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Pseudomonas aeruginosa is an opportunistic pathogen that requires iron for its survival and
virulence. P. aeruginosa can acquire iron from heme via the nonredundant heme assimilation
system and Pseudomonas heme uptake (Phu) systems. Heme transported by either system is
eventually sequestered by the cytoplasmic protein PhuS, which specifically shuttles heme to the
iron-regulated heme oxygenase HemO. Furthermore, a conformational rearrangement upon
heme binding is necessary for the protein-protein interaction with HemO and a ligand switch
between the heme coordinating ligands (His209 and His212) was proposed ot be required for
translocation of heme to HemO. As the PhuS homolog ShuS from Shigella dysenteriae was
observed to bind DNA as a function of its heme status, we sought to further determine if PhuS, in
addition to its role in regulating heme flux through HemO, functions as a DNA-binding protein.
Herein, through a combination of chromatin immunoprecipation-PCR, EMSA, and fluorescence
anisotropy, we show that apo-PhuS but not holo-PhuS binds upstream of the tandem ironresponsive sRNAs prrF1, F2. Previous studies have shown the PrrF sRNAs are required for
sparing iron for essential proteins during iron starvation. Furthermore, under certain conditions, a

heme-dependent read through of the prrF1 terminator yields the longer PrrH transcript.
Quantitative PCR analysis of P. aeruginosa WT and ΔphuS strains shows that loss of PhuS
abrogates the heme-dependent regulation of PrrF and PrrH levels. Taken together, our data show
that PhuS, in addition to its role in extracellular heme metabolism, can also modulate PrrF and
PrrH levels in response to heme. The dual function of PhuS is central to integrating extracellular
heme utilization into the PrrF/PrrH sRNA regulatory network that is critical for P.
aeruginosa adaptation and virulence within the host. Additional biophysical, genetic and
metabolic approaches have been conducted to determine the role of the PhuS heme coordinating
residues regulate the mutual exclusivity of heme and DNA binding and the resulting effects on
PrrF and PrrH expression.
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Chapter 1: Iron and Heme Acquisition at the Host Pathogen
Interface
1.1 Iron Reactivity and Bioavailability
Iron is an essential micronutrient across all forms of life from animals, plants, to
microorganisms. Iron is a cofactor in many metabolic processes including oxygen transport,
respiration, photosynthesis, nitrogen fixation and DNA synthesis (1,2). The versatility of iron as
a cofactor is inherent in its ability to adopt several coordination geometries and cycle between
several oxidation states, including ferrous (Fe2+) ferric (Fe3+) and even high valent ferryl (Fe4+)
species. Despite the abundance of iron in the earth’s crust the bioavailability of iron is extremely
low due to its insolubility. In aerobic conditions soluble Fe2+ iron is rapidly oxidized to insoluble
iron (Fe3+) oxides, (Fe2O3) and magnetite (Fe3O4). In biological systems the reactivity of iron can
lead to the formation of reactive oxygen species (ROS) via the Fenton reaction causing damage
to membrane lipids, proteins, and nucleic acids. Iron-derived ROS are implicated in the
pathogenesis of numerous vascular disorders including atherosclerosis and vasculitis (3). In
addition, heme and hemeproteins have also been implicated in a variety of toxic effects through
the oxidation of membrane components, promoting cell lysis and death (4). Autooxidation of
globin-bound Fe2+ -protoporphyrin (heme) to the Fe3+ form (hemin) leads to the formation of
super oxide (O2-) (5). Hydrogen peroxide can also oxidize hemeproteins to generate the high
valent ferryl (Fe4+) iron, which can trigger mitochondrial dysfunction (4). The reactive nature of
iron and heme highlight the importance of regulating both the availability of iron while
containing its reactivity for biological function.
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Iron homeostasis in humans is complex and controlled by regulatory network that must
prevent iron overload that can induce inflammation, or iron deficiency leading to hypoxia and
anemia. The majority of iron within the body is recycled from heme by phagocytosis of
senescent red blood cells with dietary iron uptake accounting for less than 3% of the bodies iron
stores. Central to this regulation are specific iron and heme storage proteins. Iron is sequestered
in the circulation by transferrin (Tf) and lactoferrin (Lf), delivering iron to the iron storage
protein ferritin where it is stored until mobilized when needed. The liver is key to iron
homeostasis, serving as both a storage site for iron and the site of production via the regulatory
hormone hepcidin. Hepcidin is central to iron homeostasis by regulating plasma iron
concentrations through its ability to induce internalization and degradation of the iron exporter,
ferroportin (FNP-1) (6,7). Although iron uptake in macrophages, enterocytes or hepatocytes may
occur via a number of receptors such as divalent metal transporter-1 (DMT-1) and the transferrin
receptor (Tfr), release of iron into the circulation is solely coordinated by hepcidin regulation of
FNP-1.
In the context of bacterial infection, iron homeostasis and the immune system play a
significant role in further limiting iron within the host. In order to overcome the extremely
limited iron availability within the host, bacteria have evolved sophisticated strategies to obtain
iron from iron sequestering proteins such as transferrin and via the utilization of heme.
1.2 Bacterial Iron Acquisition versus the Innate Immune Response
The initial innate immune response to bacterial infection is to further sequester iron and other
micronutrients through a process often referred to as “nutritional immunity” (8). This response is
initiated by the induction of hepcidin and a reduction in FNP-1 levels. Hepcidin itself was first
isolated as an antimicrobial peptide that could directly sequester iron (9). Therefore, hepcidin
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appears to have a dual function as an iron chelator and regulator of iron homeostasis by inducing
a low-serum iron-binding capacity and increasing the levels of ferritin (7). In addition, there are
two secreted proteins that act as a first line defense by sequestering circulating iron. Siderocalin
NGAL/LCN2 (Neutrophil gelatinase-associated lipocalin/Lipocalin-2) is a mammalian lipocalintype protein that is expressed and secreted by macrophages and neutrophils and is activated in
the acute-phase response to infection (10-12). Bacterial catecholate-based siderophores, such as
enterobactin, serve as high affinity iron scavengers can be sequestered by siderocalin thereby
decreasing bacterial iron uptake (13). Lactoferrin (Lf), a glycoprotein similar to Tf, is found in
high concentrations in neutrophils and in mucous secretions. The antimicrobial activity of Lf was
proposed to be due to its high affinity for iron in low the pH environments associated with
infection (14). However, Lf also possesses immunomodulatory properties by directly interacting
with the Gram-negative bacterial cell wall through LPS and in Gram-positive bacteria through
lipoteichoic acid (15). Additionally, the bioactive peptides, lactoferricin and lactoferrampin,
released on hydrolysis by pepsin have greater antimicrobial activity than full length Lf, via
mechanisms independent of iron sequestration (16,17). Nonetheless, bacterial pathogens combat
these efforts through mechanisms to evade the innate immune response, including blocking
antimicrobial peptides, modification of the cell wall, and effector molecules that dampen the
immune response (18). The cell wall is often the first target for the host immune system, but
organisms like Escherichia coli and Salmonella enterica avoid recognition by acylating the lipid
A component of the lipopolysaccharide (LPS) in their cell walls (19). Additionally, effector
proteins like SpA found in Staphylococcus aureus binds to antibodies or B-cell receptors,
preventing recognition and inactivating the very cells that generate a protective immune response
(20). In terms of circumventing iron withholding, bacteria have evolved three main strategies:
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uptake of ferric (Fe3+) iron by siderophore based systems, uptake of ferrous (Fe2+) iron by the
Feo system, and the hemophore and non-hemophore dependent heme-based systems (21,22).
1.3 Bacterial Iron Acquisition
1.3.1 Ferric (Fe3+) Siderophore Uptake
Siderophores are low molecular weight organic ligands that are secreted by bacteria,
show high specificity for ferric iron, and are regulated by iron availability (23,24). Siderophores
have exceptionally high binding affinities for iron with KDs < 1 x 10-30 M. There are four distinct
structural classes of siderophores that can be distinguished by the chemical moiety involved in
iron chelation. The iron-binding chemical motifs include catecholate, phenolate, hydroxamate
and carboxylate, and a specific siderophore may contain more than one of these motifs (Figure
1.1) (25). Examples of iron siderophores containing these motifs include the Staphylococcus

Figure 1.1 Siderophore Structures. Major chemical moieties and examples of bacterial
siderophores. Catechol, phenols, hydroxamates and carboxylates are found in high affinity iron
siderophores for both Gram-positive and Gram-negative Bacteria.
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aureus staphyloferrins, mycobactin from Mycobacterium tuberculosis, Klebsiella pneumoniae
enterobactin, and pyoverdine and pyochelin secreted by Pseudomonas aeruginosa (26-30). The
production of these siderophores has been shown to be particularly important in acute bacterial
infections. The siderophore peptide backbone is synthesized by non-ribosomal peptide
synthetases and secreted via energy-dependent tripartite efflux pumps (25). The iron-siderophore
uptake systems differ between Gram-positive and Gram-negative due to structural differences in
their cell walls. Gram positive bacteria have only a cytoplasmic membrane surrounded by a thick
cell wall of peptidoglycan, while Gram-negative bacteria have an outer membrane surrounding
the cell wall. In Gram-positive bacteria, iron-loaded siderophores are imported to the cytoplasm
through a series of siderophore-binding proteins anchored in the cell wall and the cytoplasmic
membrane bound permease and ATPase (Figure 1.2) (31-34). In Gram-negative bacteria, the
iron-loaded siderophores are recognized by outer membrane transporters (OMTs) (35,36).
Siderophore OMTs require coupling of the proton motive force of the inner membrane by the
TonB-ExbB-ExbD complex to internalize the ferric-siderophore complex (Figure 1.3) (25,3739).
Recent structural spectroscopic and electrophysiology studies of the TonB-ExbB-ExbD
complex reveal a mechanism where a conformational change on interaction with the ligand
promotes the formation of pH sensitive cation selective channels (40,41). Once in the periplasm
the iron-loaded siderophore is bound by a soluble periplasmic binding protein (PBP) and
transported into the cytoplasm by an ATP-Binding Cassette (ABC) transporter (42,43). The
interaction of the substrate loaded PBP with the trans-membrane domain (TMD) triggers
conformational rearrangement and transport of the siderophore on activation of the ATPase
domain (44). In the cytoplasm iron can be released from siderophores in a number of ways.
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Figure 1.2 The Fe3+ siderophore uptake system in Gram-positive bacteria. Bacteria secreted
siderophores can sequester ferric iron and transport across the cell wall and cytoplasmic
membrane via SBPs and the ABC transporter. This releases iron (Fe2+) for utilization.
Since siderophores have low affinity for ferrous iron, cytoplasmic ferric reductase enzymes can
reduce the iron for release and storage with the siderophore being recycled (11,45-47). Another
mechanism involves direct hydrolysis or acetylation of the siderophore backbone (48-50).
Regardless of mechanism, once iron is released, it is utilized in the synthesis of iron-sulfur
clusters and heme and non-heme iron containing proteins with excess iron being stored in ferritin
or bacterioferritin.
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Figure 1.3 Siderophore meditated uptake in Gram-negative Bacteria. Fe3+ siderophores are
actively taken up across the outer membrane (OM) into the periplasm by the TonB/ExBDdepedent OM receptors. Siderophores are transported across the cytoplasmic membrane (CM)
via ABC transporters where reductases release Fe2+ for utilization.
In P. aeruginosa, there are two siderophore mediated iron uptake systems, pyoverdine
(PVD) and pyochelin (PCH) (51) (Figure 1.1). Pyoverdines have been the most studied
siderophores due to their production by a variety fluorescent Pseudomonads
(52-54). They are composed of a dihydroxyquinolone core that is conserved amongst all
pyoverdine molecules, but the core can be modified with peptide chains ranging from 6-12
amino acids (55). The variable peptide chains of pyoverdine molecules have provided a way to
distinguish Pseudomonad species (56,57). In P. aeruginosa strains there are three distinct
biotypes (PVDI, PVDII and PVDIII), which are characterized by their peptide chains and
receptor specificity (58,59). P. aeruginosa PAO1 produces PVDI, and molecular mechanisms
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involving iron acquisition by pyoverdines have mostly been investigated in this strain.
Pyoverdine is thought to be the primary siderophore due to its affinity for iron (Kf = 1024 M- 1)
and its importance for pathogenesis (60,61). In addition to its role in iron-uptake PVD has also
been shown regulate several virulence factors including exotoxin A and endoprotease PrpL
through the activation of a transmembrane signaling system including the OM receptor FpvA
and a sigma (ο) factor, PvdS (61,62). Therefore, the significance of iron-siderophore uptake has
evolved beyond the scope of counteracting the innate immune iron-witholding response.
In addition to PVD a second siderophore PCH can also bind ferric iron with a lower
affinity (2 x 105 M-1) and a stoichiometry of 2:1 (63,64). Interestingly, pyochelin has much
higher affinity for other metals like zinc and copper, alluding to a potential biological impact on
chelation of other metals in P. aeruginosa. Reports, however, have only highlighted that
pyochelin-mediated uptake is efficient for iron compared to other metals (29). Pyochelin
biosynthesis is modulated by both the amount of iron present in the environment and the amount
of iron already acquired by the bacteria, which can be differentiated by 55Fe uptake assays (65).
PCH is synthesized by the pchDCBA cluster and PchR is the predicted transcriptional regulator
for PCH regulation (64,66). Iron bound (Fe3+) pyochelin is imported via the FptA OMT and
transported to the cytoplasm also by an ABC transporter.
1.3.2 Ferrous iron transport
In the more reducing environment imposed in anaerobic, microaerobic and low-pH
environments, iron exists in the ferrous state. One example of such an environment includes low
oxygen levels within the lungs of cystic fibrosis patients. In Gram-negative bacteria, ferrous iron
is thought to diffuse freely through the outer membrane porins, entering the periplasm then
subsequently transported into the cytoplasm via ferrous transport systems (Figure 1.4). There are
a number of
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bacterial ferrous iron transport systems that have been identified in bacterial systems, including
MntH, ZupT, FutABC and Feo (67-69). MntH from E. coli is a member of the NRAMP
transporter family and has been shown to transport both ferrous iron and manganese, with
manganese being the preferred substrate (68). ZupT is a transmembrane protein related to the
eukaryotic Zip family of divalent metal ion transporters that have a broad substrate specificity
(70). The Fut system, first found in Synechocystis, is a unique protein with two periplasmic
binding proteins (FutA1 and FutA2), an integral membrane protein (FutB) and an

Figure 1.4 The Fe2+ uptake (Feo) system in Gram-negative Bacteria. Bacteria secreted pyocanin
or PCA can reduce Fe3+ bound to a host protein (Transferrin) to Fe2+. Ferrous iron diffuses into
the cell via porins and is transported from the periplasm to the cytoplasm through GTP
dependent transporter FeoB. Proteins FeoA and Feo C are proposed to be required for Fe2+
import by FeoB.
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ABC binding cassette protein (FutC). The Fut system was first thought to be a ferric iron
transporter, however, it was shown that FutA1 and FutA2 preferentially bind ferrous iron
(71,72). Thus far, the only ferrous iron transport system reported to be specific for iron is the Feo
system that is found in both pathogenic and non-pathogenic bacteria (73-75). The feo operon was
first discovered in E. coli K12 in 1987, and it was later shown to encode three genes, feoABC
(76). The feo operon organization can differ with feoA and feoB encoded as distinct genes or as a
gene fusion (73,74). Several studies in bacterial pathogens including P. aeruginosa,
Streptococcus suis and Helicobacter pylori have revealed the importance of the Feo system in
bacterial virulence (67,77-80). The feoA gene encodes a 75-85 residue cytoplasmic protein, but
its exact role in ferrous iron transport is still unknown. It's postulated that, due to its high pI,
FeoA might be directed to the inner leaflet of the cytoplasmic membrane, interacting with FeoB
(81). Recent structural studies of the Klebsiella pneumoniae FeoA revealed an SH3-like domain
that is proposed to facilitate protein-protein interactions with FeoB (82). FeoB is a polytopic
transmembrane protein consisting of an N-terminal GTP-binding and guanosine dissociation
inhibitor (GDI) domains and the transmembrane domain. Several structures of the FeoB Nterminal domain have been solved (83-86), however, studies of the full-length protein have been
limited. Models of full-length P. aeruginosa FeoB suggest it is functional as a trimer (87).
Although it is not exactly clear how GTP hydrolysis drives Fe2+ uptake by FeoB, recent studies
suggested this may be via active transport rather than the GTP coupled channel hypothesis (88).
Interestingly, the feoC gene a predicted transcriptional regulator is only found in γ-proteobacteria
(81). The FeoC protein is a small cytosolic protein and has been predicted to possess a LysR-like
winged-helix motif, which has a β-sheet hairpin in between the second and third helices (81).
The second and third helices of such proteins interact with DNA, consistent with a role as a
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transcriptional regulator (89). Furthermore, recent studies have identified a 4Fe-4S cluster which
may function to alter structure and conformation of FeoC in directing DNA binding whereas
others have suggested the cluster is an oxygen-sensitive iron sensor to fine tune Fe2+ iron
transport (73,90). More consistent with the latter hypothesis direct binding of FeoC to DNA has
not been shown, however, more studies are required to determine the function of the cluster.
Despite the incomplete understanding of the function of FeoC, both FeoA and FeoC are required
for the activity of the FeoB transporter in tripartite systems, where FeoC may interact with the
cytoplasmic domain of FeoB (91). The Feo system transports ferrous iron and in P. aeruginosa
the reduction of ferric iron to ferrous iron increases bioavailability through the secretion of redox
active phenazines such as phenazine-1-carboxylic acid (PCA) which is a precursor of pyocyanin.
Phenazine compounds contribute to the blue-green color associated with P. aeruginosa and
further contribute to pathogenesis during mammalian infection through redox cycling and lysing
host cells to release iron and other nutrients (92).
1.3.3 Gram-Positive Bacterial Heme Acquisition
As previously mentioned, the majority of iron within the host is complexed in the form of heme,
primarily as a cofactor in hemoglobin. Therefore, bacteria have evolved sophisticated heme
uptake and utilization systems to acquire heme during infection (93). The structural requirements
for bacterial heme transport by Gram-positive and Gram-negative bacteria differ because of the
nature of the cell wall. Gram positive bacteria have a cell wall composed of a thick
peptidoglycan layer embedded with proteins, carbohydrates, and teichoic acids that surrounds the
cytoplasmic membrane. There is also an S-layer in some species, which consist of one or more
glycoproteins (S-layer proteins) that undergo self-assembly to form a regularly spaced array on
the surface of the cell (94). The S. aureus heme uptake system has been investigated extensively,
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and comprises four heme-binding proteins (IsdA, IsdB, IsdC, and IsdH), a membrane lipoprotein
(IsdE) and an ABC transporter (IsdDF) (Figure 1.5) (95). The heme-binding proteins are a part
of the iron surface determinant (Isd) heme uptake pathway and each harbor between one or more
near-transporter (NEAT) domains. These domains can either bind free heme or interact with
heme containing proteins such as myoglobin or hemoglobin (93). All of the NEAT domains that

