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3.10. An alternate growth assay identifies that HtsA R86K, R104A, R126A, R126K, 

K203A, H209A, H209Q, Y239A, and E110/250A mutants are impaired for Fe-SA- 

dependent growth of S. aureus

Beasley et al. used disk diffusion assays, in addition to the liquid culture growth 

curves, to further demonstrate the role of HtsABC in Fe-SA uptake (7). I used this assay 

in an attempt to gain more insight into the role of HtsABC in SA-dependent growth. 

Thus, disk-diffusion assays were completed for S. aureus Newman AhtsABC harboring 

WT or mutant pEV55, using purified Fe-SA that was spotted onto the bacteria- 

containing media. As illustrated in Figure 16, substitution of either HtsA R104A or 

R126A completely abolished Fe-SA-dependant growth and substitution of HtsA H209A 

significantly reduced Fe-SA-dependant growth. However, as opposed to the liquid 

growth assay, this assay identified that substitution of HtsA R86K, R126K, K203A, 

H209Q, Y239A, and El 10/250A also significantly reduced Fe-SA-dependent growth. 

However, growth reductions associated with these additional residues were more 

moderate. Importantly, this trend agrees with the binding affinity data. As a control, I 

showed that no growth differences were observed when Fe-Desferal™ was used as the 

iron source, demonstrating that the growth reductions observed were specific for Fe-SA.



Figure 16. Plate disk-diffusion growth assay confirms HtsA mutations that impair SA- 
dependant growth of S. aureus. Growth promotion is measured as the diameter (mm) of 
growth around each disk. The dashed line indicates the diameter of each disk and a 
measurement of 6 mm indicates no growth. In panel A, Fe-SA is added as the sole iron 
source, whereas in panel B, Fe-Desferal™ is added as the sole iron source. Error bars 
represent standard deviation, n — 3. Statistical significance is determined for each mutant 
in comparison to WT. a P=<0.0001. b P=<0.001.c P=<0.05.
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Chapter 4 - Discussion



Bacterial pathogens must have the ability to scavenge host iron in order to 

establish and maintain productive infections. S. aureus is one of the most successful 

human pathogens, partly due to its enormous virulence factor repertoire and multiple 

host iron-scavenging systems. Indeed, studies have demonstrated that disruption of 

staphyloferrin B biosynthesis reduces S. aureus pathogenesis in a mouse model of 

infection (32). Two staphylococcal siderophore systems have been genetically and 

biologically characterized. The sfa and hts loci encode the SA biosynthesis machinery 

(27) and ABC-transporter (7), respectively, and the sbn and sir operons encode the SB 

biosynthesis machinery and ABC-transporter, respectively (32). Recently, our laboratory, 

along with collaborators, published crystal structures of Fe-SA-rHtsA and Fe-SB-rSirA 

(58, 57). HtsA was the first Gram-positive a-hydroxycarboxylate siderophore receptor 

crystal structure. Although both SA and SB are anionic a-hydroxycarboxylate 

siderophores, each receptor is specific for its cognate siderophore (58, 57). The hts 

system is present ubiquitously among the chromosomes of sequenced Staphylococci 

making it an ideal candidate for binding affinity and biological studies in order to 

establish a model system of staphylococcal siderophore uptake.

The sfa locus was identified via bioinformatics searches and consists of genes 

expressing two NIS synthetases, an exporter, and a PLP-dependant ornithine racemase 

(27). The gene cluster is Fur regulated and is responsible for the synthesis and secretion 

of SA (27). It is present in all sequenced Staphylococcal chromosomes, including 

clinically relevant CoNS (7). SA has been isolated from culture supernatants of S. hyicus 

and chemically characterized (80). More recently, the biosynthesis pathway of SA has



been elucidated and it has been synthesized in vitro using rSfaB and rSfaD. One of the 

first objectives of this study was to purify sufficient amounts of Fe-SA from in vitro 

synthesis reactions.

Using the ion-pair HPLC strategy previously described, I separated Fe-SA from 

reaction components and collected the fractions that corresponded to the Fe-SA peak 

(27). This further purified the Fe-SA, a necessary step for its use in binding affinity 

assays (58). Although CAS shuttle solution (133) has been used to normalize SA 

siderophore units, it cannot be used to quantify the ion-pair HPLC fractions because they 

were ferrated prior to injection onto the column (7). Therefore, I chose an indirect 

approach to quantify the Fe-SA by using AAS to measure the amount of iron bound to 

SA in the samples. With the known siderophore to iron binding ratio of 1:1,1 determined 

the amount of Fe-SA present (58). This yielded sufficient amounts of Fe-SA for use in 

experiments (~120 p,M).

