mediated sensing systems are also described (Chandrangsu et al., 2017). Generally, these 

metalloregulators sense changes in cellular metal concentrations and alter gene expression of metal 

homeostatic systems. These metalloregulators are widely distributed in bacteria, and they respond 

to metal limitation, metal intoxication, or both conditions. The diversity in bacterial 

metalloregulators has been reviewed previously (Capdevila et al., 2017), therefore will focus here 

specifically on mechanisms of bacterial Zn homeostasis.   

 As a bacterial cell experiences Zn starvation, transcriptional changes must occur to 

counterbalance these conditions. Many diverse Zn-responsive transcriptional regulators have been 

identified and reviewed previously (Choi and Bird, 2014). In many bacterial pathogens, the 

primary regulator for Zn homeostasis is the Zn uptake regulator (Zur) (Gaballa and Helmann, 

1998; Patzer and Hantke, 1998). Zur is a member of the ferric uptake regulator (Fur) family of 

metallosensing DNA-binding proteins. Metal-sensing by Fur family members is directly mediated 

by metal binding to the metalloregulator, which induces conformational changes and alters the 

regulatorôs affinity for DNA (Lee and Helmann, 2007). Zur is exquisitely sensitive to Zn 

fluctuations and senses changes to Zn concentrations in the femtomolar (10-15) range to regulate 

transcription (Outten and O'Halloran, 2001). In Zn-replete conditions, the metal binding sites of 

Zur are predicted to be occupied. The increased affinity of Zn-bound Zur for DNA permits the 

metalloregulator to recognize and bind to conserved palindromic inverted repeat regions, termed 

Zur boxes, in the DNA promoter region of its regulon (Lee and Helmann, 2007). The Zur box 
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location generally overlaps with motifs required for effective RNA polymerase recruitment, 

thereby inhibiting gene transcription. Upon Zn starvation, an increasing proportion of Zur is no 

longer bound by Zn, which diminishes the affinity of Zur binding to DNA and results in 

derepression of the Zur regulon (Gilston et al., 2014). Derepression of the Zur regulon induces 

several physiological changes, and general themes will be explored for Gram-positive and Gram-

negative bacteria.  

 

Zinc sensing in Gram-positive bacteria 

 Mechanistic studies into the response of Gram-positive bacteria to Zn starvation have been 

conducted in several organisms (Chandrangsu et al., 2017). In Bacillus subtilis, Zn starvation is 

sensed by the metalloregulator Zur (Gaballa and Helmann, 1998). However, non-Fur family Zn 

metalloregulators have been identified as well; for example, Streptomyces pneumoniae controls 

Zn uptake through the MarR family member AdcR (Reyes-Caballero et al., 2010). Precise 

investigations into Zn sensing by B. subtilis Zur revealed that the regulator possesses differential 

activity, corresponding to varying DNA affinity, depending on the number of Zn-binding sites 

occupied (Ma et al., 2011)(Figure 3). This differential activity permits a fine-tuned response to Zn 

starvation that occurs in a step-wise fashion with three distinct stages (Shin and Helmann, 2016). 

First, non-Zn utilizing ribosomal proteins L31* and L33* are expressed, which replace Zn-

requiring isoforms to effectively decrease the total cellular requirement of Zn and promote Zn 

mobilization. Second, the high affinity Zn uptake ABC transport system genes, znuABC, are 

derepressed to promote Zn acquisition. The ZnuABC system is widely conserved across many 

species and therefore represents a major metal acquisition system, although other transporters also 

promote Zn uptake (Table 1). Along with znuABC, the predicted Zn metallochaperone gene zagA 
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(formerly yciC) is also derepressed (Chandrangsu et al., 2019; Gabriel et al., 2008). Finally, further 

Zn starvation leads to induction of an additional alternative ribosomal protein S14* to sustain 

protein synthesis and the Zn-independent GTP cyclohydrolase I FolE2, which permits the 

continuation of de novo folate biosynthesis, which is a critical metabolite for life (Shin and 

Helmann, 2016). While the extent to which this graded response occurs in other bacteria is not 

well-defined, the Gram-negative pathogen Salmonella enterica serovar Typhimurium has some 

features of a graded transcriptional response (Osman et al., 2019). Additionally, these same general 

transcriptional changes occur in other Gram-positive organisms during Zn limitation. These 

responses include expression of the Zur-regulated Zn uptake systems in Listeria monocytogenes, 

Bacillus anthracis, Staphylococcus aureus, and Streptococcus pyogenes (Dalet et al., 1999; Grim 

et al., 2017; Kandari et al., 2018; Makthal et al., 2017) and Zn mobilization via induction of non-

Zn requiring ribosomal proteins in Streptomyces coelicolor (Shin et al., 2007).  

 Bacteria also respond to Zn toxicity through metal-sensing transcriptional regulators. 

While some metalloregulators can function as both repressors and activators (Huang et al., 2017), 

others are functionally divided. In B. subtilis, excess Zn is sensed by the ArsR family of 

metalloregulators, CzrA (Moore et al., 2005), which effectively functions in reverse of Zur (Figure 

3). When CzrA is not metallated, the protein represses its regulon. Upon metalation, CzrA 

undergoes a conformational change that lowers its DNA binding affinity and leads to derepression 

of metal efflux genes that encode a P-type ATPase named CadA and a cation diffusion facilitator 

type transporter named CzcD (Moore et al., 2005). Analogous proteins are involved in 

detoxification of other divalent cations (Nies, 2003), demonstrating that metal efflux is a broadly 

conserved bacterial strategy to overcome metal intoxication.   
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Figure 3. Zn sensing in Gram-positive bacteria. In response to Zn starvation, the Bacillus subtilis 

Zur regulon experiences derepression in three distinct waves. 1) The non-Zn binding ribosomal 

proteins L31* and L33* are synthesized to displace the Zn-binding L31/L33 ribosomal proteins, 

followed by 2) upregulation of the ZnuABC high affinity Zn transport system and the putative 

metallochaperone ZagA (Chandrangsu et al., 2019). Lastly, 3) the Zn-independent GTP 

cyclohydrolase I enzyme FolE2 and the non-zinc requiring S14* ribosomal protein are expressed. 

Some Gram-positive organisms also produce metal-binding small molecules to capture Zn from 

the extracellular space. For example, Staphylococcus aureus produces the metal-binding small 

molecule staphylopine that aids in Zn acquisition (Ghssein et al., 2016; Grim et al., 2017). 

Staphylopine is secreted via CntE, captured by CntA, and imported by the CntBCDF system. 

Gram-positive bacteria also experience transcriptional changes in response to Zn excess; in B. 

subtilis, CzrA-regulated genes are expressed during Zn intoxication and includes the P-type 

ATPase CadA and the cation diffusion family (CDF) transporter CzcD (Moore et al., 2005). 

Expression of these proteins results in Zn efflux from the bacterial cell. 
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Zinc sensing in Gram-negative bacteria 

 Consistent with findings in Gram-positive bacteria, Gram-negative organisms primarily 

sense Zn starvation through the metalloregulator Zur (Figure 4). Structural insights into 

Escherichia coli Zur-DNA interactions have provided important details about protein 

conformational changes that occur during Zn binding by Zur. High sequence similarity among Zur 

homologs from different species suggests these mechanisms are conserved (Gilston et al., 2014). 

As is the case with Gram-positive Zur homologs, Zur-regulated derepression in Gram-negative 

organisms includes induction of genes encoding the high affinity ZnuABC Zn transporters, and 

these transporters are important for virulence of important human pathogens (Hood et al., 2012; 

Liu et al., 2012) (Table 1). Additionally, the Zur regulon has been defined for several Gram-

negative bacteria, including Yersinia pestis (Li et al., 2009), Neisseria meningitidis (Pawlik et al., 

2012), and Acinetobacter baumannii (Mortensen et al., 2014); in addition to the highly conserved 

ZnuABC transporters, non Zn-binding ribosomal proteins are also typically increased in 

expression in response to Zn limitation (Capdevila et al., 2017). Further, Zn starvation induces 

expression of an outer membrane TonB-dependent Zn transporter named ZnuD in N. meningitidis 

(Stork et al., 2010) (Figure 4). Structural studies into N. meningitidis ZnuD demonstrate that large 

extracellular loops directly interact with Zn ions and suggest active uptake of free Zn from the 

extracellular space. Interestingly, ZnuD possesses structural homology to bacterial heme 

transporters but does not bind heme (Calmettes et al., 2015); these findings demonstrate that ZnuD 

is capable of binding free Zn but does not exclude the possibility that ZnuD may bind Zn in some 

chelated form. A. baumannii also encodes ZnuD homologues that are directly regulated by Zur 

(Mortensen et al., 2014). In addition to the ZnuD with high homology to the N. meningitidis ZnuD, 

certain A. baumannii strains encode an additional candidate znuD, denoted znuD2 (Mortensen et 
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al., 2014). However, the relative contribution of each of these ZnuD transporters to A. baumannii 

Zn homeostasis is unknown.   

 Similar to B. subtilis CzrA, E. coli possesses a separate metalloregulator named ZntR to 

respond to Zn excess (Brocklehurst et al., 1999) (Figure 4). ZntR is a member of the MerR family 

of transcriptional regulators. ZntR recognizes conserved inverted repeat sequences in the promoter 

region of the gene encoding a P-type ATPase named ZntA (Brocklehurst et al., 1999). Apo-ZntR 

binds this inverted repeat and causes DNA distortions that prevent gene transcription (Outten et 

al., 1999). Following Zn binding, Zn-ZntR induces DNA untwisting and unkinking that promotes 

efficient RNA polymerase recruitment and zntA expression (Outten et al., 1999).  Induction of P-

type ATPases and cation diffusion family (CDF) transporters during Zn intoxication have been 

shown in other Gram-negative organisms as well. In A. baumannii, Zn intoxication leads to 

significant induction of a wide array of P-type ATPases and CDF transporters that also deplete 

cellular copper levels (Hassan et al., 2017). While the transcriptional regulator responsible for 

these changes is undefined, an A. baumannii strain lacking Zur has increased expression of 

predicted cation efflux systems and other transporters, which suggesting Zur plays a regulatory 

role in Zn efflux (Mortensen et al., 2014).  

 

Bacterial zinc homeostasis beyond transporters 

More recently, our understanding of bacterial Zn uptake has been expanded to include 

additional systems other than the ZnuABCD transporters. One strategy that has become 

increasingly appreciated for Zn acquisition is the production and secretion of Zn-binding small 

molecules (Figures 3 & 4). This strategy is well-defined for Fe, where Fe-binding molecules 

termed siderophores are produced that facilitate Fe acquisition in diverse environments (Sheldon 
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et al., 2016). However, some siderophores are capable of binding other nutrient metals, including 

Zn. The Gram-negative bacterium Pseudomonas putida produces the siderophore pyridine-2,6-

bis(thiocarboxylic acid) (PDTC) that is capable of binding both ferric Fe and Zn (Cortese et al., 

2002; Leach et al., 2007). Other siderophores including pyochelin, micacocidin, and yersiniabactin 

have been shown to bind Fe, Zn, and potentially other metals (Braud et al., 2010; Braud et al., 

2009; Chaturvedi et al., 2012; Kobayashi et al., 1998; Kreutzer et al., 2011). Mechanistic studies 

into the role of yersiniabactin in Zn uptake revealed that the Gram-negative pathogen Yersinia 

pestis uses a dedicated Zn-yersiniabactin importer named YbtX to acquire Zn from the molecule; 

further, genetic inactivation of the znu system and yersiniabactin biosynthetic genes reduces Y. 

pestis virulence in a septicemic plague model (Bobrov et al., 2014).  Zn-binding metallophores 

have also been implicated in Gram-positive Zn acquisition. For example, Streptomyces coelicolor 

produces a small molecule termed coelibactin which may bind Zn (Zhao et al., 2012), and S. aureus 

produces the metallophore staphylopine with broad metal-chelating abilities that affect Zn 

homeostasis (Ghssein et al., 2016; Grim et al., 2017).   

Type VI secretion systems (T6SSs) are multiprotein machines used by many Gram-

negative bacterial species to translocate effectors into neighboring cells and have been implicated 

in Zn acquisition (Figure 4). Burkholderia thailandensis produces a Zn-scavenging molecule 

named TseZ that is secreted through a specific T6SS, termed T6SS4. Zn-bound TseZ is then 

imported into the bacterial cell using the heme transporter HmuR specifically during conditions of 

oxidative stress, where Zn may be used to populate Cu/Zn superoxide dismutase enzymes and 

ameliorate potential damage from reactive oxygen species (Si et al., 2017). A similar model also 

occurs in Y. pseudotuberculosis, where the oxidative stress regulator OxyR induces expression of 

T6SS4 (Wang et al., 2015). Additionally, ZntR was recently identified as a transcriptional activator 
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of the Y. pseudotuberculosis T6SS4 (Wang et al., 2017), which is consistent with the observation 

that Zn deficiency promotes increased oxidative damage (Eide, 2011).  This T6SS4 can translocate 

a Zn-binding molecule named YezP that aids in Zn uptake. While a dedicated importer for YezP 

is not known, there likely exists an energy-dependent transporter that facilitates YezP uptake, as 

is the case for other metal-binding small molecules (Sheldon et al., 2016; Wang et al., 2015).  

Cell wall modifications are necessary to construct complex secretion systems and other 

macromolecular structures. Given the induction of T6SSs and Zn uptake machinery during Zn 

limitation, there may be changes to the bacterial cell envelope that occur specifically during 

nutrient starvation. Indeed, members of the genus Acinetobacter are morphologically-constricted 

to shortened, rounded cells during nutrient limitation and significantly alter the abundance of major 

peptidoglycan muropeptides (James et al., 1995; Lonergan et al., 2019). Further, the M15 family 

Zn-binding peptidase ZrlA contributes to these muropeptide changes and promotes efficient Zn 

uptake and cell envelope barrier function (Lonergan et al., 2019). In Vibrio cholerae the M23 

family Zn-binding endopeptidase ShyB is implicated in cell wall maintenance during Zn limitation 

(Murphy et al., 2019). Importantly, both ZrlA and ShyB are directly regulated by Zur and 

collectively demonstrate that bacterial pathogens encode peptidoglycan-modifying enzymes that 

are important for surviving Zn limitation (Figure 4).  

In addition to the production of metal-chelating molecules by bacterial pathogens, some 

bacteria can utilize host-derived molecules as a metal source. For example, S. aureus can use 

human hemoglobin as its sole Fe source through deployment of the iron-regulated surface 

determinant (Isd) system (Mazmanian et al., 2003). As the second most abundant trace metal in 

humans, Zn scavenging within the vertebrate host may be an effective strategy to subvert 

nutritional immunity. Consistent with this prediction, the N. meningitidis TonB-dependent outer 
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membrane receptor protein CpbA is expressed during Zn starvation (Stork et al., 2010) (Figure 

4). CpbA is capable of binding human CP, and the presence of CpbA permits N. meningitidis to 

use CP as its sole Zn source. Additionally, the CpbA homolog in Neisseria gonorrhoeae named 

TdfH also binds CP and permits Zn acquisition from the protein (Jean et al., 2016). These ñZn 

piracyò mechanisms (Stork et al., 2013) represent an exciting new area of future investigation 

towards understanding bacterial Zn acquisition during vertebrate colonization.  
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Figure 4. Zn sensing in Gram-negative bacteria. Zn starvation in Gram-negative bacteria leads to 

a number of physiological changes. 1) Zur-derepression leads to expression of genes encoding the 

Zn uptake ZnuABCD system, as well as the predicted Zn metallochaperone ZigA in Acinetobacter 

baumannii (Nairn et al., 2016). 2) Zn-binding molecules are produced such as YezP and TseZ, 

which are secreted by T6SS4, and yersiniabactin, which is captured by YbtX (Bobrov et al., 2014; 

Si et al., 2017; Wang et al., 2015). 3) Enzymes implicated in cell wall homeostasis are induced, 

including Vibrio cholerae ShyB (Murphy et al., 2019) and A. baumannii ZrlA (Lonergan et al., 

2019). 4) TonB-dependent transporters aid in the uptake of Zn-bound molecules; Burkholderia 

thailandensis HmuR captures the TSS64-secreted TseZ (Si et al., 2017) , and Neisseria 

meningititis and Neisseria gonorrhoeae use CpbA/TdfH to bind calprotectin (Vokaty et al.) for Zn 

acquisition as a form of Zn piracy (Jean et al., 2016; Stork et al., 2013). During Zn intoxication, 

Escherichia coli Zn-ZntR causes DNA conformational changes leading to expression of the P-type 

ATPase ZntA to alleviate the metal toxicity (Brocklehurst et al., 1999). Many Gram-negative 

organisms also encode cation diffusion family (CDF) transporters that contribute to overcoming 

Zn intoxication. 
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Bacterial zinc buffering and allocation 

Metal availability varies widely across environments and niches. Therefore, bacterial 

survival is largely dependent on systems to maintain cellular metabolism despite fluctuations in 

available nutrients. Considering there is essentially no free Zn within a bacterial cell despite the 

relatively high total Zn level, Zn must exist in chelated forms that is accessible during Zn starvation 

(Outten and O'Halloran, 2001). In B. subtilis, Zn limitation induces expression of non-Zn binding 

ribosomal proteins and the Zn-independent folate biosynthesis enzyme FolE2 (Nanamiya et al., 

2004; Shin and Helmann, 2016)(Figure 5). In a system analogous to eukaryotic metallothionein, 

B. subtilis uses the low-molecular weight molecule bacillithiol to maintain an intracellular labile 

Zn pool (Ma et al., 2014). Similarly, E. coli uses glutathione to buffer Zn and other divalent cations 

(Helbig et al., 2008).  A. baumannii utilizes the amino acid L-histidine as a component of its labile 

pool (Nairn et al., 2016); during conditions of Zn starvation, A. baumannii upregulates the histidine 

utilization (Hut) system, thereby catabolizing cellular Zn-histidine complexes and increasing 

levels of bioavailable Zn (Nairn et al., 2016) (Figure 5). However, the complete inventory of 

molecules capable of aiding in Zn buffering is not well-defined and warrants further investigation.   

 The requirement of Zn for many cellular processes suggests that a mechanism exists to 

ensure appropriate metalation of cognate metalloproteins, particularly during times of Zn 

starvation. For metalloregulators, differences in standard free energies for metal complex 

formation compared to relative metal-binding affinities dictates regulator-metal specificity 

(Osman et al., 2019). However, the process of appropriate metallation is likely more complex for 

diverse metalloenzymes. To aid in proper metal allocation, members of the G3E GTPase 

superfamily have been identified as metallochaperones and/or metal insertases (Haas et al., 2009). 

Four subfamilies exist within the G3E superfamily. Two of the subfamilies, represented by the 
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metallochaperones UreG and HypB, are involved in Ni incorporation into the Ni metalloenzymes 

urease and hydrogenase, respectively (Maier et al., 1995; Mehta et al., 2003). A third family is 

represented by MeaB, which is involved in methylmalonyl-CoA mutase activation (Hubbard et al., 

2007). The fourth subfamily, denoted the COG0523 subfamily, is less defined but is conserved in 

all domains of life (Haas et al., 2009). Genomic analyses suggest that a subset of COG0523 

members are Zur-regulated and may therefore serve as Zn metallochaperones (Haas et al., 2009). 

Representative members include E. coli YjiA and YeiR, B. subtilis ZagA, and A. baumannii ZigA. 

Each of these proteins bind Zn and possess GTPase activity (Blaby-Haas et al., 2012; Khil et al., 

2004; Nairn et al., 2016; Sydor et al., 2013) (Figure 5). Since Zn is required for many essential 

cellular processes, COG0523 members may aid in the prioritization of Zn to core metabolic 

processes when the metal is limited (Wang et al., 2019). Consistent with this prediction, analyses 

of the response of B. subtilis and A. baumannii to Zn starvation revealed that folate and riboflavin 

biosynthesis are hindered, respectively (Chandrangsu et al., 2019; Wang et al., 2019). In B. subtilis, 

ZagA interacts with the Zn-dependent FolE enzyme and aids in folate biosynthesis during Zn 

starvation, and this interaction is dependent on the Z nucleotide ZTP (Chandrangsu et al., 2019). 

In A. baumannii, severe Zn restriction hinders de novo flavin biosynthesis (Wang et al., 2019). 

This flavin deficiency is exacerbated in a strain lacking zigA (Wang et al., 2019), which suggests 

that ZigA impacts flavin biosynthesis. These studies position Zn metallochaperones at important 

metabolic hubs, and uncovering other processes altered by COG0523 members represents an 

exciting area of future research.  
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Figure 5. Bacterial systems for Zn buffering. In order to buffer cellular changes to Zn availability, 

bacteria employ small molecules to bind excess Zn that can be accessed during zinc limitation. 

Bacillithiol (BSH) in Bacillus subtilis, glutathione (GSH) in Escherichia coli, and L-histidine in 

Acinetobacter baumannii serve as components of the labile Zn pool (Helbig et al., 2008; Ma et al., 

2014; Nairn et al., 2016). In A. baumannii, the histidine transporter HutT captures Zn-L-His, and 

its subsequent HutH-mediated degradation is hypothesized to liberate Zn (Nairn et al., 2016). The 

delivery of Zn to metalloenzymes remains an area of active investigation, but the mobilization of 

enzymes involved in essential cofactor biosynthesis implicates these pathways targets for Zn 

metallochaperone activity. Consistent with this prediction, B. subtilis folate biosynthesis and A. 

baumannii riboflavin biosynthesis are stressed during Zn limitation. In B. subtilis, the 

metallochaperone ZagA responds to Zn limitation and the purine alarmone ZTP to interact with, 

and possibly metallate, the Zn-dependent folate biosynthetic enzyme FolE (Chandrangsu et al., 

2019).   In A. baumannii, the predicted metallochaperone ZigA contributes to maintenance of 

cellular flavin levels during Zn limitation through an undefined mechanism (Wang et al., 2019). 

Possible metallochaperone interactions are denoted with arrows in the figure.  

 

 

 

 



 

27 

 

Conclusions 

 Zn is required for life, which necessitates that both bacterial pathogens and vertebrate hosts 

have evolved strategies to acquire and maintain appropriate Zn levels. Members of the S100 

protein family such as CP are capable of withholding Zn from invading pathogens; however, the 

extent to which Zn starvation occurs in diverse sites within the host is unexplored, but it is likely 

niche- and pathogen-specific. For example, S. aureus microcolonies experience heterogeneous Fe 

starvation even within a single tissue (Cassat et al., 2018), which suggests a complex interplay in 

metallostasis between host and pathogen that that has yet to be defined.  

Within a bacterial cell, Zn starvation upregulates Zn uptake machinery, but it also has 

major consequences for Zn-dependent metabolic processes. Zn starvation has been shown to 

change ribosome composition, alter bacterial cell wall dynamics, and impact labile Zn pools within 

the cell. Additionally, representative COG0523 members ZigA and ZagA have been implicated in 

Zn allocation to metalloenzymes but further exploration is required to determine their precise 

mechanisms of action as well as the identity of their client proteins. Interestingly, COG0523 

members are also present in humans (Haas et al., 2009), which suggests that understanding their 

functionality within bacteria may inform metal homeostasis more broadly. Interrogating systems 

used by both vertebrates and microbes to balance nutrient metals has the potential to improve 

human health while simultaneously broadening our understanding of metal biology. 
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Table 1. Bacterial pathogen zinc uptake systems.  