Figure 1.5 Gram-positive S. aureus Isd heme uptake system. Heme is extracted from hemoglobin
by IsdB/H and shuttled through the cell wall by IsdA and IsdC. The heme binding protein, IsdE,
interacts with the heme transporter, IsdF, allowing for heme to transport into the cytoplasm.
Here, the enzymes IsdG/I degrade heme to release iron as well as the staphylobilin heme
metabolites .
have been structurally characterized are comprised of two anti-parallel β-sheets that form a βsandwich, containing a short α-helix within the vicinity of the heme-binding site (96,97).
Biophysical studies have revealed that in the holo-complex, heme is coordinated by a conserved
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Tyr ligand which is in the hydrophobic pocket of the β-sandwich. This Tyr-heme coordination is
stabilized by another conserved Tyr via hydrogen bonding. This highlights a distinction for these
holo-complexes as the majority of bacterial heme binding proteins have a His ligation or a HisTyr ligation (98). In the case of S. aureus, IsdB (two NEAT domains) and IsdH (three NEAT
domains) physically interact and capture heme from hemoglobin, which is transferred to the
cytoplasmic membrane via a heme transfer cascade to IsdA then IsdC (Figure 1.5) (93,99). Once
heme reaches the lipoprotein translocation system, it is transferred into the cell by the ABC
transporter IsdD/F and sequestered by the heme degrading enzymes IsdG/I (100-102).
1.3.4 Gram-Negative Bacterial Heme Acquisition
1.3.4.1 Heme Uptake into the Periplasm
Energy is required for heme transport across the outer membrane (OM) as well as the inner
membrane of Gram-negative bacterial systems. Heme uptake across the OM is carried out by
TonB-dependent outer membrane transporters (TBDT), similar to those previously described for
siderophore uptake, that consist of a 22-stranded anti-parallel β-barrel whose channel is
obstructed by an N-terminal plug. Crystal structures of these TBDTs from several species
including E. coli, P. aeruginosa, and S. dysenteriae all possess similar structures for the purpose
of either iron or heme transport (103-105). TBDTs are able to acquire heme directly from
hemoglobin which has been observed in many species including HgbA in H. ducreyi, HasR in S.
marcescens, and HmuR in P. gingivalis (106,107). Heme can be extracted through His ligands
on the FRAP motif and N-terminal plug, allowing the acquisition of heme from heme binding
proteins (108). This N-terminal plug contains the TonB box which gets exposed upon heme
binding due to the conformational rearrangement of the N-terminal plug on heme coordination
(109,110). Following this, direct interaction with TonB allows coupling of the IM proton motive
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force via the TonB-ExbBD complex to provide energy for heme transport (111,112). Not much
is known about how the proton motive force drives rearrangement or displacement of the OM
receptor, but several mechanisms have been proposed (41,110,111). One involves ExbD acting
like a piston, moving along ExbB’s central axis providing a shearing force on TonB (41). The
shearing force on TonB provides the energy for disruption of the N-terminal plug interactions
with the inner side of the -barrel allowing local unfolding of the plug and transport of the ligand.
TBDTs can also acquire heme via the secretion of hemophores which are soluble proteins that
scavenge extracellular heme at a high affinity, transporting them back to a hemophore specific
receptor.
An interaction with the cognate receptor results in the release of heme which is subsequently
translocated into the cytoplasm. Extracellular hemophores have been characterized in several
bacteria including Serratia marcescens (HasAs), P. aeruginosa (HasAp), and Y. pestis (HasAyp)
(113-116). S. marcescens has been one of the most studied heme assimilation systems (Has),
comprise the hemophore HasAs and the TBDT HasR which has an N-terminal plug extending
into the periplasm, but also contains an ECF signaling domain that functions to sense the
presence of extracellular heme. There is a protein-protein interaction between HasAs and HasR
that triggers a signaling cascade that activates the extracytoplasmic function (ECF) system that
will be discussed in detail in section 1.5.2. The affinity of HasA for heme is due to the two axial
ligands His-32 and Tyr-75 with a third residue (His-83) present to stabilize heme coordination to
Tyr-75 (117). The high affinity HasAs transfers heme to the lower affinity HasR by a
conformational rearrangement on protein-protein. A recent study based on the crystal structure of
the HasAs-HasR complex suggested a mechanism for the release of heme from HasAs. Histidine
ligands on the N-terminal plug and FRAP/PNPNL loop of the TBDT HasR were proposed to
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bind heme, displacing the axial coordination with His-32. Along with transient protonation of
Tyr-75 by His-83, HasR would provide steric hindrance via another residue (Ile-671) to trigger
heme release (118). Studies from our lab, however, did not support this mechanism as mutations
of the His-Tyr residues of P. aeruginosa HasAp displayed an increase in the activation of the
cell-surface signaling cascade (CSS) likely due to a kinetically trapped holo-HasAp intermediate
(119). The 11hasAp strain was supplemented with holo-HasAp H32A, Y75A, Y75H, or H83A
variants to directly study CSS activation and heme uptake. The Y75H holo-HasAp mutant
compared to the other variants did not show any activation of the CSS cascade and 13C-heme
uptake and LC-MS/MS confirmed that the heme was not released to the receptor for uptake
(119). Based on this and other supporting data, a revised mechanism was proposed where the
heme coordination by His-32 and Tyr-75 are simultaneously released on conformational
rearrangement and free energy gain on interaction with HasR.
Interestingly, P. aeruginosa encodes two distinct TBDTs that have the capacity to acquire
heme from hemoproteins, the aforementioned hemophore dependent HasR and PhuR typified by
the Pseudomonas heme uptake (Phu) system (Figure 1.6) (120). Interestingly, in contrast to the
bis-His motif utilized by HasR to acquire heme, PhuR coordinates heme through the N-terminal
plug His-124 and Tyr-519 on the FRAP/PNPL extracellular loop similar to the high affinity
HasAp hemophore (121). The tight binding affinity of HasAp for heme is largely driven by the
slow off-rate consistent with its role in capturing heme. The His-Tyr motif efficiency at
extracting heme is consistent with the role of PhuR previous studies have as the the major
quantitation of the BVIX isomer derived form 13C-heme (121). In the 11phuR strain, heme uptake
was not as efficient compared to the WT strain despite an almost 30-fold increase in HasR
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Figure 1.6 Gram-negative Pseudomonas aeruginosa heme uptake pathway. Heme is taken up by
two non-redundant heme uptake systems, the Pseudomonas heme uptake (phu) system and the
heme assimilation (has) system. The has system secretes hemophore, HasAp, which interacts and
transfers heme to OM receptor HasR. The heme release from HasAp to HasR creates a signal
transduction pathway from ECF anti-α and α factor HasS and HasI, respectively, leading to the
transcription activation of mRNA, hasR and hasAp. PhuR is the high capacity heme uptake
receptor that shuttles heme into the periplasm. Heme taken up into periplasm by PhuR or HasR
is shuttled via PhuT to transporter PhuUV trafficking heme into the cytoplasm. Cytoplasmic
heme chaperone PhuS transfers heme to HemO which degrades heme to metabolites BVIX-β
and -δ releasing iron and CO.
transporter (122). The contributions of PhuR and HasR in heme uptake and utilization were
previously confirmed by our laboratory through 13C-heme isotopic labeling and LC-MS/MS
protein levels. In contrast the ΔhasR strain showed a similar heme uptake and profile as the
PAO1 WT strain. Based on these studies it was proposed that the Phu and Has systems have non
redundant roles in heme uptake and signalling, respectively, where PhuR is the major heme
transporter while HasR functions primarily as a heme sensor for activation of heme uptake and
utilization (121).
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1.3.4.2 Heme Translocation into the Cytoplasm
Once internalized in the periplasm, the periplasmic binding proteins (PBP) shuttle heme to an
ABC transporter for the translocation across the cytoplasmic membrane (123-125). There are
three classes of PBPs based on the number of interdomain connections, but all three are
comprised of globular domains at the N- and C- terminal that form a cleft between them upon
ligand binding. The heme binding proteins belong to the Class III proteins, which only have one
interdomain connection and undergo very little conformational change on heme binding (123).
Two of the more well characterized heme binding PBPs are ShuT and PhuT of S. dysenteria and
P. aeruginosa, respectively (126,127). A Tyr residue, which is solvent exposed until
reorientation upon heme binding, serves as a ligand within the heme binding pocket. Though the
mechanism of heme release from the OM receptor to the PBPs is unknown, studies have
suggested that the TonB protein acts as a scaffold to optimize positioning for PBPs in their initial
binding of heme (128,129). These PBPs shuttle heme from the outer membrane receptor to the
cytoplasmic transmembrane ATP-binding cassette (ABC) transporter, and then translocate them
across the cytoplasmic membrane. ABC-transporters are one of the largest protein super families
that contribute to ATP-dependent transport of substrates across membranes. They contain
transmembrane domains (TMD) that create the translocation tunnel and cytoplasmic nucleotide
binding domains involved in hydrolyzing ATP. Though P. aeruginosa PhuUV system has not
been structurally characterized, structural analysis of ABC transporters like HmuUV from Y.
pestis BhuUV from Burkholderia cenocepacia and BtuCD from E. coli have provided a way to
understand the mechanism of heme transport in the cytoplasm (130-132). A general model has
been proposed for the translocation mechanism (Figure 1.7). First, heme is transferred to the
periplasmic channel of the transporter upon release from the PBP, resulting in an occluded state

17

where the substrate is in a trapped intermediate (Figure 1.7 B). Next heme is released with the
transporter in an inward post-translocation state with (hydrolysis of ATP initiating a
conformational change that enables heme transport (Figure 1.7 C) (128,129,133). On release of
heme, ATP rapidly binds and facilities the release of the PBP, resulting in the ABC-transporter
resetting to the open state (Figure 1.7A). Crystallography data of ButCD, from vitamin B12, and
spectroscopic evidence from ShuU/V (heme transport system) supports this model (132,134).
Release of heme into the cytoplasm has been shown to require interaction of the transporter with
the cytoplasmic heme binding protein (134). There are several cytoplasmic heme binding

Figure 1.7 Proposed mechanism for heme translocation by the heme ABC-Transporter. (A)
Outward facing conformation where the TMD interactions form a periplasmic gate blocked from the
cytoplasm. (B) Docking of the PBP releases haem to the channel causes the periplasmic gate to close
giving the proposed occluded intermediate. (C) ATP hydrolysis drives a conformational change
toward the inward facing conformation releasing haem to the cytoplasmic binding protein. (D) Binding
of ATP releases the PBP and resets the transporter in the outward facing conformation.
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proteins that have been characterized in bacterial species such as P. aeruginosa (PhuS), E. coli
(ChuS), Yersinia entercolitica (HemS), and Shigella dysenteriae (ShuS) (135-138). As PhuS is
the main focus of this thesis, the cytoplasmic heme binding protein and its homologs will be
discussed in greater detail in the following chapters, focusing on their contributions to iron and
heme homeostasis.
1.3.5 Heme Degradation and Release of Iron
Bacteria have evolved several mechanisms to release iron from heme. These enzymes fall into
three classes the canonical, non-canonical and class III radical SAM methylases (139-141). The
mechanism employed by a particular bacterium for the most part is dependent to their
physiological niche. The canonical heme oxygenases are the structural and functional homologs
of mammalian oxygenases and have been identified in several Gram-negative bacteria (142-145).
The bacterial heme oxygenases (HemOs) have an α-helical fold, comprising the heme-binding
pocket. Heme is sandwiched between the distal and proximal helices and anchored in the pocket
by interactions of the heme propionates with the protein scaffold. These interactions determine
the heme seating and regioselectivity of heme cleavage (141,146). Heme degradation by the
bacterial canonical HemOs is identical to the mammalian enzymes. Heme degradation proceeds
through three major steps to release iron from heme (Figure 1.8) (139,141). In the first step,
reduction of heme and oxygen binding is followed by a second electron to give the activated
ferric-hydroperoxide that hydroxylates the heme to α-meso-hydroxyheme (139,141,147,148).
The second step involves the formation of verdoheme and carbon monoxide from alpha-meso
hydroxyheme (149-152). Finally, in a step analogous to the first step HO utilizes oxygen to
convert verdoheme to ferric-biliverdin IX-α (BVIX-α) and in mammalian enzymes the ferric iron
is further reduced to release ferrous iron (153,154). Heme oxygenase in P. aeruginosa (HemO)
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Figure 1.8 Overview of canonical heme degradation.
yields BVIX−β and BVIX−δ based on the alternate seating of heme and the 180o rotation of the
heme around the α/γ meso-carbon axis allowing placing either the β or δ-meso carbon in the
active site for cleavage (Figure 1.9). Interestingly, P. aeruginosa encodes a second, non-iron
regulated heme oxygenase BphO (144). In contrast to HemO, BphO degrades intracellularly
synthesized heme to produce BVIX-α and release iron (155). BphO is expressed in stationary
phase where BVIX-α acts as a chromophore for the two-component sensor kinase BphP, a light
sensing bacteriophytochrome that is conserved in non-photosynthetic bacterial pathogens (144).
Interestingly, it has recently been shown that BphO-BphP integrates photo-sensing with quorum
sensing at the level of the RhlR regulated KinB-AlgB signal that regulates biofilm formation
(156).
In Gram-positive bacteria such as S. aureus and Mycobacterium tuberculosis, heme is
degraded by the so-called non canonical heme oxygenases (101,157-160). In contrast to the
canonical enzymes the non-canonical heme oxygenases have a heme binding site that does not
contain a structural water network with β-sheets forming the distal face of the heme pocket as
opposed to the α-helices in the HO family (146,157,161-163). The hydrophobic pocket and
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Figure 1.9 Heme metabolites for canonical and noncanonical heme catalysis. Canonical heme
degradation metabolites in green produce either BVIX-α (HO’s) or BVIX-β and BVIX-δ
(HemO). Non-canonical heme degradation products in yellow (staphylobilins) and purple
(mycobilins) via IsdG/I or MhuD, respectively. The product of anaerobic heme degradation by
ChuW (anaerobilin) is shown in yellow.
extremely ruffled heme observed in the IsdG/I and MhuD structures is critical to the alternate
mechanism of heme degradation observed for these enzymes. The degradation proceeds
thorough a monooxygenation that generates meso-hydroxyheme similar to the canonical HemOs
and is driven by the ruffled driving an electronic structure of the heme conducive to radical
addition at the γ or α-meso-carbon (164). The second step occurs via dioxygenation through a
bridged oxygen that adds to the porphyrin scaffold ring opening the heme to release iron and
form the final products staphylobilin or mycobilin in S. aureus and M. tuberculosis, respectively.
The hydrophobic pocket is thought to promote this dioxygenation step rather than successive
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monooxygenation steps as in the canonical enzymes. Interestingly, in the non-canonical enzymes
the meso-carbon is not released as CO. In the Isd proteins the meso-carbon is released as
formaldehyde yielding staphylobilin, whereas in the MhuD proteins the meso-carbon is retained
as the carbonyl in the mycobilin product (Figure 1.9) (160). The lack of CO formation in these
enzymes may be physiologically relevant given that in M. tuberculosis CO is a dormancy signal
through the DosT/DosS two component sensor kinase system (165).
In contrast to the oxygen dependent heme oxygenases the recently identified oxygenindependent radical S-adenosylmethione methyltransferase (RSMT), ChuW, is found in enteric
pathogens such as E. coli O157:H7 (166). Recent data has suggested that based on the domain
structure, sequence, and mechanisms for methylation, ChuW is a specific member of the class C
RSMT subgroup. Though these RSMTs are homologous with other subgroups structurally,
containing a SAM domain, they do not have the conserved cysteines beyond the SAM motif,
highlighting a distinction in their mechanism of action. In contrast to heme oxygenases using
molecular oxygen for their catalysis, ChuW uses the power of the primary carbon radical to
catalyze methyl transfer and rearrangement of the porphyrin ring. This results in the formation of
a photoreactive tetrapyrrole, anaerobilin, with subsequent iron release (167). In addition, ChuW
contains a [4Fe-4S] cluster that on exposure to molecular oxygen leads to inactivation of the
enzyme. As determined by Mathew et al, the enzyme reaction requires two SAM molecules, and
the iron is not directly involved in the ring opening of the heme macrocycle (Figure 1.9). The
reaction begins with an initial SAM molecule radical that obtains a hydrogen from a second
SAM molecule. This newly formed methylene radical attacks the porphyrin ring forming a
transient SAM intermediate. A protonation event is facilitated by the adjacent pyrrole carbon,
allowing ring opening via β-scission of the second SAM molecule.
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1.4 Regulation of Heme and Iron Homeostasis in Gram Negative Bacteria
1.4.1 Fur-Mediated Regulation
The ability to transport essential metals such as iron is critical for metabolic pathways including
DNA, RNA and protein synthesis. However, the intracellular concentrations of iron must be
maintained at levels optimal for metabolism while preventing the generation of reactive oxygen
species (ROS). Bacteria sense and respond to iron levels through the ferric uptake regulator (Fur)
(168-170). The Fur transcriptional regulator has been characterized in the greatest detail in E.
coli, but in several species it was shown to down-regulate several processes including
siderophore biosynthesis, exotoxins and proteases (171-173). Iron-bound Fur forms a
homodimer and on binding Fe2+ as a co-repressor directs binding to the operator site within the
promoter region to block transcription via RNA polymerase (170,174). When the environment
contains low levels of iron, the equilibrium shifts to release the Fur binding site, allowing
transcription of the targeted genes to occur (Figure 1.10). Initial DNA foot-printing analysis of
various Fur regulated promoters defined the Fur-binding site as a 19 bp DNA sequence with an
inverted repeat (GATAATGATAATCATTATC) (175-177). However, subsequent studies show
that the Fur box varies across bacterial species. Nonetheless, the ubiquitous presence of Fur-like
proteins in various species such as Vibrio cholerae and Yersinia pestis highlights the
commonality of controlling transcriptional regulation by iron (178,179). Notably in many
bacteria including E. coli and P. aeruginosa, Fur is multifactorial having both indirect negative
and positive effects on the regulation of genes through regulation and expression of other
regulatory factors. Fur has been shown to control the expression of the iron-dependent small
regulatory RNAs (sRNA)
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important in controlling expression of iron-containing proteins and several extra cytoplasmic
function sigma/anti-sigma factor systems critical for sensing and signaling the extracellular

Figure 1.10 Mechanism of Fur regulation under low and high iron level environments.
Under low iron levels, Fur is in its apo form, not interacting with the Fur box/promoter
allowing for transcription of iron regulated genes. Under high iron levels, Fur binds to iron
and together represses the transcription of iron regulating genes by blocking RNAP from
binding the promotor.
levels of iron and heme (30,180-184). The role of these post-transcriptional regulatory
mechanisms will be discussed in the following sections.
1.5 Post-transcriptional Regulation of Iron Homeostasis
1.5.1 ECF σ Factor Iron Regulation
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Extracytoplasmic function (ECF) σ factors are a large subfamily of bacterial σ factors that
function as activators of gene transcription. They are paired and sequestered by a membraneassociated anti-σ factor which renders them inactive until an extracellular stress signaling
cascade initiates their release. Following this, RNAP is recruited, which requires a σ factor to

Figure 1.11 ECF α Factor Transcriptional Regulation of iron-regulated genes. The proteinprotein interaction of HasA and HasR initiates a signaling cascade through its respective OM
receptor leading to the release of α factor from its anti-α factor. This allows for the recruitment of
RNAP to facilitate the transcription of the iron regulated genes.
create the RNAP holoenzyme and binds to specific genes involved in extracellular stressresponse for transcriptional amplification (Figure 1.11) (185,186). After translation, ECF σ
factors return to their inactive state via sequestration by the anti-σ factor. The ECF σ factor and
anti-σ factor are most often encoded within an operon that is near the genes of their respective
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TonB-dependent OM signaling receptor (185). In addition to regulating iron uptake, ECF σ
factor systems contribute to both motility and cell wall maintenance (187,188). They also allow
for transcriptional amplification of genes involved in extracellular stress-response functions
(185,186). They have been identified in many Gram-negative pathogen including Bordetella
avium, and Bacillus subtilis. In P. aeruginosa there are several ECF σ factors with 10 predicted
to be Fur regulated. This includes those associated with the transcription of genes involved in
siderophore synthesis (pvdS and fpvI) heme signaling (hasI) and virulence factors (pvdS)
(189,190). For the heme uptake system in P. aeruginosa, the signaling cascade initiated by the
protein-protein interaction of HasAp and HasR is transduced to the anti-σ factor HasS, releasing,
the σ factor HasI. RNAP is recruited by HasI for transcriptional upregulation of genes in the has
operon (Figure 1.11).
1.5.2 Iron-Responsive sRNAs
Bacterial small RNAs are regulatory RNAs that range from 40 to 500 nucleotides in length and
mostly do not code for a protein (191,192). They were originally called small non-coding RNAs,
but recent studies have found some sRNAs like RNAIII can encode small proteins (193). sRNAs
typically function by complementary base-paring to target genes, marking the mRNA for
degradation (194). sRNAs can be classified based on their mechanism of action, which includes
cis-encoded sRNAs or trans-encoded sRNAs (195). Cis-encoded sRNAs have the ability to bind
metabolites with strict specificity, and this is done to cause a conformational change in the
mRNA and alter the expression of downstream targets (196). An example of this is the
riboswitch (197). Trans-encoded sRNAs functionally require an RNA chaperone protein to
facilitate regulation on their mRNA targets. sRNAs can also function by untangling a bound
mRNA target, allowing translation. Overall, these sRNAs are involved in regulating biological
processes such as iron homeostasis, quorum sensing, and bacterial virulence (198-200).
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In Gram-negative bacteria, many sRNAs bind the Hfq protein, which stabilizes the
interaction between the sRNA and the targeted mRNA for degradation (201). The first ironregulated sRNA that was discovered was RyhB from E. coli, a 90-nucleotide long sRNA
involved in regulation of several genes in response to iron availability (202). As previously
mentioned, iron replete conditions allow for ferric bound Fur to repress RyhB production which
indirectly increases the expression of RyhB targeted genes. Under iron-depleted conditions, the
Fur-mediated repression of RyhB is relieved and the sRNA functions to repress genes such as
iron storage proteins, enzymes in the TCA cycle, superoxide dismutase, and succinate
dehydrogenase (181,203). Additionally, RyhB has been shown to activate shiA mRNA, which
promotes the precursor shikimate for siderophore production in E. coli (194,204). Moreover, the
fur gene has been observed to be co-transcribed with a small open reading frame termed uof, and
RyhB impacts the stability of this mRNA transcript by binding within the uof sequence (202).
This indirect regulation of Fur translation demonstrates RyhB’s versatility of function.
Several bacteria encode for iron-responsive sRNAs that mediate a similar iron-sparing response
to RyhB, but they share no significant homology with this paradigmatic sRNA. These sRNAs
are, however, considered functional analogs as they are targets for Fur repression, and regulate
similar genes and systems. An example of these sRNAs are the Pseudomonas RNA responsive to
Fe (PrrF) sRNAs that were identified in P. aeruginosa shortly after the identification of RyhB
(182). The prrF region encodes for an additional sRNA that is heme-responsive known as PrrH,
and this interesting arrangement for this sRNA regulatory network along with their contributions
to P. aeruginosa will be further discussed in Chapter 2.
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1.6 Conclusion
In conclusion, opportunistic pathogens have developed sophisticated mechanisms to
overcome iron limitation implemented by the hosts’ innate immune response. As heme serves as
a primary source of iron during various stages of infection, understanding the molecular
mechanisms of heme uptake and degradation in P. aeruginosa may aid in identifying potential
targets for future antimicrobial development. The research presented in this thesis will examine
how heme metabolism is integrated with the sRNA regulatory network PrrF/PrrH via the the
cytoplasmic heme binding protein PhuS. Chapter 2 will describe how, through biophysical
approaches and in vivo studies, PhuS serves as a regulator for the prrF locus. Chapter 3 will
introduce the PhuS heme coordination variants and examine potential disruption in the iron and
heme homeostasis via the regulation of the sRNA network. Finally, Chapter 4 will provide a
summary of the findings as well as future directions that relate to heme utilization and virulence
through this relationship.
1.7 References
1.