The hts operon is located adjacent to the sfa locus and is also present in the 

chromosomes of all sequenced staphylococci (7). It encodes a lipoprotein receptor and 

two permeases that are necessary for Fe-SA transport (7). However, the hts operon was 

first implicated in heme uptake following the observation that transposon disruption of 

hts resulted in preferential uptake of transferrin Fe(III) over heme Fe(II) (137). This 

phenomenon may be explained by a dual role of heme and Fe-SA uptake by the HtsBC 

permeases (7). Indeed, Cuiv et al. demonstrated that a Sinorhizobium meliloti 2011 

permease is involved in heme and hydroxamate siderophore uptake (31). However, it is 

unlikely that Hts A functions as a heme binding protein, as the crystal structure of Fe-

94
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SA-rHtsA identifies Fe-SA in a highly positively charged binding pocket that is more 

suitable for an anionic siderophore than a hydrophobic heme molecule (58).

One of the first major objectives of this study was to determine the binding 

affinity of HtsA for Fe-SA. This information would allow better comparisons with 

related proteins, provide insight on the mechanism of ligand binding, and further clarify 

the role of HtsA in Fe-SA transport. Using the purified Fe-SA and rHtsA I determined 

the Kd value of Fe-SA-rHtsA to be in the low nM range (58). This was the first 

determination of the affinity between an a-hydroxycarboxylate siderophore and its 

receptor (58). The strength of the affinity was not surprising considering that rHtsA 

complexed and crystallized with Fe-SA when exposed to ferrated S. aureus culture 

supernatant (58). The number of ionic contact points that rHtsA makes with Fe-SA in 

combination with the envelopment of Fe-SA in the binding pocket likely explains the 

high affinity. Furthermore, the affinity of rSirA for Fe-SB, another a- 

hydroxycarboxylate siderophore-receptor complex, has recently been published and is 

within the same range (57). Both affinities are within the range of several Gram-negative 

bacteria outer membrane receptors for their respective ligands but they are significantly 

greater than the affinity of E. coli FhuD (Table 1). The high affinities of HtsA and Sir A 

for Fe-SA and Fe-SB, respectively, are likely due to the number and type of ionic 

interactions involved in siderophore co-ordination (58, 57). However, the significant 

difference in their affinities compared to FhuD is likely accounted for by their ligand 

repertoire. Indeed, whereas HtsA and SirA are specific for Fe-SA and Fe-SB, 

respectively (58, 57), FhuD binds a broad range of Fe-hydroxamate siderophores (122), 

and likely sacrifices affinity for broadened substrate specificity.
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Unique open and closed ligand-bound conformations allowed identification and 

characterization of a novel form of ligand entrapment for a class III binding protein (58). 

Many crystal structures of related proteins, such as BtuF (10, 78), TroA (86, 87), FhuD 

(24, 82), and ShuT (67) have similar structural folds but little, if any, conformational 

changes between apo and holo forms. Although FitE (136) and FeuA (112) both undergo 

larger hinged movements more reminiscent of HtsA, their conformational changes are 

characterized by rigid interdomain movement, whereas HtsA conformational changes 

occur in isolated regions of the C-terminal domain (58). In addition, the unique HtsA 

movements help occlude SA by shifting it deeper in the binding pocket, reducing solvent 

exposure, and facilitating additional contact points (58). Only SirA has been 

demonstrated to have similar C-terminal domain movements however, the 

conformational changes, siderophore orientation, and receptor residues involved in 

coordination are distinct and each receptor is specific for its cognate siderophore (58,

57).

One of the major objectives of this study was to identify and mutate what were 

thought at the outset to be HtsA residues critical for Fe-SA interaction. Analysis of the 

crystal structure identified many potential residues and I initially selected six amino 

acids that form H-bonds with Fe-SA, R86, R104, R126, K203, H209, and Y239, and two 

residues predicted to form salt-bridges that mediate docking with the permeases, HtsBC, 

El 10 and E250 (58). In Grigg, Cooper, et al., we aligned 41 homologous sequences of 

HtsA which showed that the residues selected were conserved to varying degrees, R86, 

22/41; R104, 37/41; R126, 36/41; H209, 30/41; Y239, 9/41; El 10, 39/41; and E250, 

38/41 (58). I created alanine amino acid substitutions of each residue as well as less
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drastic amino acid substitutions that aimed to conserve size, charge, or ring structure.

My studies focused on the contribution of each residue to productive SA binding or 

transport. Before assessing their roles I confirmed that all mutant rHtsA could be 

expressed, purified, and properly folded from E. coli. I also confirmed that they express 

properly in S. aureus and localize to the cellular membrane.