Transporter  Pathogen Role in Pathogenesis Reference 

ZnuABC Acinetobacter 

baumannii 

Lung colonization (Hood et al., 2012) 

 Brucella abortus Macrophage survival 

and systemic 

infection 

(Yang et al., 2006) 

 Campylobacter jejuni Cecal colonization (Davis et al., 2009) 

 Escherichia coli Epithelial cell 

interactions and 

urinary tract 

infections 

(Gabbianelli et al., 

2011; Patzer and 

Hantke, 1998; Sabri 

et al., 2009) 

 Francisella tularensis Macrophage survival (Moreau et al., 2018) 

 Moraxella 

catarrhalis 

Intracellular invasion 

and lung colonization 

(Murphy et al., 2013) 

 Neisseria 

gonorrhoeae 

Not defined (Chen and Morse, 

2001) 

 Pasturella multocida Systemic infection (Garrido et al., 2003) 

 Proteus mirabilis Urinary tract 

infections 

(Nielubowicz et al., 

2010) 

 Pseudomonas 

aeruginosa 

Not defined (Pederick et al., 

2015) 

 Salmonella enterica 

serovar Typhimurium 

Systemic infection 

and cecal 

inflammation 

(Ammendola et al., 

2007; Campoy et al., 

2002; Liu et al., 

2012) 

 Treponema pallidum Not defined (Desrosiers et al., 

2007) 

 Vibrio cholerae Gut colonization (Sheng et al., 2015) 

 Vibrio 

parahaemolyticus 

Systemic infection (Liu et al., 2013) 

 Yersinia pestis Systemic infection 

when yersiniabactin 

production is 

inactivated 

(Bobrov et al., 2014) 

ZnuD Neisseria meningitis Complement 

resistance 

(Hubert et al., 2013; 

Stork et al., 2013) 

AdcABC Streptococcus 

agalactiae 

Survival in human 

biological fluids 

(Moulin et al., 2016) 

 Streptococcus 

pneumoniae 

Survival in biological 

fluids 

(Bayle et al., 2011) 

 Streptococcus 

pyogenes 

Systemic infection (Makthal et al., 2017) 

ZupT Escherichia coli Urinary tract 

infection 

(Sabri et al., 2009) 

 Francisella tularensis Macrophage survival (Moreau et al., 2018) 
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 Salmonella enterica 

serovar Typhimurium 

Systemic infection (Cerasi et al., 2014) 

ZinT Escherichia coli Epithelial cell 

adherence 

(Gabbianelli et al., 

2011) 

 Salmonella enterica 

serovar Typhimurium 

Systemic infection 

when znuA is 

inactivated 

(Petrarca et al., 2010) 

ZinABC/ZurA Listeria 

monocytogenes 

Lethality following 

oral infection 

(Corbett et al., 2012) 

ZevAB Haemophilus 

influenzae 

Lung colonization (Rosadini et al., 

2011) 

TroABCD Treponema pallidum Not defined (Desrosiers et al., 

2007) 
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CHAPTER II 

 

MULTI -METAL RESTRICTION BY CALPROTECTIN IMPACTS DE NOVO FLAVIN 

BIOSYNTHESIS IN ACINETOBACTER BAUMANNII 

 

A version of the following section was previously published in Cell Chemical Biology 26 (5) 

745-755.E7 (May 2019) doi: 10.1016/j.chembiol.2019.02.011. 

 

Introduction  

Transition metals are important to microbial physiology and execute key catalytic, 

structural, and regulatory functions that broadly impact all phases of cellular physiology.  The 

mammalian host takes advantage of this essentiality by restricting growth of invading bacteria 

through a process termed nutritional immunity, in which transition metals are withheld from 

microbial invaders by mammalian metal-binding proteins (Damo, et al., 2013; Hood and Skaar, 

2012; Weinberg, 1975).  Host neutrophils and other immune cells secrete a number of metal-

chelating innate immune proteins at sites of infection, including S100-family proteins. One such 

protein is calprotectin (CP, S100A8/A9 oligomer), which is a versatile extracellular metal-

sequestering protein that forms high thermodynamic and/or kinetic stability coordination 

complexes with ZnII, MnII, FeII and NiII  (Damo, et al., 2013; Nakashige, et al., 2015; Nakashige, 

et al., 2017). CP-dependent metal-binding restricts the availability of these metals and inhibits the 

growth of pathogens (Corbin, et al., 2008; Zygiel and Nolan, 2018). While the physiological 

impact of CP is expected to be niche- and pathogen-dependent, little is known about how CP 
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induced stress impacts metabolism in different pathogens (Besold, et al., 2017; Wakeman, et al., 

2016).  

Acinetobacter baumannii is a Gram-negative bacterial pathogen commonly associated with 

hospital-acquired infections and is a leading cause of ventilator-associated pneumonia (Doyle, et 

al., 2011).  Increasing reports of community-acquired and multidrug resistant Acinetobacter 

infections has attracted considerable public attention (Harding, et al., 2018).  Calprotectin (CP) 

inhibits A. baumannii growth and protects against A. baumannii infection in a mouse model of 

pneumonia (Hood, et al., 2012).  A transposon mutagenesis screen identified a strain lacking the 

Zn uptake transporter znuB, which is regulated by the Zn uptake repressor Zur, as being defective 

for growth in the presence of CP and is consistent with the finding that CP induces Zn but not Mn 

starvation (Hood, et al., 2012).  Subsequent transcriptomic experiments with the æzur strain 

identified the Zur regulon as well as other Zn-responsive genes, which included the putative ZnII 

chaperone, ZigA (Zur-induced GTPase A) (Mortensen, et al., 2014); follow-up work revealed that 

the DzigA strain is sensitive to CP stress (Mortensen, et al., 2014; Nairn, et al., 2016). While the 

importance of Zur and the induction of known Zur-regulated genes in response to CP has been 

defined (Mortensen, et al., 2014; Nairn, et al., 2016), it is not yet known how other metal 

homeostasis and metabolism systems are perturbed by CP stress.   

Elucidating a global understanding of CP-induced perturbations in bacterial transition 

metal distribution network(s) and downstream physiological changes in cellular metabolism is 

important but remains largely understudied (Zygiel and Nolan, 2018).  Cells must alter their 

metabolism when they are metal-starved. A number of essential metabolic pathways are initiated 

with a ZnII metalloenzyme, including the biosynthesis of folate, queuosine-tRNA, riboflavin, and 

in some organisms, tetrahydrobiopterin (Phillips, et al., 2012). Given that enzymes that require 
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ZnII or another transition metal for activity are positioned at critical hubs in cellular physiology, it 

is unclear how bacterial cells balance cellular metabolism under CP-induced metal-deficient 

conditions. In addition, while studies of how cells regulate metal transport are widespread, these 

studies have tended to underestimate how intermediary metabolism adapts to host-induced metal 

starvation.  In A. baumannii, CP moderately induces the genes required for L-histidine catabolism 

(hut), which are proposed to contribute to the release of ZnII from Zn-His2 complexes, thus 

increasing access by ZnII-dependent processes under extreme Zn limitation (Nairn, et al., 2016). 

Additionally, iron starvation has been linked to induction of flavin biosynthesis in bacteria and 

eukaryotes where substitution of flavodoxins for ferredoxins as cellular reductants was proposed 

(LaRoche, et al., 1996; Tognetti, et al., 2007). A global, systems-level view of how CP impacts 

metabolic processes is clearly needed.  

The studies presented here describe the metabolic impact of nutritional immunity in A. 

baumannii.  Using A. baumannii DzigA as a tool to exacerbate multi-metal (Zn and Fe) starvation 

induced by CP, we observe an incrementally increased abundance of two related enzymes of the 

flavin biosynthesis pathway, RibBX and RibB, consistent with cellular efforts to ensure sufficient 

flavin supply under conditions of extreme metal limitation or mis-allocation, predicted of the basis 

of global changes in ZnII proteome. These observations are consistent with our discovery that 

æzigA is unable to maintain appropriate flavin abundance during metal starvation and that ribBX 

contributes to the ability of A. baumannii to synthesize flavins and overcome nutrient metal 

limitation. Our findings support a dual regulatory model explaining how A. baumannii maintains 

cellular flavin sufficiency required for central metabolic processes in an effort to overcome CP-

induced metal starvation. Our studies also validate ongoing efforts to develop pharmacological 

strategies against A. baumannii by identifying flavin biosynthetic enzymes as required to survive 
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nutrient limitation.  Notably, these enzymes are established antimicrobial targets in other bacterial 

pathogens, underscoring the general significance of these findings (Islam, et al., 2015).  

 

Materials and Methods 

Bacterial strains and reagents 

 Experiments were performed on A. baumannii ATCC 17978 and mutant derivatives of 

this strain, including the DzigA mutant generated previously (Nairn, et al., 2016) and the DribBX 

mutant generated as described below. Cloning was performed in E. coli DH5Ŭ and protein 

expression in E. coli BL21 (DE3). Strains were cultured in Luria Broth (LB) at 37 °C with aeration 

unless otherwise noted, and OD600 was used to measure bacterial growth as previously described 

(Nairn, et al., 2016). Kanamycin (Sigma) was used at 40 µg/mL. Ampicillin (Sigma) was used at 

100 µg/mL for E. coli and 500 mg/mL for A. baumannii. Recombinant human CP were expressed 

and purified as previously described (Corbin, et al., 2008). S100A8 and S100A9 cloned into 

pET1120 were transformed separately into E. coli C41 (DE3) cells for expression. Cells were 

induced at 37 °C at OD600 between 0.6 and 0.8 with the addition of 1 mM isopropyl thio-ɓ-D-

galactoside (IPTG) and allowed to grow 4 h post-induction. Cells were harvested by centrifugation 

(6500 rpm, 20 min, 4 °C), and re-suspended in Lysis Buffer (50 mM Tris pH 8.0, 100 mM NaCl, 

1 mM EDTA, 1 mM phenylmethane sulfonyl fluoride (PMSF), 0.5 % Triton X-100). Once 

homogenized, sample was sonicated (10 min, 50 watts, 5 s on/10 s off), and centrifuged (20,000 

rpm, 20 min). The supernatant was filtered and loaded onto a SourceQ column (General Electric) 

with flow rate at 1 mL/min. After loading, the column was washed with three column volume (CV) 

Buffer A (20 mM Tris, pH 8.0) and eluted with a gradient from 0 to 100% Buffer B (20 mM Tris, 

pH 8.0, 1 M NaCl) over 10 CV. S100A8/A9 containing fractions were pooled according to SDS-
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PAGE, concentrated, and loaded onto S75 column (General Electric). The column was washed 

with 1 CV S75 Buffer (20 mM Tris, pH 8.0, 100 mM NaCl), S100A8/A9 containing fractions 

pooled according to SDS-PAGE, flash frozen, and stored at ï80°C. 

 

A. baumannii mutant generation 

  To generate in-frame the DribBX strain, approximately 1000 base pairs of DNA in both the 

5ô and 3ô flanking regions surrounding the open reading frame, leaving the N-terminal ~200 

nucleotides of ribBX intact to limit polarity,  were amplified from A. baumannii genomic DNA 

using primers listed in Table 4, and the kanamycin resistance gene aph was amplified by PCR 

from the pUCK1 plasmid using primers listed in Table 4 (Menard, et al., 1993). The 3 PCR 

products and pFLP2 vector were assembled together using Gibson assembly (New England 

Biolabs) and sequence verified (Hoang, et al., 1998). pFLP2 was then electroporated into A. 

baumannii, plated onto LB Km 40 agar, and grown overnight at 37 °C. Transformants were 

patched to LB Km40 or LB agar with 10 % sucrose to isolate KmR and sucroseS merodiploids. 

Merodiploid strains were grown in LB supplemented with 10 mg/mL riboflavin overnight at 37 °C 

to resolve the plasmid. Cultures were serially diluted, plated on LB agar with 10 % sucrose, and 

incubated at 37 °C overnight. The resulting KmR sucroseR strains were screened for loss of ribBX 

and replacement with aph by multiple PCR reactions. 

 

A. baumannii expression construct generation  

The ribBX gene was amplified from WT A. baumannii genomic DNA using primers listed 

in Table 4 and incorporated a C-terminal cMyc tag. The amplified gene product was ligated into 

digested pWH1266 containing the constitutive r01 promoter, which was generated as previously 
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described (Mortensen, et al., 2014): the 16s gene r01 was amplified from A. baumannii genomic 

DNA and ligated into the pWH1266 expression vector. The integrity of the r01 promoter and 

ribBX was confirmed by sequencing. The empty vector and the ribBX expression vector were 

transformed into WT and DzigA by electroporation.  

 

Growth in calprotectin or metal chelators  

Overnight A. baumannii cultures started from independent colonies as replicates were 

subcultured 1:50 in LB for 1 h. Back-diluted cultures were then inoculated 1:100 into LB 

containing various concentrations of tetrakis-(2-pyridylmethyl)ethylenediamine (TPEN) as 

indicated, and growth was monitored over time. For growth in medium containing recombinant 

human WT CP, back-diluted cultures were inoculated 1:100 into LB containing 40% CP buffer 

(20 mM Tris-HCl pH 7.5, 100 mM NaCl, 5 mM -mercaptoethanol, 3 mM CaCl2) supplemented 

with CP, and growth was monitored over time. To assess growth during Fe limitation, back-diluted 

cultures were inoculated 1:100 into M9 minimal media supplemented with 0.5% sodium succinate 

dibasic hexahydrate and 10 mM ethylenediamine-di(o-hydroxyphenylacetic acid) (EDDHA, LGC 

Standards), and growth was monitored over time.  

 

ICP-MS quantification of total metals  

The quantification of total metal content of the growth media used here (LB + 40 % CP 

buffer) and total cell-associated metal was carried out largely as described before on a Perkin-

Elmer Elan DRCII ICP-MS (Nairn, et al., 2016).  Briefly, the growth media was incubated with 

200 µg/mL calprotectin (CP) at 37 ̄C for 2 h. CP was then removed via filtration with a pre-

washed and pre-equilibrated 3 or 10 kDa filter with the flow-through eluent analyzed for total 
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metal content and compared with the same media prior to filtration, essentially as described 

(Nakashige, et al., 2015).  The CP used for these studies contained 0.11 protomer molÅequiv Zn, 

0.08 protomer molÅequiv Cu, 0.01 protomer molÅequiv Mn, 0.03 protomer molÅequiv Ni and 0.04 

protomer molÅequiv Fe and is thus 85% metal-free (2 metal sites per protomer); quantitation of the 

total metal chelated by CP in replicate experiments was found to be 95 ±7% of expected value 

based on the concentration of CP-binding sites (site 1 + site 2, per protomer).  For bacterial lysates, 

strains were grown in the presence of the 200 µg/mL CP as described above. Cells were normalized 

to the same OD600 and pelleted at 4 ̄C, then washed 3 times with ice-cold, chelexed PBS buffer. 

Cell pellets were stored at ï80 ̄ C before measurements.  Samples were incubated with 30% nitric 

acid at 95̄ for 10 min and 65 ̄C for 1 h. The volumes were then adjusted to 3 mL with 2.5% nitric 

acid and subjected to elemental quantification on a Perkin-Elmer Elan DRCII ICP-MS equipped 

with AS-93 autosampler run alongside elemental standards.  Cellular metal content was 

normalized to protein amount which was measured using a standard Bradford assay, as described 

previously (Jacobsen, et al., 2011).  

 

RNA Sequencing  

WT A. baumannii was grown overnight in 3 mL LB.  Cultures were reseeded 1:50 in LB 

and grown for 1 h at 37 °C with shaking. These cultures were reseeded 1:100 in 40 % LB, 60 % 

CP buffer plus or minus 250 mg/ml CP and grown for 7 h at 37 °C with shaking. Cultures were 

pelleted at 4 °C with 2,500 x g for 8 min and then air dried on ice. Each pellet was suspended in 1 

mL TRIzol and transferred to tubes containing lysing matrix B (MP Biomedicals). Bacteria were 

lysed using a FastPrep-24 (MP Biomedicals) bead beater for 45 s at 6 m/s. Two hundred mL 

chloroform then was added to each tube. After brief vortexing, the tubes were centrifuged for 15 
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min at 4 °C and the upper layer was transferred to another new tube. RNA was purified using the 

RNeasy preparation kit (Qiagen) according to the RNeasy lipid tissue directions. DNA 

contamination was removed by adding 8 mL RQ1 (Promega), 12 mL 10x RQ1 buffer, and 2 mL 

RNase inhibitor (Promega) to each sample and incubating at 37 °C for 2 h. Samples were then 

cleaned up using the RNeasy miniprep RNA cleanup protocol (Qiagen). To ensure purity of the 

RNA from DNA contamination, an aliquot of RNA was removed for reverse transcription (RT), 

including no-RT controls, and assessed by PCR. Prior to sequencing, RNA was quantified on the 

Synergy 2 with Gen5 2.00 software (BioTek). 

Vanderbilt Technologies for Advanced Genomics Core Facility (VANTAGE) prepared 

RNA-seq libraries from 1.5 mg of A. baumannii total RNA using the following protocol. The 

integrity of the total RNA was evaluated using the Agilent Bioanalyzer Nano RNA chip. The Ribo-

Zero rRNA removal kit for Gram-negative bacteria (Epicentre) was used to remove rRNA by 

following the manufacturerôs protocol. The rRNA-reduced RNA was used as an input to the 

TruSeq stranded mRNA sample preparation kit (Illumina), skipping the mRNA selection step and 

going directly into the RNA fragmentation and random hexamer priming step. The RNA was 

converted into double-stranded cDNA, adapter ligated, and enriched with PCR, replacing the 

enzyme from the kit with KAPA HiFi DNA polymerase to create the final cDNA sequencing 

library. The cDNA library underwent quality control (QC) by running on an Agilent Bioanalyzer 

HS DNA assay to confirm the final library size and on an Agilent Mx3005P quantitative PCR 

(qPCR) machine using the KAPA Illumina library quantification kit to determine concentration. 

A 2 nM stock was created, and samples were pooled by molarity for multiplexing. From the pool, 

a 10.5 pM concentration was loaded into each well for the flow cell on the Illumina cBot for cluster 

generation. The flow cell was then loaded onto an Illumina HiSeq 2500, utilizing v3 chemistry and 
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HTA 1.8 for a paired-end 50-bp run. The raw sequencing reads in BCL format were processed 

through CASAVA-1.8.2 for FASTQ conversion and demultiplexing. The RTA chastity filter was 

used, and only the PF (pass filter) reads were retained for further analysis. 

 

Transcriptomic analysis 

 The Illumina HiSeq 2500-generated FASTQ reads were processed by using the Bayesian 

adapter trimmer Scythe (version 0.992; http://github.com/vsbuffalo/scythe) to trim 3= adaptor 

sequence contaminants from the reads. EDGE-pro v1.3 (Estimated Degree of Gene Expression in 

Prokaryotes) software (Magoc, et al., 2013) then was used to align the reads with Bowtie2 v2.1.0 

(Langmead and Salzberg, 2012) and estimate gene expression directly from the alignment output. 

The FASTA of the reference genome sequence (.fna), protein translation table with coordinates of 

protein coding genes (.ptt), and a table containing coordinates of tRNA and rRNA genes were 

downloaded from NCBI (ftp://ftp.ncbi.nih.gov/GenBank/genomes/Bacteria/Acinetobacter_ 

baumannii_ATCC_17978_ uid17477).  The .fna, .ptt, and .rnt files were concatenated from the 

main genome and two native plasmids into single input files, and they were used as inputs into 

EDGE-pro. EDGE-pro was run with default parameters, except for defining the read length as 50 

bp (-l 50) and using 16 threads (-t 16) on a 64-core Linux server. On average, more than 96% of 

the reads were uniquely aligned. Alignment statistics and other QC metrics were calculated from 

the aligned BAM file using the RSeQC program suite (Wang, et al., 2012). The output of EDGE-

pro was an RPKM value table for the genome and plasmids. A script provided with EDGE-pro 

called edgeToDeseq.perl was used to concatenate the output of the various samples into a single 

count table for input into DESeq. The expression level of each gene was determined using DESeq 

(Anders and Huber, 2010) in the statistical programming package R-3.0.0 (http://www.r-
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project.org). Differences in expression comparing untreated WT A. baumannii to CP-treated A. 

baumannii were considered significant based on a P value less than or equal to 0.01.  

 

Quantitative RT-PCR 

 Overnight cultures of A. baumannii were diluted 1:50 in LB and grown for 1 h at 37°C. 

Cultures were then diluted 1:100 into LB plus or minus 250 mg/ml CP and grown for 8 h. Cultures 

were pelleted at 4°C and resuspended in 1:1 acetone : ethanol prior to storage at -80°C until 

processing. For RNA extraction, cells were pelleted and resuspended in LETS buffer and lysed 

using Lysis Matrix B tubes (MP Biologicals) and a FastPrep-24 (MP) bead beater. Samples were 

heated to 55°C for 5 min and pelleted at 15,000 rpm for 10 min. The top phase was combined with 

TRIzol and incubated at room temperature for 5 min. Chloroform was mixed with each sample, 

incubated for 3 min, and centrifuged for 15 min at 4°C at 15,000 rpm. Following centrifugation, 

the upper aqueous phase was transferred to a new tube and incubated with isopropyl alcohol for 

10 min at room temperature to precipitate the RNA. Samples were centrifuged at 4°C for 10 min 

at 15,000 rpm. Supernatant was removed, and the pellet was washed twice with 70% ethanol and 

dissolved in water. DNA contamination was removed by adding RQ1 and RQ1 buffer (Promega), 

and RNAse inhibitor (Thermo), and the samples were incubated at 37°C for 2 h.  Following DNAse 

treatment, RNA was purified using RNease mini kit (Qiagen) following manufacturerôs 

recommendation. RNA was quantified, and 2 mg of RNA was used for cDNA synthesis. cDNA 

synthesis and qRT-PCR was performed as previously described using the 2DDCT method 

(Mortensen, et al., 2014; Nairn, et al., 2016). Primers used for qRT-PCR are listed in Table 4.  
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LC-MS/MS proteomic analysis 

 Protein samples were denatured in 8 M urea, 100 mM ammonium bicarbonate solution, 

then incubated for 45 min at 56 °C with 10 mM dithiothreitol (DTT) to reduce cysteine residues. 

The free cysteine residue side chains were then alkylated with 40 mM iodoacetamide for 1 h in the 

dark at room temperature. The solution was diluted to 1 M urea and 1:100 (w:w) ratio of trypsin 

was added and the samples were digested at 37 °C overnight. Peptides were desalted by Zip-tip 

and injected into an Easy-nLC HPLC system coupled to an Orbitrap Fusion Lumos mass 

spectrometer (Thermo Scientific, Bremen, Germany). Peptide samples were loaded onto a home-

made C18 trap column (75 ɛm Ĭ 20 mm, 3 ɛm) in 0.1% formic acid.  The peptides were separated 

using an Acclaim PepMapTM RSLC C18 analytical column (75 ɛm Ĭ 150 mm, 2 ɛm) using an 

acetonitrile-based gradient (Solvent A: 0% acetonitrile, 0.1% formic acid; Solvent B: 80% 

acetonitrile, 0.1% formic acid) at a flow rate of 400 nL/min. A 30 min gradient was implemented 

as follows: 0-0.5 min, 2-9% B; 0.5-24 min, 9-26% B; 24-26 min, 26-100% B; 26-30 min, 100% B 

followed by re-equilibration to 2% B. The electrospray ionization was carried out with a nanoESI 

source at a 260 °C capillary temperature and 1.8 kV spray voltage. The mass spectrometer was 

operated in data-dependent acquisition mode with mass range 400 to 1600 m/z. The precursor ions 

were selected for tandem mass (MS/MS) analysis in Orbitrap with 3 sec cycle time using HCD at 

35% collision energy. Intensity threshold was set at 5e3. The dynamic exclusion was set with a 

repeat count of 1 and exclusion duration of 30 s. The resulting data were searched against an 

Acinetobacter baumannii database (Uniprot UP000094982, 3,780 entries, with the database 

downloaded on 07/06/2017 from Uniprot) in Proteome Discoverer 2.1. Carbamidomethylation of 

cysteine residues was set as a fixed modification. Protein N-terminal acetylation, oxidation of 

methionine, protein N-terminal methionine loss, protein N-terminal methionine loss and 
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acetylation, and pyroglutamine formation were set as variable modifications. A total of 3 variable 

modifications were allowed. Trypsin digestion specificity with two missed cleavage was allowed. 

The mass tolerance for precursor and fragment ions was set to 10 ppm and 0.6 Da respectively.  

 

Statistical rationale and bioinformatics analysis 

 Data analysis was performed as previously described (Kentache, et al., 2017; Park, et al., 

2014). Proteins detected fewer than 3 times in 4 replicate lysates were excluded from our statistical 

analysis. The statistical analysis of these data was completed using unpaired, two-tailed studentôs 

t test with Welchôs correction.  Functional information for the selected proteins were gathered from 

the National Center for Biotechnology Information (NCBI, https://www.ncbi.nlm.nih.gov/) and 

the SEED database (http://pubseed.theseed.org/?page= Minimal) (Overbeek, et al., 2005). 

Metabolism pathway information for the selected proteins were obtained from the Kyoto 

Encyclopedia of Genes and Genomes (KEGG) database 

(https://www.genome.jp/kegg/pathway.html).  