Andreini, C., Bertini, I., Cavallaro, G., Holliday, G. L., and Thornton, J. M. (2008) Metal
ions in biological catalysis: from enzyme databases to general principles. J Biol Inorg
Chem 13, 1205-1218

2.

Dlouhy, A. C., and Outten, C. E. (2013) The iron metallome in eukaryotic organisms.
Met Ions Life Sci 12, 241-278

3.

Balla, J., Vercellotti, G. M., Nath, K., Yachie, A., Nagy, E., Eaton, J. W., and Balla, G.
(2003) Haem, haem oxygenase and ferritin in vascular endothelial cell injury. Nephrol
Dial Transplant 18 Suppl 5, v8-12

4.

Rifkind, J. M., Nagababu, E., Ramasamy, S., and Ravi, L. B. (2003) Hemoglobin redox
reactions and oxidative stress. Redox Rep 8, 234-237

5.

Chiabrando, D., Vinchi, F., Fiorito, V., Mercurio, S., and Tolosano, E. (2014) Heme in
pathophysiology: a matter of scavenging, metabolism and trafficking across cell
membranes. Front Pharmacol 5, 61

6.

Johnson, E. E., and Wessling-Resnick, M. (2012) Iron metabolism and the innate immune
response to infection. Microbes Infect 14, 207-216

28

7.

Nemeth, E., Tuttle, M.S., Powelson, J., Vaughn, M.B., Donovan, A., Ward, D. M., Ganz,
T., Kaplan, J. (2004) Hepcidin regulates cellular iron efflux by binding to ferroportin and
inducing its internalization. Science 306, 2090-2093

8.

Hood, M. I., and Skaar, E. P. (2012) Nutritional immunity: transition metals at the
pathogen-host interface. Nat Rev Microbiol 10, 525-537

9.

Park, C. H., Valore, E. V., Waring, A. J., and Ganz, T. (2001) Hepcidin, a urinary
antimicrobial peptide synthesized in the liver. J Biol Chem 276, 7806-7810

10.

Goetz, D. H., Holmes, M. A., Borregaard, N., Bluhm, M. E., Raymond, K. N., Strong, R.
K. (2002) The Neutrophil Lipocalin NGAL Is a Bacteriostatic Agent that Interferes with
Siderophore-Mediated Iron Acquisition. Mol Cell 10, 1033-1043

11.

Bonneau, A., Roche, B., and Schalk, I. J. (2020) Iron acquisition in Pseudomonas
aeruginosa by the siderophore pyoverdine: an intricate interacting network including
periplasmic and membrane proteins. Sci Rep 10, 120

12.

Abella, V., Scotece, M., Conde, J., Gomez, R., Lois, A., Pino, J., Gomez-Reino, J. J.,
Lago, F., Mobasheri, A., and Gualillo, O. (2015) The potential of lipocalin-2/NGAL as
biomarker for inflammatory and metabolic diseases. Biomarkers 20, 565-571

13.

Rogers, H. (1973) Iron-Binding Catechols and Virulenc in Escherichia coli. Infect Immun
7, 445-456

14.

Jenssen, H., and Hancock, R. E. (2009) Antimicrobial properties of lactoferrin. Biochimie
91, 19-29

15.

Gonzalez-Chavez, S. A., Arevalo-Gallegos, S., and Rascon-Cruz, Q. (2009) Lactoferrin:
structure, function and applications. Int J Antimicrob Agents 33, 301 e301-308

16.

Flores-Villasenor, H., Canizalez-Roman, A., Reyes-Lopez, M., Nazmi, K., de la Garza,
M., Zazueta-Beltran, J., Leon-Sicairos, N., and Bolscher, J. G. (2010) Bactericidal effect
of bovine lactoferrin, LFcin, LFampin and LFchimera on antibiotic-resistant
Staphylococcus aureus and Escherichia coli. Biometals 23, 569-578

17.

Haney, E. F., Nazmi, K., Bolscher, J. G., and Vogel, H. J. (2012) Structural and
biophysical characterization of an antimicrobial peptide chimera comprised of
lactoferricin and lactoferrampin. Biochim Biophys Acta 1818, 762-775

18.

Moser, C., Jensen, P. O., Thomsen, K., Kolpen, M., Rybtke, M., Lauland, A. S., Trostrup,
H., and Tolker-Nielsen, T. (2021) Immune Responses to Pseudomonas aeruginosa
Biofilm Infections. Front Immunol 12, 625597

19.

Matsuura, M. (2013) Structural Modifications of Bacterial Lipopolysaccharide that
Facilitate Gram-Negative Bacteria Evasion of Host Innate Immunity. Front Immunol 4,
109

20.

Thammavongsa, V., Kim, H. K., Missiakas, D., and Schneewind, O. (2015)
Staphylococcal manipulation of host immune responses. Nat Rev Microbiol 13, 529-543

21.

Cornelissen, C. N. (2018) Subversion of nutritional immunity by the pathogenic
Neisseriae. Pathog Dis 76

29

22.

Mourino, S., and Wilks, A. (2021) Extracellular haem utilization by the opportunistic
pathogen Pseudomonas aeruginosa and its role in virulence and pathogenesis. Adv
Microb Physiol 79, 89-132

23.

Hider, R. C., and Kong, X. (2010) Chemistry and biology of siderophores. Nat Prod Rep
27, 637-657

24.

Kraemer, S. M., Duckworth, O. W., Harrington, J. M., and Schenkeveld, W. D. C. (2014)
Metallophores and Trace Metal Biogeochemistry. Aquatic Geochemistry 21, 159-195

25.

Miethke, M., and Marahiel, M. A. (2007) Siderophore-based iron acquisition and
pathogen control. Microbiol Mol Biol Rev 71, 413-451

26.

Perry, W. J., Spraggins, J. M., Sheldon, J. R., Grunenwald, C. M., Heinrichs, D. E.,
Cassat, J. E., Skaar, E. P., and Caprioli, R. M. (2019) Staphylococcus aureus exhibits
heterogeneous siderophore production within the vertebrate host. Proc Natl Acad Sci U S
A 116, 21980-21982

27.

De Voss, J. J., Rutter, K., Schroeder, BG., Su, H., Zhu, Y., Barry III, CE. (1999) The
salicylate-derived mycobactin siderophores of Mycobacterium tuberculosis are essential
for growth in macrophages. PNAS 97, 1252-1257

28.

Holden, V. I., Breen, P., Houle, S., Dozois, C. M., and Bachman, M. A. (2016) Klebsiella
pneumoniae Siderophores Induce Inflammation, Bacterial Dissemination, and HIF1alpha Stabilization during Pneumonia. mBio 7

29.

Braud, A., Hannauer, M., Mislin, G. L., and Schalk, I. J. (2009) The Pseudomonas
aeruginosa pyochelin-iron uptake pathway and its metal specificity. J Bacteriol 191,
3517-3525

30.

Visca, P., Imperi, F., and Lamont, I. L. (2007) Pyoverdine siderophores: from biogenesis
to biosignificance. Trends Microbiol 15, 22-30

31.

Sheldon, J. R., and Heinrichs, D. E. (2015) Recent developments in understanding the
iron acquisition strategies of gram positive pathogens. FEMS Microbiol Rev 39, 592-630

32.

Kramer, J., Ozkaya, O., and Kummerli, R. (2020) Bacterial siderophores in community
and host interactions. Nat Rev Microbiol 18, 152-163

33.

Krewulak, K. D., and Vogel, H. J. (2008) Structural biology of bacterial iron uptake.
Biochim Biophys Acta 1778, 1781-1804

34.

Fukushima, T., Allred, B. E., Sia, A. K., Nichiporuk, R., Andersen, U. N., and Raymond,
K. N. (2013) Gram-positive siderophore-shuttle with iron-exchange from Fe-siderophore
to apo-siderophore by Bacillus cereus YxeB. Proc Natl Acad Sci U S A 110, 1382113826

35.

Stintzi, A., Barnes, C., Xu, J., Raymond, K. N. (2000) Microbial iron transport via a
siderophore shuttle: A membrane ion transport paradigm. PNAS 97, 10691-10696

36.

Noinaj, N., Guillier, M., Barnard, T. J., and Buchanan, S. K. (2010) TonB-dependent
transporters: regulation, structure, and function. Annu Rev Microbiol 64, 43-60

37.

Andrews, S. C., Robinson, A. K., and Rodríguez-Quiñones, F. (2003) Bacterial iron
homeostasis. FEMS Microbiology Reviews 27, 215-237

30

38.

Wandersman, C., and Delepelaire, P. (2004) Bacterial iron sources: from siderophores to
hemophores. Annu Rev Microbiol 58, 611-647

39.

Braun, V. (1995) Energy-coupled transport and signal transduction through the gramnegative outer membrane via TonB-ExbB-ExbD-dependent receptor proteins. FEMS
Microbiol Rev 16, 295-307

40.

Celia, H., Noinaj, N., and Buchanan, S. K. (2020) Structure and Stoichiometry of the Ton
Molecular Motor. Int J Mol Sci 21

41.

Celia, H., Noinaj, N., Zakharov, S. D., Bordignon, E., Botos, I., Santamaria, M., Barnard,
T. J., Cramer, W. A., Lloubes, R., and Buchanan, S. K. (2016) Structural insight into the
role of the Ton complex in energy transduction. Nature 538, 60-65

42.

Koster, W. (2001) ABC transporter-mediated uptake of iron, siderophores, heme and
vitamin B12. Res Microbiol 152, 291-301

43.

Clarke, T. E., Tari, L. W., and Vogel, H. J. (2001) Structural biology of bacterial iron
uptake systems. Curr Top Med Chem 1, 7-30

44.

Delepelaire, P. (2019) Bacterial ABC transporters of iron containing compounds. Res
Microbiol 170, 345-357

45.

Arceneaux. JEL., B. B. (1980) Ferrisiderophore Reductase Activity in Bacillus
megaterium. J Bacteriol 141, 715-721

46.

Huyer, M., Page. WJ. (1989) Ferric Reductase Activity in Azotobacter vinelandii and Its
Inhibition by Zn2+. J Bacteriol 171, 4031-4037

47.

Halle. F., M. J. (1992) Iron release from ferrisiderophores: A multi-step mechanism
involving a NADH/FMN oxidoreductase and a chemical reduction by FMNH. Eur. J.
Biochem. 209, 621-627

48.

Brickman, T. J., and McIntosh, M. A. (1992) Overexpression and purification of ferric
enterobactin esterase from Escherichia coli. Demonstration of enzymatic hydrolysis of
enterobactin and its iron complex. J Biol Chem 267, 12350-12355

49.

Abergel, R. J., Zawadzka, A. M., Hoette, T. M., and Raymond, K. N. (2009) Enzymatic
hydrolysis of trilactone siderophores: where chiral recognition occurs in enterobactin and
bacillibactin iron transport. J Am Chem Soc 131, 12682-12692

50.

Schalk, I. J., and Guillon, L. (2013) Fate of ferrisiderophores after import across bacterial
outer membranes: different iron release strategies are observed in the cytoplasm or
periplasm depending on the siderophore pathways. Amino Acids 44, 1267-1277

51.

Cornelis, P. (2010) Iron uptake and metabolism in Pseudomonads. Appl Microbiol
Biotechnol 86, 1637-1645

52.

Cornelis, P., Matthijs, S. (2002) Diversity of siderophore-mediated iron uptake systems in
fluorescent Pseudomonads: not only pyoverdines. Environ. Microbiol. 4, 787 – 798

53.

Meyer, J. M., Geoffroy, V. A., Baysse, C., Cornelis, P., Barelmann, I., Taraz, K., and
Budzikiewicz, H. (2002) Siderophore-mediated iron uptake in fluorescent Pseudomonas:
characterization of the pyoverdine-receptor binding site of three cross-reacting
pyoverdines. Arch Biochem Biophys 397, 179-183

31

54.

Budzikiewicz, H. (1997) Siderophores of fluorescent pseudomonads. Z Naturforsch C J
Biosci 52, 713-720

55.

Meyer, J. M. (2000) Pyoverdines: pigments, siderophores and potential taxonomic
markers of fluorescent Pseudomonas species. Arch Microbiol 174, 135-142

56.

Budzikiewicz, H., Schafer, M., Fernandez, D. U., Matthijs, S., and Cornelis, P. (2007)
Characterization of the chromophores of pyoverdins and related siderophores by
electrospray tandem mass spectrometry. Biometals 20, 135-144

57.

Fuchs, R., Schafer, M., Geoffroy, Valerie., Meyer, JM., . (2001) Siderotyping – A
Powerful Tool for the Characterization of Pyoverdines. Curr Top Med Chem, 31-57

58.

Meyer, J., Stintzi, A., Vos, DD., Cornelis, P., Tappe, R., Taraz, K., Budzikiewicz, H.
(1997) Use of siderophores to type pseudomonads: The three Pseudormonas aeruginosa
pyoverdine systems. MBio 143, 35-43

59.

Cornelis, P., Hohnadel, D., and Meyer, J. M. (1989) Evidence for different pyoverdinemediated iron uptake systems among Pseudomonas aeruginosa strains. Infect Immun 57,
3491-3497

60.

Meyer, J., Neely, A., Stintzi, A., Georges, C., Holder, IA. (1996) Pyoverdin Is Essential
for Virulence of Pseudomonas aeruginosa. Infect Immun 64, 518-523

61.

Lamont, I. L., Beare, PA., Ochsner, U., Vasil, AI., Vasil ML. (2002) Siderophoremediated signaling regulates virulence factor production in Pseudomonas aeruginosa.
PNAS 99, 7072-7077

62.

Beare, P. A., For, R. J., Martin, L. W., and Lamont, I. L. (2003) Siderophore-mediated
cell signalling in Pseudomonas aeruginosa: divergent pathways regulate virulence factor
production and siderophore receptor synthesis. Mol Microbiol 47, 195-207

63.

Ankenbauer, R., Toyokuni, T., Staley, A., Rinehart, KL., Cox, CD. (1988) Synthesis and
Biological Activity of Pyochelin, a Siderophore of Pseudomonas aeruginosa. J Bacteriol
170, 5344-5351

64.

Serino, L., Reimmann, C., Visca, P., Beyeler, M., Chiesa, VD., Haas, D. (1997)
Biosynthesis of Pyochelin and Dihydroaeruginoic Acid Requires the Iron-Regulated
pchDCBA Operon in Pseudomonas aeruginosa. J Bacteriol 179, 248-257

65.

Braud, A., Hannauer, M., Mislin, G. L., and Schalk, I. J. (2009) The Pseudomonas
aeruginosa pyochelin-iron uptake pathway and its metal specificity. J Bacteriol 191,
3517-3525

66.

Reimmann, C., Patel, H. M., Serino, L., Barone, M., Walsh, C. T., and Haas, D. (2001)
Essential PchG-dependent reduction in pyochelin biosynthesis of Pseudomonas
aeruginosa. J Bacteriol 183, 813-820

67.

Kammler, M., Schon, C., Hantke, K.,. (1993) Characterization of the Ferrous Iron Uptake
System of Escherichia coli. J Bacteriol 175, 6212-6219

68.

Makul, H., Roig, E., Cole, ST., Helmann, JD., Gros, P., Celler, MFM. (2000)
Identification of the Escherichia coli K-12 Nramp orthologue (MntH) as a selective
divalent metal ion transporter. Mol. Microbiol 35, 1065-1078

69.

Katoh, H., Hagino, N., Grossman, A. R., and Ogawa, T. (2001) Genes essential to iron
transport in the cyanobacterium Synechocystis sp. strain PCC 6803. J Bacteriol 183,
2779-2784
32

70.

Grass, G., Franke, S., Taudte, N., Nies, D. H., Kucharski, L. M., Maguire, M. E., and
Rensing, C. (2005) The metal permease ZupT from Escherichia coli is a transporter with
a broad substrate spectrum. J Bacteriol 187, 1604-1611

71.

Koropatkin, N., Randich, A. M., Bhattacharyya-Pakrasi, M., Pakrasi, H. B., and Smith, T.
J. (2007) The structure of the iron-binding protein, FutA1, from Synechocystis 6803. J
Biol Chem 282, 27468-27477

72.

Badarau, A., Firbank, S. J., Waldron, K. J., Yanagisawa, S., Robinson, N. J., Banfield, M.
J., and Dennison, C. (2008) FutA2 is a ferric binding protein from Synechocystis PCC
6803. J Biol Chem 283, 12520-12527

73.

Lau, C. K., Krewulak, K. D., and Vogel, H. J. (2016) Bacterial ferrous iron transport: the
Feo system. FEMS Microbiol Rev 40, 273-298

74.

Sestok, A. E., Linkous, R. O., and Smith, A. T. (2018) Toward a mechanistic
understanding of Feo-mediated ferrous iron uptake. Metallomics 10, 887-898

75.

Gomez-Garzon, C., Barrick, J. E., and Payne, S. M. (2022) Disentangling the
Evolutionary History of Feo, the Major Ferrous Iron Transport System in Bacteria. mBio,
e0351221

76.

Hantke, K. (1987) Ferrous iron transport mutants in Escherichia coli K12. FEMS
Microbiol Rev 44, 53-57

77.

Stojiljkovic, I., Cobelijic, M., Hantke, K. (1993) Escherichia coli K-12 ferrous iron
uptake mutants are impaired in their ability to colonize the mouse intestine FEMS
Microbiol Rev 108, 111-116

78.

Velayudhan, J., Hughes, NJ., McColm AA., Bagshaw, J., Clayton, CL., Andrews, SC.,
Kelly, DJ. (2000) Iron acquisition and virulence in Helicobacter pylori: a major role for
FeoB, a high-affinity ferrous iron transporter. Mol. Microbiol 37, 274-286

79.