To assess each residue’s importance for Fe-SA binding, I determined the effect 

that each substitution had on the Fe-SA-rHtsA binding affinity. The four residue 

substitutions that had the most drastic reductions of binding affinity were HtsA R104A, 

R126A, R126K and H209A. Interestingly, R104, R126, and H209 are the only residues 

investigated that form contacts with Fe-SA in both open and closed conformations of 

HtsA. This highlights the importance of the initial contacts made in the open 

conformation for Fe-SA binding. The R104 and R126 residues are also the most highly 

conserved of the selected residues that form contacts with Fe-SA and their importance 

for binding likely explains their degree of conservation. Furthermore, réintroduction of a 

positive charge via R104K substitution rescued Fe-SA-rHtsA binding, whereas R126K 

substitution did not. Therefore, the charge on residue R104 is likely the most important 

factor for productive binding, but the charge and position of residue R126 are both 

important. Substitution of H209A also eliminated measureable Fe-SA-rHtsA binding. 

Interestingly, H209 is the third most conserved residue and substitution of H209Q re

established the low nM binding affinity of Fe-SA-rHtsA. This likely indicates an atom 

capable of H-bonding (nitrogen in this case) is necessary and sufficient for binding at 

residue H209. As expected, substitution of HtsA E250A, that is located outside of the 

binding pocket and predicted to be involved in docking with HtsBC, did not change the
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Fe-SA-rHtsA binding affinity. More surprising however is that substitution of HtsA 

K203A and Y239A, which are both involved in H-bonding with Fe-SA in the closed 

conformation, did not affect the Fe-SA-rHtsA binding affinity. It was especially 

interesting that the HtsA Y239A substitution did not elicit a pronounced effect because it 

moved 12.1 A between the open and closed conformations before H-bonding and 

enveloping Fe-SA in the binding pocket. Taken together, these results may indicate that 

the contacts formed in the open conformation are the most important for binding, 

whereas the contacts formed in the closed conformation may have more important roles 

in the selectivity of HtsA.

Another major focus of this research was to determine the significance that each 

residue has on iron-restricted SA-dependant growth of S. aureus Newman. Interestingly, 

the impact each HtsA residue substitution had on growth under these conditions 

mirrored their effect observed on the Fe-SA-rHtsA binding affinity. Substitution of HtsA 

R104A or R126A severely reduced S. aureus Newman growth. The binding affinity data 

suggests that this was likely due to their inability to facilitate Fe-SA binding. However, 

the ~700-fold reduction in binding affinity observed following substitution of HtsA 

R126K did not confer a measureable growth defect. Two possible explanations may 

account for this finding. First, pEV55 is a multi-copy vector and the subsequent increase 

in HtsA expression may have compensated for the decreased binding affinity and 

secondly, an ~700 nM Kd is still within the affinity range observed for FhuD and 

therefore, may not sufficiently compromise Fe-SA-HtsA binding and transport. 

Substitution of HtsA H209A severely delayed but did not eliminate growth. It is possible 

that the reduction of growth was not as severe as seen for the substitutions of HtsA
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R104A or R126A because it was still able to bind Fe-SA sufficiently for transport. 

Although the K^s of HtsA R104A, R126A, and H209A were not determined, the titration 

of HtsA H209A with Fe-SA resulted and a greater reduction of the intrinsic fluorescence 

which may indicate better binding (data not shown). Together with the lack of a growth 

phenotype observed for the R126K substitution, substitution of HtsA H209A likely 

permits sufficient Fe-SA binding to promote growth once enough HtsA is expressed, 

explaining the delay. Unlike the Fe-SA-rHtsA binding affinity, substitution of HtsA 

El 10/250A was expected to prevent docking of HtsA to HtsBC and therefore, prevent 

transport of Fe-SA and growth under iron-restricted Fe-SA-dependant conditions. 

However, no growth phenotype for HtsA El 10/250A was observed. This will be 

examined in more detail below. Also, once again substitution of HtsA K203A or Y239A 

did not affect the proper function of HtsA, as there was no observable growth phenotype 

for either substitution. This further suggests that the additional Fe-SA-HtsA contacts 

formed in the closed conformation of HtsA have a more significant role in ligand 

specificity than for productive binding and transport. This will be addressed in more 

detail in the future directions section of this thesis.

Finally, the last focus of my research was to use a disk diffusion assay as 

previously described, to further examine the significance that each residue has on Fe- 

SA-dependent growth promotion of S. aureus Newman. Importantly, the HtsA residue 

substitutions resulted in the same trend observed for growth promotion as seen in the 

growth curves and Fe-SA-rHtsA binding affinities. However, the disk-diffusion growth 

assay appeared to be more sensitive than the liquid growth assay. A possible explanation 

for the assay’s increased sensitivity is the higher degree of iron restriction (7.5 pM
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EDDHA) used in the growth media. In addition to the HtsA substitutions identified in 

the previous experiments, the substitution of HtsA R86K, R126K, K203A, H209Q, 

Y239A, Y239F and El 10/250A, resulted in significantly reduced growth promotion, 

albeit to a lesser degree than substitution of HtsA R104A, R126A, and H209A. 