 

Siderophore quantification 

 Siderophore production was quantified using a Chrome Azurol S (CAS) assay as described 

previously (Alexander and Zuberer, 1991; Schwyn and Neilands, 1987). Briefly, A. baumannii 

was grown for 36 h in the presence of 250 mg/mL CP or buffer as described above. Supernatants 

were collected and filtered through a 0.22 mm filter (Millipore). Supernatants were mixed 1:1 with 

the chrome azurol S shuttle solution(Alexander and Zuberer, 1991), and OD630 was determined 

after a 30 min incubation at room temperature. Values were normalized to starting cell density as 

determined by OD600.  
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Zinc Proteome prediction of A. baumannii 

Using a previously published approach (Valasatava, et al., 2016), we created two libraries 

of Hidden Markov Model profiles (Eddy, 1998): a library of Zn-binding Pfam domains (Finn, et 

al., 2014), and a library of Zn-binding structural motifs. The Pfam domain library was created by 

merging two lists: 1). a list of Pfam domains with known 3-dimensional structure that contain a 

Zn-binding site extracted from MetalPDB (Putignano, et al., 2018) in which each of these domains 

could be associated with the residues responsible for Zn-binding and with their positions within 

the domain sequence and 2). a list of Pfam domains without a known 3D structure but annotated 

as Zn-binding, obtained by text mining of the annotations in the Pfam database. The procedure 

resulted in a set of 573 Pfam domains: 541 with an associated Zn-containing 3D structure, and an 

additional 32 annotated as Zn-binding domains. The library of Zn-binding structural motifs was 

created by splitting into fragments the Zn-binding sites stored in MetalPDB as of June 2017, as 

previously described (Rosato, et al., 2016).  Only one representative was kept for Zn-binding sites 

that, though found in different PDB structures, fall in the same position of the same protein domain. 

Sites that are not physiologically relevant based on literature inspection, e.g., Zn-substituted 

structures, spurious sites, were manually removed from the dataset. This procedure resulted in a 

set of 6450 zinc-binding motifs derived from 2651 Zn-binding sites. 

The Zn proteome of Acinetobacter baumannii was obtained by using the hmmscan tool 

(Eddy, 1998) to search each bacterial sequence for the profiles contained in the two libraries. A 

bacterial sequence was identified as containing a potential Zn-binding site if at least one of the 

following conditions was verified: A) The profiles of all the fragments of a given site matched the 

sequence with an e-value lower than 10ī3 and the corresponding ligands are conserved in the 
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sequence. B) The profile of a domain with associated ligands matched the sequence with an e-

value lower than 10ī5 and the ligands are conserved in the sequence. C) The profile of a domain 

with no associated ligands matched the sequence with an e-value lower than 10ī7. These 

predictions were integrated by adding the proteins annotated as Zn-binding in the UniProt database 

(UniProt Consortium, 2018). In total, 213 proteins of Acinetobacter baumannii were identified as 

Zn-binding proteins.  

 

FAD quantification  

 Overnight A. baumannii cultures were back-diluted 1:50 into LB for 1 h. Cultures were 

then inoculated 1:100 into LB containing 40% CP buffer (20 mM Tris-HCl pH 7.5, 100 mM NaCl, 

5 mM b-mercaptoethanol, 3 mM CaCl2) supplemented with 200 mg/ml CP and grown for 6 h. 

Optical densities were normalized across strains, and cells were pelleted and washed with PBS. 

Total cellular FAD was quantified using the FAD assay kit (Abcam). Pellets were resuspended in 

FAD assay buffer and lysed twice using Lysis Matrix B tubes (MP Biologicals) and a FastPrep-24 

(MP) bead beater. Supernatants were collected, and protein concentration was determined by BCA 

assay (Thermo Scientific). Samples were deproteinized by adding ice-cold 4 M perchloric acid 

and incubated on ice for 5 min. Samples were centrifuged for 2 min at 4°C at 13,000 x g, and 

supernatants were transferred to a new Eppendorf tube. Ice-cold 2 M potassium hydroxide was 

added until the pH was 6.5-8. Samples were centrifuged for 15 min at 4°C at 13,000 x g, and 

supernatants were collected. To quantify FAD, 50 mL reaction mixtures were prepared by 

combining 46 mL of 1:50 dilution of sample with 2 mL OxiRad probe and 2 mL enzyme mixture 

(Abcam).  OD570 was monitored over 30 min, and values were plotted against an FAD standard 

curve and normalized to total protein. Data are averaged from 3 independent experiments.  
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Purification of A. baumannii proteins 

Oligonucleotide primers used for cloning are listed in Table 4. The gene sequences of ribA, 

ribB and ribBX from Acinetobacter baumannii ATCC 17978 (locus tags A1S_3107, A1S_0823 

and A1S_3388, respectively) were obtained from the SEED database. The gene ribBX encodes a 

373 amino acid protein that is 41% identical and 56% similar to the homolog encoded by 

Mycobacterium tuberculosis H37Rv (locus tag Rv1415; NP_215931; PDB: 4I14) over their entire 

length (Figure 13B) (Singh, et al., 2013).  The calculated molecular mass and theoretical 

isoelectric point (pI) value for the A. baumannii RibBX are 40,899 Da and 5.62, respectively 

(https://web.expasy.org/protparam/). Full length proteins were cloned into a pHIS plasmid at the 

NcoI site using an isothermal assembly method and was expressed with an N-terminal His-tag 

(Gibson, et al., 2009).  

These resulting plasmids were transformed into E. coli BL21(DE3) for expression. Cells 

were grown in lysogeny broth (LB) medium supplemented with 100 µg/mL ampicillin and shaking 

at 37 ̄C to OD600 of 0.6, at which time ITPG was added to final 0.5 mM. The cells were allowed 

to induce at 16 ̄C overnight. For each 0.8 L cell pellet, cells were suspended in 40 mL lysis buffer 

(25 mM Tris, 500 mM NaCl, 2 mM TCEP, pH 8) and sonicated at 60 % power (3 s on; 9 s off, on 

ice), for total 15 min/L cells. This solution was centrifuged at 10,000 g (20 min, 4 C̄). The 

supernatant was filtered with 0.22 µm for loading onto a 5 mL HisTrap column (GE Healthcare). 

The Ni-NTA column was run at 3 mL/min, and protein was eluted with a 4-40% buffer B (25 mM 

Tris, 500 mM NaCl, 2 mM TCEP, pH 8) gradient over 20 column volumes. The protein-containing 

fractions were pooled, cleaved with TEV protease and dialyzed again buffer (25 mM Tris, 500 

mM NaCl, 2 mM TCEP, pH 8) at 4 ̄C overnight. Solutions were filtered with 0.22 µm and run 
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through Ni-NTA column. Non-tagged protein factions are pooled and concentrated to ~3 mL for 

loading on Hi LoadTM 16/600 SuperdexTM 200 or 75 (GE Healthcare). Running buffer was (25 

mM Tris, 200 mM NaCl, 2 mM TCEP, pH 8), and protein was eluted at a flow-rate of 1 mL/min.  

Protein-containing fractions were pooled, concentrated and flash-frozen in liquid nitrogen, stored 

at ï80 C̄, and buffer exchanged prior to use. Protein mass was confirmed by LC-ESI-MS or 

trypsin digested MALDI-MS and was judged to be 90% pure by overloaded SDS-PAGE gels. For 

RibBX, the residual FMN bound to RibBX during purification was confirmed by LC-MS/MS and 

UV-Vis spectroscopy.  

 

GCHII activity assay 

The GTP cyclohydrolase II (GCHII) activities of RibA and RibBX were measured 

essentially as previously described (Singh, et al., 2013). Briefly, reaction mixtures were prepared 

in a buffer containing 50 mM Tris, 100 mM NaCl, 10 mM MgCl2, 2 mM TCEP, 10 µM ZnSO4, 

pH 8.0 in a total volume of 200 µL, with reactions initiated by the addition of enzyme to a final 

concentration of 2 µM with 0~1 mM GTP.  To monitor the formation of 2,5-diamino-6-

ribosylamino-4(3H)-pyrimidinone 5ô-phosphate (DARP), the absorbance at 310 nm was 

monitored at 37 ̄C for 20 min and the concentration of DARP was calculated using an extinction 

coefficient of Abs310 = 7.43 mM-1cm-1.  The linear range of these kinetic traces was used to 

calculate the initial rate and these rates were used to fit to the Michaelis-Menten steady-state 

model. 
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DHBPS activity assay  

The 3,4-dihydroxy-2-butanone 4-phosphate synthase (DHBPS) activities of RibB and 

RibBX were measured by a colorimetric method as described (Singh, et al., 2013). Briefly, reaction 

mixtures contained 50 mM Tris, 150 mM NaCl, 10 mM MgCl2, pH 7.5 in a total volume of 60 µL. 

Reactions were initiated by the addition of enzyme to final 1 µM with final 0~1 mM ribulose-5-

phosphate (Cayman).  After incubation at 37 C̄ for 15 min, 48 µL of a saturated creatine (Fisher 

Scientific) solution was added, followed immediately by 24 µL 1-naphthol (Fisher Scientific) 

(dissolved at 35 mg/mL in 1 M NaOH). The absorbance at 525 nm was measured after 45 min 

using plate reader (BioTek, Synergy Neo2). The standard curve was constructed with 0~500 µM 

2,3-butadione (Sigma-Aldrich) for calculating product (DHBP) formation.  Initial rates were 

calculated for Michaelis-Menten fit. Inhibition of FMN was measured in the presence of 0~1 mM 

FMN (Cayman). 

 

FMN binding by ITC   

All ITC titrations were carried out as described before (Grossoehme and Giedroc, 2009) 

using a MicroCal VP-ITC calorimeter.  300 µM FMN was placed into the syringe with ~30 µM 

RibBX protomer in the reaction cell.  Injections (2~8 ɛL) were made at a rate of 2 ɛL sï1, with 

180~240 s allowed for equilibration of the mixture between injections. All reactions were 

conducted in at least triplicate in 50 mM Tris, 150 mM NaCl, 10 mM MgCl2, pH 7.5 at 25.0 ̄C. 

The Origin 7.0 Software package provided by MicroCal was used and data were fitted as single-

site binding model with the n and Ka values optimized during the fit.  
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Crystal structure of RibBX   

RibBX expressed and purified as described above was subjected to polishing on a Superdex 

200 10/300 GL column (GE Healthcare) running in 25 mM Tris, 200 mM NaCl, 2 mM TCEP, pH 

8.0 at a flow-rate of 0.5 mL/min.  Peak fractions were concentrated to 8~12 mg/mL using an 

Amicon centrifugal concentrator with a 30 kDa cutoff membrane (Millipore) and used for 

crystallization by vapor-diffusion in 96-well sitting-drop plates.  Initial crystallization screening 

was carried out using commercial kits from MemGold2TM (Molecular Dimensions) by mixing 0.15 

µL reservoir buffer and 0.15 µL protein solution and equilibrating against 30 µL reservoir buffer 

at 293 K.  Small crystals appeared after 1 day when RibBX was equilibrated against a reservoir 

solution containing 10 mM MES, 100 mM NaCl, 150 mM ammonia sulfate, 19% (w/v) PEG 1000.  

The crystallization conditions were optimized over 19~24% (w/v) PEG1000 over 10~15 mg/mL 

RibBX while changing the protein:buffer ratio to 2:1 by hanging drop vapor diffusion.  The plates 

were incubated at 20 ̄C for 1-2 weeks, with crystals appearing before that time. 

Crystals were harvested after 4-7 days, cryo-protected in the reservoir solution 

supplemented with 25% glycerol and flash frozen in liquid nitrogen. Diffraction data were 

collected at 100 K at the Beamline station 4.2.2 at the Advanced Light Source (Berkeley National 

Laboratory, CA) and were indexed, integrated, and scaled using XDS (Kabsch, 2010). The 

structure was solved by molecular replacement using PHASER the PDB 4I14 as search model. 

The Autobuild function was used to generate a model that was improved by iterative cycles of 

manual building in Coot (Emsley, et al., 2010) and refinement using PHENIX (Adams, et al., 

2010).  Torsion-angle non-crystallographic symmetry restraints and secondary structure restraints 

were used during refinement.  MolProbity software (Chen, et al., 2010) was used to assess the 

geometric quality of the models.  PyMOL (PyMOL Molecular Graphics System, Version 1.2r3pre, 
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Schrödinger, LLC.) was used to generate molecular images. Data collection and refinement 

statistics are indicated in Table 3.  

 

Analytical gel filtration chromatography   

A Superdex 200 10/300 GL column (GE Healthcare) was equilibrated and 

chromatographed in 50 mM Tris, 150 mM NaCl, 10 mM MgCl2, 2 mM TCEP, pH 7.5 at a flow-

rate of 0.5 mL/min and calibrated with the Gel Filtration Calibration Kit HMW (GE Healthcare). 

A linear fit a plot of Kav vs. log Mr gave R2= 0.90. 100 µM RibBX was pre-incubated with 1.25 eq. 

FMN at 4 ̄ C for 1 h. 100 µL samples were injected for each chromatography run. 

 

A. baumannii growth with riboflavin   

Overnight cultures of A. baumannii were subcultured 1:50 in LB for 1 h. Cultures were 

then inoculated 1:100 into M9 minimal media supplemented with Vishniacôs trace metal mix with 

or without ZnCl2 as previously described (Nairn, et al., 2016).  M9 minimal media supplemented 

with full Vishniacôs trace metal mix contained 36 ÕM Fe, 5.2 ÕM Mn, 3.2 ÕM Cu, 1.8 ÕM Mo, 

13.4 µM Co and 27.2 µM Zn.  Sodium succinate dibasic hexahydrate (Sigma) or sodium fumarate 

dibasic (Sigma) were used as the sole carbon source at 0.5 % (w/v). Riboflavin (Sigma) was 

supplemented with a final concentration of 10 mg/mL, and OD600 was monitored over time. Data 

are representative of at least 3 independent experiments.  

 

Quantification and Statistical Analysis  

Bioassays were performed with at least 3 biological replicates (n=3) as indicated. The 

averages and standard deviation of the separate replicates and Studentôs t test were then calculated 
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using Graphpad Prism and Microsoft Excel. The structure of RibBX was refined with internal 

statistical analysis as reported in the deposition in the PDB. Detailed quantification and statistical 

analysis are fully described in the manuscript Figure legend and Methods sections of the 

manuscript.  

 

Data and software availability  

The coordinates for the RibBX crystal structure have been deposited in the Protein Data 

Bank PDB: 6MNZ.  Software used to analyze RNA sequencing results are fully described in the 

manuscript Methods section with appropriate citations, and data have been uploaded to the 

National Institutes of Health Gene Expression Omnibus with accession number GSE125491 

(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE125491). Briefly, raw sequencing 

reads were processed using CASAVA-1.8.2 for FASTQ conversion. FASTQ reads were processed 

using the Bayesian adapter trimmer Scythe version 0.992. EDGE-pro version 1.3 was used to align 

reads with Bowtie2 version 2.1.0. The expression level of each gene was determined using DESeq 

in the statistical programming package R-3.0.0.   Software used for diffraction data are fully 

described in the manuscript Methods section with appropriate citations. Briefly, diffraction data 

were collected at 100 K at the Beamline station 4.2.2 at the Advanced Light Source (Berkeley 

National Laboratory, CA) and were indexed, integrated, and scaled using XDS (Kabsch, 2010). 

Software used for LC-MS/MS data is xcaliber v4.0. All software used in this study are reported in 

Method Details. 
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Table 3. RibBX data collection and refinement statistics.  
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Table 4. Oligonucleotides used in Chapter II.  

Name Sequence (5ô to 3ô)  Description 

   

RibBX_Nhis_F CAG GGC GCC ATG GAT CCG CTG 

AGT CGT GTT GA 

CloningRibBX into 

pHIS, forward 

RibBX_Nhis_R CCT TTG AAT TCC GGA TCC ATG GTT 

ATT TCG TTG TGA TTT GAT CAG CAG 

T 

CloningRibBX into 

pHIS, reverse 

RibA_Nhis_F CAG GGC GCC ATG GAT CCT ATA 

GAG TTC ATT GCA ACA TCA AAA CT 

CloningRibA into pHIS, 

forward 

RibA_Nhis_R CCT TTG AAT TCC GGA TCC ATG GTT 

AAA AAT CAT CTT TTT GGT AAA 

GGT GAT CCA 

CloningRibA into pHIS, 

reverse 

RibB_Nhis_F CAG GGC GCC ATG GAT TCT AGT 

TTA ATT CAA CCA GAA CTT TTT TTC 

TCA  

CloningRibB into pHIS, 

forward 

RibB_Nhis_R CCT TTG AAT TCC GGA TCC ATG GTT 

AAA TAC CGT GTT GTT GAC GAT 

ATT GTA 

CloningRibB into pHIS, 

reverse 

A1S_3388_F GGA TCC ATG CCG CTG AGT CGT  Cloning ribBX into 

pWH1266, foward 

A1S_3388_myc_R GTC GAC TTA TAG ATC TTC TTC AGA 

TAT CAG TTT CTG TTC GAT TTT CGT 

TGT GAT TTG 

Cloning ribBX into 

pWH1266, reverse 

A1S_3388_FL1_F_

KO2 

TGA TGG GTT AAA AAG GAT CGA 

TCC TCT AGA AAG AGT TAA CTC 

AAG CTC TCG CG 

Cloning ribBX 5' 

flanking region into 

pFLP2, forward 

A1S_3388_FL1_R

_KO2 

TCC TAG TTA GTC ACA TAT GTC GCT 

TTC ACC TTT TTT TG  

Cloning ribBX 5' 

flanking region into 

pFLP2, reverse 

A1S_3388_Kan_F_

KO2 

AAA GCG ACA TAT GTG ACT AAC 

TAG GAG GAA TAA ATG 

Cloning Kn cassette into 

pFLP2; forward 

A1S_3388_Kan_R

_KO2 

TCC CAA GCA TAT GTC ATT ATT CCC 

TCC AGG TAC 

Cloning Kn cassette into 

pFLP2; reverse 

A1S_3388_FL2_F_

KO2 

GAG GGA ATA ATG ACA TAT GCT 

TGG GAC CAG C  

Cloning ribBX 3' 

flanking region into 

pFLP2, forward 

A1S_3388_FL2_R

_KO2 

TTC CGA AGT TCC TAT TCT CTA GGG 

GGA TCC ACG TAA CTC GTA AGC 

ACC TAA AC 

Cloning ribBX 3' 

flanking region into 

pFLP2, reverse 

Ab0092RTFor GGA GCA TAC CGC GCC TAT TAA C A1S_0092 qRT-PCR, 

forward 

Ab0092RTRev GTC GAG TTG CGT TTG GTC TGA A A1S_0092 qRT-PCR, 

reverse 

Ab0170RTFor GTG GAA TGC TGA TGT AGC GCT TG A1S_0170 qRT-PCR, 

forward 
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Ab0170RTRev ACT TTC ACG CGC AAA CTG AGA AC A1S_0170 qRT-PCR, 

reverse 

Ab0242RTFor GGC GAC CAT CAC CAA AGT GAA  A1S_0242 qRT-PCR, 

forward 

Ab0242RTRev TGG TAA TCA CTT CCA CTC GCG T A1S_0242 qRT-PCR, 

reverse 

Ab0652RTFor GGG CTA TCG TAA CGA AAG TTC 

AAG C 

A1S_0652 qRT-PCR, 

forward 

Ab0652RTRev AAC GAG AAT AGG GTC ACC ACC A A1S_0652 qRT-PCR, 

reverse 

Ab1214RTFor AAC CGA ACG CTC TTC TGC AAC  A1S_1214 qRT-PCR, 

forward 

Ab1214RTRev AAG CGA ACA GTG ACT TTG TCG C A1S_1214 qRT-PCR, 

reverse 

Ab1647RTFor GCC ACT ACA TCC TTG GCA AGC  A1S_1647 qRT-PCR, 

forward 

Ab1647RTRev AGG TCC GAA TTG ATG TAG TCG 

GTG  

A1S_1647 qRT-PCR, 

reverse 

Ab1844RTFor GAT ATG CCA GCC GAC AAA GCA 

AAT  

A1S_1844 qRT-PCR, 

forward 

Ab1844RTRev CGC CAG ATA TGA CGC CAT TTA CC A1S_1844 qRT-PCR, 

reverse 

Ab1868RTFor TCA ATA CGC CGT GCG CTT AAG  A1S_1868 qRT-PCR, 

forward 

Ab1868RTRev CCT AGC TTT AAA GTC GCG CCG  A1S_1868 qRT-PCR, 

reverse 

Ab2382RTFor GTG GGC TTC TGT ACA GGC G A1S_2382 qRT-PCR, 

forward 

Ab2382RTRev TTG CAT GGT GAC CAC AGG C A1S_2382 qRT-PCR, 

reverse 

Ab2580RTFor ACG GCA CAA CCC GTA AAA CAA  A1S_2580 qRT-PCR, 

forward 

Ab2580RTRev CAT CGT GTT GTG TTG GCG C A1S_2580 qRT-PCR, 

reverse 

3411RTf GATCAGGCTCAGCAAGACCAG A1S_3411 qRT-PCR, 

forward 

3411RTr GTGCTTGGACAGCTTCATCA A1S_3411 qRT-PCR, 

reverse 

r01RTf CTGTAGCGGGTCTGAGAGGAT r01 qRT-PCR, forward 

r01RTr CCATAAGGCCTTCTTCACAC r01 qRT-PCR, reverse 
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Results 

Calprotectin induces multi-metal restriction in A. baumannii 

Although calprotectin is known to induce a ZnII starvation in A. baumannii (Hood, et al., 

2012), the extent to which other metal homeostasis systems are impacted by CP is not known. To 

address the question, a global transcriptomic analysis (RNAseq) (Figure 6) and a proteomic 

analysis (Figure 8) were performed on a wild-type (WT) strain grown in the presence or absence 

of physiologically relevant concentrations of CP (Clohessy and Golden, 1995). We first measured 

the metal concentration in the culture media (60% LB + CP buffer) with or without 200 µg/mL CP 

(Figure 6A; Figure 7). CP notably depletes the culture medium of major metals Zn and Fe, with 

no effect on Cu.  Mn and Co are also significantly decreased by CP. 
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Figure 6.  Transcriptomic analysis of WT and WT+CP A. baumannii.  A) Metal content in the 

LB-Tris buffer growth media treated with 0 (grey) or 200 µg/mL CP (red). B) RNAseq analysis 

of untreated WT vs. 200 µg/mL calprotectin treated WT (WT+CP) A. baumannii cells from 4 

biological replicates. The fold-change in expression for each locus tag is indicated (see Table 2, 

Appendix A). Gene names are indicated according to the NCBI annotation; otherwise, the locus 

tag (A1S_xxxx where óxxxxô represents the locus tag number) is indicated.  Genes regulated by 

the Zn uptake regulator (Zur) (yellow symbols), involved in Fe homeostasis (green symbols), 

involved in Cu uptake (red symbols) and associated with the histidine utilization (hut) operon 

(purple circles) (Nairn, et al., 2016) are highlighted. C) qRT-PCR validation of selected genes 

identified by RNA-seq. A1S_0092, putative ferric siderophore uptake protein; A1S_0170, OprC 

outer membrane copper receptor; A1S_0242, FeoA; A1S_0652, FeoA; A1S_1214, benzoate 1,2-

dioxygenase b subunit; A1S_1647, siderophore biosynthesis protein; A1S_1844, CatC3, 

muconolactone d-isomerase; A1S_1868, porin for benzoate transport; A1S_2382, BasD; 

A1S_2580, siderophore biosynthesis protein. . *p < 0.05 as determined by Studentôs t test with 

hypothetical value of 1. Data are the mean combined from 3 independent experiments ± S.D.  

 

 

 

 



 

70 

 

 

Figure 7. Calprotectin (CP) induces metal starvation. Total transition metal analysis of various 

standard growth media, including the 60% LB/40% Tris-buffer used to culture A. baumannii in 

this study (A-F).  All measurements were made in triplicate by ICP-MS on freshly prepared media 

dissolved in chelexed Milli-Q water (gray bars) and on the effluent of the same media spun through 

a 10 kD MWCO filter in the absence (orange bars) or presence (red bars) of 200 Õg/mL (16.6 ÕM 

transition metal binding sites) CP, following incubation for 2 h, 37 ÜC (see Methods for further 

details).  A) 60% LB/40% Tris buffer; B) LB; C) Tryptic soy broth (TSB); D) brain-heart infusion 

(BHI); E) a chemically defined Hussein-Hastings-White-methionine medium often used to culture 

S. aureus; and F) C+Y media, a more optically transparent media used to culture S. pneumoniae. 

Note that the all rich growth media contain higher molecular weight metal complexes that can be 

filtered in the absence of CP; given the sub-picomolar affinity of CP for FeII, it seems likely that 

at least some fraction of these complexes are bound to CP (Nakashige et al., 2015). The mean of 

three independent replicates Ñ S.D. is shown and *, p < 0.05 in Student t-test as indicated. 
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We next performed a transcriptomic analysis (Figure 6B; Table 2, Appendix A) and an 

LC-MS/MS, label-free proteomic analysis, in which we detected up to 1094 proteins in these 

cytoplasmic lysates, which corresponds to 28.9% of the A.baumannii proteome (Figure 8; Figure 

9A-D).  Of the 67 genes that are significantly increased in CP-treated relative to untreated WT 

cells, 14 also displayed increased transcription in a strain lacking the ZnII-responsive 

transcriptional regulator zur (Dzur) (Mortensen et al., 2014) (Figure 6B). Furthermore, among the 

most up-regulated genes are Zur-regulated targets including genes involved in cellular Zn uptake 

and zigA (Mortensen, et al., 2014); increased abundance of ZigA is further confirmed in the 

proteomic analysis (Figure 8D).  