Cornelis, P., and Dingemans, J. (2013) Pseudomonas aeruginosa adapts its iron uptake
strategies in function of the type of infections. Front Cell Infect Microbiol 3, 75

80.

Aranda, J., Cortes, P., Garrido, M. E., Fittipaldi, N., Llagostera, M., Gottschalk, M., and
Barbe, J. (2009) Contribution of the FeoB transporter to Streptococcus suis virulence. Int
Microbiol 12, 137-143

81.

Cartron, M. L., Maddocks, S., Gillingham, P., Craven, C. J., and Andrews, S. C. (2006)
Feo--transport of ferrous iron into bacteria. Biometals 19, 143-157

82.

Linkous, R. O., Sestok, A. E., and Smith, A. T. (2019) The crystal structure of Klebsiella
pneumoniae FeoA reveals a site for protein-protein interactions. Proteins 87, 897-903

83.

Guilfoyle, A. P., Deshpande, C. N., Vincent, K., Pedroso, M. M., Schenk, G., Maher, M.
J., and Jormakka, M. (2014) Structural and functional analysis of a FeoB A143S G5 loop
mutant explains the accelerated GDP release rate. FEBS J 281, 2254-2265

84.

Hattori, M., Jin, Y., Nishimasu, H., Tanaka, Y., Mochizuki, M., Uchiumi, T., Ishitani, R.,
Ito, K., and Nureki, O. (2009) Structural basis of novel interactions between the smallGTPase and GDI-like domains in prokaryotic FeoB iron transporter. Structure 17, 13451355

33

85.

Koster, S., Kuhlbrandt, W., and Yildiz, O. (2009) Purification, crystallization and
preliminary X-ray diffraction analysis of the FeoB G domain from Methanococcus
jannaschii. Acta Crystallogr Sect F Struct Biol Cryst Commun 65, 684-687

86.

Petermann, N., Hansen, G., Schmidt, C. L., and Hilgenfeld, R. (2010) Structure of the
GTPase and GDI domains of FeoB, the ferrous iron transporter of Legionella
pneumophila. FEBS Lett 584, 733-738

87.

Seyedmohammad, S., Fuentealba, N. A., Marriott, R. A., Goetze, T. A., Edwardson, J.
M., Barrera, N. P., and Venter, H. (2016) Structural model of FeoB, the iron transporter
from Pseudomonas aeruginosa, predicts a cysteine lined, GTP-gated pore. Biosci Rep 36

88.

Ash, M. R., Guilfoyle, A., Clarke, R. J., Guss, J. M., Maher, M. J., and Jormakka, M.
(2010) Potassium-activated GTPase reaction in the G Protein-coupled ferrous iron
transporter B. J Biol Chem 285, 14594-14602

89.

Maddocks, S. E., and Oyston, P. C. F. (2008) Structure and function of the LysR-type
transcriptional regulator (LTTR) family proteins. Microbiology (Reading) 154, 36093623

90.

Smith, A. T., Linkous, R. O., Max, N. J., Sestok, A. E., Szalai, V. A., and Chacon, K. N.
(2019) The FeoC [4Fe-4S] Cluster Is Redox-Active and Rapidly Oxygen-Sensitive.
Biochemistry 58, 4935-4949

91.

Stevenson, B., Wyckoff, E. E., and Payne, S. M. (2016) Vibrio cholerae FeoA, FeoB, and
FeoC Interact To Form a Complex. J Bacteriol 198, 1160-1170

92.

Pierson, L. S., 3rd, and Pierson, E. A. (2010) Metabolism and function of phenazines in
bacteria: impacts on the behavior of bacteria in the environment and biotechnological
processes. Appl Microbiol Biotechnol 86, 1659-1670

93.

Pilpa, R. M., Robson, S. A., Villareal, V. A., Wong, M. L., Phillips, M., and Clubb, R. T.
(2009) Functionally distinct NEAT (NEAr Transporter) domains within the
Staphylococcus aureus IsdH/HarA protein extract heme from methemoglobin. J Biol
Chem 284, 1166-1176

94.

Wandersman, C., and Delepelaire, P. (2012) Haemophore functions revisited. Mol
Microbiol 85, 618-631

95.

Hammer, N. D., and Skaar, E. P. (2011) Molecular mechanisms of Staphylococcus
aureus iron acquisition. Annu Rev Microbiol 65, 129-147

96.

Balderas, M. A., Nguyen, C. T., Terwilliger, A., Keitel, W. A., Iniguez, A., Torres, R.,
Palacios, F., Goulding, C. W., and Maresso, A. W. (2016) Progress toward the
Development of a NEAT Protein Vaccine for Anthrax Disease. Infect Immun 84, 34083422

97.

Honsa, E. S., Owens, C. P., Goulding, C. W., and Maresso, A. W. (2013) The near-iron
transporter (NEAT) domains of the anthrax hemophore IsdX2 require a critical glutamine
to extract heme from methemoglobin. J Biol Chem 288, 8479-8490

98.

Tiedemann, M. T., Muryoi, N., Heinrichs, D. E., and Stillman, M. J. (2008) Iron
acquisition by the haem-binding Isd proteins in Staphylococcus aureus: studies of the
mechanism using magnetic circular dichroism. Biochem Soc Trans 36, 1138-1143

34

99.

Burkhard, K. A., and Wilks, A. (2007) Characterization of the outer membrane receptor
ShuA from the heme uptake system of Shigella dysenteriae. Substrate specificity and
identification of the heme protein ligands. J Biol Chem 282, 15126-15136

100.

Nguyen, A. T., O'Neill, M. J., Watts, A. M., Robson, C. L., Lamont, I. L., Wilks, A., and
Oglesby-Sherrouse, A. G. (2014) Adaptation of iron homeostasis pathways by a
Pseudomonas aeruginosa pyoverdine mutant in the cystic fibrosis lung. J Bacteriol 196,
2265-2276

101.

Skaar, E. P., Gaspar, A. H., and Schneewind, O. (2004) IsdG and IsdI, heme-degrading
enzymes in the cytoplasm of Staphylococcus aureus. J Biol Chem 279, 436-443

102.

Wu, R., Skaar, E. P., Zhang, R., Joachimiak, G., Gornicki, P., Schneewind, O., and
Joachimiak, A. (2005) Staphylococcus aureus IsdG and IsdI, heme-degrading enzymes
with structural similarity to monooxygenases. J Biol Chem 280, 2840-2846

103.

Shen, J. S., Geoffroy, V., Neshat, S., Jia, Z., Meldrum, A., Meyer, J. M., and Poole, K.
(2005) FpvA-mediated ferric pyoverdine uptake in Pseudomonas aeruginosa:
identification of aromatic residues in FpvA implicated in ferric pyoverdine binding and
transport. J Bacteriol 187, 8511-8515

104.

Cobessi, D., Meksem, A., and Brillet, K. (2010) Structure of the heme/hemoglobin outer
membrane receptor ShuA from Shigella dysenteriae: heme binding by an induced fit
mechanism. Proteins 78, 286-294

105.

Usher, K., Ozkan, E., Gardner, KH., Delsenhofer, J. (2001) The plug domain of FepA, a
TonB-dependent transport protein from Escherichia coli, binds its siderophore in the
absence of the transmembrane barrel domain. PNAS 98, 10676-10681

106.

Liu, X., Olczak, T., Guo, H. C., Dixon, D. W., and Genco, C. A. (2006) Identification of
amino acid residues involved in heme binding and hemoprotein utilization in the
Porphyromonas gingivalis heme receptor HmuR. Infect Immun 74, 1222-1232

107.

Gao, J. L., Nguyen, K. A., and Hunter, N. (2010) Characterization of a hemophore-like
protein from Porphyromonas gingivalis. J Biol Chem 285, 40028-40038

108.

Bracken, C., Baer, MT., Abdur-Rashid, A., Helms, W., Stojiljkovic, I. (1999) Use of
Heme-Protein Complexes by the Yersinia enterocolitica HemR Receptor: Histidine
Residues Are Essential for Receptor Function. J Bacteriol 181, 6063-6072

109.

Khursigara, C. M., De Crescenzo, G., Pawelek, P. D., and Coulton, J. W. (2005) Kinetic
analyses reveal multiple steps in forming TonB-FhuA complexes from Escherichia coli.
Biochemistry 44, 3441-3453

110.

Shultis, D. D., Purdy, M. D., Banchs, C. N., and Wiener, M. C. (2006) Outer membrane
active transport: structure of the BtuB:TonB complex. Science 312, 1396-1399

111.

Chimento, D. P., Kadner, R. J., and Wiener, M. C. (2005) Comparative structural analysis
of TonB-dependent outer membrane transporters: implications for the transport cycle.
Proteins 59, 240-251

112.

Mills, A., Le, H. T., and Duong, F. (2016) TonB-dependent ligand trapping in the BtuB
transporter. Biochim Biophys Acta 1858, 3105-3112

35

113.

Letoffe, S. G., JM. Wandersman, C. (1994) Secretion of the Serratia marcescens HasA
Protein by an ABC Transporter. Journal of Bacteriology 176, 5372-5377

114.

Letoffe, S., Redeker, V., Wandersman C. (1998) Isolation and characterization of an
extracellular haem-binding protein from Pseudomonas aeruginosa that shares function
and sequence similarities with the Serratia marcescens HasA haemophore. Mol Microbiol
28, 1223-1234

115.

Rossi, M. S., Fetherston, J. D., Letoffe, S., Carniel, E., Perry, R. D., and Ghigo, J. M.
(2001) Identification and characterization of the hemophore-dependent heme acquisition
system of Yersinia pestis. Infect Immun 69, 6707-6717

116.

Vanderpool, C. K., and Armstrong, S. K. (2003) Heme-responsive transcriptional
activation of Bordetella bhu genes. J Bacteriol 185, 909-917

117.

Letoffe, S., Deniau, C., Wolff, N., Dassa, E., Delepelaire, P., Lecroisey, A.,
Wandersman, C., . (2001) Haemophore-mediated bacterial haem transport: evidence for a
common or overlapping site for haem-free and haem-loaded haemophore on its specific
outer membrane receptor. Mol Microbiol 41, 439-450

118.

Krieg, S., Huche, Frederic., Diederichs, K., Izadi-Pruneyre, N., Lecroisey, A.,
Wandersman, C., Delepelaire, P., Welte, W. (2008) Heme uptake across the outer
membrane as revealed by crystal structures of the receptor–hemophore complex. PNAS
106, 1045-1050

119.

Dent, A. T., Mourino, S., Huang, W., and Wilks, A. (2019) Post-transcriptional
regulation of the Pseudomonas aeruginosa heme assimilation system (Has) fine-tunes
extracellular heme sensing. J Biol Chem 294, 2771-2785

120.

Ochsner, U., Johson, Z., and Vasil, M. (2000) Genetics and regulation of two distinct
haemuptake systems, phu and has,in Pseudomonas aeruginosa. Microbiology 146, 185–
198

121.

Smith, A. D., Modi, A. R., Sun, S., Dawson, J. H., and Wilks, A. (2015) Spectroscopic
Determination of Distinct Heme Ligands in Outer-Membrane Receptors PhuR and HasR
of Pseudomonas aeruginosa. Biochemistry 54, 2601-2612

122.

Smith, A. D., and Wilks, A. (2015) Differential contributions of the outer membrane
receptors PhuR and HasR to heme acquisition in Pseudomonas aeruginosa. J Biol Chem
290, 7756-7766

123.

Borths, E. L., Locher, K. P., Lee, A. T., and Rees, D. C. (2002) The structure of
Escherichia coli BtuF and binding to its cognate ATP binding cassette transporter. Proc
Natl Acad Sci USA 99, 16642-16647

124.

Dwyer, M. A., and Hellinga, H. W. (2004) Periplasmic binding proteins: a versatile
superfamily for protein engineering. Curr Opin Struct Biol 14, 495-504

125.

Eakanunkul, S., Lukat-Rodgers, G. S., Sumithran, S., Ghosh, A., Rodgers, K. R.,
Dawson, J. H., and Wilks, A. (2005) Characterization of the periplasmic heme-binding
protein shut from the heme uptake system of Shigella dysenteriae. Biochemistry 44,
13179-13191

36

126.

Ho, W. W., Li, H., Eakanunkul, S., Tong, Y., Wilks, A., Guo, M., and Poulos, T. L.
(2007) Holo- and apo-bound structures of bacterial periplasmic heme-binding proteins. J
Biol Chem 282, 35796-35802

127.

Butt, A. T., and Thomas, M. S. (2017) Iron Acquisition Mechanisms and Their Role in
the Virulence of Burkholderia Species. Front Cell Infect Microbiol 7, 460

128.

Carter, D. M., Miousse, I. R., Gagnon, J. N., Martinez, E., Clements, A., Lee, J.,
Hancock, M. A., Gagnon, H., Pawelek, P. D., and Coulton, J. W. (2006) Interactions
between TonB from Escherichia coli and the periplasmic protein FhuD. J Biol Chem 281,
35413-35424

129.

James, K. J., Hancock, M. A., Gagnon, J. N., and Coulton, J. W. (2009) TonB interacts
with BtuF, the Escherichia coli periplasmic binding protein for cyanocobalamin.
Biochemistry 48, 9212-9220

130.

Naoe, Y., Nakamura, N., Doi, A., Sawabe, M., Nakamura, H., Shiro, Y., and Sugimoto,
H. (2016) Crystal structure of bacterial haem importer complex in the inward-facing
conformation. Nat Commun 7, 13411

131.

Woo, J. S., Zeltina, A., Goetz, B. A., and Locher, K. P. (2012) X-ray structure of the
Yersinia pestis heme transporter HmuUV. Nat Struct Mol Biol 19, 1310-1315

132.

Korkhov, V. M., Mireku, S. A., and Locher, K. P. (2012) Structure of AMP-PNP-bound
vitamin B12 transporter BtuCD-F. Nature 490, 367-372

133.

Qasem-Abdullah, H., Perach, M., Livnat-Levanon, N., and Lewinson, O. (2017) ATP
binding and hydrolysis disrupt the high-affinity interaction between the heme ABC
transporter HmuUV and its cognate substrate-binding protein. J Biol Chem 292, 1461714624

134.

Burkhard, K. A., and Wilks, A. (2008) Functional characterization of the Shigella
dysenteriae heme ABC transporter. Biochemistry 47, 7977-7979

135.

Lansky, I. B., Lukat-Rodgers, G. S., Block, D., Rodgers, K. R., Ratliff, M., and Wilks, A.
(2006) The cytoplasmic heme-binding protein (PhuS) from the heme uptake system of
Pseudomonas aeruginosa is an intracellular heme-trafficking protein to the deltaregioselective heme oxygenase. J Biol Chem 281, 13652-13662

136.

Suits, M. D., Jaffer, N., and Jia, Z. (2006) Structure of the Escherichia coli O157:H7
heme oxygenase ChuS in complex with heme and enzymatic inactivation by mutation of
the heme coordinating residue His-193. J Biol Chem 281, 36776-36782

137.

Schneider, S., Sharp, K. H., Barker, P. D., and Paoli, M. (2006) An induced fit
conformational change underlies the binding mechanism of the heme transport
proteobacteria-protein HemS. J Biol Chem 281, 32606-32610

138.

Wilks, A. (2001) The ShuS protein of Shigella dysenteriae is a heme-sequestering protein
that also binds DNA. Arch Biochem Biophys 387, 137-142

139.

Wilks, A., and Ikeda-Saito, M. (2014) Heme utilization by pathogenic bacteria: not all
pathways lead to biliverdin. Acc Chem Res 47, 2291-2298

37

140.

Brimberry, M. A., Mathew, L., and Lanzilotta, W. (2022) Making and breaking carboncarbon bonds in class C radical SAM methyltransferases. J Inorg Biochem 226, 111636

141.

Wilks, A., and Heinzl, G. (2014) Heme oxygenation and the widening paradigm of heme
degradation. Arch Biochem Biophys 544, 87-95

142.

Wilks, A., and Schmitt, M. P. (1998) Expression and characterization of a heme
oxygenase (Hmu O) from Corynebacterium diphtheriae. Iron acquisition requires
oxidative cleavage of the heme macrocycle. J Biol Chem 273, 837-841

143.

Zhu, W., Wilks, A., Stojiljkovic, I. (2000) Degradation of Heme in Gram-Negative
Bacteria: the Product of the hemO Gene of Neisseriae Is a Heme Oxygenase. J Bacteriol
182, 6783-6790

144.

Wegele, R., Tasler, R., Zeng, Y., Rivera, M., and Frankenberg-Dinkel, N. (2004) The
heme oxygenase(s)-phytochrome system of Pseudomonas aeruginosa. J Biol Chem 279,
45791-45802

145.

Ratliff, M., Zhu, W., Deshmukh, R., Wilks, A., and Stojiljkovic, I. (2001) Homologues of
neisserial heme oxygenase in gram-negative bacteria: degradation of heme by the product
of the pigA gene of Pseudomonas aeruginosa. J Bacteriol 183, 6394-6403

146.

Reniere, M. L., Ukpabi, G. N., Harry, S. R., Stec, D. F., Krull, R., Wright, D. W.,
Bachmann, B. O., Murphy, M. E., and Skaar, E. P. (2010) The IsdG-family of haem
oxygenases degrades haem to a novel chromophore. Mol Microbiol 75, 1529-1538

147.

Wilks, A., and Ortiz de Montellano, P. R. (1993) Rat liver heme oxygenase. High level
expression of a truncated soluble form and nature of the meso-hydroxylating species. J
Biol Chem 268, 22357-22362

148.

Wilks, A., Torpey, J., and Ortiz de Montellano, P. R. (1994) Heme oxygenase (HO-1).
Evidence for electrophilic oxygen addition to the porphyrin ring in the formation of
alpha-meso-hydroxyheme. J Biol Chem 269, 29553-29556

149.

Ortiz de Montellano, P. (2000) The mechanism of heme oxygenase. Current Opinion in
Chemical Biology 4, 221-227

150.

Liu, Y., Moenne-Loccoz, P., Loehr, T. M., and Ortiz de Montellano, P. R. (1997) Heme
oxygenase-1, intermediates in verdoheme formation and the requirement for reduction
equivalents. J Biol Chem 272, 6909-6917

151.

Liu, Y., and Ortiz de Montellano, P. R. (2000) Reaction intermediates and single turnover
rate constants for the oxidation of heme by human heme oxygenase-1. J Biol Chem 275,
5297-5307

152.

Lai, W., Chen, H., Matsui, T., Omori, K., Unno, M., Ikeda-Saito, M., Shaik, S. (2010)
Enzymatic Ring-Opening Mechanism of Verdoheme by the Heme Oxygenase: A
Combined X-ray Crystallography and QM/MM Study. J. Am. Chem. Soc 132, 12960–
12970

153.

Matsui, T., Iwasaki, M., Sugiyama, R., Unno, M., and Ikeda-Saito, M. (2010) Dioxygen
activation for the self-degradation of heme: reaction mechanism and regulation of heme
oxygenase. Inorg Chem 49, 3602-3609

38

154.

Matsui, T., Omori, K., Jin, H., and Ikeda-Saito, M. (2008) Alkyl peroxides reveal the ring
opening mechanism of verdoheme catalyzed by heme oxygenase. J Am Chem Soc 130,
4220-4221

155.

O'Neill, M. J., and Wilks, A. (2013) The P. aeruginosa heme binding protein PhuS is a
heme oxygenase titratable regulator of heme uptake. ACS Chem Biol 8, 1794-1802

156.

Mukherjee, S., Jemielita, M., Stergioula, V., Tikhonov, M., and Bassler, B. L. (2019)
Photosensing and quorum sensing are integrated to control Pseudomonas aeruginosa
collective behaviors. PLoS Biol 17, e3000579

157.

Lee, W. C., Reniere, M. L., Skaar, E. P., and Murphy, M. E. (2008) Ruffling of
metalloporphyrins bound to IsdG and IsdI, two heme-degrading enzymes in
Staphylococcus aureus. J Biol Chem 283, 30957-30963

158.

Skaar, E. P., Gaspar, A. H., and Schneewind, O. (2006) Bacillus anthracis IsdG, a hemedegrading monooxygenase. J Bacteriol 188, 1071-1080

159.