Interestingly, substitution of HtsA R104K did not result in a significant growth 

phenotype and substitution of HtsA R126K only resulted in a modest growth reduction 

that was comparable to the growth reductions observed following substitution of HtsA 

R86K, K203A, H209Q, Y239F and El 10/250A. These proteins did not result in 

decreased Fe-SA binding affinities however, this may be due to the reductions being too 

subtle to detect with the concentration of HtsA used in the fluorescence titrations. Lower 

protein concentrations may result in more accurate Kjs that reflect the same trend 

observed for the growth reductions.

Although the results concerning the substitution of some of the HtsA residues 

involved in Fe-SA binding were expected, two very surprising findings of this study was 

the ability of the El 10/250A mutant derivative to facilitate productive transport of Fe- 

SA and the ability of the Y239A mutant derivative to facilitate productive binding and 

transport of Fe-SA. This was surprising because HtsA El 10 and E250 are both highly 

conserved (39/41 and 38/41, respectively) based on alignment of homologous HtsA 

sequences, and modeling of HtsBC with the Fe-SA-rHtsA crystal structure predicted that 

they are involved in Glu-Arg salt-bridge formation between the receptor and membrane 

transporter (58). More importantly, similar salt-bridge formation and subsequent 

docking with their cognate ABC-transporter is necessary for productive transport in 

related proteins, including E. coli FecB (12) and S. aureus FhuD2 (134). However, my
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data suggest that the HtsBC permeases may be less reliant on those residues than FecB 

or FhuD2 for docking of receptor and permease, or simply that the levels of SA- 

dependent growth observed in my assays due to high levels of multicopy HtsABC 

overshadowed any defects due to absence of the salt-bridge formation. As mentioned 

earlier, the absence of an effect of substitution of HtsA Y239A on productive binding or 

transport was also peculiar. Analysis of the open and closed forms of the Fe-SA-rHtsA 

crystal structure revealed that Y239 traversed the binding pocket before H-bonding and 

securing Fe-SA in the binding pocket. Furthermore, Y239 moves 12.1 A, the furthest of 

any HtsA residue, and is part of an eight amino acid insertion that absent from all 

homologous sequences (58). My data suggest that HtsA Y239 does not have a major role 

in productive binding or transport of Fe-SA however, its role in the specificity of HtsA 

for Fe-SA warrants further investigation.

In summary, I have determined the first Kd of an a-hydroxycarboxylate 

siderophore and its receptor, developed a method of purifying and quantifying useful 

quantities of Fe-SA from in vitro synthesis reactions, and analyzed and confirmed the 

contribution of several amino acid residues identified from the Fe-SA-rHtsA crystal 

structure. My methods will allow Fe-SA to be readily available for use in future 

experiments and my results have clarified some of the conclusions drawn from analysis 

of the crystal structure. For example, substitution of HtsA R104A, R126A, and H209A 

confirmed the importance of the residues that bind Fe-SA in the open conformation but 

substitution of HtsA Y239A and El 10/250A demonstrated the importance of verifying 

conclusions drawn from analysis of a crystal structure or from comparison with 

homologous proteins. Additionally, determination of the Fe-SA-rHtsA A^has facilitated
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comparison of HtsA with related class III binding proteins and Gram-negative outer 

membrane receptor proteins.

Future Directions

My research has increased the understanding of S. aureus SA binding and 

transport, the first such study involving a receptor protein for a polycarboxylate 

siderophore. Moreover, through this work I have also provided tools (purified and 

quantified Fe-SA) that can be used to facilitate greater knowledge of the staphylococcal 

sfa-hts system, including the generation of additional sets of mutations in htsA and even 

htsBC. One of the most interesting avenues of research that remains to be studied is 

investigation of the importance of SA-mediated iron uptake in CoNS. There is no iron- 

restricted growth defect associated with the loss of sfa or hts in S. aureus, due to the 

presence of the s,6«-s,/>-encoded SB iron uptake system. However, this latter system is 

absent from all sequenced chromosomes of CoNS (7) and, therefore, in these organisms, 

the sfa-hts system may take on a more prominent role in iron acquisition and potentially 

virulence. Additionally, the contribution of HtsABC to heme uptake has yet to be 

resolved. Thorough analysis of htsA and htsBC mutants or the identification of an 

additional lipoprotein involved in heme uptake would clarify the role of the hts system 

in staphylococci and significantly improve our understanding of S. aureus host iron- 

uptake strategies. Also, because my results demonstrated the importance of verifying 

conclusions drawn from a crystal structure, further investigations into the roles of the 

residues that have been identified in the Fe-SB-rSirA crystal structure are warranted.
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