Both experiments reveal that CP induces both ZnII and Fe starvation. Relative to Fe 

starvation, the RNAseq (Figure 6B) reveals a dramatically decreased transcription of genes 

encoding bacterioferritins, but increased transcription of genes involved in the global Fe limitation 

response, including feoAB, which brings FeII into the cell, and FeIII-siderophore receptors, as 

confirmed by quantitative RT-PCR (Figure 6C). Consistently, putative achromobactin and 

acinetobactin siderophore biosynthesis/utilization proteins become more cell-abundant with CP 

stress, some at a level approaching that of ZigA (Figure 8D). The upregulation of siderophore 

uptake systems was further confirmed by robust siderophore production following CP exposure 

(Figure 9E-F).  In addition, changes were observed in cellular abundances of Fe-proteins, 

including those involved in Fe-S cluster biogenesis (IscS and IscR), and the fumarase (FumA) 

(Figure 8C-D) characterized as part of the Fe-sparing response (Lee and Helmann, 2007). These 

results are consistent with a significant CP-mediated impact on Fe homeostasis and suggest a 

strong perturbation of Fe metabolism in A. baumannii. 
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These findings also revealed an unexpected intersection of CP-induced Zn and Fe 

starvation with Cu homeostasis. We observed a transcriptomic down-regulation of a putative Cu 

importer oprC (outer membrane porin, A1S_0170) (Yoneyama and Nakae, 1996) (Figure 6) 

coupled with detection of a previously unannotated protein V5VEM0, a putative copper storage 

protein (Csp) (Straw, et al., 2018) only in CP-treated cells (Figure 8D). These findings suggest 

that Zn- and Fe-starved A. baumannii may decrease bioavailability of Cu under these CP-treatment 

conditions.  

 

Cell-abundant metalloproteins induced by CP stress are established therapeutic targets  

We also found 26 proteins significantly increased in normalized cellular abundance in CP-

treated lysates including two known ZnII metalloenzymes (Figure 8C), b-carbonic anhydrase, 

MtcA2, which may be important for survival, invasion, and pathogenicity (Aspatwar, et al., 2018) 

and succinyl-diaminopimelate desuccinylase, DapE, which is involved synthesis of meso-

diaminopimelate (m-Dap), a component of the peptidoglycan of all Gram-negative bacteria. 

Fifteen proteins were detected only in CP-treated cells at high cellular levels (Figure 8D), 

including Zn metalloenzyme QueD, which is involved in queuosine-tRNA biosynthesis (Vinayak 

and Pathak, 2010), and ZigA, which is required for bacterial growth under Zn-limiting conditions 

and disseminated infections in mice (Nairn, et al., 2016).    
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Figure 8.  LC-MS/MS proteomic analysis for WT and WT+CP A. baumannii. Protein profiles of 

untreated WT vs. 200 µg/mL calprotectin treated WT (WT+CP) A. baumannii cells from 4 

biological replicates. A) Venn diagram for proteins detected at least 3 times in 4 replicates. B) 

Histogram plot of the distribution of normalized abundance for all proteins detected in the 

untreated WT strain, as representative of all 4 growth conditions (see Figure 9A-D). The top-most 

50% abundant proteins are indicated with red dash line with the bars shaded red. C) Volcano plot 

for proteins detected at least 3 times for each condition among 4 biological replicates. The 

significance threshold was set at pÒ0.001 and fold-change in protein abundance at >1.3 as shown 

in red dash box for proteins are up (right top) and down (left top) in WT+CP.  Filled circles are 

shaded yellow for Zn-binding proteins, green for proteins involved in iron homeostasis, purple for 

Cu-binding proteins and pink for proteins involved in transcription or translation.  D) Proteins that 

are strongly changed in WT+CP conditions. Normalized abundance for proteins that was detected 

only in WT or WT+CP in all 4 replicates with the significance threshold set at the top-most 50% 

abundance (see Figure 8B).  
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Figure 9. Proteomics analysis for WT and WT+CP. Histogram plot of the distribution of 

normalized protein abundance or all proteins detected in three of four biological replicates of the 

A) untreated wild-type strain (WT); B) the wild-type strain treated with 200 Õg/mL of CP; C) the 

æzigA strain; and D) the æzigA strain treated with 200 Õg/mL of CP.  Normalized abundances are 

binned in units of log2 x10
-5 units, plotted as a function of frequency (bar height) and the 

cumulative %, from low to high abundance (filled circles).  Panel A is reproduced in the main text 

as Figure 8B and is shown here to facilitate comparison to other strains and conditions.  These 

distributions are very similar to one another, with only the top-most 50% abundant proteins 

considered when found only in one strain (see Figure 8D and 12C). Treatment of wild-type A. 

baumannii with 200 Õg/mL CP results in increased siderophore production.  E) Siderophore 

content in the spent (filtered) medium was detected by the Chrome Azurol S (CAS) assays, which 

monitors the mobilization of the Fe from CAS to extracellular Fe chelators, e.g., siderophores, 

giving rise to increased absorption at l=630 nm. The mean of three independent replicates Ñ S.D. 

is shown and ****, p < 0.0001 in a Student t-test as indicated. F) CP is unable to compete with 

CAS for CAS-bound Fe as revealed by no significant change in Abs630.  
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A. baumannii æzigA is more susceptible to CP-induced metal starvation  

As the candidate metallochaperone ZigA (Nairn, et al., 2016) is among the most abundant 

metalloproteins that is detected only in CP-treated WT cells (vide infra), investigation of how the 

æzigA strain adapts to CP stress relative to the WT strain may identify crippled ZigA-dependent 

processes. The addition of CP gave rise to a significant decrease in growth yield of exponentially 

growing cells (t=4 h), but only in the æzigA strain (Figure 10A; Figure 11A-B).  CP induces a 

measurable decrease in total cell-associated Zn and Fe, but only in the WT strain (Figure 10B), a 

finding consistent with transcriptomic and proteomic analysis (Figures 6 & 8). In addition, the 

DzigA strain exhibits increased expression of the Zn uptake genes (Nairn, et al., 2016), which may 

account for these findings. Total cell-associated Cu is also lower only in the WT strain (Figure 

10C), consistent with the down regulation of oprC (Figure 6). The æzigA strain, in contrast, takes 

up slightly more Mn and Ni when treated with CP (Figure 10C). These CP-induced trends in 

growth yield and in cellular metal content largely persist at 6 and 8 h of growth (Figure 11C-F).  

These results reveal that CP restricts Zn and Fe availability and the loss of ZigA has little further 

impact on total cell-associated metal, but with a perturbation in metal allocation to cellular targets.  

This is representative of ñadaptiveò physiology, since metallation can increase the stability of 

metalloproteins (Figure 10D).  
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Figure 10.  Calprotectin (CP) induces metal starvation in A. baumannii. Growth yield at 4 h (OD 

600 nm) A) of cell cultures treated with 0 or 200 µg/mL CP when cell samples were collected for 

determination of total cell-associated metal by ICP-MS (panels B, C). Total cell-associated metal 

of WT and DzigA cells are shown in B) for zinc (Zn) and iron (Fe) and C) for other transition 

metals. The results shown reflect the mean of 3 independent replicates ± S.D. *pÒ0.05 as 

determined by Studentôs t test. D) Rationale and design of this study using DzigA as a tool to study 

the effects of extreme metal limitation.  
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Figure 11. Calprotectin (CP) induces metal starvation on A. baumannii. Exponentially growing 

cells were diluted into pre-warmed LB broth containing 0 or 200 Õg/mL CP at time zero and 

allowed to grow. Growth curves are shown in A) and growth yields at 6 h and 8 h are shown in B). 

Total cell-associated metal of wild-type (WT) and DzigA cells collected at 6 h are shown in C) for 

zinc (Zn) and iron (Fe) and in panel D) for other transition metals.  Total cell-associated metal of 

wild-type (WT) and DzigA cells collected at 8 h is shown in E) for zinc (Zn) and iron (Fe) and in 

panel F) for other transition metals. Color code in panels B-F is the same as panel (A).  The mean 

of three independent replicates Ñ S.D. is shown and *, p<0.05 in Student t-test as indicated.  
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As an effort to monitor a perturbation in metal allocation, we found the proteomic profiles 

of unstressed WT and DzigA cells are extremely similar but show marked differences in the 

presence of CP (Figure 12A-C; Figure 13A-B). In order to understand these differences, a 

bioinformatics approach was employed to predict the entire Zn proteome of A. baumannii. We 

predicted 213 Zn-proteins corresponding to å5% of the proteome, similar to predictions for E. coli 

(Andreini, et al., 2006), and these proteins are anticipated to impact a considerable range of cellular 

metabolism (Figure 13C), with 84 high-probability Zn-proteins were detected in at least three 

replicates in the proteomic analysis (Figure 13D). Overall, zinc-proteins are modestly more 

abundant (by protein count) in the WT relative to the DzigA strain in the presence of CP, including 

MtcA2 (Figure 12B) and the global Fe uptake regulator (Fur) (Figure 11E), with the striking 

exception of tRNA-guanosine transglycosylase (Tgt), involved in queuosine-tRNA biosynthesis 

(Vinayak and Pathak, 2010), which is detected only in CP-treated DzigA cells at high abundance 

(Figure 12C) 

 

A dual regulatory model of flavin biosynthesis in A. baumannii in response to CP  

We found RibB is detected only in CP-stressed DzigA but is undetectable in the WT strain 

in both conditions (Figure 12C-D). Like many bacteria, A. baumannii synthesizes riboflavin, 

flavin mononucleotide (FMN), and flavin adenine dinucleotide (FAD) from guanosine 5ô-

triphosphate (GTP) via the combined actions of the ZnII-dependent GTP cyclohydrolase II 

(GCHII), encoded by ribA, and from ribulose-5ô-phosphate (Ru5P), a product of the pentose 

phosphate pathway, via the activity of 3,4-dihydroxy-2-butanone 4-phosphate synthase (DHBPS), 

encoded by ribB (Figure 12E). In addition to an impact of CP of Zn-protein abundance (vide 

infra), while RibA abundance is unchanged by CP treatment, an uncharacterized RibB-domain 
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containing fusion protein that we designate RibBX is more abundant in the WT strain in the 

presence of CP (pÒ0.05) (Figure 12D and Figure 13F), indicating the two RibB- enzymes 

associated with riboflavin biosynthesis (rib), also play a role in the response to CP. 
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Figure 12.  LC-MS/MS proteomic analysis for WT and DzigA A. baumannii. Protein profiles of 

WT (WT+CP) vs. DzigA (DzigA+CP) A. baumannii cells treated with 200 µg/mL calprotectin from 

4 biological replicates.  A) Venn diagram and B) Volcano plot for proteins detected at least 3 times 

under each condition in 4 replicates. The significance threshold was set at pÒ0.001 and fold-change 

in protein abundance at >1.3 as shown in red dash box. Yellow, Zn-binding proteins.  C) Proteins 

that are strongly changed in WT+CP and DzigA+CP cells.  Normalized protein abundance for 

proteins that were only detected in WT+CP or DzigA+CP for in all 4 replicates with the 

significance threshold was set at the top-most 50% abundance. D) Normalized protein abundances 

of enzymes of the flavin biosynthetic (rib) pathway (compare to Figure 13F) in the WT (grey) or 

WT+CP (red) cells. * pÒ0.05 as determined by Studentôs t test. Except for the RibF, which was 

only detected twice out of 4 replicates in WT, all proteins shown were detected in at least 3 of the 

4 biological replicates. The mean of independent replicates ± S.D. is shown. E) Riboflavin 

biosynthesis pathway in A. baumannii. Metabolites are indicated in bold and ZnII metalloenzymes 

are highlighted in blue.  
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Figure 13. Proteomics analysis of untreated wild-type (WT) vs. DzigA A. baumannii derived from 

four biological replicates. Those proteins derived from the three of the four replicates are compared 

in each strain.  A)Venn diagram of the all proteins detected at least 3 times in all four replicates 

shown. B) V-plot for proteins detected at least three times among four biological replicates.  The 

significance threshold was set at p<0.001 and fold-change in protein abundance at >1.3.  Only one 

protein, acyl-CoA:acetate CoA-transferase, a-subunit (AtoD; A1S_1732), meets this criterion. C) 

Predicted subcellular localization (left panel), functional role (middle panel) and predicted 

biological functions (right panel) of the 213 high-confidence Zn metalloproteins in A. baumannii.  

Proteomics analysis of the wild-type (WT) vs. the æzigA A. baumannii strain each treated with 200 

Õg/mL calprotectin (CP) with only the candidate Zn metalloproteins.  84 of the 213 maximum 

predicted cytoplasmic Zn metalloproteins were detected (39.4%).  D) Venn diagram for all Zn 

metalloproteins detected in at least three biological replicates from four total replicates. Zn 

metalloproteins unique to the æzigA+CP condition (3) and the WT + CP condition (17) are shown.  

E) V-plot for proteins detected in at least three biological replicates from four total replicates, with 

the b-carbonic anhydrase, MtcA2 (Supuran and Capasso, 2017), most similar to the M. 

tuberculosis Rv3588c, the only zinc metalloenzyme meeting the statistical criteria chosen 

(p<0.001; abundance changes by >1.3).  Other Zn-metalloproteins with 0.01<p<0.001 are also 

highlighted as well, and include the Fe-uptake repressor, Fur (A1S_0895), which harbors a 

structural Zn-coordination site.  Other proteins are methionine sulfoxide reductase subunit B 

(MsrB; A1S_1469), UDP-2-acetamido-3-amino-2,3-dideoxy-D-glucuronic acid acetyltransferase 

(DgaB; A1S_0054), adenosine deaminase (ADA; A1S_0718) and UDP-3-O-[3-hydroxymyristoyl] 

N-acetylglucosamine deacetylase (LpxC; A1S_3330). F) Normalized protein abundances of 

proteins of the flavin biosynthetic (rib) pathway (compare to Figure 12D) in the wild-type (black) 

or the æzigA strain (orange).  The proteomic differences between these two strains are not 

statistically significant, as anticipated. Proteomics analysis of the Zn metalloproteome in A. 

baumannii (D-F). 
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The increased cell abundance of RibBX induced by CP stress implies a functional role that 

is compensatory to RibB under CP stress (Figure 12E), although the function of the RibBX is 

unknown.  This is particularly true for the C-terminal RibX domain that is homologous to RibA, 

but appears to lack ZnII coordinating residues of authentic RibA. We measured the DHBPS and 

GCHII activity of RibBX (Figure 14) and find that RibBX possesses robust DHBPS activity that 

is comparable to that of authentic DHBPS (RibB) (Figure 14A), but is completely devoid of 

GCHII activity, consistent with the loss of all three cysteine ligands to the Zn (Singh, et al., 2013) 

(Figure 14B).  We then noted that purified RibBX solution is yellow, which suggests the presence 

of a bound flavin (Figure 15A); indeed, LC-MS/MS analysis reveals sub-stoichiometric FMN 

(Figure 15B). We then used FMN-stripped RibBX to show that FMN binds reversibly to RibBX, 

with a Ka of 1.4 0.5 µM-1 and a subunit binding stoichiometry near 1:1 by isothermal titration 

calorimetry (Figure 14C).  We then reasoned that FMN might regulate the DHBPS activity of 

RibBX because in some organisms FMN regulates flavin biosynthesis through a canonical FMN-

sensing riboswitch (Baird, et al., 2010), which is predicted to fold upstream of ribB in A. 

baumannii, but not upstream of ribBX.  To test this hypothesis, we measured the DHBPS activity 

of both RibBX and RibB in the presence of increasing FMN (Figure 14D; Figure 15C), and only 

RibBX is inhibited by FMN but with a Ki value of 7.8 µM (comparable to Ka).  We note that this 

Ki is 3-4 orders of magnitude higher than observed for FMN riboswitch-mediated regulation of 

ribB in other bacteria.  
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Figure 14.  Biochemical characterization of RibBX. A) Michaelis-Menten plot for DHBPS 

activity with various substrate Ru5P concentrations. Error bars represent S.D. from 3 replicates. 

RibBX is in red. RibB (blank) is the authentic DHBPS in A. baumannii. B) Michaelis-Menten plot 

for GCHII activity with various substrate GTP concentrations. Error bars represent S.D. from 3 

replicates. RibBX is in red. RibA (blank) is the authentic GCHII in A. baumannii.  C) ITC titration 

of FMN to RibBX. The panel is shown as a representative fitting of 3 replicates. D) Inhibition of 

DHBPS activity with 200 µM FMN. Reaction rate is normalized to the value with 0 µM FMN. * 

pÒ0.05 using Studentôs t-test. The mean of 3 independent replicates ± S.D. is shown.  
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Figure 15.  Inhibition of Ab RibBX RibB activity by FMN. A) UV-vis spectrum of purified RibBX 

compared with FMN alone. B) The yellow color associated with purified Ab RibBX (labeled 

Unknown) is identified as authentic FMN (labeled FMN) as determined by tandem LC-MS/MS.  

Both MS1 (primary) and MS2 (fragmentation spectra) are shown. C) Dixon plot of the inhibition 

of Ab RibBX by added FMN to FMN-stripped RibBX. D) Size exclusion chromatography of Ab 

RibBX alone or RibBX incubated with 1.25 eq. FMN.  The molecular weight of the RibBX 

protomer is 40.9 kDa. The elution time is consistent with a homodimer in both the absence and 

presence of bound FMN. E) 6 h growth yields relative to untreated (100% growth) in the presence 

of 250 Õg/mL CP. All data are representative of at least three independent replicates and depict the 

mean Ñ S.D., where **** p < 0.0001 as determined by one-way ANOVA with Tukey multiple 

comparisons test. F) A ribbon representation of A. baumannii RibBX, with each of 4 protomers 

shaded differently, with the teal and bright orange protomers defining a crystallographic unit. G) 

Structure of RibBX protomer. N-terminal RibB-domain is indicated in pale cyan with blue 

marking the substrate binding loop.  The C-terminal RibX-domain is indicated in teal.  Missing 

residues are indicated by the dashed line.  
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To gain additional insight into the FMN-mediated inhibition of RibBX activity, we 

determined its structure by x-ray crystallography using molecular replacement with Mtb RibBA 

(Singh, et al., 2013) (see Table 3 for structure statistics).  A. baumannii RibBX crystallizes as a 

pseudo-D2 symmetric homotetramer (Figure 15F).  In solution, however, RibBX is a dimer and 

the oligomerization state is not significantly affected by the presence of bound FMN (Figure 15D).  

As anticipated, the overall architecture of RibBX is similar to that of Mtb RibBA, with a canonical 

RibB-domain (Islam, et al., 2015) (Figure 16A). The RibX-domain adopts a topology highly 

similar to the GCHII (RibA) domain of Mtb RibBA, but with no ZnII site present (Figure 16B). 

We hypothesized that FMN binds in RibX-domain and allosterically regulates RibB-domain 

activity (see Figure 15G). These structural and functional findings suggest a dual regulatory model 

of flavin biosynthesis that is employed by cells experiencing transition metal perturbation (Figure 

16C).   
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Figure 16.  Crystal structure of A. baumannii RibBX. A) Superposition of structure of RibBX 

(bright orange and pale yellow) and Vibrio cholerae RibB (Islam et al., 2015) (VcRibB) in the D-

ribulose 5-phosphate-bound form (blue). Substrate binding residues are indicated for RibBX 

(bold). B) Superposition of structure of RibBX (pale cyan and pale yellow) and Mycobacterium 

tuberculosis RibBA (Singh, et al., 2013) (MtRibBA; Rv1415) in the apo form (magenta).  Zinc 

(Zn) binding residues in MtRibBA (stick representation). C) Proposed dual regulatory model of 

the riboflavin biosynthesis pathway that becomes operative under extreme metal limitation 

mediated by CP.  
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Figure 17.  Relative FAD levels and growth yields of the wild-type (WT) (black) æribBX (gray) 

and æzigA (red) Ab strains in the absence (LB or M9, as indicated) and presence (TPEN, CP or 

EDDHA, as indicated) of chelator-induced metal starvation. A) Relative FAD levels in LB media 

or in B) LB media supplemented with 40 ÕM TPEN. All data are representative of at least three 

independent experiments and depict the mean Ñ S.D., where * p < 0.05, **** p < 0.0001 as 

determined by one-way ANOVA with Tukey multiple comparisons test. Growth monitored over 

time by OD600 in WT and the DzigA strain (C-G). C) Growth of WT and DzigA using riboflavin as 

the sole carbon source. Growth curves are representative of at least three independent experiments, 

and the mean Ñ S.D. is shown. Riboflavin cannot be used as a carbon source by A. baumannii. 

Riboflavin can partially rescue the growth of the DzigA strain.  WT and DzigA strains can use 

succinate D) or fumarate E) as the sole carbon source, and the addition of riboflavin has no impact 

on cell growth in Zn-replete conditions.  Riboflavin partially rescues the growth phenotype of 

DzigA with succinate F) or fumarate G) as sole carbon source in Zn-deplete conditions. 
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Flavin supplementation complements the DzigA growth phenotype 

We hypothesized in the dual regulatory model that the cellular flavin supply is tightly 

regulated by balancing the activities and cell abundance of RibA, RibB and RibBX. To elucidate 

the importance of ribBX, we found that a DribBX strain has a significant growth defect during Zn 

starvation (Figure 18A). Given the differential abundance of RibBX in the WT and DzigA strains, 

the contribution of RibBX to the A. baumannii response to Zn limitation was interrogated in a 

system uncoupled from any transcriptional regulation that may exist for ribBX.  ribBX was 

expressed under a constitutive promoter in WT and DzigA A. baumannii, and these strains were 

grown in Zn limitation induced by TPEN.  Constitutive expression of ribBX did not alter growth 

of WT or DzigA in Zn-replete conditions.  However, in Zn-starved conditions, the DzigA strain 

experienced growth inhibition upon expression of ribBX whereas ribBX expression improved 

growth in WT A. baumannii during Zn limitation (Figure 18B; Figure 15E). These data revealed 

that RibBX helps overcome nutrient Zn limitation in A. baumannii. 

 

Cellular flavin levels are markedly lower in DzigA under CP stress 

The proteomics data suggest an impact on cellular flavin levels mediated by CP stress 

and/or ZigA (Figure 12D) as summarized in our dual regulatory model (Figure 16C).  To test 

this, we quantified FAD levels as a proxy of flux through the riboflavin biosynthesis pathway. The 

DzigA strain has notably reduced total cellular FAD levels, but only under CP stress (Figure 18C), 

a finding consistent with the detection of RibB only in these cells, whose levels are predicted to 

be strongly repressed by a canonical FMN-sensing riboswitch under unstressed conditions 

(Serganov, et al., 2009) (Figure 12C).  Both CP-stressed (Figure 18C) and TPEN-treated (Figure 

17A-B) æzigA cells show reduced flavin supply and induce a growth yield phenotype (Figure 10A; 
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Figure 15E); indeed, the æribBX strain has lower levels of FAD even in Zn-replete conditions 

(Figure 17A).   