Matsui, T., Nambu, S., Ono, Y., Goulding, C. W., Tsumoto, K., and Ikeda-Saito, M.
(2013) Heme degradation by Staphylococcus aureus IsdG and IsdI liberates
formaldehyde rather than carbon monoxide. Biochemistry 52, 3025-3027

160.

Nambu, S., Matsui, T., Goulding, C. W., Takahashi, S., and Ikeda-Saito, M. (2013) A
new way to degrade heme: the Mycobacterium tuberculosis enzyme MhuD catalyzes
heme degradation without generating CO. J Biol Chem 288, 10101-10109

161.

Chao, A., Burley, K. H., Sieminski, P. J., de Miranda, R., Chen, X., Mobley, D. L., and
Goulding, C. W. (2019) Structure of a Mycobacterium tuberculosis Heme-Degrading
Protein, MhuD, Variant in Complex with Its Product. Biochemistry 58, 4610-4620

162.

Graves, A. B., Morse, R. P., Chao, A., Iniguez, A., Goulding, C. W., and Liptak, M. D.
(2014) Crystallographic and spectroscopic insights into heme degradation by
Mycobacterium tuberculosis MhuD. Inorg Chem 53, 5931-5940

163.

Grigg, J. C., Ukpabi, G., Gaudin, C. F., and Murphy, M. E. (2010) Structural biology of
heme binding in the Staphylococcus aureus Isd system. J Inorg Biochem 104, 341-348

164.

Matsui, T., Nambu, S., Goulding, C. W., Takahashi, S., Fujii, H., and Ikeda-Saito, M.
(2016) Unique coupling of mono- and dioxygenase chemistries in a single active site
promotes heme degradation. Proc Natl Acad Sci U S A 113, 3779-3784

165.

Kumar, A., Toledo, J. C., Patel, R. P., Lancaster, J. R., Jr., and Steyn, A. J. (2007)
Mycobacterium tuberculosis DosS is a redox sensor and DosT is a hypoxia sensor. Proc
Natl Acad Sci U S A 104, 11568-11573

166.

Mathew, L. G., Beattie, N. R., Pritchett, C., and Lanzilotta, W. N. (2019) New Insight
into the Mechanism of Anaerobic Heme Degradation. Biochemistry 58, 4641-4654

167.

LaMattina, J. W., Nix, D. B., and Lanzilotta, W. N. (2016) Radical new paradigm for
heme degradation in Escherichia coli O157:H7. Proc Natl Acad Sci U S A 113, 1213812143

39

168.

Bagg, A., and Neilands, J. B. (1987) Ferric uptake regulation protein acts as a repressor,
employing iron (II) as a cofactor to bind the operator of an iron transport operon in
Escherichia coli. Biochemistry 26, 5471-5477

169.

Hantke, K. (1981) Regulation of ferric iron transport in Escherichia coli K12: isolation of
a constitutive mutant. Mol Gen Genet 182, 288-292

170.

Troxell, B., and Hassan, H. M. (2013) Transcriptional regulation by Ferric Uptake
Regulator (Fur) in pathogenic bacteria. Front Cell Infect Microbiol 3, 59

171.

Zimmermann, J. H., K. Braun, V. . (1984) Exogenous Induction of the Iron Dicitrate
Transport System of Escherichia coli K-12. J Bacteriol 159, 271-277

172.

Ernst, J. F., Bennett, R. L., and Rothfield, L. I. (1978) Constitutive expression of the ironenterochelin and ferrichrome uptake systems in a mutant strain of Salmonella
typhimurium. J Bacteriol 135, 928-934

173.

Escolar, L., Perez-Martin, J., and de Lorenzo, V. (1998) Coordinated repression in vitro
of the divergent fepA-fes promoters of Escherichia coli by the iron uptake regulation
(Fur) protein. J Bacteriol 180, 2579-2582

174.

Bagg, A., and Neilands, J. B. (2002) Ferric uptake regulation protein acts as a repressor,
employing iron(II) as a cofactor to bind the operator of an iron transport operon in
Escherichia coli. Biochemistry 26, 5471-5477

175.

Escolar, L. P.-M., J. Lorenzo, VD. . (1999) Opening the Iron Box: Transcriptional
Metalloregulation by the Fur Protein. J Bacteriol 181, 6223-6229

176.

Escolar, L., Perez-Martin, J., and de Lorenzo, V. (1998) Binding of the fur (ferric uptake
regulator) repressor of Escherichia coli to arrays of the GATAAT sequence. J Mol Biol
283, 537-547

177.

Stojiljkovic, I., Baumler, A. J., and Hantke, K. (1994) Fur regulon in gram-negative
bacteria. Identification and characterization of new iron-regulated Escherichia coli genes
by a fur titration assay. J Mol Biol 236, 531-545

178.

Staggs, T. P., RD. . (1991) Identification and Cloning of a fur Regulatory Gene in
Yersinia pestis. J Bacteriol 173, 417-425

179.

Butterton, J. S., JA. Payne, SM. Calderwood, SB. (1992) Cloning, Sequencing, and
Transcriptional Regulation of viuA, the Gene Encoding the Ferric Vibriobactin Receptor
of Vibrio cholerae. 174, 3729-3738

180.

Leoni, L. C., A. Orsi, N. Visca, P. (1996) Iron-Regulated Transcription of the pvdA Gene
in Pseudomonas aeruginosa: Effect of Fur and PvdS on Promoter Activity. J Bacteriol
178, 2299-2313

181.

Masse, E., Vanderpool, C. K., and Gottesman, S. (2005) Effect of RyhB small RNA on
global iron use in Escherichia coli. J Bacteriol 187, 6962-6971

182.

Wilderman, P. J., Sowa, N. A., FitzGerald, D. J., FitzGerald, P. C., Gottesman, S.,
Ochsner, U., and Vasil, M. L. (2004) Identification of tandem duplicate regulatory small
RNAs in Pseudomonas aeruginosa involved in iron homeostasis Proc Natl Acad Sci U S
A 101, 9792-9797

40

183.

Chevalier, S., Bouffartigues, E., Bazire, A., Tahrioui, A., Duchesne, R., Tortuel, D.,
Maillot, O., Clamens, T., Orange, N., Feuilloley, M. G. J., Lesouhaitier, O., Dufour, A.,
and Cornelis, P. (2019) Extracytoplasmic function sigma factors in Pseudomonas
aeruginosa. Biochim Biophys Acta Gene Regul Mech 1862, 706-721

184.

Cornelis, P., Tahrioui, A., Lesouhaitier, O., Bouffartigues, E., Feuilloley, M., Baysse, C.,
and Chevalier, S. (2022) High affinity iron uptake by pyoverdine in Pseudomonas
aeruginosa involves multiple regulators besides Fur, PvdS, and FpvI. Biometals

185.

Helmann, J. (2002) The Extracytoplasmic Function (ECF) Sigma Factors. Adv. Microb.
Physiol. 46, 47-110

186.

Mascher, T. (2013) Signaling diversity and evolution of extracytoplasmic function (ECF)
sigma factors. Curr Opin Microbiol 16, 148-155

187.

Helmann, J. D. (2016) Bacillus subtilis extracytoplasmic function (ECF) sigma factors
and defense of the cell envelope. Curr Opin Microbiol 30, 122-132

188.

Ward, M., Lew, H., Treuner-Lange, A., Zusman, DR., . (1998) Regulation of Motility
Behavior in Myxococcus xanthus May Require an Extracytoplasmic-Function Sigma
Factor. J Bacteriol 180, 5668-5675

189.

Llamas, M. A., Mooij, M. J., Sparrius, M., Vandenbroucke-Grauls, C. M., Ratledge, C.,
and Bitter, W. (2008) Characterization of five novel Pseudomonas aeruginosa cellsurface signalling systems. Mol Microbiol 67, 458-472

190.

Potvin, E., Sanschagrin, F., and Levesque, R. C. (2008) Sigma factors in Pseudomonas
aeruginosa. FEMS Microbiol Rev 32, 38-55

191.

Gottesman, S., and Storz, G. (2011) Bacterial small RNA regulators: versatile roles and
rapidly evolving variations. Cold Spring Harb Perspect Biol 3

192.

Huang, H. Y., Chang, H. Y., Chou, C. H., Tseng, C. P., Ho, S. Y., Yang, C. D., Ju, Y. W.,
and Huang, H. D. (2009) sRNAMap: genomic maps for small non-coding RNAs, their
regulators and their targets in microbial genomes. Nucleic Acids Res 37, D150-154

193.

Vanderpool, C. K., Balasubramanian, D., and Lloyd, C. R. (2011) Dual-function RNA
regulators in bacteria. Biochimie 93, 1943-1949

194.

Oglesby-Sherrouse, A. G., and Murphy, E. R. (2013) Iron-responsive bacterial small
RNAs: variations on a theme. Metallomics 5, 276-286

195.

Caldelari, I., Chao, Y., Romby, P., and Vogel, J. (2013) RNA-mediated regulation in
pathogenic bacteria. Cold Spring Harb Perspect Med 3, a010298

196.

Dambach, M. D., and Winkler, W. C. (2009) Expanding roles for metabolitesensing regulatory RNAs. Curr Opin Microbiol 12, 161-169

197.

Breaker, R. R. (2011) Prospects for riboswitch discovery and analysis. Mol Cell 43, 867-879

198.

Guillier, M., and Gottesman, S. (2006) Remodelling of the Escherichia coli outer
membrane by two small regulatory RNAs. Mol Microbiol 59, 231-247

199.

Tu, K. C., and Bassler, B. L. (2007) Multiple small RNAs act additively to integrate
sensory information and control quorum sensing in Vibrio harveyi. Genes Dev 21, 221233

41

200.

Gripenland, J., Netterling, S., Loh, E., Tiensuu, T., Toledo-Arana, A., and Johansson, J.
(2010) RNAs: regulators of bacterial virulence. Nat Rev Microbiol 8, 857-866

201.

De Lay, N., Schu, D. J., and Gottesman, S. (2013) Bacterial small RNA-based negative
regulation: Hfq and its accomplices. J Biol Chem 288, 7996-8003

202.

Masse, E., Escorcia, F. E., and Gottesman, S. (2003) Coupled degradation of a small
regulatory RNA and its mRNA targets in Escherichia coli. Genes Dev 17, 2374-2383

203.

Prevost, K., Salvail, H., Desnoyers, G., Jacques, J. F., Phaneuf, E., and Masse, E. (2007)
The small RNA RyhB activates the translation of shiA mRNA encoding a permease of
shikimate, a compound involved in siderophore synthesis. Mol Microbiol 64, 1260-1273

204.

Vecerek, B., Moll, I., and Blasi, U. (2007) Control of Fur synthesis by the non-coding
RNA RyhB and iron-responsive decoding. EMBO J 26, 965-975

42

Chapter 2: The heme-binding protein PhuS transcriptionally
regulates the Pseudomonas aeruginosa tandem sRNA prrF1,2 locus
2.1 Introduction
As previously described in Chapter 1, Pseudomonas aeruginosa encodes two heme
uptake systems; the heme assimilation system (Has) and the Pseudomonas heme uptake (Phu)
system (1). The Has and Phu systems were shown to have nonredundant roles in heme sensing
and transport, respectively (2). The Has system encodes the hemophore, HasAp that is critical for
activating the cell signaling cascade required for heme sensing (2-4). Alternatively, the Phu
system encodes the OM PhuR which is the major heme transporter and the receptor most active
in chronic infection (5). No matter the receptor transporting the heme, it is sequestered by PhuT
in the periplasm and delivered to the ATP-dependent permease proteins, PhuUV, that transports
heme into the cytoplasm. Once internalized, heme is sequestered by PhuS that then delivers it to
HemO for further degradation to release iron, carbon monoxide (CO), and BVIX-β and BVIX-δ.
The work presented here will focus on further characterization of the cytoplasmic heme binding
protein, PhuS.
Of the cytoplasmic heme binding proteins PhuS of P. aeruginosa, and its homologs
HemS in Y. entercolitica , and ChuS in E. coli O157:H7 are the most well characterized (6-9).
Earlier studies of the cytoplasmic heme binding proteins characterized them as putative heme
degrading enzymes (8,10-14). However, this characterization was based on a heme toxicity
phenotype that could be “complemented” with a gene encoding a canonical heme oxygenase.
Given the fact that P. aeruginosa encodes a canonical HemO our lab revisited the role of the
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cytoplasmic heme binding protein PhuS. Bacterial genetics and 13C-heme isotopic labeling
studies showed heme utilization is driven by the catalytic action of HemO, with PhuS acting as a
titratable regulator of extracellular heme flux through HemO (15,16). A recent in vitro study
suggests that PhuS in addition to trafficking heme is a heme degrading enzyme that converts
heme to verdoheme and shuttles it to HemO (17). This is in contrast to studies in our laboratory
where it has been shown PhuS does not compensate for the loss of HemO in the ΔhemO strain.
Furthermore, the recent identification of the non-oxygen dependent radical SAM methyl ChuW
from E. coli O157:H7 further suggests that ChuS is not a heme oxygenase (18). Indeed, ChuS
has been shown to be capable of storing heme as well as delivering heme to ChuW for
degradation (19).
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FIGURE 2.1 Absorbance spectrum of the holo-PhuS complex. Absorption spectrum of 10 µM
holo-PhuS in 20mM Tris (pH 8.0) 100 mM NaCl.
Similar to other His-coordinated hemeproteins holo-PhuS exhibits a Soret maximum at
410 nm with visible bands at 545 and 570 nm (Figure 2.1) (20). The holo-PhuS structure
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revealed a central core with two curved β-sheet regions, containing nine anti-parallel β-strands
(Figure 2.2). On both ends of each β-sheet are α-helices, and together they form two structurally

H209

H212

H210

Figure 2.2 Crystal structure of holo-PhuS. The N- and C-terminal domains are simialr in
structure The core consists of nine anti-parallel β-strands. On both ends of each β-sheet are αhelices that form two structurally identical units connected by a loop. The heme binding site is
located closest to the C-terminal end with α-helices α6 (blue), 7 (green), 8 (cyan) forming an αloop-α-loop-α that precedes the β-sheet in the C-terminal unit. Heme is coordinated through His209 with His 212 proposed to be required for heme loading and release. Figure created with
PyMol from PDB file: 41MH 4MF9 (21).
identical units that are connected by a loop rom Arg168 to Val189. The crystal structures of ChuS
and HemS have also been solved, and the aligning of apo-PhuS shows structural similarity to both
homologs with rmsds of 1.30 Å and 1.34 Å, respectively (Figure 2.3). Structural studies in HemS
showed that upon heme binding, there is a closing of the N- and C-terminal domains due to
significant interactions between heme and the protein scaffold (7). In addition, studies on ChuS
revealed a conformational rearrangement occurring within the C-terminal domain, where
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coordination occurs with the axial heme ligand His-193 while the N-terminal domain provides
Arg-100 that is indirectly coordinated to the heme through two water molecules (9).
Biochemical and biophysical characterization of the apo- and holo-PhuS revealed a
significant conformational rearrangement on heme coordination (22). Sedimentation velocity
experiments showed holo-PhuS had an expanded hydrodynamic compared to that of apo-PhuS
consistent with conformational rearrangement on heme binding (Figure 2.4) (22).

Figure 2.3 Overlay of apo-PhuS and the ChuS and HemS homologs. The crystal structures of
PhuS (blue), ChuS (teal) and HemS (purple) were overlayed using Pymol (21). N and C refer to
the N and C-terminal domains, respectively. The rmsd comparing PhuS to its homologues is 1.30
Å for ChuS and 1.34 Å for HemS. PBD files: 41MH (PhuS), 1U9T (ChuS), 2J0R (HemS).
Early studies from our laboratory using surface plasmon resonance (SPR) revealed that holo- but
not apo-PhuS interacts with HemO (Fig 2.5B) (20). Similarly, limited proteolysis experiments
confirmed that the major structural rearrangement occurs in the C-terminal heme binding domain
specifically the α-helices 6, 7, 8 (Figure 2.1) (22).
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Figure 2.4 Normalized g(s*) distributions of holo- and apo-PhuS. Representative data are shown
for 3.88 μM holo-PhuS (blue), 3.88 μM apo-PhuS (red) and 3.88 μM HemO. The observed
weight average sedimentation coefficients for these data equal 3.57 S and 3.73 S for holo- and
apo-Phus, respectively. As a reference the smaller globular HemO shows a sedimentation
coefficient of 2.1 S. Adapted from reference (22).
Furthermore, this conformational rearrangement that promotes interaction and heme transfer to
HemO is specific as SPR analysis confirmed holo-PhuS does not interact with the BVIX-α
selective BphO (20,22). These data taken together are consistent with the primary function of
PhuS being that of a specific heme chaperone to HemO and the BVIX regioselectivity of heme
degradation in P. aeruginosa. Furthermore, the conformational flexibility and dynamic heme
environment is a common motif in heme transport proteins (23).
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As mentioned above the physiological role of PhuS was further delineated in studies
utilizing 13C-heme that showed the extracellular labeled heme is turned over almost exclusively
to BVIX-β and BVIX-δ by HemO, with only trace levels of

13

C-BVIX (15,16).

13

Furthermore, C-heme uptake by the ΔhemO strain showed almost undetectable levels of

1

C-

BVIX confirming the catalytic activity of HemO is required for driving heme flux into the cell.
In contrast, deletion of phuS resulted in increased heme uptake and degradation of 13C-heme
by both HemO and BphO (16). Taken together the data suggests PhuS functions as a titratable
regulator of heme flux into the cell and specifically channels it through HemO. This is
consistent with the previously described in vitro studies that showed holo-PhuS interacts with
HemO but not BphO (20). Interestingly, the BVIX-β or BVIX-δ isomers are not substrates for
the mammalian biliverdin reductases and there is recent evidence that these BVIX metabolites
function as signaling molecules in regulating heme uptake and virulence, highlighting the
importance of the PhuS-HemO coupling in maintaining iron and heme homeostasis during
infection.
Consistent with the role of the PhuS as a titratable regulator of heme flux into the cell the
phenotype of the ΔphuS strain showed a slow growth phenotype and premature production of
pyocyanin (24). The pyocyanin phenotype is dependent on a functional HemO as the
ΔphuSΔhemO double knockout does not display the premature pyocyanin phenotype. This
suggests that in addition to iron-availability pyocyanin production dysregulation of heme
utilization also induces pyocyanin production. Furthermore, transcriptomic analysis of the ΔphuS
strain compared with PAO1 WT strain with heme as the iron source showed an increase in the
both phenazine biosynthesis operons as well as genes for the Pseudomonas quinolone signal
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(PQS), a positive regulator of pyocyanin production. Interestingly, despite similar levels of iron
in the ΔphuS strain when compared to PAO1 the upregulation of pyochelin and pyoverdine
biosynthesis indicates the bacteria are sensing iron-deprivation (24). The transcriptomic studies
together with the more recent 13C-heme studies are consistent with loss of PhuS resulting in
dysregulation of heme and iron homeostasis. The upregulation of several iron uptake systems
despite the iron-replete conditions further suggests that PhuS in addition to controlling the flux of
heme into the cell is also involved directly or indirectly in sensing intracellular heme or iron
levels.
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Figure 2.5 Kinetic analysis by SPR of the PhuS–HemO interaction. Apo- or holo-PhuS was
injected over Ni-NTA immobilized apo-HemO at concentrations of 0.5 μM (pink), 1.0 μM
(black), 2.5 μM (blue), 5.0 μM (green), 7.5 μM (cyan), and 10 μM (red). Panel A is with holoPhuS and panel B is with apo-PhuS. Adapted from reference (22).
As studies began to reveal the central role of PhuS in heme and iron homeostasis we
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observed the ΔphuS phenotype and transcriptional profile showed similarities with that observed
for deletion of the iron-regulated sRNAs prrF1,F2 (25). The tandem arrangement of the
prrF1,F2 operon is found directly downstream of the phu operon (Figure 2.6) (26-28).

Figure 2.6 Genetic organization of the prrF1,F2 and phu loci in pathogenic and non-pathogenic
Pseudomonas strains. The tandem arrangement of prrF1 and prrF2 is found only in pathogenic
strains and located immediately downstream of the phu operon. Additionally, phuS is only found
in strains harboring the tandem arrangement of prrF1 and prrF2. This tandem arrangement
allows for the transcription of prrH, a heme responsive sRNA. Adapted from reference (29)
Interestingly, this tandem arrangement allows for a heme -dependent read through of prrF1 and
prrF2 to yield the longer PrrH sRNA (28). More significantly the phuS gene and the tandem
arrangement of prrF1,F2 that allows for the transcription of the heme-dependent PrrH are found
only in pathogenic P. aeruginosa strains and no other Pseudomonads (Figure 2.6). The prrF1
and prrF2 genes are virtually identical (93% identity) separated by a 95 base intergenic region
and contribute to iron homeostasis by causing mRNA degradation of nonessential ironcontaining proteins in what is termed the “iron-sparing” response (26,27). In addition to directly
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targeting mRNAs of non-essential iron-containing proteins, the PrrF sRNAs directly and/or
indirectly affect the production of several factors such as twitching motility, biofilm formation,
and the Pseudomonas quinolone signal (PQS) system (27). The suppression of the PQS system
is achieved through degradation of the antABC mRNA that encodes enzymes responsible for the
production of anthranilate a precursor of PQS. Furthermore, it is postulated that PQS induces the
synthesis of the primary siderophore pyoverdine, indicating the PrrF1 and PrrF2 sRNAs directly
impact P. aeruginosa quorum sensing and virulence (30,31). In contrast to the PrrF sRNAs the
specific targets of PrrH are less well characterized due to challenges in cloning and modifying
the sequence of the prrF locus (25). However, a specific subset of genes involved in heme
biosynthesis, degradation, and acquisition of extracellular heme have been identified as potential
targets (28). In this study in silico analysis identified the nirL gene as being a possible target of
PrrH. The nirSMCFDLGHJEN gene cluster encodes for the dissimilatory nitrate reductase (NIR)
as well as genes for the biosynthesis of heme d1, a prosthetic group of NIR (32). Since the
biosynthesis of this prosthetic group branches from that of the central heme biosynthesis
pathway, PrrH may play a role in regulating heme biosynthesis under anaerobic conditions.
Based on the combined presence of the phuS gene and the unique tandem arrangement of
the prrF1,F2 locus that allows for PrrH expression, we hypothesized that PhuS and the heme
dependent regulation of the prrF1,F2 locus were genetically linked. Furthermore, the fact this
genetic arrangement is found only in the pathogenic P. aeruginosa strains highlights the
significance of heme utilization as a virulence strategy. Interestingly, previous characterization
of the PhuS homolog ShuS of S. dysenteriae as a DNA binding protein suggested PhuS might
also possess DNA-binding properties providing a functional link between PhuS and the prrF1,F2
locus (33). To test this hypothesis, we performed a series of in vivo and in vitro experiments to
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determine the functional link between PhuS and the prrF locus. Herein, through chromatin
immunoprecipitation–PCR (ChIP–PCR), EMSA, and fluorescence anisotropy (FA), we show
that apo-PhuS binds with high affinity to the promoter of prrF1 but not that of prrF2.
Furthermore, comparison of the relative expression of PrrF and PrrH in the PAO1 WT and
ΔphuS allelic strains by quantitative PCR (qPCR) shows a loss in the heme-dependent regulation
of PrrH in the absence of PhuS. We propose that PhuS has a dual function integrating
extracellular heme metabolism into the iron-homeostasis networks through transcriptional
modulation of the PrrF/PrrH sRNAs.
2.2 Methods
2.2.1 Bacterial strains and growth conditions
Bacterial strains and plasmids used in this study are listed in Table I.1, and oligonucleotide
primers and probes used in this study are listed in Table I.2 (Appendix I). All primers and probes
used in this study were purchased from Integrated DNA Technology. Escherichia coli strains
were routinely grown in LB broth (American Bioanalytical) or on LB agar plates. P. aeruginosa
strains were freshly streaked and maintained on Pseudomonas isolation agar (BD Biosciences).
All strains were stored at -80oC in LB with 20% glycerol. The iron levels in M9 medium
(Nalgene) were determined by inductively coupled plasma-MS to be less than 1 nM. For qPCR,
singly isolated colonies from each Pseudomonas strain were picked, inoculated into 10 ml of LB
broth, and grown overnight at 37oC with shaking (210 rpm). The bacteria were then harvested
and washed in 10 ml of M9 minimal medium. Following centrifugation, the bacterial pellet was
resuspended in 10 ml of M9 medium and used to inoculate 50 ml of fresh M9 iron-deplete
medium to a starting A600 of 0.04. Cultures were grown at 37oC with shaking for 3 h before the
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addition of supplements (0 h) and incubated for a further 7 h. When required, antibiotics were
used at the following final concentrations: tetracycline 10 and 150 μg ml−1 for E. coli and
P.aeruginosa, respectively. When required, ampicillin was used at a final concentration of 100
μg/ml.
2.2.2 Gene expression studies using quantitative real-time PCR (qRT-PCR)
Total RNA was purified from 1-2 ml aliquots collected at several time points from cultures
grown under various conditions (with and without 1 µM heme). RNA was stabilized by the
addition of 250 μl RNALater Solution (Ambion) and the samples were stored at −80°C until
further use. Total RNA was isolated from each cell pellet using the RNAeasy mini spin columns
according to the manufacturer’s directions (Qiagen). 4 μg of total RNA was treated with RNAsefree DNAseI (New England Biolabs) for 2h at 37°C to remove contaminating chromosomal
DNA and precipitated with 0.1x volume 3M sodium acetate pH 5.2 and 2x volume 100% (v/v)
ethanol. RNA quantity and quality were assessed by UV absorption at 260 nm in a NanoDrop
2000c Spectrophotometer (Thermo Scientific, USA). cDNA was generated using the GoScript™
Reverse Transcriptase kit (Promega) from RNA (250 ng) and random primers (0.5 μg). cDNA
(10 ng) was analyzed with gene specific primers (Table II.2) using the StepOnePlus Real-Time
PCR System (Applied Biosystems) and FastStart Universal Probe Master. The relative gene
expression was calculated using the ΔΔCt method and the cycle threshold (180) values at each
time point were normalized to the constitutively expressed 26S gene. mRNA values represent
the standard deviation of three independent experiments performed in triplicate.
2.2.3 Expression and purification of apo-PhuS WT
Protein expression was performed as previously reported with slight modification (20,22). The
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PhuS lysate was applied to a Sepharose-Q fast Flow column (GE Life Sciences) equilibrated with
20 mM Tris–HCl (pH 8.0) and washed with five column volumes of the same buffer. The column
was further washed with 10 column volumes of 20 mM Tris (pH 8.0) containing 20 mM NaCl,
and the PhuS protein was eluted in the same buffer with a linear gradient of 50 to 500 mM NaCl.
Eluted fractions were analyzed by SDS-PAGE, and the peak fractions were pooled and dialyzed
against 4 l of 20 mM Tris (pH 8.0) containing 100 mM NaCl. The protein was concentrated on an
Amicon 8050 stirred cell concentrator fitted with as 30 K cut off membrane (Amicon). PhuS was
purified to homogeneity on an AKTA FPLC system fitted with a 26/600 Superdex 75 pg size
exclusion column (GE Life Sciences) equilibrated with 20 mM Tris (pH 8.0) containing 100 mM
NaCl. Peak fractions as judged by the A280 were subjected to SDS- PAGE, and the pure fractions
were pooled, concentrated (10 mg/ml) and stored at −80oC until further use. The histidine-tagged
protein PhuS-His6 was expressed as for the non–His-tagged PhuS. The lysate following removal
of the cell debris was applied directly to a Ni-NTA–agarose (Thermo Fisher Scientific) column
(1× 5 ml) previously equilibrated with 20 mM Tris (pH 8.0) containing 0.5 M NaCl and 5 mM
imidazole. The column was washed with 10 volumes of equilibration buffer, followed by 10
volumes of wash buffer (20 mM Tris, pH 8.0, containing 0.5 M NaCl and 60 mM imidazole), and
the protein eluted in 20 mM Tris (pH 8.0) containing 0.25 M NaCl and 500 mM imidazole. The
purified protein was exchanged by dialysis into 20 mM Tris (pH 8.0) containing 100 mM NaCl
concentrated (10 mg/ml) and stored at −80oC until equilibration buffer, followed by 10 volumes of
wash buffer (20 mM Tris, pH 8.0, containing 0.5 M NaCl and 60 mM imidazole), and the protein
eluted in 20 mM Tris (pH 8.0) containing 0.25 M NaCl and 500 mM imidazole. The purified
protein was exchanged by dialysis into 20 mM Tris (pH 8.0) containing 100 mM NaCl
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concentrated (10 mg/ml) and stored at −80oC until further use. Heme solutions were prepared in
0.1 N NaOH, and the pH adjusted with the identical buffer was used to prepare the PhuS protein
samples. Heme loading of the purified PhuS protein was carried out by addition of a 1.5:1 ratio of
heme to protein. Excess heme was removed over a Sephadex G-50 column (GE Life Sciences)
equilibrated with 20 mM Tris (pH 8.0). All buffered heme solutions were used within 20 min of
preparation. Heme stock solution concentrations and the stoichiometry of the final holo-PhuS
complexes were determined by pyridine hemochrome as previously described (34).
2.2.4 Expression and purification of HemO
HemO was purified as previously reported with slight modification (35). HemO lysate was
applied to a Q-Sepharose Fast Flow column (2.5 × 6 cm) (GE Life Sciences) equilibrated
with 20 mM Tris (pH 8.0 at 4oC) and 100 mM NaCl. Protein was eluted with a 20 mM Tris (pH
8.0 at 4oC) and 100 to 500 mM NaCl gradient. Peak protein fractions were determined
via SDS-PAGE and were pooled, concentrated, and dialyzed against 20 mM Tris buffer (pH 8.0)
and 100 mM NaCl at 4oC. The protein (5–6 ml) was further purified by FPLC over a 26/60
Superdex 200 pg size exclusion column (GE Life Sciences) equilibrated with 20 mM Tris (pH
8.0) containing 100 mM NaCl. Peak fractions as judged by the A280 were subjected to SDSPAGE, and the pure fractions were pooled, concentrated, (10 mg/ml), and stored at −80oC until
further use.
2.2.5 Expression and purification of P. aeruginosa Fur
The P. aeruginosa Fur protein was expressed and purified as previously described (36). The Fur
glutathione-S-transferase (GST) tagged protein, was passed over a glutathione super-flow
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column (Clontech), equilibrated with 20 mM Tris–HCl (pH 8.0), and washed with five column
volumes of the same buffer. The protein was eluted with 50 mM Tris–HCl (pH 8.0) containing
33 mM glutathione, and eluted fractions were analyzed by SDS-PAGE. Fractions containing
GST-Fur were cleaved using a Thrombin CleanCleave kit (Sigma–Aldrich). Briefly, an aliquot
of thrombin–agarose resin (50% v/v) was mixed with 1 mg of GST-paFur and 100 μl of 10×
cleavage buffer. The mixture was incubated at 37oC for 3 h while collecting 10 μl aliquots at
every hour. Fractions were measured by the A280 and checked for purity via SDS-PAGE. The
fully cleaved protein was pooled and exchanged by dialysis in 20 mM Tris–HCl (pH 8.0),
concentrated (10 mg/ml), and stored in −80oC until further use.
2.2.6 Chromatin Immuno-Precipitation–Polymerase Chain Reaction (ChIP-PCR)
A single isolated colony of P. aeruginosa PAO1 or ΔphuS strains was used to inoculated 10 ml
of LB broth and grown overnight at 37oC. The bacteria were then harvested and resuspended in 2
ml of M9 minimal medium. The resuspended cultures were used to inoculate 25 ml of fresh M9
low-iron medium to a starting A600 of 0.04. Cultures were grown at 37oC with shaking for 5 h.
Cells were harvested at 7000g for 3 min (25oC) and resuspended in 2 ml of M9 minimal media
that were used to inoculate 25 ml of M9 medium to a starting A600 of 0.04. Cultures were grown
for 3 h in iron-limiting conditions before the addition of 0.5 μM heme. Following an additional 2
h, cells were harvested at 7000g for 10 min and resuspended in 2 ml of PBS. The aliquots were
treated with formaldehyde to 1% (v/v). The cells were gently agitated at room temperature for 10
min, and then the crosslinking was quenched with glycine to a final concentration of 10 mg/ml.
Cells were then gently shaken at 4oC for 30 min, centrifuged, and washed twice with PBS.
Finally, cells were resuspended in 2 ml of lysis buffer (100 mM Tris [pH 8.0] containing 300
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mM NaCl, 10 mM EDTA, 0.1 mM PMSF, and 50 μg/ml lysozyme), mixed 10 min at 4oC, and
then sonicated (50 s with 5 s pulse and 1 min pause at 80% amplitude) before its centrifugation
to remove cell debris. Cell extracts were aliquoted into 1-ml volumes and frozen at −80oC until
further use. Magnetic beads conjugated with IgG Protein A/G (New England Biolabs) were preblocked with 0.5 mg/ml of sonicated salmon sperm DNA (Thermo Scientific) and bovine serum
albumin (BSA; Sigma–Aldrich) and washed with 100 mM Tris (pH 8.0) containing 300 mM
NaCl to create a slurry. Lysates were precleared with 50 μl of the bead slurry per 500 μl of cell
lysate and incubated with gentle agitation at room temperature for 1 h, followed by
centrifugation for 5 min at 2500g (4oC). The supernatant was collected, and total protein
concentration was measured via the bicinchoninic assay (BioRad). Supernatants were split into 2
× 500 μl samples and 2 μl of anti-PhuS serum was added to one of the samples. Both samples
were then incubated overnight at 4oC with rotation. Antibodies were obtained from Covance
Custom Antibodies and generated from purified proteins supplied by our laboratory.
Antibody specificity and sensitivity was previously determined with the respective purified
proteins. Washed-bead slurry of 100 μl was added to all samples and mixed for 30 min at 4oC,
and the samples were centrifuged as before. Supernatant from the negative control was saved to
use as input DNA. The protein–DNA complex was washed with 1× PBS several times and eluted
with 0.1 to 0.2 M of glycine–HCl buffer (pH 2.5–3.0). The elution was neutralized by addition of
1 M Tris buffer (pH 8). The protein–DNA complex was treated with 1 U/μl DNase I (Novagen)
to digest nonspecific DNA. The protein–DNA complex cross-linking was reversed by adding 0.2
M of NaCl and incubating overnight at 65oC. The remaining DNA was purified using the
QIAquick PCR Purification kit (Qiagen) following the manufacturer’s instructions. Specific
primers PF1 and PR1 designed within the prrF1,F2 promoter region were used to amplify the
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isolated fragment (Appendix I Table I.2). The amplification conditions are as follows: Initial
denaturation was 95oC for 6 min, 35 cycles were applied (95oC for 1 min, 62oC for 30 sec, and
68oC for 1 min) and a final extension at 68oC for 5 min. PCR products were analyzed via
agarose electrophoresis and visualized under UV light on an AlphaImager gel doc (Protein
Simple). PCR amplified products were subjected to DNA sequencing (Eurofins) to confirm the
PhuS protected binding motif. In addition to ChIP-PCR we performed pull downs with purified
His-tagged PhuS (PhuS-His6) incubated with P. aeruginosa purified genomic DNA (gDNA). P.
aeruginosa gDNA (3 μg) was digested with HpaII (New England Biolabs) at 37oC for 1 h. The
digested samples were loaded on a 1% agarose gel and fragments ranging from 100 to 500 bps
were excised and purified from the gel using the Monarch DNA Gel Extraction Kit (New
England Biolabs). The fragmented gDNA (100-500 bps) was incubated for 1 h with 10 μM apoPhuS-His6 in 50 mM Tris–HCl (pH 8.0), 100 mM NaCl, 1 mM PMSF, and one complete mini
protease inhibitor tablet (Roche) on a tabletop roto shaker (Scientific Industries). Ni-NTA resin
(100 μl)(Themo Fisher Scientific) was added to the mixture and incubated for 5 min at 4oC. The
resin was centrifuged at maximum speed (10,000g) for 1 min and 3 times with 50 mM Tris–HCl
(pH 8.0) containing 100 mM NaCl. Apo-PhuS-His6 was eluted from the resin with 50 mM Tris–
HCl (pH 8.0) containing 100 mM NaCl and 250 mM imidazole. The eluant was treated with
DNase I (1 U/μl) to digest nonspecific DNA, and the bound DNA was purified from the complex
via PCR Qiagen Kit (Qiagen). The purified DNA was amplified with primer sets specific to the
prrF1,F2 promoter (Appendix I Table I.2) analyzed via agarose electrophoresis and sequenced
as described previously.
2.2.7 Electrophoretic Mobility Shift Assay (EMSA)
Single stranded oligonucleotides for EMSA experiments were obtained from (IDT Technologies)
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(Table I.2). The 5’-biotin–labeled sense and the antisense strand were annealed by mixing a 1:1
ratio, incubating at 95oC for 5 min followed by cooling down to room temperature. The annealed
fragment was further purified to remove any remaining nucleotides with the QIAquick
Nucleotide Removal Kit (Qiagen), and the concentration determined by UV absorption at 260
nm in a NanoDrop 2000c Spectrophotometer (Thermo Scientific). All protein oligonucleotidebinding reactions were assayed in 20 mM Tris (pH 8.0) containing 100 mM NaCl, 10% glycerol,
and 10 ng/ml salmon sperm DNA. Apo-PhuS protein concentrations ranged from 0.1 to 25 μM.
For the HemO titration reactions holo-PhuS was fixed at 10 μM and HemO varied across a range
from 0 to 12 M equivalents. All reactions were incubated at 37oC for 20 min following addition
of the biotinylated probe. For all reactions, the biotinylated probe was used at a fixed
concentration of 30 pM in a final volume of 10 μl. The reactions were incubated for a further 20
min at 37o C and analyzed on an 8% Tris–glycine acrylamide native gel. The gel was prerun in
1× Tris–glycine buffer (pH 8.3) for 1 h at 200 V 4oC and run 2 h at same voltage. DNA was
transferred to positively charged nylon membrane (Bright-Star-Plus Positively Charged Nylon
Membranes; Invitrogen) using a Semidry Electroblotting System (Thermo Scientific) with 1×
Tris–glycine (pH 8.3) for 30 min at 300 mA. Membranes were washed in 2× saline-sodium
citrate buffer (Thermo Scientific), for 5 min at room temperature, and DNA immobilized by UV
crosslinking. The position of the nucleic acids was visualized by chemiluminescent detection
using the Chemiluminescent Nucleic Acid Detection Module (Thermo Scientific) following the
manufacturer’s instructions and exposed to X-ray film (Amersham hyperfilm ECL; Amersham).
2.2.8 Characterization of apo-PhuS binding to the prrF1 Promoter via Analytical Size
Exclusion Chromatography
The PhuS-PrrF1 complex was further characterized on a Pharmacia AKTA FPLC system fitted
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with a 16/600 Superdex 200 pg size exclusion column (GE Life Sciences). All samples were
analyzed in 20 mM Tris and 100 mM NaCl and the column was equilibrated in the same buffer.
A 1:1 mixture of apo-PhuS and prrF1-50 promoter (1.5 µM) in 1 mL of sample buffer was
incubated for 20 min @ 37oC prior to injection onto the column at a flow rate of 0.2 mL/min.
Separate injections (1.5 µM ) of apo-PhuS, prrF1-50 DNA or the protein standards (Sigma
Aldrich) were also analyzed, with elution volumes (Ve) noted for all samples. Absorbance for
the protein standards and PhuS were measured at 280 nm while samples containing prrF1 DNA
were read at 260 nm. The void volume (Vo) was determined using blue dextran (2000 kDa) and
a standard curve was generated plotting the log of molecular weight of the respective protein
standards (ranging from 12 to 82 kDa) and their Ve/Vo ratio. The experimental molecular mass
of apo-PhuS the PhuS-PrrF1 complex as well as the DNA probe separately were calculated from
the standard curve.
2.2.9 Fluorescence Anisotropy (FA)
Binding of Fur or apo-PhuS to the 5’-Fluorescein amidte (FAM ) labelled probe (Table I.2) was
assessed using FA as previously described (33). Briefly, 5’-FAM oligonucleotides of the
protected prrF1 promoter region and a separate set encompassing prrF2 promoter region (Table
I.2) were analyzed by UV–visible spectroscopy to quantify the percentage of fluorescein tag.
The double-stranded probe was obtained by combining a 1:1 ratio of the 5’-labeled sense and
unlabeled antisense oligonucleotides in deionized H2O. To facilitate annealing, mixtures were
heated to 95oC, 5 min, and cooled down to room temperature. The labeled double-stranded
oligonucleotides were stored at −80oC until further use. In a quartz cuvette, 10 nM of 5’-FAM
oligonucleotide was diluted in 20 mM Tris–HCl (pH 8.0), containing 100 mM NaCl, and 0.05
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mg/ml BSA in a final volume of 500 μl. For runs with Fur, 10 nM of 5’-FAM oligonucleotide
was diluted in 10 mM bis–Tris borate (pH 7.5), 40 mM KCl, 0.1 mM MnSO4, 0.1 mg/ml BSA,
and 10% glycerol. All measurements were performed on a K2 spectrofluorometer (ISS)
configured in the L-format, with excitation/emission wavelengths and band widths of 495 and 2
nm and 519 and 1 nm, respectively. A measurement of the maximum anisotropy was performed
on the 5’-FAM oligonucleotide, and the change in anisotropy was measured as a function of
increasing concentrations of apo-PhuS or Fur. The addition of protein continued until no further
change in anisotropy was observed. The data were fit by converting the anisotropy, r, to fraction
bound, Fbound (the fraction of protein bound to the oligonucleotide at a given DNA
concentration), using the following equation:

𝐹𝐹𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 =

𝑟𝑟 − 𝑟𝑟𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓
(𝑟𝑟𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 − 𝑟𝑟)𝑄𝑄 + (𝑟𝑟 − 𝑟𝑟𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 )

where rfree is the anisotropy of the fluorescein-labeled oligonucleotide and rbound is the anisotropy
of the oligonucleotide–protein complex at saturation. The quantum yield designated as Q is
calculated from the changes in fluorescence intensity that occurs over the course of the
experiment (Ibound/Ifree). Fbound was then plotted against the protein concentration using
a one-site binding model:
𝑃𝑃 + 𝐷𝐷 ↔ 𝑃𝑃𝑃𝑃

[𝑃𝑃][𝐷𝐷]
= 𝐾𝐾𝑑𝑑
[𝑃𝑃𝑃𝑃]

𝐹𝐹𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 = {𝑃𝑃𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 + 𝐷𝐷𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 + 𝐾𝐾𝑑𝑑 } − [� 2�𝑃𝑃𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 + 𝐷𝐷𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 + 𝐾𝐾𝑑𝑑 � − 4𝑃𝑃𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝐷𝐷𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 )1 ]/2𝐷𝐷𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡
2

where P is the protein concentration and D is the DNA concentration. All concentrations and
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fluorescence changes were done in triplicate and corrected for volume changes. For the apoHemO titrations, the experiments were performed as described previously with a fixed
concentration of 5’-FAM–labeled prrF1-50 (10 nM) and holo-PhuS (1 μM). The change in
anisotropy was recorded on addition of increasing concentrations of apo-HemO and converted
to fraction bound and plotted against HemO molar equivalents.
2.3 Results
2.3.1 Isolation of a PhuS–prrF1 complex by ChIP–PCR
The potential for PhuS to bind to the prrF1 promoter was analyzed by subjecting PAO1 WT or
the ΔphuS deletion strain to ChIP followed by PCR amplification with primers PF1 and PR1
specific to regions within the prrF1 promoter (Table I.2 and Figure 2.7 C). Following DNAse
digestion and reversal of the formaldehyde crosslinking the fragments were amplified by PCR as
described in the methods. The ~230 bp fragment amplified from PAO1 WT and absent in the
/−phuS strain (Figure 2.7 A) was sequenced revealing a region upstream of the prrF1/prrH
promoter that includes part of the ferric uptake regulator (Fur) box sequence (Figure 2.7 C). We
repeated the pull downs with purified genomic DNA (gDNA; 100–500 bp sheared fragments)
and addition of purified His-tagged PhuS (PhuS-His6) to PAO1 gDNA. Nickel-nitrilotriacetic
acid (Ni–NTA) pull down, DNAse treatment, and PCR amplification with the primer pairs
identified bands of ~230, 180, and 120 bp, that following DNA sequencing confirmed binding to
the prrF1 promoter (Figure 2.7 B and C). Because of the high sequence identity (>95%) between
PrrF1 and PrrF2, we were unable to design primers to specifically probe PhuS binding to the
prrF2 promoter. PhuS binding to the prrF2 promoter was analyzed by FA (see section 2.3.2).
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2.3.2 Apo-PhuS and Fur have overlapping binding sites within the prrF1 promoter
Interestingly, the DNA fragment isolated by ChIP–PCR included the prrF1 Fur box
(Figure 2.7). Utilizing FA, we analyzed Fur and PhuS binding to a 5’-fluoroscein amidite (5’FAM)-labeled 30 bp oligonucleotide encoding the Fur box alone (prrF1-30) (Table I.2). This
was generated to determine if the Fur box was required for the interaction of apo-PhuS with
A.

PAO1

ΔphuS

M

M

PF1

PF2

PF3

500 bp
300
200
100

PprrF1

1

C.

B.

2

3

4

PprrF1

1

2

3

GAATCGCCCATAGCCTGATCGAAGGCATGGCCCGGCGGATAGACCTGCTTAACCGGGAAGTGACCCAGCTGCGCCTGCGCCGCAGCGCCTGAGGCCCATTCCAGAGGGCTCGC
PF1

PF2
-35
-10
GACTAGCTAGCAGAAAAGTTTGGCGAAAGCGTTTGACATGGAAATGAGAATCATTATTATGTCACTCAACTGGTCGCGAGATCAGCCGGTAAGCTGAGAGACCCACGCAGTCG
Fur Box
PR1
PF3
GACTCTTCAGATTATCTCCTCATCAGGCTAATCACGGTTTTTGACCCGGCACTTTGCCGGGTCTTTTTTTGCCTGCGATTCGGCCGGAGACGACCGTTCATCGGCTGGCGATG
AlgR site
-35
-10
GAATGAATGAGAACCGGCTTGACCTGATAATGAGAATAGTTATTATTACACCAACTGGTCGCGAGGCCAGCAGGTAAGCTGAGAGACCAAGCAGTCGGACTCTTCAGATTATC
Fur Box
TCCTCATCAGGCTAATCACGGTTTCGACCCGGCACTTTGCCGGGTCTTTTTTT

Figure 2.7 Chromatin immunoprecipitation (ChIP)-PCR analysis of PhuS binding to the prrF1,
prrF2 promoter. A. PCR fragments (225 bp; utilizing primers PF1 and PR1) amplified from
PAO1 WT cells or ΔphuS strains following crosslinking and pull down with anti-PhuS. Lanes 1
and 3 iron-deplete media; Lanes 2 and 4 supplemented with 1 μM heme. DNA markers as
shown. B. DNA fragments obtained following crosslinking of apo-PhuS-His6 to genomic DNA
pulled-down with Ni-NTA agarose. 1. 225 bp fragment amplified with primers PF1 and PR1, 2.
180 bp fragment amplified with PF2 and PR1, 3. 120 bp fragment amplified with primers PF3
and PR1. C. The prrF1 promoter regions with the Fur boxes upstream of prrF1 and prrF2 shown
in red, reading frame for prrF1 and prrF2 in purple, the AlgR site in green, and the -35 and -10
sites underlined. The italicized sequence represents the 225 bp PprrF1 fragment obtained
following ChIP–PCR and DNAse I treatment. Bands were visualized on 1% agarose with
ethidium bromide staining. Adapted from reference (29).
the prrF1 promoter. The change in anisotropy on addition of Fur when fit to a one-to-one
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binding site model gave a binding constant (KD) of 50 ± 10 nM (Figure 2.8 A). In contrast,
addition of apo-PhuS to prrF1-30 showed a much smaller change in anisotropy with a KD >2 μM
(Figure 2.8 B). However, titration of a 5’-FAM–labeled oligonucleotide that includes sequence
upstream of the Fur box (prrF1-50) significantly enhanced PhuS binding (Figure 2.8 B and
Table I.2). The change in anisotropy when fit to a one-to-one binding site model gave a KD of 64
± 10 nM (Figure 2.8 B).
In contrast, a 5’-FAM–labeled oligonucleotide encompassing the upstream sequence but
lacking the Fur box showed no change in anisotropy (Figure 2.7 and Table I.2). Therefore, the
optimal binding of PhuS to the prrF1 promoter requires sequence upstream of and including the
Fur box. To confirm PhuS specificity for the prrF1 promoter over that of prrF2, we performed
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prrF1-30: 5 ’-6FAM/GACATGGAAATGAGAATCATTATTATGTC-3 ’
Fur Box

prrF1-50: 5 ’-6FAM/AGCAGAAAAGTTTGGCGAAAGCGTTTGACATGGAAATGAGAATCATTATT-3 ’
Fur Box

Figure 2.8 Fluorescence anisotropy of ferric uptake regulator (Fur) and PhuS binding.A, Mn-Fur
binding to the 50-FAM–labeled prrF1-30. B, apo-PhuS binding to the 5’-FAM-labeled prrF1-50
and prrF1-30 color coded as shown. C, Sequence for Experiments were performed in triplicate
as described in Experimental procedures section. The data were fit by converting the anisotropy,
r, to fraction bound and plotted against protein concentration using a one-site binding model. The
error is shown as the SEM. 5’-FAM, 5’-fluoroscein amidite. Adapted from reference (29).
FA on 5’-FAM–labeled oligonucleotides designed within the prrF1,prrF2 intergenic region
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(Table I.2). Incremental addition of apo-PhuS to 5’-FAM–labeled oligonucleotides prrF2-50
(Fur) including the Fur box or the upstream prrF2-50 (AlgR), including the AlgR site (Figure 2.7
C and Table I.2), showed no change in anisotropy (Figure 2.9 A), confirming PhuS binds
specifically to the prrF1 promoter.
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Figure 2.9 Change in anisotropy as a function of PhuS. A. apo-PhuS titration with the prrF1
probes as shown. B. holo-PhuS titration against the prrF1-50 mer. Experiments were performed
in triplicate as described in the Experimental Procedures. The anisotropy, r, was plotted against
protein concentration and the error is shown as the standard error of the mean (SEM). Adapted
from reference (29).
2.3.3 apo-PhuS but not holo-PhuS binds to the prrF1 promoter
Following characterization of the PhuS-binding region, we next sought to determine if heme and
DNA binding were mutually exclusive. In contrast to apo-PhuS, the addition of holo-PhuS to the
5’-FAM–labeled prrF1-50 oligonucleotide showed no change in anisotropy (Figure 2.9 B). The
FA analysis was confirmed by EMSAs of apo-PhuS and holo-PhuS binding to a 5’-biotinylated
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Figure 2.10 EMSA of apo- and holo-PhuS binding to prrF1-50. A, apo-PhuS binding to 50biotin–labeled prrF1-50. B, holo-PhuS binding to 50-biotin–labeled prrF1-50. Experiments were
performed as described in Experimental procedures section. All reactions contained a fixed
concentration (30 pM) of labeled prrF1-50, and the following incubation was run on 8%
acrylamide gels and transferred to a nylon membrane and visualized by chemiluminescence.
Adapted from reference (29).
prrF1-50 probe. On addition of increasing concentrations of apo-PhuS a lower mobility
complex was observed consistent with apo-PhuS binding to prrF1-50 (Figure 2.10 A). In
contrast, addition of holo-PhuS showed no shift in biotinylated prrF1-50 (Figure 2.10 B). Taken
together, the data are consistent with heme and DNA binding being mutually exclusive functions
of PhuS.
I further confirmed apo-PhuS binding to the prrF1-50 promoter by analytical size
exclusion chromatography. Apo-PhuS (1.5 µM) was loaded onto a Superdex size exclusion
column separately and following complex formation (Figure 2.11 B). The apparent molecular
weight of the complex was determined based on the standard curve generated from protein
standards (Figure 2.11A). Apo-PhuS eluted with an estimated molecular weight of ~44.5 kDa
slightly higher than the 39 kDa but consistent with the conformational dynamics of the Cterminal. Interestingly, the apo-PhuS-prrF1 complex eluted apparent molecular weight of ~46
kDa (Fig 2.11 B). Given that the prrF1-50 DNA fragment has a calculated molecular weight of
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Figure 2.11 Analytical Size Exclusion of apo-PhuS and apo-PhuS-prrF1 promoter. FPLC of the
purified apo-PhuS and prrF1-50 on 16/600 Superdex 200 pg size exclusion column. A.
Chromatograms of apo-PhuS (red solid line) and the prrF1-50 (cyan solid line at 260 nm) B.
Chromatogram of the PhuS-prrF1-50 complex (solid red line) measured at 280 nm and at 260
nm for prrF1-50 (cyan solid line) overlayed with molecular weight markers as shown: β-amylase
(0.5 mg), alcohol dehydrogenase (0.5 mg), bovine serum albumin (1 mg), carbonic anhydrase (1
mg) and cytochrome (2 mg). C. The log10 of the molecular weight markers was plotted against
Ve/Vo to determine the apparent molecular weight of the apo-PhuS and PhuS-prrF1-50
complex. A 1 mL sample of PhuS (2. 5 µM) and/or DNA (2.5 µM) was loaded onto the column
equilibrated in 20 mM Tris-HCl (pH 8.0) containing 100 mM NaCl at a flow rate 0.2 ml/min
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30.5 kDa and elutes with an apparent molecular weight of >100 kDa, apo-PhuS binding
compacts the DNA consistent with a remodelling the prrF1 promoter (Figure 2.11 A).
2.3.1 HemO modulation of the holo-PhuS to apo-PhuS equilibrium drives DNA binding.
Previous studies in the Wilks laboratory have characterized PhuS as a titratable regulator of heme
flux through HemO (16). Based on these earlier studies, we hypothesized heme flux through
HemO may be coupled to PhuS regulation of the prrF locus. We next tested the ability of HemO
to drive the holo-PhuS to apo-PhuS conversion and subsequent DNA binding to apo- PhuS by
FA and EMSA. On titration of a fixed concentration of holo-PhuS and 5’-biotinylated prrF1-50
with increasing concentrations of apo-HemO, we observe a lower mobility complex, consistent
with apo-PhuS binding to prrF1-50 (Figure 2.12 A). To confirm the lower mobility complex is
not because of non-specific HemO binding to prrF1-50, we performed EMSA by titrating in
increasing concentrations of apo-HemO. As expected, titration of apo-HemO no shift in the 50biotinylated prrF1-50 fragment (Figure 2.12 B).
Similarly, by FA analysis, titration of a fixed concentration of holo-PhuS (1 μM) and 50FAM-labeled prrF1-50 (10 nM) with increasing concentrations of HemO, we observe an
increase in anisotropy. The change in anisotropy when fit to a one-to-one binding site model
shows saturation at ~1:1 M equivalency of HemO to PhuS (Figure 2.12 C). Consistent with the
competing equilibrium between heme transfer from holo-PhuS to HemO and apo-PhuS binding
to prrF1-50, we observe a two- to three-fold decrease in the binding affinity KD (140 ± 30 nM).
As outlined in the introduction previous studies in the Wilks laboratory has shown apo-PhuS
undergoes a significant conformational rearrangement on heme binding (37), which accounts for
the mutually exclusive roles in DNA binding and heme transfer. The role of the heme
coordinating residues in driving the conformational rearrangement and function of PhuS will be
further discussed in Chapter 3.
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2.3.2 Heme flux through PhuS regulates PrrH but not PrrF1 levels in vivo
To assess the role of PhuS in transcriptional regulation of prrF1 and/or prrH, we
performed qPCR analysis of PAO1 WT and a previously constructed phuS knockout (ΔphuS)
allelic strain (15) in both low iron- and heme-supplemented conditions. Through a combination
of isotopic 13C-heme uptake followed by liquid chromatography-tandem mass spectrometry
(LC–MS/MS) and inductively coupled plasma (ICP)-MS, we have previously shown that 1 μM
of heme-supplemented cultures deplete the exogenous heme by 6 to 8 h, resulting in Fur
repression (4,38,39). Therefore, we analyzed the relative PrrF and PrrH levels at 2 and 5 h where

69

Molar ratio holo-PhuS:HemO 0:10

A.

PhuS-prrF1-50

prrF1-50

B.

C.

Fraction Bound prrF1-50

prrF1-50

1.0

0.5

0.0
0.0

0.5

1.0

1.5

2.0

HemO Equivalents

Figure 2.12 Holo-PhuS titration with apo-HemO drives DNA binding. A. EMSA of holo-PhuS
titration with apo-HemO. A solution of biotin-labeled prrF1-50 (30 pM) and holo-PhuS (10 μM)
was titrated with increasing concentrations of HemO (0-10 molar equivalents). B. EMSA of apoHemO with biotin-labeled prrF1-50 (30pM). The DNA was titrated with increasing
concentrations of HemO (0-50 µM). FA experiments were performed as described for Figure
2.6; C. FA of holo-PhuS titration with apo-HemO. FA was performed with a fixed concentration
of holo-PhuS (1 μM) and 50-FAM–labeled prrF1-50 (10 pM). The change in anisotropy was
recorded as a function of apo-HemO molar equivalent until no further changes in anisotropy
were recorded. Experiments were performed in triplicate as described in the Experimental
procedures section. The data were fit by converting the anisotropy, r, to fraction bound and
plotted against HemO molar equivalents using a one-site binding model. The error is shown as
the SEM. Adapted from reference (29).
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heme flux through PhuS is maximal and prior to Fur repression. As shown in Fig 2.13 the ΔphuS
strain had similar growth rate in iron-deplete or heme-supplemented conditions to the PAO1 WT
strain (Figure 2.13). The PrrF1 probe detects PrrF1, PrrF2, and PrrH sRNAs owing to the
similarity and overlap in sequences. In contrast, the PrrH probe comprises the unique intergenic
sequence