 

Exogenous flavin partially rescues the growth deficiency of DzigA under CP stress 

Our dual regulatory model predicts that supplementation of the DzigA strain with riboflavin 

might rescue this growth phenotype observed during CP- or TPEN-mediated metal limitation. To 

test this prediction, we employed a minimal growth medium with a carbon source(s) that would 

increase the cellular demand for both flavins and Fe, and supplement with riboflavin, as riboflavin 

is the precursor to FMN and FAD (Figure 12E) (Nwugo, et al., 2011).  We used succinate and 

fumarate, two TCA cycle intermediates, for this purpose.  Succinate dehydrogenase is a 4Fe-4S, 

flavin and heme-requiring enzyme that interconverts succinate and fumarate, while fumarase 

(FumA) is a 4Fe-4S cluster-containing enzyme, that converts fumarate to malate and whose 

cellular levels are decreased in CP-stressed cells (Figure 8C).  Both WT and the DzigA strain have 

similar growth kinetics in Zn-replete minimal media with either succinate or fumarate as the sole 

carbon source but not riboflavin in Zn-replete conditions (Figure 17C-E).  Strikingly, in Zn-

deplete conditions, the DzigA strain has a dramatic growth defect, which can be partially rescued 

by supplementation with low levels of riboflavin (Figure 18D; Figure 17F-G), but not by folate, 

the biosynthesis of which is also initiated from a Zn enzyme, GTP cyclohydrolase I (FolE) (Figure 

19A-B).  Neither WT or DzigA A. baumannii is able to utilize riboflavin as a carbon source, 

revealing that this growth rescue is not from additional carbon source supplementation (Figure 

17C).  Growth of æzigA and the effect of riboflavin supplementation under Zn-deplete conditions 

is not observed in a rich growth medium, revealing that increasing the cellular Fe requirement via 

the use of fumarate or succinate as the sole carbon source also exacerbates the demand for flavins 
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(Figure 19C-D).  Consistent with this prediction, both the DzigA and DribBX strains have 

significant growth defects compared to the WT strain when succinate is provided as the sole carbon 

source and Fe is restricted by the Fe chelator EDDHA (Figure 19E-F). 
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Figure 18. Riboflavin can rescue the growth of DzigA. A) Growth of DribBX and DzigA is impaired 

with 40 µM TPENThe mean of at least 3 independent replicates ± S.D. is shown. B) Constitutive 

expression of ribBX in the presence of 20 µM TPEN improves growth of WT A. baumannii but 

impairs growth of DzigA. C) Cellular FAD levels are notably decreased only in the DzigA strain in 

the presence of CP. D) Riboflavin partially rescues the growth phenotype of DzigA with fumarate 

as sole carbon source in Zn-deplete conditions.  See text for additional details. * p Ò 0.05, * p Ò 

0.01 and **** p < 0.0001 as determined by one-way ANOVA with Tukey multiple comparisons 

test. The mean of at least 3 independent replicates ± S.D. is shown.  

 

. 
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Figure 19. Growth of wild-type and DzigA strains monitored over time by OD600. A) Growth of 

wild-type and DzigA strains supplemented with folate when Zn is replete in an M9 succinate 

growth media. B) Growth of wild-type and DzigA strains supplemented with folate when Zn is 

depleted (20 ÕM TPEN) in M9 succinate.  Folate fails to rescue the æzigA growth phenotype when 

these cells are stressed with 20 ÕM TPEN, in contrast to that which occurs with the addition of 

riboflavin. C) Full growth curves of the WT (black) and the æzigA (red) strains on 0.5% Chelex-

treated casamino acids as the sole carbon source under Zn-replete or Zn-deplete D) conditions, in 

the absence (closed symbols) or presence (open symbols) of riboflavin.  Zn-deplete conditions 

induce a dramatic growth phenotype in the æzigA strain that is not rescued by riboflavin 

supplementation on this growth medium when casamino acids are the sole carbon source. End-

point growth yields (OD600) for each strain in the E) presence or F) absence of 10 ÕM 

ethylenediamine-N,N'-bis(2-hydroxyphenylacetic acid), EDDHA in M9 succinate. All data are 

representative of at least three independent experiments and depict the mean Ñ S.D., where * p < 

0.05, **** p < 0.0001 as determined by one-way ANOVA with Tukey multiple comparisons test.  
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Discussion 

The findings presented here reveal a CP-induced multi-metal (Fe and Zn) perturbation of 

transition metal bioavailability that is exacerbated by the loss of ZigA in a way that impacts central 

metabolic processes in an important human pathogen.  These processes include de novo flavin 

biosynthesis, the product of which functions as an essential cofactor involved in many aspects of 

cellular redox and energy metabolism (Bacher, et al., 2000), and potentially other Zn-requiring 

enzymes including the b-carbonic anhydrase (MtcA2) (Supuran and Capasso, 2017) and enzymes 

(QueD and Tgt) of the queuosine-tRNA biosynthesis pathway (McCarty and Bandarian, 2012).  

We describe a dual regulation model of flavin biosynthesis that is orchestrated by the DHBPS 

RibB and a unique, structurally characterized RibBX which functions in an effort to maintain 

cellular flavin sufficiency under conditions of CP-induced metal starvation and the loss of ZigA.  

The fact that RibBX homologs are widespread in Proteobacteria (Brutinel, et al., 2013) 

underscores the importance of this dual regulation model of flavin biosynthesis in other bacteria. 

It is now well established that CP is a broad-spectrum chelator capable of inducing 

microenvironmental niche- and pathogen-dependent transition metal starvation (Zygiel, et al., 

2019; Zygiel and Nolan, 2018). The niche-dependence is likely due to the spectrum of total metals 

defined by the site of infection (Cassat, et al., 2018).  However, it is often not clear how much of 

this total metal is bioavailable at infection sites, since the metal speciation in complex 

environments is not typically known (Juttukonda, et al., 2017).  As proxy for this, and from the 

perspective of comparing data obtained under different culture conditions, we have surveyed a 

sampling of typical growth media and found that the total metal composition and the ability of CP 

to deplete metals from these media varies dramatically (Figure 7). We conclude that although CP 

is clearly capable of depleting divalent metals, what metals CP depletes from the growth medium 
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appears strongly influenced by the relative concentrations of total metal and total CP-binding sites.  

The coupling between the niche-dependent metal depletion by CP and intrinsic metal requirements 

in different bacteria (Lisher and Giedroc, 2013) potentially unifies previously conflicting 

responses to CP in various organisms.  

Here, using a standard growth medium, we confirmed an adaptive response to Zn starvation 

regulated by Zur (Mortensen, et al., 2014), but also revealed a strong Fe limitation response, in 

that siderophore biosynthesis and utilization genes are found to be notably upregulated at both the 

transcriptome and proteome levels in A. baumannii. These findings are fully consistent with our 

metal analysis (Figure 7), and the previous observation that CP reduces Fe uptake in multiple 

bacteria (Zygiel, et al., 2019). On the one hand, ZnII starvation may affect the functional integrity 

of the global Fe regulator Fur, since Fur contains a structural ZnII site. On the other hand, CP-

induced a Zur-regulatd putative stand-alone siderophore receptor protein (A1S_0092), which may 

have a unique role in transition metal acquisition and/or represent regulatory overlap between Zur 

and Fe limitation. Our findings also provide further evidence that transition metal homeostasis 

systems are interconnected (Hassan, et al., 2017). Genes detected in RNAseq involved in Fe 

metabolism are not differentially expressed in the Dzur strain, demonstrating that their 

upregulation is mediated through a Zur-independent mechanism (Mortensen, et al., 2014). The 

detection of a candidate cell-abundant Csp3 suggests that cytoplasmic Csp3 traps CuI 

(Dennison, et al., 2018) and thus potentially allows A. baumannii to cope with the restricted 

bioavailability of Zn and Fe (Figure 10D); further, A. baumannii have an as-yet unknown 

nutritional need for Cu.  

ZigA is a key player in response to Zn starvation and infection in mice, but how ZigA 

functions at the molecular level is unclear.  ZigA exhibits weak GTPase activity and binds ZnII 
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with high affinity, and is therefore proposed to be a Zn metallochaperone from the COG0523 

family (Nairn, et al., 2016).  As a result, the loss of ZigA may exacerbate cellular metal deficiency 

due to a failure to mobilize or allocate cellular Zn from metal complexes to high priority protein 

targets that emerge under conditions of extreme metal limitation, with little or no impact on total 

metal. Regardless of the mechanism, we employed the DzigA strain as a tool to assess changes in 

the proteome that could be reporting on perturbations in metabolism that result from the loss of 

ZigA under these Zn/Fe-starved conditions. We identified two cellular processes, de novo flavin 

biosynthesis and queuosine-tRNA biosynthesis, that appear strongly impacted by extreme CP-

induced metal depletion.   

It is known that in bacteria and plants, flavodoxins are required as non-metal substitutes 

for ferredoxins, thus prioritizing (ribo)flavin biosynthesis under these conditions (Pi and Helmann, 

2017; Sepulveda Cisternas, et al., 2018; Tognetti, et al., 2007).  In H. pylori, riboflavin is reported 

to be secreted from cells and is thought to participate in Fe reduction to FeII and acquisition 

potentially through FeoAB (Figure 6B), with the flavin biosynthesis pathway found to be 

upregulated under Fe deficiency (Worst, et al., 1998); this is true in other bacteria as well (da Silva 

Neto, et al., 2013; Vasileva, et al., 2012).  Recent work reveals that riboflavin and Fe levels are 

reciprocally regulated in Vibrio cholerae (Sepulveda-Cisternas, et al., 2018), and we observe 

elements of this in A. baumannii, since the DribBX strain, like the æzigA strain, is sensitive to Fe 

starvation (Figure 19E-F).  Although in B. subtilis, ribBA expression is reported to be Fur-

regulated (Worst, et al., 1998), it is unknown how the transcription of the ribBX operon is regulated 

in A. baumannii.  We showed here that while RibBX has WT-like DHBPS activity under 

conditions where authentic RibB is not detected in cells, RibBX is subjected to product inhibition 

by cellular FMN, but only at very high concentrations, and thus can be used in CP-treated cells to 
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bypass the regulatory control of the FMN-sensing riboswitch upstream of ribB under these 

conditions (Figure 16C) (Serganov, et al., 2009). We also found that two enzymes, QueD and Tgt, 

also become more cell-abundant in CP-stressed cells thus suggesting that queuosine-tRNA 

biosynthesis, a second pathway downstream of FolE, is prioritized under these conditions.  The 

cellular logic for this is unknown but strongly implicates this tRNA modification as involved in 

response to CP-induced metal starvation in A. baumannii. 

In summary, we show here that CP treatment of A. baumannii under these growth 

conditions strongly restricts the availability of Zn and Fe. The bacteria respond by inducing an 

acute cellular response to Zn and Fe deficiency while limiting the bioavailability of Cu.  CP stress 

impacts flavin biosynthesis, and it is plausible that Fe homeostasis and flavin biosynthesis are 

reciprocally regulated in A. baumannii.  Taken together, these results outline significant crosstalk 

between metal homeostasis systems and a key intersection with flavin, and perhaps queuosine, 

biosynthetic pathways. These results also identify cell-abundant antimicrobial targets, including 

MtcA2 (Aspatwar, et al., 2018; Supuran and Capasso, 2017), DapE (Gillner, et al., 2013; Starus, 

et al., 2015), ZigA and RibBX, for the development of antibacterial strategies for the treatment of 

A. baumannii infection while this multi-drug resistant organism is actively subjected to nutritional 

immunity in the infected host. 
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CHAPTER III 

 

AN ACINETOBACTER BAUMANNII, ZINC REGULATED PEPTIDASE MAINTAINS CELL 

WALL INTEGRITY DURING IMMUNE -MEDIATED NUTRIENT SEQUESTRATION 

 

A version of the following section was previously published in Cell Reports 26 (8) P2009-

2018.E6 (February 2019) doi: 10.1016/j.celrep.2019.01.089.  

 

Introduction  

In Gram-negative bacteria, the cell envelope is comprised of two membranes and a 

peptidoglycan (PG) layer that coordinate to allow growth in diverse niches. The cell envelope is 

necessary for the maintenance and storage of essential molecules and provides a protective barrier 

against harsh environments. The genus Acinetobacter represents a diverse group of Gram-negative 

bacteria that inhabit several environmental niches (Baumann, 1968). Members of the genus are 

important opportunistic pathogens. Specifically, A. baumannii is a leading cause of ventilator-

associated pneumonia and can cause wound and burn infections, urinary tract infections, and sepsis 

(Gaynes et al., 2005; Trouillet et al., 1998). The prevalence of multi-drug resistant strains prompted 

the World Health Organization to list A. baumannii as its most critical pathogen for the 

development of new therapeutics (WHO, 2017). Despite the global burden of A. baumannii 

infections, mechanistic studies of A. baumannii virulence and basic physiology are limited 

(Antunes et al., 2014; Harding et al., 2018).  

 Like other pathogens, A. baumannii must acquire nutrient metals from the host to replicate 

(Hood et al., 2012; Juttukonda et al., 2016). Metals are required for life and serve as protein 
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structural components and enzymatic cofactors. For bacteria, these metals are essential for cell 

envelope maintenance, since key enzymatic steps are metal-dependent (Gattis et al., 2010; Rayman 

and MacLeod, 1975; Whittington et al., 2003). Vertebrates sequester metals from invading 

pathogens through a process termed nutritional immunity (Palmer and Skaar, 2016; Weinberg, 

1975). One facet of nutritional immunity involves zinc (Zn) sequestration. Vertebrates withhold 

Zn from pathogens through the deployment of calprotectin (CP, calgranulin A/B, myeloid-related 

protein (MRP) 8/14). CP is the heterodimer of S100A8 and S100A9 (Hunter and Chazin, 1998). 

Two transition metal binding sites are formed at the dimer interface of CP that bind Zn and other 

nutrient metals (Baker et al., 2017; Corbin et al., 2008; Damo et al., 2013; Kehl-Fie et al., 2011; 

Nakashige et al., 2017). CP inhibits bacterial growth in vitro, and this inhibition is dependent on 

the metal-binding properties of the protein (Corbin et al., 2008; Hood et al., 2012; Kehl-Fie et al., 

2011; Zackular et al., 2016). Furthermore, CP accumulates at infectious foci, underscoring the 

importance of CP and Zn withholding at the host-pathogen interface (Corbin et al., 2008; Hood et 

al., 2012; Juttukonda et al., 2017; Zackular et al., 2016).  

 Despite the evolution of host metal-sequestering strategies, A. baumannii and other bacteria 

have developed mechanisms to overcome Zn limitation (Ammendola et al., 2007; Desrosiers et 

al., 2010; Gaballa and Helmann, 1998; Hood et al., 2012; Liu et al., 2012; Patzer and Hantke, 

1998; Stork et al., 2010). The response to Zn starvation in A. baumannii is primarily controlled by 

the Zn uptake repressor Zur (Hood et al., 2012; Mortensen et al., 2014). This response includes 

accessing a labile histidine-Zn pool within the cell and elaboration of high-affinity Zn acquisition 

systems (Hood et al., 2012; Mortensen et al., 2014; Nairn et al., 2016). However, the effects of Zn 

starvation on other aspects of A. baumannii physiology are unknown.  
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 We previously identified genes differentially expressed in a strain lacking zur through the 

application of a transcriptomics-based approach (Mortensen et al., 2014). From this, we discovered 

a putative PG-modifying enzyme; based on sequence prediction and experimental evidence, we 

herein name the gene zrlA (Zur-regulated Lipoprotein A). The gene encoding ZrlA is regulated by 

Zur and is significantly upregulated in A. baumannii following exposure to CP (Mortensen et al., 

2014). We hypothesized that ZrlA serves as an integral link between cell envelope and nutrient Zn 

homeostasis. ZrlA localizes to the inner membrane as a Zn-binding peptidase and is critical for the 

response of A. baumannii to Zn starvation. ZrlA also plays a pivotal role in maintaining robust cell 

envelope barrier function, and a strain lacking zrlA (DzrlA) is sensitive to envelope stresses. This 

barrier defect sensitizes the DzrlA strain to many classes of antibiotics in vitro and in vivo, 

establishing ZrlA as a viable target for small molecule drug development to combat A. baumannii 

infections. 

 

Materials and Methods 

Bacterial strains 

Experiments were performed using Acinetobacter baumannii strain ATCC 17978 and its 

derivatives unless otherwise noted. Transposon mutants in the A. baumannii ABUW5075 

background were purchased from the University of Washington A. baumannii mutant library, and 

transposon insertion was confirmed by PCR (Gallagher et al., 2015). Cloning was performed in E. 

coli DH5a, and protein expression was performed in E. coli BL21 (DE3). All experiments 

involving liquid cultures were performed in LB at 37 °C with aeration unless otherwise stated. 

Carbenicillin for plasmid maintenance was used at 50 mg/ml for E. coli or 75 mg/ml for A. 

baumannii. Kanamycin (Km) was used at 40 mg/ml. Relevant primers are listed in Table 6.   
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Animal models  

Eight to ten-week-old male C57BL/6J mice were purchased from Jackson Laboratories. 

Mice were housed on standard VUMC facility chow and bedding with a 12 hour light-dark cycle. 

All animal experiments were approved by the Vanderbilt University Medical Center (VUMC) 

Institutional Care and Use Committee and conform to policies and guidelines established by 

VUMC, the Animal Welfare Act, the National Institutes of Health, and the American Veterinary 

Medical Association.  

 

Bacterial mutant generation  

To generate the zrlA::km strain, approximately 1000 base pairs of DNA in both the 5ô and 

3ô flanking regions surrounding the open reading frame were amplified from A. baumannii 

genomic DNA, and the kanamycin resistance gene aph was amplified from pUC18K1 (Menard et 

al., 1993). The three PCR products were joined together using overlap extension PCR, and the 

construct was cloned into pFLP2 and sequence verified (Hoang et al., 1998). pFLP2 was then 

electroporated into A. baumannii, plated onto LB Km40 agar, and grown overnight at 37 °C. 

Transformants were patched to LB Km40 or LB agar with 10 % sucrose to isolate Km-resistant 

(KmR) and sucrose-sensitive merodiploids. Merodiploid strains were grown in LB overnight at 37 

°C to resolve the plasmid. Cultures were serially diluted, plated on LB agar with 10 % sucrose, 

and incubated at 37 °C overnight. The resulting KmR sucrose-resistant strains were screened for 

loss of zrlA and replacement with aph by multiple PCR reactions and Southern blot using gene-

specific probes. To generate the zrlA unmarked strain, recombineering was utilized as described 

previously (Tucker et al., 2014). Briefly, the pUC18K1 aph gene was amplified using primers that 
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contained 120 bp regions of homology flanking the zrlA open reading frame. The resulting PCR 

product was purified, concentrated to > 1 mg/ml, and transformed via electroporation into WT A. 

baumannii containing pAT02 (Tucker et al., 2014). RecAb recombinase expression was induced 

with 2 mM isopropyl b-D-1-thiogalactopyranoxide (IPTG). Cultures were grown for four hours 

and plated to LB agar supplemented with Km. Resulting colonies were screened using primers 

external to zrlA and restreaked to LB agar containing Km or carbenicillin to screen for loss of 

pAT02. Resulting KmR carbenicillinS strains were transformed with PAT03 and plated to 

carbenicillin. From here, colonies were streaked to LB agar containing 1 mM IPTG to induce FLP 

recombinase expression and excision of the Km resistance cassette. Colonies were then screened 

for KmS and carbencillinS and verified by PCR. Relevant primers are listed in Table 6. 

 

Construction of zrlA expression and complementation vectors 

To generate the zrlA complementation vector, the zrlA gene and its native promoter were 

amplified with a C-terminal cMyc tag and cloned into the digested pWH1266 vector using the 

BamHI/SalI restriction sites (Hunger et al., 1990). To generate the non-metal binding variant, a 

gene block with a C-terminal cMyc tag containing the following open reading frame nucleotide 

substitutions was synthesized: C448G, A449C, A470C, A617C (Integrated DNA Technologies, 

San Jose, CA) and cloned into pWH1266 under the native zrlA promoter. The integrity of the 

promoter and gene sequences were confirmed by sequencing. The empty vector and expression 

vectors were each transformed into A. baumannii by electroporation. All relevant primers are listed 

in Table 6. 
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Polyclonal antibody generation  

ZrlA was purified as described below and submitted to the Vanderbilt Antibody and Protein 

Resource core for generation of two rabbit polyclonal antibodies against ZrlA through Cocalico 

Biologicals (Stevens, PA). The antisera were affinity purified for increased ZrlA specificity. All 

antibodies, reactive sera, and pre-immune sera collected from the rabbits were tested for reactivity 

and specificity in enzyme-linked immunosorbent assays with purified ZrlA protein as well as 

immunoblot analysis of WT and ȹzrlA whole cell lysates. 

 

Quantitative RT-PCR  

Overnight cultures of A. baumannii were diluted 1:50 in LB and grown for 1 h at 37 °C. 

Cultures were then diluted 1:100 into LB plus or minus 200 mg/ml calprotectin or 40 mM TPEN 

and grown to mid-log. Cultures were pelleted at 4 °C and resuspended in 1:1 acetone:ethanol prior 

to storage at -80 °C until processing. For RNA extraction, cells were pelleted and resuspended in 

LETS buffer (0.1 M LiCl, 0.01 M Na2EDTA, 0.01 M Tris-HCl pH 7.4, 0.2 % SDS) and lysed 

using Lysis Matrix B tubes (MP Biologicals) and a FastPrep-24 (MP) bead beater. Samples were 

heated to 55 °C for 5 min and pelleted at 15,000 rpm for 10 min. The top phase was combined 

with TRIzol and incubated at room temperature for 5 min. Chloroform was mixed with each 

sample, incubated for 3 min, and centrifuged for 15 min at 4 °C at 15,000 rpm. Following 

centrifugation, the upper aqueous phase was transferred to a new tube and incubated with isopropyl 

alcohol for 10 min at room temperature to precipitate the RNA. Samples were centrifuged at 4 °C 

for 10 min at 15,000 rpm. Supernatant was removed, and the pellet was washed twice with 70 % 

ethanol and dissolved in water. DNA contamination was removed by adding RQ1 and RQ1 buffer 

(Promega), and RNAse inhibitor (Thermo Fisher Scientific), and the samples were incubated at 37 
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°C for 2 h.  Following DNAse treatment, RNA was purified using RNease mini kit (Qiagen) 

following manufacturerôs recommendation. RNA was quantified, and 2 mg of RNA was used for 

cDNA synthesis using M-MLV reverse transcriptase (Thermo Fisher Scientific). cDNA synthesis 

and qRT-PCR was performed as previously described using the DDCT method with the iQ SYBR 

Green Supermix (BioRad) (Mortensen et al., 2014; Nairn et al., 2016). Data are combined from at 

least 3 biological replicates. Relevant primers were published previously or are listed in Table 6 

(Hood et al., 2012; Mortensen et al., 2014).  

 

Membrane fractionation 

Overnight cultures of A. baumannii were diluted 1:50 in LB and grown for 1 h at 37 °C. 

Cultures were then diluted 1:100 into LB plus or minus 200 mg/ml calprotectin or 40 mM TPEN 

and grown to mid log. Cells were pelleted, and whole cell lysates were generated by resuspending 

pellets in lysis buffer (150 mM NaCl, 50 mM Tris-HCl pH 7.5), transferring samples to Lysis 

Matrix B tubes (MP Biologicals), and lysing on a FastPrep-24 (MP) bead beater. Crude membrane 

fractions were separated from cytoplasmic fractions by ultracentrifugation at 100,000 x g for 90 

min, with the cytoplasmic fraction being in the supernatant. The crude membrane fraction pellet 

was solubilized in lysis buffer containing 0.5 % sarkosyl and incubated at room temperature with 

shaking for 30 min. Insoluble outer membrane fractions were isolated from the cytoplasmic 

membrane fraction by centrifugation at 100,000 x g for 60 min. Protein concentrations for each 

fraction were determined by BCA assay (Thermo Scientific) using bovine serum albumin as a 

standard. Samples were analyzed by immunoblot using mouse anti-cMyc 9E10 or rabbit anti-ZrlA, 

along with goat anti-mouse or anti-rabbit Alexa Fluor 680. Presented immunoblots are 

representative of at least 3 biological replicates.  
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ZrlA purification  

ZrlA was cloned into pMALc5x to produce recombinant ZrlA tagged with a maltose 

binding protein (MBP). E. coli BL21 (DE3) pREL containing the ZrlA expression vector was 

grown at 37 °C shaking to an OD600 of 0.5. Protein expression was induced with 0.5 mM IPTG 

and grown for an additional 6 h at 37 °C. Cells were harvested by centrifugation at 6000 x g and 

suspended in lysis buffer (150 mM NaCl, 50 mM Tris-HCl pH 7.5) supplemented with lysozyme 

(1 mg/ml) and bovine deoxyribonuclease (3 mg). Cells were lysed by five passes through an 

Emulsiflex homogenizer (Aventin, Inc.) at 20,000 psi. Lysates were centrifuged at 8,000 x g to 

remove intact cells, and insoluble debris was removed by ultracentrifugation at 100,000 x g for 1 

h at 4 °C. Supernatants were applied to amylose resin pre-equilibrated with lysis buffer. The 

column was washed with 12 column volumes of wash buffer (500 mM NaCl, 20 mM Tris-HCl pH 

7.5, 1 mM EDTA), and ZrlA was eluted in a single elution with 10 mM maltose. In some cases, 

the MBP tag was cleaved by incubation with Factor Xa (New England Biolabs) during an overnight 

dialysis at 4 °C into dialysis buffer (150 mM NaCl, 20 mM Tris-HCl pH 7.5, 2.5 mM CaCl2) with 

a buffer change after 2 h. To separate the MBP tag from ZrlA, the cleaved proteins were applied 

to Ni-NTA resin pre-equilibrated with dialysis buffer, where ZrlA was retained on the resin and 

eluted with an imidazole gradient (50 ï 250 mM). ZrlA-containing fractions and sample purity 

were assessed by SDS-PAGE, and protein concentrations were determined by BCA assay (Thermo 

Scientific). To assess metals bound to ZrlA-MBP, purified protein was diluted to 1 mg/ml into 

lysis buffer, and Millipore water was added to a final volume of 10 ml in 15 ml metal-free conical 

tubes. Element quantification was assessed by ICP-MS. ZrlA (42-end) (ZrlA42C) was cloned into 

a pET22b(+) plasmid between NcoI and EcoRI sites and was expressed without the His-tag. This 
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resulting plasmid was transformed into BL21 (DE3) for expression in LB with ampicillin (100 

mg/ml) and grown to OD600 of 0.6, at which time 0.75 mM IPTG was added, and the cells allowed 

to grow at 16 ºC overnight. For each 1 L cell pellet, cells were suspended in 40 ml lysis buffer A 

(25 mM MES, 50 mM NaCl, pH 5.5) and sonicated at 60 % power (3 s on; 9 s off, on ice), for total 

60 min/L cells. This solution was then subjected to low-speed centrifugation at 10,000 x g (20 min, 

4 ºC). The supernatant was filtered with 0.22 mm and loaded onto a self-packed SP-SepharoseTM 

FastFlow (GE Healthcare) column. The SP-column was run at 2 mL/min, and ZrlA42C was eluted 

with a 0-50% buffer B (25 mM MES, 1 M NaCl, pH 5.5) gradient over 90 min. ZrlA42C-containing 

fractions were pooled. EDTA to a final concentration of 2 mM was added. The protein sample 

were concentrated and dialyzed again G75 (Hi LoadTM 16/60 SuperdexTM 75 prep grade) running 

buffer (25 mM HEPES, 150 mM NaCl, pH 7.5). ZrlA42C eluted at a flow-rate of 1 ml/min. ZrlA42C-

containing fractions were flash-frozen in liquid nitrogen and stored at ï80 ºC, and buffer 

exchanged prior to use. Protein was judged to be 90 % pure by overloaded SDS-PAGE gels. The 

ZrlA42C concentration was measured using ɚ280= 36,690 Mï1Åcmï1. An N-terminally deleted 

version of A1S_1248 lacking the 55 N-terminal residues, termed A1S_124856C, was purified 

essentially the same way, and concentration measured using ɚ280= 40,910 Mï1Åcmï1. Relevant 

primers are listed in Table 6.  

 

Cobalt titration  

These experiments were performed as described previously using a Hewlett-Packard model 

8452A spectrophotometer (Ma et al., 2011). The experiments were carried out in chelated titration 

buffer (25 mM HEPES, 150 mM NaCl, pH 7.4) at ambient temperature. Apo ZrlA42C or Apo 

A1S_124856C (1 ml of 100 mM) was titrated with stock solution of CoCl2. The binding reaction 
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was monitored using 1-cm path length. Five minutes of equilibration time was allowed before the 

UV-vis spectra were acquired. UV-vis spectra from 230ï800 nm were recorded after each addition 

and baseline-corrected as previously described (Ma et al., 2011).  

 

Quin-2 Zn competition assays 

These chelator competition experiments were carried as described in previous work using 

a Hewlett-Packard model 8452A spectrophotometer (Reyes-Caballero et al., 2010). The 

experiments were carried out in chelated titration buffer (25 mM HEPES, 150 mM NaCl, pH 7.4) 

at ambient temperature. Apo ZrlA42C or apo A1S_124856C (1 ml of 15~17 mM and 12~15 mM, 

respectively) in the presence of 12~15 mM (for ZrlA 42C) or 20~27 mM (for A1S_124856C) Quin-2 

was titrated with a solution of ZnSO4. Equilibrium time was 10 min between measurements. Peak 

intensities at 265 nm from two independent experiments were globally fit to a simple 1:1 binding 

competition model with KZn
quin-2 = 2.7 × 1011 M- 1 using Dynafit (Kuzmic, 1996).  

 

PAR Zn binding assay  

4-(2-pyridylazo)-resorcinol (PAR) Zn binding assays were performed as previously 

described (Hood et al., 2012; Mortensen et al., 2014; Nairn et al., 2016). Briefly, free PAR exhibits 

a peak absorbance of 410 nm that shifts to 500 nm upon Zn binding. To determine if ZrlA binds 

Zn, increasing concentrations of recombinant ZrlA-MBP (0 ï 12.5 mM) were added to solutions 

containing 20 mM PAR and 10 mM ZnCl2 in 20 mM Tris-HCl pH 7.5, 150 mM NaCl. Spectra were 

collected for free and Zn-bound PAR and compared to spectra obtained in the presence of ZrlA-

MBP. Spectra are representative of at least 3 biological replicates.  
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70Zn uptake assay 

Cells were grown for 7 h ± calprotectin, and optical densities were normalized across 

strains. 70ZnO was spiked into each sample for a final concentration of 25 mM, and samples were 

incubated at 37 °C for 15 min. A 1:1 mixture of acetone:ethanol was added to the cells and pelleted 

for 10 min at 6,000 rpm. Cells were then washed twice in PBS. Following the second wash, 

samples were transferred to metal-free 15 ml conical tubes (VWR). Samples were digested 

overnight in 50% Optima-grade nitric acid (Fisher Scientific) at 50 °C and diluted with Millipore 

water prior to inductively-coupled plasma mass spectrometry analysis. 70Zn values were 

normalized to total 34S.  

 

Inductively -coupled plasma mass spectrometry  

Element quantification analysis on acid-digested protein samples was performed using 

ELEMENT 2Ê high resolution inductively coupled plasma mass spectrometry (HR-ICPMS, 

Thermo Fisher Scientific, Bremen, Germany) coupled with ESI auto sampler (Elemental 

Scientific, Omaha, NE). The ICPMS is equipped with a PFA microflow nebulizer (Elemental 

Scientific, Omaha, NE), a Scott double-pass spray chamber (at room temperature), a magnetic 

sector followed by an electric sector, and a second electron multiplier. Liquid sample was up-taken 

by self-aspiration via 0.50 mm ID sample probe and sample capillary. Interested metals were 

measured at medium resolution (R=4200). Elemental quantification on 70Zn-labeled samples was 

performed using an Agilent 7700 inductively coupled plasma mass spectrometer (Agilent, Santa 

Clara, CA). The following settings were fixed for the analysis Cell Entrance = -40 V, Cell Exit = 

-60 V, Plate Bias = -60 V, OctP Bias = -18 V, and collison cell Helium Flow = 4.5 ml/min. Optimal 

voltages for Extract 2, Omega Bias, Omega Lens, OctP RF, and Deflect were determined 
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empirically before each sample set was analyzed. Element calibration curves were generated using 

ARISTAR ICP Standard Mix (VWR, Radnor, PA). Samples were introduced by peristaltic pump 

with 0.5 mm internal diameter tubing through a MicroMist borosilicate glass nebulizer (Agilent). 

Samples were initially up taken at 0.5 rps for 30 s followed by 30 s at 0.1 rps to stabilize the signal. 

Samples were analyzed in Spectrum mode at 0.1 rps collecting three points across each peak and 

performing three replicates of 100 sweeps for each element analyzed. Data were acquired and 

analyzed using the Agilent Mass Hunter Workstation Software version A.01.02 

 

Modified Cd-ninhydrin assay  

The Cd-ninhydrin reagent was generated as previously described (Doi et al., 1981). Briefly, 

ninhydrin (Sigma) was dissolved in 99.5 % EtOH and acetic acid, and CdCl2 was added to the 

mixture. Enzymatic assays were performed as described elsewhere (Wu et al., 1995). Briefly, 

recombinant MBP-ZrlA (1 mM) was combined with NŬ,NŮ-Diacetyl-Lys-D-Ala-D-Ala (10 mM; 

Sigma) in the reaction buffer (50 mM HEPES pH 8) and incubated for 15 min at 37 °C. Samples 

were mixed at a ratio of 1:2 with the Cd-ninhydrin reagent and heated for 5 min at 85 °C. Samples 

cooled briefly at room temperature, and the absorbance at 500 nm was determined using a Varian 

Cary 50 Bio UV-Visible Spectrophotometer. Data are combined from at least 3 independent 

experiments.  

 

Fluorescent D-amino acid labeling  

Overnight cultures of WT or DzrlA A. baumannii were diluted 1:50 into LB for 2 h and 

subsequently diluted 1:10 into M9 minimal media with 0.5 % sodium succinate and Vishniacôs 

trace metal mix (Vishniac, 1955) ± 10 mM TPEN. HADA and DA-EDA were synthesized as 
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described previously and added at a final concentration of 1 mM to each culture (Kuru et al., 2012; 

Liechti et al., 2014). Cells were incubated with shaking at 37 ęC for 2 h and fixed in 70 % ethanol 

for 1 h at 0 ęC. Cells were pelleted and washed twice with PBS. DA-EDA-labeled cells were 

conjugated with the Atto 488 azide label (Sigma) using the Click-iT cell reaction buffer kit 

(Thermo) to generate fluorescence signal. Cells were imaged using a Nikon Ti-E inverted 

microscope equipped with a 1.4NA Plan Apo 60X oil objective and Andor iXon ENCCD camera. 

NIS-Elements AR software was used for image acquisition. Quantitative analysis of fluorescence 

intensity was performed using the MicrobeJ plugin in FIJI (Ducret et al., 2016). Data are pooled 

from 100 cells per treatment.  

 

Sacculi purification and UPLC-MS analysis 

WT A. baumannii and DzrlA were grown for 12 h in LB ± 40 µM TPEN. Cells were 

collected, and sacculi were purified as described previously (Kuru et al., 2012; Litzinger et al., 

2010).  Briefly, cell pellets were resuspended in water, added dropwise to boiling 5 % sodium 

dodecyl sulfate (SDS, w/v), and incubated with stirring for 30 min. The SDS insoluble material 

was collected by ultracentrifugation at 39,000 x g at 30 ęC. Insoluble material was resuspended in 

water and boiled for 30 min with stirring in 4 % SDS. Samples were collected again by 

ultracentrifugation, washed repeatedly with water, resuspended in a digestion buffer (10 mM Tris-

HCl pH 7.0, 10 mM NaCl, 0.32 M imidazole, 1 mM MgSO4) and digested with DNase I (Thermo 

Fisher Scientific) and a-amylase (Promega) for 2 h at 37 ęC. Samples were pelleted and 

resuspended in 0.05 M Tris-pH 7.8 and pronase (type XXV from Streptomyces griseus) and 

incubated at 60 ęC for 2 h. Following this digestion, samples were pelleted, resuspended in water, 

and added dropwise to boiling 1 % SDS with stirring for 30 min. Samples were collected by 
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centrifugation and washed repeatedly in water before storage at -80 ęC in a minimal amount of 

water. For UPLC-MS, the purified sacculi were thawed and digested with mutanolysin for 16 h at 

37 ̄ C. Before applying the sample to the UPLC-MS analysis, digested PG samples were reduced 

with 10 mg/ml sodium borohydrate in 0.5 M borax in miliQ water at pH 9.0. The reduction was 

stopped with 98 % phosphoric acid, with the resultant pH adjusted to 2~3. An Acquity UPLC 

coupled to a PDA detector and SynaptG2S mass spectrometer, using a Waters C18 CSH 130 Å, 1.7 

mm, 2.1 mm × 100 mm column and associated guard column C18 CSH 130 Å, 1.7 mm, 2.1 mm × 

35 mm were used for UPLC-MS analysis. Solvent A was 0.1 % TFA and solvent B was 0.1 % 

TFA in 30 % methanol and a linear gradient to 100 % B over 60 min at a flow rate of 0.176 ml/min 

was used at a column temperature of 52 C̄. In a typical analytical run, 10 ml samples were injected 

and analyzed. PDA detects 210 nm. Muropeptides were identified with theoretical m/z ± 0.02 Da. 

Integration of peak areas were performed with Masslynx. Peak area for each muropeptide was 

normalized to the total peak area of all identified muropeptides (muropeptide peaks 1~10 in Table 

5 correspond to Ó 95 % of the total peak area), and biological duplicates were grouped for statistical 

analyses.  

 

Live cell microscopy  

WT and mutant cells were grown to mid to late-exponential phase in LB ± 40 mM TPEN 

and immediately spotted onto agarose-PBS pads (0.05 % agarose). Cells were allowed to dry 

briefly before sealing and imaging using brightfield microscopy on an Olympus BX60 microscope 

at 100X magnification.  Images are representative of at least 3 independent experiments.  
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Ethidium bromide uptake  

WT and mutant cells were grown in LB, normalized to OD600 of 0.3, and washed once with 

PBS. Cell resuspensions were placed into black 96-well plates and spiked with ethidium bromide 

(1 mg/ml, Sigma) before immediately reading fluorescence at 2 s intervals (Ex: 530; Em: 600) 

using a BioTek Cytation 5 imaging reader. Data are combined from at least 3 independent 

experiments.  

 

Bacterial growth in experimental conditions  

Overnight cultures of WT or DzrlA were subcultured 1:50 in LB for 1 h. Back-diluted 

cultures were then inoculated 1:100 into LB containing various concentrations of SDS, 

ethylenediamine tetraacetic acid (EDTA) (Sigma), tetrakis-(2-pyridylmethyl)ethylenediamine 

(TPEN), calprotectin, carbenicillin (6.25 mg/ml), tetracycline (AlfaAesar, 78  ng/ml), polymyxin 

B (Alexis Biochemicals, 250 ng/ml), or vancomycin (Fisher Scientific, 100 mg/ml) and growth 

was monitored over time by monitoring OD600 using a BioTek Synergy 2 or Epoch 2 microplate 

reader. For growth in antibiotics with TPEN, cells were grown in carbenicillin (6.25 mg/ml) ± 20 

mM TPEN or polymyxin B (1 mg/ml) ± 10 M TPEN. For growth in calprotectin, back-diluted 

cultures were inoculated 1:100 into LB containing 40 % calprotectin buffer (20 mM Tris-HCl pH 

7.5, 100 mM NaCl, 5 mM b-mercaptoethanol, 3 mM CaCl2) supplemented with calprotectin. 

Recombinant human calprotectin was used for all in vitro experiments and was expressed and 

purified as described previously (Corbin et al., 2008; Kehl-Fie et al., 2011). Percent growth panels 

are combined from at least 3 biological replicates.  
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Mouse model for A. baumannii pneumonia  

Eight to ten-week-old male mice were inoculated 1:1 with a mixture of A. baumannii (WT 

and Km-marked DzrlA, or unmarked DzrlA and Km-marked DzrlA) totaling 3 x 108 CFU in 40 ml 

PBS. For meropenem dosing experiments, mice were administered meropenem (Hospira, Inc.) 

dissolved in PBS (12.5 mg/kg) or vehicle via intraperitoneal injection at 0, 12, and 24 hours post-

infection (hpi). At 36 hpi, mice were euthanized, and CFU were enumerated in the lungs and livers 

following tissue homogenization and dilution plating on LB and LB Km 40. The limit of detection 

of this assay is 100 CFU/ml. 

 

Quantifi cation and statistical analysis  

Statistical analyses were performed using GraphPad Prism 7 and Microsoft Excel. 

Statistical significance was generally assessed using a two-tailed unpaired Studentôs t test, one-

way ANOVA with Tukey multiple comparisons test, or Mann Whitney U test. Significance was 

defined as p < 0.05, and data were only excluded on the basis of technical errors associated with 

the experiment. Exact statistical tests used, significance values, group sizes, and dispersion and 

precision of measurements are defined in the figure legends 
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Table 5. Descriptions for muropeptide peak labeling depicted in Figure 23. The theoretical masses 

were reported previously (Kuhner et al., 2014; Brown et al., 2012). The first letter indicates 

whether the muropeptide is a monomer (M), or crosslinked dimer (D) or crosslinked trimer (T). 

The numbers indicate the number of amino acids of the peptide side chains from the donor to 

acceptor; G indicates glycine; (-GlcNAc) and (-Acetyl) indicates loss of GlcNAc or acetyl group. 

The difference column denotes the difference in experimental mass relative to the theoretical mass.  
UPLC 

peak 

Muropeptide 

structure 

Reten-

tion 

time in 

TIC 

(min) 

Theo-

retical 

molecul

ar mass 

Theo-

retical 

m/z 

[M+H]+  

Theo-

retical 

m/z 

[M+2H]

2+ 

Theo-

retical 

m/z 

[M+3H]

3+ 

Experi-

mental 

m/z 

[M+xH]x

+ 

Diff -

erence 

1 M3 9.54 870.36 871.37     871.370 0.000 

1 M3(-

GlcNAc) 

9.54 667.29 668.30     668.299 0.000 

2 M3G 10.18 927.38 928.39     928.395 0.005 

2 M3G(-

GlcNAc) 

10.20 724.31 725.32     725.316 -0.005 

3 M4G(-

GlcNAc) 

12.34 795.35 796.36     796.349 -0.009 

3 M4G 12.39 998.43 999.44     999.414 -0.023 

4 M4 13.75 941.39 942.40     942.397 -0.003 

4 M4(-

GlcNAc) 

13.76 738.33 739.34     739.335 -0.001 

5 M43 17.45 1313.5

6 

1314.5

7 

657.79   657.791 0.002 

6 M44 19.12 1384.5

9 

1385.6

0 

693.30   693.306 0.002 

7 D34D and 

D43 

25.34 1793.7

5 

1794.7

6 

897.88   897.877 -0.007 

8 D44 26.72 1864.7

9 

1865.8

0 

933.40   933.401 -0.003 

9 T444 32.8 2788.1

9 

2789.2

0 

  930.41 930.390 -0.015 

10 anhydroD44 35.97 1844.7

8 

1845.7

9 

923.40   923.388 -0.009 
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Table 6. Oligonucleotides used in Chapter III.   

Name Sequence (5ô to 3ô)  Description 

zrlA mutant 

construction and 

confirmation  

  

3412FL1For CCCGGGAGAGTAAGTGCAATTG Cloning into pFLP2, 5' 

flank, forward 

3412FL1Rev CTCCTAGTTAGTCACATATGACGCTT

CATAAATATATTC  

Cloning into pFLP2, 5' 

flank, reverse 

3412FL2For AGGGAATAATGACATATGGGACTAT

AAAAGCAATTT  

Cloning into pFLP2, 3' 

flank, forward 

3412FL2Rev CCCGGGTTGTGACCATGAATAAG Cloning into pFLP2, 3' 

flank, reverse 

3412KanFor GAATATATTTATGAAGCGTCATATGT

GACTAACTAGGAG 

Cloning into pFLP2 for 

Km cassette from 

pUC18-k1, forward 

3412KanRev AAATTGCTTTTATAGTCCCATATGTC

ATTATTCCCT 

Cloning into pFLP2 for 

Km cassette from 

pUC18-k1, reverse 

3412_KO_F cgtcctttttttattttttaaaatttacaacagaaattaaaggattt

aataattgttatattataacatttctgaaattaaatgattaaaggc

ttccagatgtttagggaagatagaatatatttGTG TAG 

GCT GGA GCT GCT TC 

To generate unmarked 

zrlA mutant, foward 

3412_KO_R tggccagatcacaggcgtaatctatttctaaaccacaataatg

ttatgttataacataactattgatcaagtttttattctagttttatcta

agccaaatcacttagtgtttgaaaaaattgcttCAT ATG 

AAT ATC CTC CTT AG 

To generate unmarked 

zrlA mutant, foward 

3412ExtR GACCAGCTCTGCCAAACTTGC External to zrlA for Tn 

insertion confirmation 

Pgro-172 TGAGCTTTTTAGCTCGACTAATCCAT T26 transposon-specific  

zrlA 

complementation  

   

3412mycFor GGATTCATGGTGGCTTATCAATTTAA

GCGCCG 

Cloning into pWH1266, 

forward 

3412mycRev GGATTCTTATAGATCTTCTTCAGATA

TCAG 

TTTCTGTTCTAGTCCCTGACAAAT 

Cloning into pWH1266, 

reverse with cMyc tag 

   

qRT-PCR     

r01RTf CTGTAGCGGGTCTGAGAGGAT A1S_r01 (16S), forward 

r01RTr CCATAAGGCCTTCTTCACAC A1S_r01 (16S), reverse 

3412RTf CGCAACTGCAGATCACAGAC zrlA, forward 

3412RTr GGAACTGCGTAAGGCTCAAC zrlA, reverse  

A1S_2479_RTFor CAATGCCGGATCATTACACGACAG  A1S_2479, forward 

A1S_2479_RTRev AACCTGCTGCTTTGGTATAGCCAG  A1S_2479, reverse 
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A1S_2435_RTFor ATGAACGAATCTGCTTGGTGTAAAGG

C  

A1S_2435, forward 

A1S_2435_RTRev CCTTCATTCCCAGCAATATGTTCAGC

C 

A1S_2435, reverse 

A1S_1248_RTFor CCACCTAAAGTTGAACCTGCTTCCTA

T  

A1S_1248, forward 

A1S_1248_qRTRe

v 

TCTGCCAATCACGAGCGGATCTTAAT

A  

A1S_1248, reverse 

   

Protein 

purification  

  

3412-sspMAL_fwd gcggccgcgatatcgtcgacAGTACTCAAACAC

CCCAGC 

 

Cloning into pMAL-c5X, 

forward 

3412-sspMAL_rev cctgcagggaattcggatccTTATAGTCCCTGA

CAAATTGAG 

Cloning into pMAL-c5X, 

reverse 

ZrlA42C-F CAACGACCGAAAACCTGTATTTTCAG

GGCGCCATGGA 

TAAACAACAGCCT GAAGATTAT  

Cloning into pET-22b, 

forward 

ZrlA42C-R CACTAGTTGAGCTCGTCGACGTAGGC

CTTTGAATTCTT 

ATAGTCCCTGACAAATTGAGGT 

Cloning into pET-22b, 

reverse 

A1S_124856C-F GCCGGCGATGGCCATGGATAAAGTT

GAACCTGCTTCCTAT 

Cloning into pET-22b, 

forward 

A1S_124856C-R CGG CCG CAA GCT TGT CGA CGG 

AGC TCG AAT TCT TAG AAA TTA CAC 

ATT GAC GTA TTG C 

Cloning into pET-22b, 

reverse 
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Results 

ZrlA is a Zn binding peptidase critical for A . baumannii cellular envelope maintenance and 

morphology 

 To assess whether ZrlA contributes to the response of A. baumannii to Zn starvation, we 

monitored the transcriptional induction of zrlA during Zn limitation and generated a polyclonal 

antibody against ZrlA to monitor protein abundance in these conditions. zrlA and its gene product 

are both detectable in Zn-replete conditions but are induced during Zn starvation by the small 

molecule Zn chelator TPEN and the Zn-chelating host protein CP (Figure 20A,B, Figure 

21A,B,C). Sequence predictions suggest that ZrlA has D-alanine-D-alanine carboxypeptidase 

(D,D-CPase) activity and is a member of the M15 metallopeptidase family (Rawlings and Barrett, 

1993). Peptidase activity was confirmed using a modified cadmium ninhydrin assay (Wu et al., 

1995) to detect release of free amino acids from a peptide substrate (Figure 20C). Additionally, 

subcellular fractionation experiments revealed that ZrlA localizes to the inner membrane (Figure 

20D, Figure 21D,E,F). Finally, recombinant ZrlA coordinates Zn, and the binding of Zn is 

preferential over other divalent cations, which was validated by quantitative metal binding 

experiments with ZnII, and CoII (Figure 20E, F, Figure 21G,H). Soluble ZrlA lacking the N-

terminal 41 residue membrane anchoring domain (Figure 21F), denoted ZrlA42C, binds a single 

molar equivalent of CoII or ZnII in a tetrahedral coordination geometry (Figure 20E) and is 

characterized by a high affinity for Zn, KZn of 3.6 (±0.5) x1011 M-1 (Fig 1F). These results 

demonstrate that ZrlA is Zn-binding lipoprotein that is maximally induced during nutrient Zn 

starvation and exhibits peptidase activity.  
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Figure 20. ZrlA is a peptidase induced during Zn starvation. A) ZrlA expression was assessed in 

WT and DzrlA (15 mg protein/lane) by immunoblot following growth in LB ± 40 mM TPEN. B) 

Transcriptional changes for zrlA and other predicted D,D-CPases A1S_1248, A1S_2435, and 

A1S_2479 were assessed by qRT-PCR + 250 mg/ml CP. ** p < 0.01 as determined by one-way 

ANOVA with Tukey multiple comparisons test on three independent experiments, mean ± SD. C) 

Modified cadmium-ninhydrin assay was performed on recombinant MBP-ZrlA in the presence of 

a peptide substrate, * p < 0.05, *** p < 0.001 as determined by one-way ANOVA with Tukey 

multiple comparisons test on three independent experiments, mean ± SD. D) ZrlA protein 

localization was assessed in WT and DzrlA (7.5 mg protein/lane) by immunoblot of membrane 

fractions following growth in LB ± 40 mM TPEN. E) CoII titration, where a tetrahedral or distorted 

tetrahedral coordination geometry is suggested with a dïd transition of 400 M-1Åcm-1 at 600 nm 

(Corwin, 1987).  Inset, number of CoII:ZrlA42C molÅequivalents corresponding to each spectrum 

shown; note that all spectra acquired at CoII:ZrlA 42C overlap, revealing a 1:1 metal binding 

stoichiometry.  F) Normalized binding titration of a mixture of ZrlA42C and competitor quin-2 with 

Zn in two independent experiments:17.0 mM ZrlA 42C with 15.2 mM quin-2 (blue filled circles) and 
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15.1 mM ZrlA 42C with 12.3 mM quin-2 (black filled circles). The continuous lines represent the 

results of a non-linear, least-squares fit to a Zn:ZrlA42C=1:1 binding model. The global fitting 

results in KZn = 3.6 (± 0.4) × 1011 M- 1.  
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Figure 21. ZrlA is a zinc-binding inner membrane lipoprotein. A) SDS-PAGE analysis to assess 

total protein levels corresponding to the immunoblot in Fig 1A. B) Immunoblot on protein lysates 

from WT or DzrlA cells grown for 6 hours ± 40 mM TPEN (25 mg protein/lane). C) Relative 

expression of zrlA as determined by qRT-PCR  on WT A. baumannii at 6 h and 9 h of growth 

compared to 2 h. * p < 0.05, *** p < 0.001 as determined by Studentôs t test from three independent 

experiments, mean ± SD. D) Immunoblot of membrane fractionations (15 mg protein/lane) reveals 

ZrlAmyc localizes to the detergent phase and localizes to the inner membrane.  E) SDS-PAGE 

analysis to assess total protein levels corresponding to the immunoblot in Fig 1D. F) Schematic of 
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ZrlA, with the predicted lipobox denoted as a blue square and the conserved lipid-anchoring 

cysteine in red. The approximate N-terminus of the ZrlA42C variant is indicated (residues 42-227). 

H150, D157, and D206 are the predicted metal-coordinating residues. G) Incubation of 20 mM 4-

(2-pyridylazo)-resorcinol (PAR) with 10 mM Zn results in an absorbance shift of PAR from 410 

nm to 500 nm; the addition of increasing concentrations of recombinant ZrlA from 5 mM to 12.5 

mM results in return in absorbance to 410 nm. H) Recombinant ZrlA was analyzed by ICP-MS for 

associated Mg, Mn, Fe, Cu, and Zn concentrations. * p < 0.05 as determined by one-way ANOVA 

with Tukey multiple comparisons test from three independent experiments, mean ± SD.  
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We hypothesized that the absence of ZrlA may change PG architecture. To test this, we 

labeled PG with fluorescent D-amino acids and their dipeptide derivatives to monitor changes in 

PG during Zn starvation. For these experiments, we used conjugated fluorescent molecules 

designed to label either the fourth or fifth position of PG stem peptides using HADA and DA-

EDA, respectively, and then monitored changes in fluorescence intensity during Zn limitation 

(Kuru et al., 2012; Liechti et al., 2014). Wild-type (WT) A. baumannii had increased fourth 

position labeling that corresponded with decreased fifth position labeling during Zn starvation that 

were diminished in the DzrlA strain (Figure 22A,B).  This finding is consistent with ZrlA induction 

resulting in cleavage of terminal D-alanine residues and increased PG crosslinking. We next 

performed liquid chromatography-mass spectrometry (UPLC-MS) on PG purified from WT or 

æzrlA A. baumannii following growth in Zn-replete or Zn-deplete conditions and quantified the 

normalized abundances of major monomeric and dimeric (crosslinked) muropeptide species 

(Figure 23A and Table 5). Tripeptide monomers were more abundant in the DzrlA strain in Zn-

replete conditions but significantly reduced during Zn starvation (Figure 22C). In contrast, 

tetrapeptide monomer species, while comparable in the WT and DzrlA strain in Zn-replete 

conditions, were increased in DzrlA strain in Zn-starved conditions relative to WT (Figure 23B).  

Conversely, dimeric tripeptide-tetrapeptide crosslinks were significantly reduced in the DzrlA 

strain in both Zn-replete and deplete conditions (Figure 22D), while dimeric tetrapeptides were 

slightly elevated in both strains in Zn-deplete conditions (Figure 23C). Taken collectively, these 

data demonstrate that A. baumannii increases major cell wall crosslinks during Zn starvation, and 

zrlA impacts both homeostatic muropeptide abundance and specific PG alterations that occur 

during Zn limitation. 
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Figure 22. ZrlA contributes to cellular morphology and envelope integrity. A) Mean fluorescence 

of WT or DzrlA ± 10 mM TPEN following DA-EDA labeling of the fifth position of PG 

pentapeptides. **** p < 0.0001 as determined by one-way ANOVA with Tukey multiple 

comparisons test (n = 100 cells/group). B) Mean fluorescence of WT or DzrlA ± 10 mM TPEN 

following HADA labeling of the fourth position of PG pentapeptides ** p < 0.01, **** p < 0.0001 

as determined by one-way ANOVA with Tukey multiple comparisons test (n = 100 cells/group). 

C) Normalized abundance of PG muropeptide tripeptide monomers [sum M3, M3(ïGlcNAc); see 

Figure S2 for a representative LC-MS/MS chromatogram and Table S1 for muropeptide 

designations and expected and experimental masses) in WT or DzrlA ± 40 mM TPEN. D) 

Normalized abundance of muropeptide tetrapeptide monomers [sum M4,M4(ïGlcNAc)] (Figure 



 

129 

 

S2, Table S1) in WT or DzrlA ± 40 mM TPEN. * p < 0.05, **, p < 0.01, *** p < 0.001 as determined 

by one-way ANOVA with Tukey multiple comparisons test on biological duplicates, mean ± SD. 

E) Microscopy of WT or DzrlA A. baumannii grown to mid-log in LB + 40 mM TPEN (100 x). F) 

Microscopy of WT or DzrlA A. baumannii grown to mid-log in LB (100 x). Scale bar is 5 mm.  G) 

Ethidium bromide uptake following growth in LB. *** p < 0.001 as determined by Studentôs t test 

of mean line slopes from three independent experiments. H) Ethidium bromide uptake following 

growth in 40 mM TPEN, **** p < 0.0001 as determined by Studentôs t test of mean line slopes 

from three independent experiments.  I) Percent growth as determined by OD600 at eight hours of 

growth in LB, 0.01 % SDS, or 0.01 mM EDTA for WT and DzrlA compared to untreated samples. 

**** p < 0.05 as determined by Studentôs t test from three independent experiments, mean ± SD. 

J) DzrlA was subjected to qRT-PCR analysis of putative D,D-CPases in 250 mg/ml CP. * p < 0.05, 

*** p < 0.001 as determined by Studentôs t test from three independent experiments, mean ± SD. 

K) DzrlA was subjected to qRT-PCR analysis of putative D,D-CPases in LB compared to 

expression in the WT strain. * p < 0.05 as determined by Studentôs t test from three independent 

experiments, mean ± SD.  
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Figure 23. ZrlA contributes to PG homeostasis and cellular morphology. A) Representative total 

ion chromatogram (TIC) and accompanying UPLC-MS analysis of a muropeptide profile of A. 

baumannii ATCC 17978 æzrlA grown with 40 mM TPEN treatment. Other TICs were obtained for 

the WT strain grown with 40 mM TPEN.  See Table 5 for corresponding peak descriptions of 

peaks labeled 1-10 including molecular composition, retention time, theoretical 

m/z, experimental m/z and difference in m/z.  Note that peaks 1-2 (monomeric trimers) and 3-4 

(monomeric tetramers include muropeptides that harbor a disaccharide or monosaccharaide (ï

GlcNAc) sugar moiety (see Table 5 for details). B) Normalized abundance of muropeptide 

tetrapeptide monomers [sum M4,M4(ïGlcNAc)] (Figure 23, Table 5) in WT or DzrlA ± 40 mM 

TPEN.  C) Normalized abundance of muropeptide dimeric tetrapeptides crosslinks (sum D44, 

M44; Figure 23, Table 5) in WT or DzrlA ± 40 mM TPEN. * p < 0.05 as determined by one-way 

ANOVA with Tukey multiple comparisons test on biological duplicates, mean ± SD. D) Live-cell 

imaging of WT + vector, DzrlA + vector, or DzrlA + pzrlAmyc following growth in LB Carb75 

(100X). Scale bar is 5 mm. E) Ethidium bromide uptake assessed over time in WT + vector, DzrlA 
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+ vector, or DzrlA + pzrlAmyc following growth in LB Carb75. **** p < 0.0001 as determined by 

Studentôs t test on mean line slope from three independent experiments. F) WT + vector, DzrlA + 

vector, and DzrlA + pzrlAmyc were grown in 0.01 % SDS. Graph depicts percent growth relative 

to untreated strains at eight hours. *** p < 0.001 as determined by one-way ANOVA with Tukey 

multiple comparisons test from three indepdenent experiments, mean ± SD. G) Co(II) titration of 

apo A1S_124856C with the spectra colored as a function of the Co(II):protein ratio as in Fig 2E, 

main text: cyan, less than 1 molÅequivalent Co(II); black, 1:1 mol ratio; tan to orange, greater than 

1:1 mol ratio. H) Replicate normalized titrations (black, blue filled symbols) of Zn(II) into a 

solution of the quin-2 and A1S_124856C, with the continuous lines individual fits to a 1:1 binding 

model. 12.4 mM A1S_124856C with 22.4 mM quin-2 (black filled circles) and 15.0 mM 

A1S_124856C with 20.2 mM quin-2 (blue filled circles). The average KZn of 2.2 (±0.1) x1011 M-1. 
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To test whether the absence of zrlA leads to morphological changes, we performed live cell 

imaging on WT A. baumannii and a DzrlA strain following growth in Zn-replete and deplete 

conditions. WT A. baumannii and a DzrlA strain have a rounded morphology when grown in Zn-

starved conditions (Figure 22E). When cultured in Zn-replete conditions, the WT strain displays 

morphological heterogeneity, with rounded cells and short and long rods detected, while the DzrlA 

strain remains rounded; this phenotype can be complemented by providing zrlA in trans (Figure 

22F, Figure 23D). These results suggest that ZrlA contributes to morphological plasticity in A. 

baumannii and the ability of this organism to adapt to changing environmental conditions. 

Given the altered PG structure and shape in the DzrlA mutant, we hypothesized that ZrlA may 

contribute to maintenance of overall cellular envelope integrity. To test this, the rate of ethidium 

bromide diffusion across the WT the DzrlA mutant envelope was assessed by monitoring 

fluorescence that occurs upon ethidium bromide-DNA interaction (Dalebroux et al., 2015). This 

assay revealed the DzrlA strain has increased fluorescence compared to the WT strain indicative 

of increased envelope permeability, and the rate of uptake is increased in the DzrlA strain during 

Zn starvation (Figure 22G,H). Furthermore, the DzrlA strain is more sensitive to the detergent 

SDS as well as EDTA, which chelates metals associated with the outer membrane (Malinverni and 

Silhavy, 2009) (Fig 22I). These envelope defects are complemented by expressing zrlA in trans 

(Figure 23E,F). 

To determine if inactivation of zrlA imbalanced other cell wall-modifying enzymes, 

expression of predicted carboxypeptidases in A. baumannii was monitored in WT and DzrlA in Zn-

replete and Zn-deplete conditions. These carboxypeptidases were identified based on sequence 

comparisons to defined D,D-CPases in E. coli, as well as through manual genome analysis (Ghosh 

et al., 2008). During Zn starvation, WT A. baumannii only induces expression of zrlA (Fig 20B).  
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However, the DzrlA strain has aberrant D,D-CPase expression in Zn-starved conditions as well as 

in Zn-replete conditions relative to the WT strain (Figure 22J,K). Protein sequence alignment 

revealed that one of these putative D,D-CPases, A1S_1248, is more closely related to ZrlA but not 

predicted to be regulated by Zur. This protein was purified as described for ZrlA, and found to 

possess a metal coordination geometry (Figure 23G,H) and KZn of 2.2 (±0.1) x1011 M-1 (Figure 

23G,H) that is nearly indistinguishable from ZrlA. This finding effectively rules out a ñzinc 

sparingò mechanism in which Zn-starved A. baumannii overexpresses a non-Zn requiring paralog 

(ZrlA) relative to constitutively expressed A1S_1248 in WT cells (Blaby-Haas et al., 2011; 

Nanamiya et al., 2004).  Taken together, these data establish ZrlA as a critical factor for 

maintaining cellular morphology and envelope integrity in A. baumannii.  

 

ZrlA is required for A. baumannii to overcome nutrient Zn limitation 

We next hypothesized that ZrlA has a role in the response of A. baumannii to Zn starvation. 

Upon growth of WT or DzrlA in the presence of CP or the Zn chelator TPEN, DzrlA exhibits a 

growth defect (Figure 24A, 25A,B) that can be fully rescued by Zn supplementation (Figure 24B) 

or expression of zrlA in trans (Figure 25C). Additionally, the predicted metal-coordinating 

residues of ZrlA (Figure 21F) are required for this complementation, as a mutant zrlA predicted 

to no longer bind Zn is unable to restore growth despite expression at levels comparable to WT 

ZrlA (Figure 25D,E). Furthermore, the requirement of zrlA for overcoming Zn limitation is 

conserved in a recently isolated multi-drug resistant strain of A. baumannii (Figure 25F).  To 

determine if this growth defect was due to alterations in cytosolic Zn buffering or acquisition of 

extracellular Zn, Zn levels were monitored via inductively-coupled plasma mass spectrometry 

(ICP-MS). No differences were found in total cellular Zn of DzrlA relative to WT (Figure 25G). 
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However, qRT-PCR analysis of Zur-regulated Zn uptake genes revealed that the DzrlA strain has 

increased expression of zur, znuA, and znuD1 relative to WT (Figure 24C), all of which are 

transcriptionally induced during Zn limitation (Mortensen et al., 2014). Since ZrlA affects cellular 

envelope integrity and homeostasis, we hypothesized that ZrlA specifically contributes to Zn 

uptake. Cultures were pulsed with a rare Zn isotope (70Zn) and analyzed by ICP-MS to quantify 

cellular 70Zn levels; this experiment revealed that WT A. baumannii is capable of competing with 

CP for Zn but that the DzrlA mutant is impaired in Zn uptake in conditions of Zn limitation (Figure 

24D). To determine if aberrant expression of Zn uptake genes was the primary contributor to the 

envelope defects observed in the DzrlA mutant, a strain lacking zur (Dzur), which overexpresses 

Zn uptake genes (Mortensen et al., 2014), was utilized to assess outer membrane envelope integrity 

following exposure to SDS/EDTA. This experiment revealed that the Dzur strain has a modest 

growth defect in these conditions but grew significantly better than the DzrlA mutant (Figure 24E). 

This suggests that overexpression of the Zn uptake genes in the DzrlA mutant is not sufficient to 

cause cell envelope defects and that the direct impact of ZrlA on cell wall architecture is a major 

contributor for maintaining envelope integrity and overcoming Zn limitation.  

Given that the vertebrate host is a harsh environment with limited metal availability, we 

investigated the contribution of ZrlA to A. baumannii pathogenesis. This experiment revealed that 

DzrlA is significantly attenuated in lung colonization (Figure 24F) and is defective at 

disseminating to the liver (Figure 24G). Taken together, these results suggest that A. baumannii 

uses ZrlA to coordinate nutrient Zn uptake and cellular envelope maintenance to persist within the 

vertebrate host.  
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Figure 24. ZrlA is critical for full growth in low Zn and during infection. A) WT or DzrlA were 

grown ± 250 mg/ml CP with OD600 monitored over time. B) Percent growth as determined by 

OD600 at eight hours following growth in 250 mg/ml CP ± 50 mM ZnCl2 compared to untreated 

strains. * p < 0.05 as determined by Studentôs t test from three independent experiments, mean ± 

SD. C) qRT-PCR analysis was performed on WT or DzrlA following growth in 250 mg/ml CP. ** 

p < 0.01, *** p < 0.001 as determined by Studentôs t test from three independent experiments, 

mean ± SD. D) Cellular 70Zn was quantified by ICP-MS and normalized to 34S for WT and DzrlA. 

* p < 0.05, *** p < 0.001 as determined by one-way ANOVA with Tukey multiple comparisons 

test from three independent experiments, mean ± SD. E) Percent growth as determined by OD600 

at six hours for WT, Dzur, or DzrlA grown in 0.01 % SDS/0.1 mM EDTA relative to untreated 

strains. ** p < 0.01, ****  p < 0.0001 as determined by one-way ANOVA with Tukey multiple 

comparisons test from three independent experiments, mean ± SD. F) Mice were intranasally 

infected with a 1:1 mixture of WT and DzrlA, and bacterial burdens were assessed at 36 hpi in the 

lungs. **** p < 0.0001 as determined by Mann-Whitney U test. G) WT and DzrlA bacterial burdens 

recovered from the liver at 36 hpi. ** p < 0.01 as determined by Mann-Whitney U test, error bars 

are median ± interquartile range (n = 16).  
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Figure 25. ZrlA is critical for full growth in low Zn. A) Colony forming units (CFU) were 

monitored over time for WT or DzrlA ± 40 mM TPEN. B) WT or DzrlA growth over time ± 40 mM 

TPEN as determined by OD600. C) Growth of WT + vector, DzrlA + vector, or DzrlA + pzrlAmyc 

was monitored in the presence of 250 mg/ml calprotectin. Graph depicts percent growth at eight 

hours compared to untreated strains. * p < 0.05 as determined by Studentôs t test from three 

independent experiments, mean ± SD. D) DzrlA + vector, DzrlA + pzrlAmycDZn, or DzrlA + 

pzrlAmyc was monitored over time  ± 40 mM TPEN. Graph depicts percent growth at eight hours 
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compared to untreated strains. **** p < 0.0001 as determined by Studentôs t test from three 

independent experiments, mean ± SD. E) Immunoblot on protein lysates from DzrlA + vector, 

DzrlA + pzrlAmycDZn, or DzrlA + pzrlAmyc (20 mg protein/lane). F) A. baumannii strain 

ABUW5075 or a transposon mutant with an insertion in zrlA was grown ± 20 mM TPEN. Graph 

depicts percent growth at eight hours compared to untreated strains. *** p < 0.001 as determined 

by Studentôs t test from three independent experiments, mean ± SD. G) Total cellular 66Zn was 

quantified in WT or DzrlA ± 250 mg/ml calprotectin by ICP-MS. n.s. = no significant difference as 

determined by one-way ANOVA with Tukey multiple comparisons test from three independent 

experiments, mean ± SD.   
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ZrlA is critical for surviving antibiotic exposure  

To test if ZrlA provides a fitness advantage upon exposure to other cellular stressors such 

as antibiotics, WT and DzrlA A. baumannii were exposed to sub-inhibitory concentrations of 

several antibiotic classes. Incubation of these strains with antibiotics revealed that DzrlA exhibits 

increased sensitivity to several different antimicrobial molecules, including ɓ-lactams, 

tetracyclines, polymyxins, and vancomycin (Figure 26A-D). WT and DzrlA A. baumannii were 

then subjected to low level Zn starvation and exposed to antibiotics. We found that the b-lactam 

antibiotic carbenicillin synergized with Zn restriction to inhibit A. baumannii growth, and the 

DzrlA strain remained more sensitive compared to the WT strain (Figure 26E, Figure 27A). 

Surprisingly, low level Zn starvation coupled with exposure to polymyxin B decreased antibiotic 

efficacy and permitted more A. baumannii growth compared to polymyxin B alone (Figure 26F). 

The Dzur mutant is also sensitive to carbenicillin (Figure 27B), despite improved outer membrane 

barrier function compared to the DzrlA mutant (Figure 24E). These results illustrate that ZrlA 

contributes to antibiotic resistance in A. baumannii and that Zn availability alters antibiotic 

efficacy in a class-dependent manner.  

  We next evaluated whether inactivation of zrlA improves antibiotic efficacy during A. 

baumannii pneumonia. To test this, mice were intranasally inoculated with WT and DzrlA A. 

baumannii and administered either meropenem, a b-lactam antibiotic frequently used to treat A. 

baumannii infections, or a vehicle control at 0, 12, and 24 hpi. At 36 hpi, mice were humanely 

euthanized, and bacterial CFU were enumerated. Meropenem significantly reduced WT A. 

baumannii bacterial burdens in the lungs (Figure 26G). Strikingly, DzrlA burdens were further 

reduced with meropenem treatment (Figure 26G,H), and this reduction in burden was not due to 

the presence of the antibiotic marker in the mutant strain (Figure 27C). These results demonstrate 



 

139 

 

that targeting ZrlA has the potential to increase the efficacy of existing antimicrobials against A. 

baumannii.   
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Figure 26. ZrlA is required for overcoming antibiotic exposure in vitro and in vivo. WT and DzrlA 

were grown A) ± carbenicillin, B) ± vancomycin, C) ± polymyxin B, D) ± tetracycline with OD600 

monitored over time. E) WT and DzrlA were grown in the presence of carbenicillin ± TPEN with 
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OD600 monitored over time; data depict growth at eight hours relative to growth with no 

carbenicillin. **** p < 0.0001 as determined by one-way ANOVA with Tukey multiple 

comparisonôs test from three independent experiments, mean Ñ SD. F) WT and DzrlA were grown 

in the presence of polymyxin B ± TPEN with OD600 monitored over time; data depict growth at 24 

hours relative to growth with no polymyxin B. **** p < 0.0001 as determined by one-way 

ANOVA with Tukey multiple comparisons test from three independent experiments, mean ± SD. 

G) WT or DzrlA bacterial burdens recovered from the lungs at 36 hpi. *** p < 0.001, **** p < 

0.0001 as determined by Mann-Whitney U test, error bars are median ± interquartile range (n = 

20). H) Competitive index ([input DzrlA/WT])[output DzrlA/WT]) in the lungs at 36 hpi. **** p < 

0.0001 as determined by Studentôs t test with arbitrary value of 1 or between treatments, error bars 

are median ± interquartile range (n = 20).  
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Figure 27. zrlA is required for overcoming antibiotic exposure. A) WT or DzrlA was grown with 

3.125 mg/ml carbenicillin ± 20 mM TPEN with OD600 monitored over time. Data depict growth at 

eight hours relative to no carbenicillin treatment. *** p < 0.001, **** p < 0.0001 as determined 

by one-way ANOVA with Tukey multiple comparisons test from three independent experiments, 

mean ± SD.  B) WT, Dzur, or DzrlA was grown in the presence of 6.25 Dg/ml carbenicillin with 

OD600 monitored over time. C) Mice were intranasally infected with a 1:1 mixture of an unmarked 

and marked DzrlA strain and intraperitoneally administered meropenem (12.5 mg/kg) or vehicle at 

12 hour intervals post-infection (t = 0, 12, 24 hpi). Data depict the competitive index of unmarked 

zrlA mutant: marked zrlA mutant in the lungs at 36 hpi. n.s. = no significant difference as 

determined by Studentôs t test (n = 10).    
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Discussion 

Overcoming nutrient metal limitation is a requirement for bacterial pathogens to survive 

and cause disease. In A. baumannii, Zn starvation promotes upregulation of the znuABCD Zn 

uptake system and the predicted Zn metallochaperone zigA (Hood et al., 2012; Mortensen et al., 

2014; Nairn et al., 2016). However, the capacity of A. baumannii to elaborate Zn acquisition 

systems while continuing cellular division requires the maintenance of the cell envelope. A. 

baumannii coordinates its response to Zn starvation with resistance to extracellular stressors 

through the action of ZrlA. ZrlA is required to maintain proper membrane barrier function and 

contributes to nutrient Zn acquisition. Antibiotics are more efficacious against a strain lacking zrlA 

both in vitro and in an animal model of A. baumannii pneumonia, suggesting that ZrlA inhibitors 

may improve therapeutic treatments during infection with A. baumannii.  

Bacterial cell envelope maintenance is a dynamic process involving many enzymes and 

pathways, and the ability to modify the envelope promotes infection (Guo et al., 1997; Sycuro et 

al., 2010). Given the essentiality of the envelope for viability and pathogenesis, functional 

redundancy is common among envelope-modifying proteins, particularly among PG-modifying 

enzymes. While in-depth studies investigating PG biosynthesis and maintenance in A. baumannii 

are lacking, functional redundancy among D,D-CPases in E. coli is well-described (Peters et al., 

2016). This redundancy may allow bacteria to utilize different subsets of D,D-CPases to adapt to 

unique environments (Ghosh et al., 2008). We identified four putative D,D-CPases in the A. 

baumannii genome; however, a large portion of A. baumannii genes remains unannotated, and 

therefore the existence of others cannot be excluded. Of these four putative D,D-CPases, zrlA is 

the only one that is induced during Zn starvation, and ZrlA is a Zn-binding peptidase. Some M15 

family peptidases also have multiple enzymatic activities, including dipeptidase, transpeptidase, 
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and endopeptidase activity, which suggests ZrlA may have additional enzymatic functions that 

contribute to muropeptide abundances detected in our analyses (Podmore and Reynolds, 2002; 

Stefanova et al., 2004). We predict that the other D,D-CPases in A. baumannii are induced in 

unique niches and that this likely contributes to the notable ability of pathogenic and 

nonpathogenic Acinetobacter species to persist in diverse environments.  

Our observation the DzrlA strain accumulates ethidium bromide at a faster rate than WT A. 

baumanniii suggests that the DzrlA mutant has increased cellular permeability, although the 

contribution of bacterial efflux pumps to this phenotype was unexplored. We also discovered that 

the DzrlA strain is defective in Zn uptake despite overexpression of Zn acquisition genes. We 

suggest that the activity of ZrlA promotes more efficient Zn uptake through PG modification. 

While we have not shown a direct effect on membrane localization of the Zn acquisition 

machinery, other large membrane-anchored molecular structures such as secretion systems require 

PG modification for effective elaboration; this, in turn, suggests similar cell wall changes may be 

required to elaborate transition metal uptake systems (Dijkstra and Keck, 1996; Scheurwater and 

Burrows, 2011).   

Zn availability modulates antibiotic efficacy, where the b-lactam antibiotic carbenicillin is 

more efficacious in low Zn environments. However, polymyxin B is less effective in Zn-limited 

conditions, which is consistent with previous observations that Pseudomonas aeruginosa is less 

susceptible to polymyxin B when other cations are restricted and also suggests Zn may be an 

important metal associated with the A. baumannii cell envelope (Nicas and Hancock, 1983) 

(Brown and Melling, 1969). These observations also suggest that changes in antibiotic efficacy 

may in part be driven by nutrient Zn availability and the capacity of pathogenic bacteria to alter 

local metal levels. We previously observed that during A. baumannii sepsis the host actively 
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restricts ferrous iron, which is consistent with numerous reports that the host limits iron availability 

during infection (Aron et al., 2017; Schade and Caroline, 1946; Weinberg, 1974; Wright et al., 

1981). Zn is also restricted from pathogens; only 0.1 % of total body Zn is located in the plasma, 

and this percentage is reduced during inflammation through sequestration by metal-binding 

proteins and through Zn transporters promoting tissue metal accumulation (Aydemir et al., 2012; 

Haase and Rink, 2014).  However, this metal sequestration is not uniform, and bacteria may 

experience different metal levels within the host (Cassat et al., 2018). Therefore, 

microenvironments within the host can alter bacterial metabolic processes in a way that may 

change drug efficacy, so multifaceted approaches to target A. baumannii infections may be a long-

term solution to combat multi-drug resistance.  

 This work demonstrates that ZrlA is induced during metal starvation, contributes to cell 

envelope maintenance, and it is critical for A. baumannii to survive exposure to antibiotics. 

Moreover, ZrlA contributes to the ability of A. baumannii to overcome Zn starvation and survive 

within the metal-restricted environment of a vertebrate host. Finally, we identified that antibiotics 

are more efficacious at treating A. baumannii infections in the absence of zrlA. These data highlight 

an exciting intersection between bacterial cell physiology, PG remodeling, and metal acquisition 

strategies, and they underscore the therapeutic potential of targeting bacterial metal acquisition 

systems to treat infections. 
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CHAPTER IV 

 

HISTIDINE UTILIZATION IS A CRITICAL DETERMINANT OF ACINETOBACTER 

VIRULENCE 

 

Introduction  

 Amino acids are fundamental components of life, and as such, their concentrations in 

biological systems are tightly regulated. While humans require several amino acids from dietary 

sources, many bacterial species are capable of fully synthesizing all 20 genetically encoded amino 

acids. Among these, histidine (His) is the fourth most energetically expensive amino acid to 

synthesize (Akashi and Gojobori, 2002). His is derived from 5ô-phosphoribosyl 1-pyrophosphate 

(PRPP), which also serves as a precursor for other critical pathways, including purine biosynthesis 

(Ingle, 2011). However, when His is in excess, many bacteria possess mechanisms to catabolize 

the amino acid for energy generation via the His utilization (Hut) system. The core enzymes are 

conserved across domains of life and results in ammonia, glutamate, and the one-carbon compound 

formate or formamide depending on the organism (Bender, 2012). Fundamental biological 

discoveries have been uncovered through investigations into the Hut system, including the 

discovery of catabolite repression and the identification of the master regulator CodY in Bacillus 

subtilis (Magasanik, 1961; Sonenshein, 2007). The system is controlled through a variety of 

transcriptional regulators, with the HutC repressor serving as one of the main regulators for the 

system (Allison and Phillips, 1990; Brill and Magasanik, 1969; Schwacha and Bender, 1990). 

Despite the widespread occurrence of the Hut system in bacteria, the contribution of His 

catabolism and the Hut system to bacterial pathogenesis is essentially undefined (Bender, 2012).  
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 One organism that encodes a Hut system is the opportunistic Gram-negative bacterial 

pathogen Acinetobacter baumannii. A. baumannii is a frequent cause of nosocomial infections, 

including wound and burn infections, urinary tract infections, and ventilator-associated pneumonia 

(Peleg et al., 2008). The ability of A. baumannii to cause disease is partly driven by its metabolic 

and genetic plasticity (Harding et al., 2018). These features have led to the emergence of multi-

drug resistant A. baumannii infections and prompted the World Health Organization (WHO) and 

the Centers for Disease Control and Prevention (CDC) to list A. baumannii as a top threat for 

which new therapeutics are needed (CDC, 2019; WHO, 2017).  

 We previously demonstrated that His is capable of forming complexes with nutrient metal 

zinc (Zn), and that A. baumannii uses the Hut system to degrade His, which liberates Zn for other 

biological processes (Nairn et al., 2016). However, the broader physiological role for the Hut 

system in A. baumannii is unexplored. Herein, we dissect aspects of the A. baumannii Hut system 

and discovered that the system is uniquely conserved in pathogenic Acinetobacter and no longer 

present in the environmental Acinetobacter baylyi. Additionally, we define HutC as a 

transcriptional repressor of A. baumannii hut, and we show that the first enzyme in the Hut system, 

HutH, serves as an important factor for His nitrogen source utilization. Finally, we determined that 

HutH is critical for A. baumannii lung colonization and dissemination to the liver, which suggests 

that His serves as a nitrogen source during A. baumannii pneumonia.  
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Materials and Methods 

Bacterial strains and culture conditions 

Experiments were performed using Acinetobacter baumannii strain ATCC 17978 and its 

derivatives unless otherwise noted. Transposon mutants in the A. baumannii ABUW5075 

background were purchased from the University of Washington A. baumannii mutant library, and 

transposon insertion was confirmed by PCR. Acinetobacter nosocomialis M2 was kindly provided 

by Mario Feldman. Acinetobacter baylyi ADP1 was purchased from ATCC. Cloning was 

performed in E. coli DH5a, and protein expression was performed in E. coli BL21 (DE3). All 

experiments involving liquid cultures were performed in lysogeny broth (LB) at 37 ęC with 

aeration unless otherwise stated.  

 

Bacterial mutant generation 

The DhutH, DhutU, DhutT, DhutI, and DhutG strains were generated previously (Nairn et 

al., 2016).  To generate the hutC::km (A1S_3409) strain (DhutC), approximately 1000 base pairs 

of DNA in the 5ô and 3ô flanking regions surrounding the open reading frame were amplified from 

A. baumannii genomic DNA, and the kanamycin resistance gene aph was amplified from 

pUC18K1 (Menard et al., 1993). The three PCR products were joined together using Gibson 

assembly into pFLP2 and sequence-verified (Hoang et al., 1998). pFLP2 was then electroporated 

into A. baumannii, plated onto LB agar with kanamycin at 40 mg/ml (Km40), and grown overnight 

at 37 °C. Transformants were patched to LBKm40 or LB agar with 10 % sucrose to isolate Km-

resistant (KmR) and sucrose-sensitive merodiploids. Merodiploid strains were grown in LB 

overnight at 37 °C to resolve the plasmid. Cultures were serially diluted, plated on LB agar with 

10 % sucrose, and incubated at 37 °C overnight. The resulting KmR sucrose-resistant strains were 
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screened for loss of hutC and replacement with aph by multiple PCR reactions. Relevant primers 

are listed in Table 7.  

 

Growth in minimal media   

Overnight bacterial cultures were diluted 1:50 into 1X M9 salts with no nitrogen source 

added (33.7 mM Na2HPO4, 22 mM KH2PO4, 8.55 mM NaCl) for 1.5 hours at 37 C, 180 rpm 

shaking. Cultures were then plated 1:100 in a 96 well plate into M9 minimal media (1X M9 salts, 

1 mM MgSO4, 0.3 mM CaCl2, 1X Vishniacôs trace metal mix  +/- 9.35 mM NH4Cl with L-

Histidine and/or fumarate as the sole carbon and/or nitrogen source (0.5% w/v). Growth was 

monitored over time by monitoring the optical density at 600 nm (OD600) on an EPOCH 2 

microplate reader (Biotek).  

 

HutC expression and purification  

The HutC open reading frame was cloned into pET15b with an N-terminal His tag 

(pET15bHutC) transformed into E. coli BL21 DE3 pREL. Overnight cultures of pET15bHutC 

were inoculated into terrific broth supplemented with carbenicillin (50 mg/ml) and 

chloramphenicol (34 mg/ml) and grown to an OD of 0.5. Cells were induced with 0.5 mM IPTG 

and grown for an additional 5 hours. Cultures were pelleted, and pellets were frozen at -80 ęC until 

processing. To purify protein, pellets were thawed on ice in lysis buffer (50 mM NaH2PO4, 300 

mM NaCl, 20 mM imidazole, 1 mg/ml lysozyme) and lysed using an Emulsiflex with 5 passes at 

20,000 psi. Insoluble material was removed by spinning lysates at 8,000 xg for 10 min followed 

by ultrcentrifugation at 100,000 xg for 1 hour at 4 ęC. Supernatants were collected and applied to 

Ni-NTA columns (Qiagen) pre-equilibrated with lysis buffer. The protein loaded column was 

washed with wash buffer (50 mM NaH2PO4, 300 mM NaCl, 25 mM imidazole), and protein was 
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eluted with an imidazole gradient ranging from 50 mM to 300 mM. Protein purity was confirmed 

by SDS-PAGE and Coomassie staining. Purified HutC was dialyzed overnight into buffer 

containing 20 mM Tris-HCl pH 8,150 mM NaCl. Following dialysis, protein samples were mixed 

with glycerol to 10 % and frozen at -80 ęC.   

 

Quantitative RT-PCR 

Overnight cultures of A. baumannii were diluted 1:5000 in LB and grown to mid-

exponential phase. Bacterial cultures were then mixed with an equal volume of acetone:ethanol 

(1:1) prior to storage at -80 ęC until processing. For RNA extraction, cells were pelleted and 

resuspended in LETS buffer (0.1 M LiCl, 0.01 M Na2EDTA, 0.01 M Tris-HCl pH 7.4, 0.2 % SDS) 

and lysed using Lysis Matrix B tubes (MP Biologicals) and a FastPrep-24 (MP) bead beater. 

Samples were heated to 55 °C for 5 min and pelleted at 15,000 rpm for 10 min. The top phase was 

combined with TRIzol and incubated at room temperature for 5 min. Chloroform was mixed with 

each sample, incubated for 3 min, and centrifuged for 15 min at 4 °C at 15,000 rpm. The top layer 

was collected, and RNA was precipitated with isopropyl alcohol for 10 min at room temperature. 

Samples were spun for 10 min at 15,000 rpm at 4 ęC. Supernatant was removed, and pellets were 

washed with 70 % ethanol. Pellet was dissolved in water, and DNA contamination was removed 

by adding RQ1 and RQ1 buffer (Promega), and RNAse inhibitor (Thermo Fisher Scientific) for 

an incubation period of 2 h at 37 ęC. After DNAse treatment, RNA was purified using the RNeasy 

Mini Kit (Qiagen) following the manufacturerôs protocol. RNA was quantified, and 2 mg of RNA 

was used for cDNA synthesis using M-MLV reverse transcriptase and buffer (Thermo Fisher 

Scientific) and mixing in random hexamers (Thermo Fisher Scientific), and dNTP (Thermo Fisher 

Scientific). cDNA synthesis and purity was confirmed by PCR using 16s primers (r01) (Mortensen 

et al., 2014) with a ñno RTò control. Synthesized cDNA was diluted 1:50 for quantitative RT-PCR 
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using iQ SYBR Green Supermix (Biorad) on a Biorad CFX96 Real-Time thermocycler. Relative 

expression was determined using the DDCT as previously described (Mortensen et al., 2014). 

Relevant primers were previously published (Nairn et al. 2016) or are listed in Table 7.   

 

Electrophoretic mobility shift assays  

EMSAs were performed generally as described previously (Juttukonda et al., 2019). 

Briefly, DNA probes were generated after amplification from genomic A. baumannii DNA using 

KAPA polymerase and appropriate primers (Table 7) and processed using a PCR Cleanup Kit 

(Thermo Fisher Scientific). Equimolar amounts of various DNA probes (300 fmol) were incubated 

with recombinant His-tagged HutC in binding buffer (20 mM Tris-HCl pH 7.5, 500 mM NaCl, 2.5 

mM MgCl2, 0.45 mM EDTA, 0.05 % Nonidet P-40, 10 % glycerol) for 30 min at 37 ęC. Following 

incubation, samples were mixed with 6X EMSA loading dye (15 % glycerol, 0.25 % bromophenol 

blue, 0.25 % xylene cyanol in 1X TBE). Samples were loaded onto pre-run 5 % TBE gels (Biorad) 

and ran at 100 volts until dye front reached the gel bottom. Gels were stained with SYBR green 

(Invitrogen) in 0.5X TBE for 20 minutes, washed twice with Millipore water, and imaged on a 

Biorad ChemiDoc MP system with a SYBR green filter applied.  

  

Mouse model of A. baumannii pneumonia  

Eight to ten-week-old male (DhutH and DhutU infections) and female (DhutI, DhutT, and 

DhutG infections) C57BL6/J mice were purchased from Jackson Laboratories, and male S100A9-

/- (CP-/-) mice were bred in-house. Mice were housed with standard Vanderbilt University Medical 

Center (VUMC) facility chow and bedding with a 24-hour light-dark cycle.  Mice were inoculated 

1:1 with a mixture of WT and mutant A. baumannii strains totaling 3 x108 CFU in 40 ml PBS. At 
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36 hours post-infection, mice were euthanized, and CFU were enumerated in various organs 

following tissue homogenization and dilution plating on LB and LB Km 40. The limit of detection 

of this assay is 100 CFU/ml. All animal experiments were approved by the VUMC Institutional 

Care and Use Committee and conform to the policies and guidelines established by VUMC, the 

Animal Welfare Act, the National Institutes of Health, and the American Veterinary Medical 

Association.  

 

Sequence analysis 

A. baumannii ATCC 17978 protein sequences for components of the Hut system were 

obtained from the Kyoto Encyclopedia of Genes and Genomes (Skegg et al.) database. These 

sequences were used as the input for protein Basic Local Alignment Search Tool (BLAST) to find 

homologs in the following organisms: Acinetobacter nosocomialis M2, Acinetobacter baylyi 

ADP1, Pseudomonas aeruginosa PA14, and Klebsiella pneumonia ATCC 43816. These 

sequences were then aligned against A. baumannii ATCC 17978 using the EMBL pairwise 

sequence alignment tool, and percent protein identity was recorded.  
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Table 7. Oligonucleotides used in Chapter IV.   

Name Sequence (5ô to 3ô)  Description 

hutC mutant 

construction and 

confirmation  

  

HutC FL1For GGTTAAAAAGGATCGATCCTCTAG

ACATCAAAACTTGAAAAATAGTG  

 

Cloning into pFLP2, 5' 

flank, forward 

HutC FL1 Rev TAGTTAGTCACATATGAACAAATA

CTCAAAAAGGCAG 

 

Cloning into pFLP2, 5' 

flank, reverse 

HutC Kan For AGTATTTGTTCATATGTGACTAACT

AGGAGGAATAAATG 

 

Cloning into pFLP2, 3' 

flank, forward 

HutC Kan Rev ATCAATTCAACATATG TCATTATTC

CCTCCAGGTAC 

 

Cloning into pFLP2, 3' 

flank, reverse 

HutC FL2 For GGAATAATGACATATGTTGAATTG

ATCAGGGCCG 

Cloning into pFLP2 for 

Km cassette from 

pUC18-k1, forward 

HutC FL2 Rev AAGTTCCTATTCTCTAGGGGGATC

CTTCTGCAACGTCCGGATC 

Cloning into pFLP2 for 

Km cassette from 

pUC18-k1, reverse 

EMSA probes   

hutC_EMSA_R AAC AAA TAC TCA AAA AGG CAG 

CAG GCA  

Upstream of hutC 

hutC_EMSA_F1 GGC ACT GGC TTA GCA GAA ATA 

ACT  

Upstream of hutC 

hutU_EMSA_R ACG CAA TGG GGC TTC AGT TAA  Upstream of hutU 

hutU_EMSA_F1 TAC GAG CAA GCC TCT TCA CGC  Upstream of hutU 

A1S_3412_F CCA CGC GAG ATT TGG TCC AA Internal to A1S_3412  

A1S_3412_R GCT TGG CCT TTA GTC GCC C Internal to A1S_3412 
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Results 

The Hut system is conserved in pathogenic Acinetobacter 

The Hut system is comprised of four core enzymes, HutHUIG, that facilitate the conversion 

of His to glutamate that can be further modified to generate a-ketoglurate and enter the TCA cycle 

(Figure 28A). In bacteria, there are two general pathways defined for Hut systems, termed 

Pathway 1 and Pathway 2 (Figure 28A) (Bender, 2012). Both pathways yield glutamate and 

ammonia, but Pathway 1 generates formamide while Pathway 2 generates a second molecule of 

ammonia and formate. While many bacteria are able to utilize His as a carbon source, its 

occurrence is not universal, with Escherichia coli being a notable model organism unable to 

catabolize His (Bender, 2012). In order to determine the relative conservation of the Hut system 

in Acinetobacter relative to other Proteobacteria, genomic analyses and protein alignments were 

performed using EMBL Needle. A. baumannii ATCC 17978 was used as the basis for all 

alignments. Upon analyzing the genomes of pathogenic and non-pathogenic Acinetobacter 

species, it was identified that the closely related pathogenic species Acinetobacter nosocomialis 

possesses an intact Hut system, with the core enzymes and putative regulators having >90% amino 

acid identity to A. baumannii (Figure 28B). Conversely, the environmental species Acinetobacter 

baylyi does not possess a complete Hut system. Interestingly, though, the His transporter HutT 

appears to be conserved in A. baylyi with >88% amino acid identity (Figure 28B). Additionally, 

the A. baylyi genome possesses short (100 base pair) genomic remnants encoding the enzymes 

HutU, HutH, and HutG surrounding the gene encoding HutT (Figure 28B). These findings imply 

that A. baylyi specifically lost the ability to catabolize His, while pathogenic Acinetobacter 

maintained a functional Hut system, suggesting that unique environmental pressures selected for 

the loss and/or maintenance of the Hut system in these closely related organisms.  
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Figure 28. The histidine utilization system is broadly conserved. A) Model for the two defined 

pathways for Hut-mediated His catabolism, based on Bender, 2012. B) Genomic organization of 

hut systems in A. baumannii ATCC 17978, A. baylyi ADP1, A. nosocomialis M2, Pseudomonas 

aeruginosa PA14, and Klebsiella pneumoniae ATCC 43816. Numbers within arrows denote 

percent protein identity compared to A. baumannii ATCC 17978. C) Growth as monitored by 

OD600 over time of A. baumannii 17978, A. baumannii 5075, A. nosocomialis M2, and A. baylyi 

ADP1 in M9 minimal media with His as the sole carbon source. D) Growth as monitored by OD600 

over time of A. baumannii 17978, A. baumannii 5075, A. nosocomialis M2, and A. baylyi ADP1 

in M9 minimal media with His as the sole carbon and nitrogen source.  
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 Our sequence analysis revealed that the A. baumannii four core enzymes have more 

similarity to Pseudomonas species, which possess Pathway 2 Hut systems, as opposed to 

Klebsiella that possesses Pathway 1. Pathway 2 Hut systems also encode hutD, which is a Hut-

related gene that occurs downstream of the HutC repressor and whose function is not well-defined  

(Figure 28B) (Bender, 2012). We noted that A. baumannii encodes a hutD in the same positioning 

as in Pseudomonas. Intriguingly, A. baumannii lacks hutF, so it possesses the four enzyme system 

typical of Pathway 1 organisms. These findings suggest that A. baumannii possesses a hybrid Hut 

system that includes aspects of both Pathway 1 and Pathway 2.  

 In organisms containing an intact Hut system, His can be utilized as the sole carbon and 

nitrogen sources. To test functional outcomes from sequence predictions, wildtype strains of the 

pathogens A. baumannii and A. nosocomialis and the environmental species A. baylyi were grown 

in minimal media with L-His supplemented as the sole carbon or sole carbon and nitrogen source. 

As predicted, multiple strains of A. baumannii and A. nosocomialis utilize His as the sole energy 

source, and A. baylyi is unable to grow in these conditions (Figure 28C,D). Additionally, A. 

baumannii requires an intact Hut system to support growth on His, as genetic inactivation of the 

first enzyme in the catabolic pathway hutH, the first enzyme in the catabolic pathway, or the 

histidine transporter hutT, prevents growth (Figure 29A,B). Taken together, these results establish 

Hut-mediated His catabolism as a unique feature of A. baumannii physiology.  
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Figure 29. The Hut system requires His transporter and enzymatic activity. A) Growth monitored 

by OD600 of WT A. baumannii 17978, DhutH, and DhutT in M9 minimal media with His as the 

sole carbon source. B) Growth monitored by OD600 of WT A. baumannii 5075, hutH:tn, and 

hutT:tn in M9 minimal media with His as the sole carbon source.  
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HutC transcriptionally regulates the Hut system 

In both types of previously defined Hut systems, the primary transcriptional regulation 

occurs via HutC-mediated repression of the core enzymes, although other regulators for the Hut 

system have been defined (Allison and Phillips, 1990; Hu et al., 1989; Schwacha and Bender, 

1990). Despite earlier noted differences between the A. baumannii and P. aeruginosa Hut systems, 

the overall organization of the A. baumannii Hut system is similar to that of Pseudomonads (Figure 

28B) (Bender, 2012). In P. putida, HutC binding sites were identified upstream of both the hutCD 

genes and upstream of the genes encoding the Hut enzymes (Allison and Phillips, 1990). Based on 

these observations, we predicted that A. baumannii HutC binds the promoter region upstream of 

hutCD and hutUHTIG (Figure 30A). In order to test this prediction, recombinant HutC was 

purified (Figure 31A) and subjected to electrophoretic mobility shift assays. Incubation of 

recombinant HutC with DNA containing the promoter region of hutC (Figure 30B) or hutU 

(Figure 30C) resulted in visible DNA-protein complexes that were absent with a nonspecific DNA 

probe (Figure 31B). In order to determine the nature of HutC-mediated regulation of the core Hut 

enzymes, hutC was genetically inactivated, and expression of the Hut enzymes was monitored 

using quantitative RT-PCR. This analysis demonstrated that inactivation of hutC resulted in 

significant upregulation of the genes encoding the Hut enzymes relative to wildtype (WT) A. 

baumannii (Figure 30D), which demonstrates that HutC likely functions as a transcriptional 

repressor in this organism. Collectively, these data define HutC as a transcriptional regulator of 

the Hut system in A. baumannii.  
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Figure 30. HutC transcriptionally regulates A. baumannii hut. A) Model detailing predicted hutC 

binding locations upstream of hutC and hutU. B) Electrophoretic mobility shift assay (EMSA) 

performed with recombinant HutC and a DNA probe containing the hutC promoter region. C) 

EMSA performed with recombinant HutC and a DNA probe containing the hutU promoter region. 

D) Quantiative RT-PCR analysis of DhutC hut enzymes grown to mid-log and compared to 

expression in WT A. baumannii. * p < 0.05, ** p < 0.01 as determined by Studentôs t test with a 

value of 1.  
 

 

 

 

 

 

 

 

 