Figure 2.13. Growth curves for PAO1 WT and ΔphuS strains. Cells were grown at 37oC in irondeplete media (M9) (squares) or M9 supplemented with 1 µM heme (circles). The growth curves
represent 3 biological replicates and the error bars represent the standard error of the mean
(SEM). Strains as shown in the legend. Adapted from reference (29).
between prrF1 and prrF2 and thus detects PrrH specifically (Table I.2). Given the previously
reported low abundance of PrrH compared to PrrF1 and PrrF2, the contribution of PrrH to the
relative RNA levels measured with the PrrF probe is negligible (28). In iron-deplete conditions,
we observe an approximately twofold increase in PrrF at 5 h consistent with iron deprivation
and derepression of Fur (Figure 2.14 A). In contrast, in heme-supplemented conditions at 2 h,
there is a twofold decrease in the relative PrrF levels. However, at 5 h, the relative expression of
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PrrF following heme supplementation is identical to that in low iron conditions (Figure 2.14 A).
We have previously observed a similar heme-dependent decrease in relative RNA levels at the
early 2 h time point for Fur-regulated genes in the has and phu heme uptake systems (13, 22).
We attributed this decrease to an initial effect of the influx of heme or iron. In contrast to PrrF,
PrrH levels show no increase over time in low iron (Figure 2.14 A). However, in hemesupplemented conditions, we see a significant threefold to fourfold increase in PrrH levels at 5 h
(Figure 2.14 A). Furthermore, at the 2 h time point, we do not observe the initial decrease in the
relative expression of PrrH as seen for PrrF. Despite being iron regulated as it is transcribed
from the prrF1 promoter, PrrH appears to only respond to heme conditions within this study. To
confirm that the heme-dependent increase in PrrH expression is indeed mediated by PhuS, we
performed qPCR analysis on the ΔphuS strain. In low iron, we observe an approximately
twofold increase in PrrF expression at the earlier 2 h time point in the ΔphuS strain similar to
PAO1 WT (Figure 2.14 B). Interestingly, the decrease in relative expression of PrrF in hemesupplemented conditions compared with low iron is significantly enhanced in the ΔphuS strain
compared with PAO1 WT (Figure 2.14 B). Furthermore, on heme supplementation, we observe
a loss in the heme-dependent regulation of PrrH in the ΔphuS strain (Figure 2.14 B). Therefore,
deletion of PhuS not only leads to a loss in the heme-dependent increase in PrrH expression but
also appears to increase the iron effect over the prrF1 promoter. Given the partial overlapping
binding sites of PhuS and Fur, it is possible that the absence of PhuS may allow for increased
access to the Fur box and enhanced repression of PrrF by Fur in the ΔphuS strain. Although not
statistically significant, in low iron, the loss of PhuS also appears to lead to slightly elevated
levels of PrrF relative to PAO1 WT (Figure 2.14 B). Taken together, the data suggest that PhuS
binding as a function of heme status regulates the relative expression of PrrF1 and PrrH through
modulation of Fur binding.
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Figure 2.14. Relative PrrF1 and PrrH sRNA levels for PAO1 WT and ΔphuS allelic strain in
iron-deplete or heme-supplemented conditions. A. PrrF1 relative sRNA levels in PAO1 WT and
ΔphuS strains. B. PrrH relative sRNA levels in PAO1 WT and ΔphuS strains. mRNA isolated at
0, 2, and 5 h following growth in either iron-deplete (gray bars) or M9 supplemented with 1 μM
heme (purple). mRNA values represent the mean from three biological experiments, each
performed in triplicate and normalized to 0 h. Error bars represent the standard deviation from
three independent experiments performed in triplicate. Student two tailed t-test comparing values
supplemented with 1 µM heme to iron-deplete conditions at the same time
point, where *p < 0.05, **p, 0.005. Adapted from reference (29).
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2.4 Discussion
Iron acquisition and homeostasis are critical for P. aeruginosa survival and virulence. Bacterial
iron homeostasis is maintained by either repressing the expression of iron-uptake systems in
iron-replete conditions or by decreasing the levels of iron-containing proteins in iron-limiting
conditions. The latter function is most often mediated at the post-transcriptional level by ironresponsive sRNAs, that also regulate many virulence traits (40-44). In P. aeruginosa, the PrrF
sRNAs also play a major role in numerous other processes critical to virulence, including
twitching, biosynthesis of quorum sensing molecules, and biofilm formation (25,45). Specific
PrrF targets include mRNA of iron-containing proteins such as superoxide dismutase (sodB),
succinate dehydrogenase (sdh), and a heme-containing catalase (katG) (40). PrrF also indirectly
promotes the production of the Pseudomonas quinolone signal (PQS) by repressing antR, an
activator of genes required for degradation of the PQS biosynthetic precursor anthranilate (27).
Therefore, the PrrF sRNAs contribute to virulence through both the iron-sparing response and
the activation of PQS-regulated virulence factors. However, the regulatory mechanisms by which
P. aeruginosa adapts to a particular iron source are not as well understood. For example, in
chronic infection, P. aeruginosa decreases its reliance on siderophores, while simultaneously
increasing reliance on heme (5,46). This increased dependence on heme coincides with the
upregulation of the Phu heme uptake system. The heme uptake systems like their siderophore
counterparts are globally regulated by the master regulator Fur but must also have additional
levels of regulation that allow for a coordinated transcriptional response to heme. Some years
ago, it was reported that the tandem arrangement of prrF1 and prrF2 allowed for expression of a
longer heme-responsive sRNA PrrH, predicted to affect the expression of genes related to heme
homeostasis (28). Given the genetic link between the prrF1,F2 locus and phuS, we hypothesized

74

that heme flux through PhuS may play a role in integrating heme metabolism into the sRNA
regulatory network. In this Chapter, I have shown that apo-PhuS specifically binds within the
prrF1 promoter and modulates the expression of PrrF and PrrH as a function of extracellular
heme flux. These results suggest that PhuS interactions with HemO and DNA are mutually
exclusive, pointing to a heme-dependent conformational rearrangement of PhuS in the
integration of metabolic heme flux and transcriptional regulation of the prrF1,2 locus.

Figure 2.15 Proposed model for the heme-dependent modulation of PrrF and PrrH expression
by PhuS. Adapted from reference (29).
Therefore, we proposed a model where the equilibrium between apo-PhuS and holo-PhuS
modulates the relative expression of PrrH (Figure 2.15). In this model, under low iron conditions,
the equilibrium shift to apo-PhuS leads to increase in the relative expression of PrrH on binding
and reorganization of the prrF1 promoter (Figure 2.15 A). Active heme uptake shifts the
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equilibrium toward holo-PhuS downregulating the relative levels of PrrH compared with PrrF1
and/or PrrF2 (Figure 2.15 B). The eventual increase in intracellular iron levels as a function of
heme utilization leads to Fur repression of the prrF1,2 operon (Figure 2.15 C). The
conformational rearrangement of PhuS driving these mutually exclusive functions is supported
by solution-based biophysical approaches such as limited trypsin digest and HDX-MS (22,37). A
more detailed analysis of the conformational landscape of the PhuS protein utilizing site-directed
mutagenesis and biophysical approaches will be outlined in Chapter 3.
The fact that optimal apo-PhuS binding includes the Fur box (Figure 2.8 B) but has no
affinity for the Fur box alone (Figure 2.8 B) suggests that PhuS and Fur binding are not mutually
exclusive but may be antagonistic. This is supported in part by the qPCR data, where in ironlimiting conditions, the absence of PhuS increases the relative levels of PrrF compared with
PAO1 WT (Figure 2.15). In contrast, in heme-supplemented conditions, the initial irondependent repression of PrrF is significantly increased, presumably a consequence of greater
access of Fur to the Fur box in the absence of apo-PhuS (Figure 2.15 B). Similarly, increased Fur
repression and loss of PhuS also leads to a decrease in the relative expression of PrrH. Taken
together the data suggest apo-PhuS binding to the prrF1 promoter as a function of Fur
antagonism allows a coordinated iron and heme transcriptional response.
A previous study showed the prrF operon required extended upstream sequence for full
promoter activity, a common feature of promoters that bind multiple transcription factors as
higher order oligomers and show promiscuous DNA shape-dependent binding at sites distant
from the transcriptional start site (25,47,48). The Fur proteins themselves are known to
oligomerize in a metal-dependent manner and bind to promoters at multiple sites causing DNA
looping (48-50). It is interesting that the analytical gel filtration analysis of the apo-PhuS-prrF1-

76

50 complex runs at a predicted molecular weight significantly lower than the prrF1-50 DNA
alone or the cumulative molecular weights of apo-PhuS and the prrF1-50 DNA fragment,
suggesting that PhuS binding condenses or compacts the DNA (Figure 2.11). Similarly, the
PhuS homolog ShuS was shown by atomic force microscopy techniques to form oligomeric
complexes condensing the DNA (33). The fact that the PhuS-DNAse protected fragment
identified by ChIP- PCR is ~230 bp (Figure 2.7 A), consistent with PhuS having similar
nucleoid-associated protein- like properties that may include oligomerization and promiscuous
binding. It is not clear at the present time how modulation of PhuS and Fur binding to the prrF1
promoter allows for remodeling of the DNA structure or even read through of the prrF1
transcriptional terminator required for PrrH expression. Interestingly, upstream of the prrF2 Fur
box is an AlgR-binding site, and AlgR has been shown to directly and indirectly regulate
pyoverdine biosynthesis based on phosphorylation status (51). The AlgR transcriptional
regulator is part of the AlgZR two-component sensor system that regulates alginate as well as
several virulence factors, including type IV pillus, rhamnolipid production, Rhl quorum sensing
system, and biofilm formation (52-56). It is possible given the proximity of the prrF1 and prrF2
promoters that are separated by only 95 bps that short-range DNA interactions driven by higher
order multimers or overlapping interactions of the transcriptional regulators allows for
differential expression of PrrF1, PrrF2, and/or PrrH. A precedent for such a mechanism has been
characterized in H. pylori where oligomerization and DNA condensation by Fur and its
antagonism by the Ni-dependent NikR allows for integration of metal homeostasis and acid
acclimation (48). A more extensive analysis by DNAse I footprinting and expression analysis
under different conditions will determine if these transcriptional regulators physically interact
and coordinate transcriptional regulation via structural changes within the prrF1 and prrF2
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promoters. Nevertheless, differential regulation over the prrF1 and prrF2 promoters provides a
mechanism by which the relative expression levels of PrrF1, PrrF2, and PrrH may ultimately
determine the distinct target profiles of the sRNAs. This is especially true of PrrF1 and PrrF2
that have almost identical sequences. Interestingly, in PAO1, algR is co-transcribed with the
hemCD genes providing a link to intracellular heme biosynthesis (57). Furthermore, the AlgR
regulation of pyoverdine provides a link between heme biosynthesis and iron homeostasis (51).
While specific targets of PrrH are not as well characterized as the identification of potential PrrH
targets such as vreE, a regulator of virulence, the heme-d1 biosynthesis gene nirL. The nir gene
cluster encodes genes for the synthesis of heme d1 and branches from the central heme
biosynthesis pathway at uroporphyrinogen III (32). Thus, PrrH repression of heme d1
biosynthesis may prioritize heme precursors to produce the more abundant heme b. Indeed, the
ΔprrF1,F2 mutant is defective for both heme and iron homeostasis and is attenuated for
virulence in an acute mouse lung infection model (25). Therefore, PhuS-dependent modulation
of PrrH may further allow for integration of iron and heme homeostasis with the virulence
networks of P. aeruginosa (28,45). It is not unreasonable to suggest that the modulation of the
iron-dependent PrrF/PrrH network by PhuS and AlgR plays a role in unifying intracellular iron
and heme homeostasis as well as virulence traits required for infection. The ability to rapidly
respond and adapt to heme as an iron source is likely to provide a competitive advantage in the
host. As previously mentioned, in chronic infection, P. aeruginosa adapts over time to utilize
heme as an iron source via the Phu system, while decreasing its reliance on siderophore systems
(46). The fact that the tandem arrangement of the prrF genes and the presence of phuS are
genetically linked and found only in pathogenic P. aeruginosa highlights the significance of the
iron- and heme-dependent sRNAs in this adaptive response (28). Furthermore, the detection of
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both PrrF and PrrH in infected murine lungs as well as sputum from patients with cystic fibrosis
further signifies a role for these sRNAs during infection (25). In summary, we have identified
PhuS as a heme-dependent transcriptional regulator of PrrH expression in addition to its role in
regulating extracellular heme flux through HemO. This is also the first report in P. aeruginosa of
a regulatory link between extracellular heme metabolism and the iron- and heme-dependent
sRNAs. We propose this dual function of PhuS is central to integrating extracellular heme
utilization into the PrrF/PrrH sRNA regulatory network critical for P. aeruginosa adaptation and
virulence within the host.
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Chapter 3: Effect of PhuS Heme Coordination Variants on
Extracellular Heme Metabolism and Regulation of the
Pseudomonas aeruginosa Tandem sRNA prrF1,2 Locus
3.1 Introduction
As previously discussed in Chapter 2, PhuS plays a central role in integrating extracellular heme
metabolism into the iron-sparing response via the heme and iron-dependent sRNAs. Absorption
and resonance Raman spectroscopic characterization of the holo-PhuS complex revealed a
dynamic heme site with a mixture of six-coordinate low-spin (6CLS) and high spin (6CHS)
heme typical of a histidine ligated heme hydroxide complex (1). Crystal structures of holo-PhuS
confirmed the spectroscopy with heme being bound to His-209 and consistent with the conserved
proximal ligand in ShuS from S. dysenteriae, HemS in Y. entercolitica and ChuS from E. coli (24). Interestingly, in PhuS there are two additional His residues within the heme binding site that
are not conserved in the PhuS homologs, His-210 and His-212. The Wilks laboratory through a
combination of site-directed mutagenesis and Resonance Raman spectroscopy characterized the
heme binding site as having two mutually exclusive ligands His-209 or His-212 (5).
Furthermore, His-210 while not directly coordinating heme was thought to play a role in
stabilizing ligand coordination through His-212 (5). Taken together the data revealed a dynamic
heme environment with the ability to access a variety of heme coordination and spin states all
properties consistent with a role as a heme chaperone. Furthermore, given the reported slow
kinetics of heme transfer from holo-PhuS to HemO we proposed a His-ligand switch mechanism
for heme transfer (Figure 3.1 A) (6).
The role of the His-triad in heme coordination, conformational rearrangement and heme
transfer was further investigated via a combination of site-directed mutagenesis, spectroscopic
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and biophysical analysis (7). Interestingly, mutation of the His-ligands did not significantly alter
the heme binding affinities (KD) consistent with hydrophobic interactions of the protein with the
porphyrin scaffold driving the free energy of binding (Table 3.1). This is consistent with other

Figure 3.1 Proposed mechanism of heme transfer from holo-PhuS to HemO. A. (1) Heme binds
to apo-PhuS through His-209; (2) Ligand switch to His-212 triggers heme transfer to apo-HemO
(4) followed by dissociation of holo-HemO. B. In silico modeling of the two possible heme
binding modes in holo-PhuS. Adapted from reference (8).
heme transport proteins such as hemopexin, where two homologous domains form heme binding
cleft with aromatic residues providing a significant contribution to binding affinity (9). In
contrast the protein-protein interaction as measured by SPR of the holo-PhuS His variants with
HemO showed significant differences (7). Interestingly, a detectable SPR response was observed
for the holo-PhuS H209A variant but not in holo-PhuS H210A or H212A, suggesting that both
His-210 and 212 are integral to protein-protein interaction and heme transfer. As previously
outlined in Chapter 2, limited proteolysis and analytical ultracentrifugation (AUC) revealed a
significant rearrangement of the C-terminal occurs on heme binding suggesting that either His212 is required for heme transfer or is critical for the conformational rearrangement and
interaction with HemO. Molecular modeling studies based on the crystal structure proposed a
plausible mechanism for the role of His-212 in facilitating heme release from PhuS to HemO (8).
In this model a repositioning of the heme on His-212 requires it to adopt an alternate rotamer

85

reorienting the heme with the heme propionates being potentially further stabilized through
interactions with Lys-216 and Arg-222 (Figure 3.1 B). Similarly, His-210 which was also shown
to be required for interaction with HemO faces outward and presumably at the interface with
HemO.
KD (µM)
Protein
Soret band
Q-bands
Spin-state
Kd (µM)
(PhuS)
(nm)
(nm)
(pH 7.8)
heme
Heme-PhuS:HemO
Wild type
411
545, 570
6CHS/LS
0.41 ± 0.05
1.23 ± 0.05
H209A
410
532, 566
6CLS
1.6 ± 0.70
7.0 ± 0.6
H210A
412
540, 578
6CHS/LS
0.48 ± 0.1
ND
H212A
407
544, 580 6CHS/5CHS
1.0 ± 0.3
ND
Table 3.1 Heme binding characteristics of holo-PhuS WT and His variants. Spectroscopic
characteristics measured by absorption and Resonance Raman. Heme binding affinity by
fluorescence quenching and holo-PhuS interaction with HemO by SPR. Adapted from reference
(7).
This underlying mechanism of the conformational rearrangement and its implications for
heme transfer were further analyzed with a combination of Hydrogen Deuterium Exchange-Mass
Spectrometry (HDX-MS), molecular dynamics (MD) and stopped flow UV-Vis spectroscopy
(10). The role of His-212 in heme ligand exchange was further supported on comparison of the
holo-PhuS H212R variant which was shown to interact with HemO but was significantly
hindered in its ability to transfer heme (10). Differences in deuterium uptake between apo- and
holo-PhuS WT and H212R was monitored after dilution into D2O. These states were analyzed to
determine regions that underwent extensive exchange at early timepoints, which would reflect
those regions to be intrinsically unstructured or favoring the unstructured form. Global
examination of the deuterium exchange profiles of apo- vs. holo-PhuS WT showed protection
upon heme binding (Figure 3.2 A). The regions of maximum protection were located within the
proximal C-terminal helices (α6/α7/α8), the distal N-terminal domain β-sheets (β5-β6), and the
backside of the pocket β-sheets (β16/β17/β18) (Figure 3.2 A). Additionally, the helices at the C-
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terminal (α6/α7/α8) and N-terminal (α1/α2) following structural rearrangement undergo
cooperative folding at a similar rate, as judged by the double isotopic envelope typical of EX1
kinetics (10). Interestingly, crosslinking studies and in silico docking further confirmed peptides
in the regions that undergo cooperative folding mapped to the PhuS:HemO interface (Figure
3.3). Taken together the data along with the previously reported slow rate of heme transfer to
HemO (0.1 s-1), led our laboratory to propose that the cooperative folding and unfolding events
contribute to the His-ligand switch that triggers heme release to HemO (6). In contrast to PhuS
WT the PhuS H212R variant apo- and holo- states via HDX-MS revealed a significant decrease
in the rate of deuterium exchange within the regions previously shown to be affected

Figure 3.2 Difference plot of percentage deuteration for apo-PhuS minusholo-PhuS WT and
apo-PhuS H212R minus holo-PhuS H212R. Individual peptides plotted on the x axis from the N
to C terminus. For each peptide, differences in percentage deuteration (%ΔD) at the various
deuterium incubation times are color-coded according to the legend, and the sums of all
differences integrated over all incubation time points are represented by gray bars. Respective
98% confidence intervals (98% CIs) shown by the horizontal dashed lines. Panel B inset shows
color coded peptides mapped onto the holo-PhuS crystal structure (PDB 4IMH). Adapted from
reference (10).
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upon heme binding and undergo cooperative folding/unfolding in WT PhuS (Figure 3.2B).
Additionally, suppression of the cooperative unfolding events in both the N- and C-terminal
domains were observed, resulting in complete loss of EX1 kinetics (10). This suggested that the
motions within the N and C-terminal domains are allosterically coupled in a heme-dependent
manner. Furthermore, consistent with a more structured apo-PhuS H212R variant
stopped flow UV-vis spectroscopy at 4oC revealed a faster rate of heme binding with apo-PhuS
H212R compared with the WT protein (10). Overall analysis of the heme binding kinetics is
consistent with a two-step model with an initial formation of the apo-PhuS:Heme complex
through hydrophobic interactions of the porphyrin with the distal pocket of PhuS followed by
coordination of the proximal His ligand. In the case of heme binding to the PhuS H212R variant
the overall higher Kd for initial heme binding to the apo-protein but faster heme coordination step
is consistent with a more structured apo-PhuS H212R compared to apo-PhuS WT. Isothermal
titration calorimetry analysis of the holo-PhuS H212R HemO interaction while enthalpically
driven showed an increase in entropy compared to holo-PhuS WT consistent with the decreased
conformational flexibility.
As outlined in Chapter 2, the mutually exclusive roles of apo- and holo-PhuS in
interacting with the prrF1 promoter or HemO, respectively, indicates a heme-dependent
conformational heme transfer and DNA binding suggest a heme-dependent conformational
rearrangement as the mechanism integrating the metabolic flux through HemO to the heme
dependent regulation of PrrF and PrrH. This rearrangement as outlined above is supported by
numerous solution-based biochemical and biophysical studies but is not consistent with the
crystal structures or MD simulations of the structures (7,10). However, the relatively slow
kinetics of heme binding by spectroscopic analysis may preclude the usefulness of MD
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simulations without enhanced sampling techniques. However, a recent study in collaboration
with the Deredge laboratory using a combination of enhanced sampling MD simulations with
HDX-MS-based maximal entropy reweighting was performed to model the conformational
landscape of α6/7/8 in apo-PhuS (11). The resulting ensemble revealed a complex
conformational landscape with large crystal-like structures as well as those with large
rearrangements. The modeled conformational landscape of the α6/7/8 helices provided some
insight into a possible mechanism for heme transfer. The His-ligand switch mechanism was
proposed to occur via an exit from the side based on the in-silico docking. This requires heme
to be translocated some distance to the HemO site in the absence of large conformational

heme

S1

S2

S3

S4

PhuS

apo-PhuS

holo-PhuS:apo-HemO

apo-PhuS(S4):holo-HemO

Figure 3.3 Structural insights into heme binding to PhuS and subsequent transfer to HemO.
Results extracted by ST and HDXer reveal that apo-PhuS exists in multiple conformational
substates (Top left). Heme binding drives conformational rearrangement on coordination of the
proximal ligand (Top right). Heme binding also drives the formation of the holo-PhuS:apoHemO complex (Bottom left). The translocation of heme to HemO causes the C-terminal helices
α6/7/8 (labeled orange) to reorient toward HemO showing a representative structure from
substate 4 (Bottom right). Adapted from reference (11).
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rearrangement (Figure 3.3). Based on comparative analysis of holo-PhuS, substate 3 and 4 in the
context of the model places His-209 and His-212 along the exit path to HemO with
representative structures placing the heme approximately ~9 Å closer to the iron center of the
heme bound to HemO (Figure 3.3). However, the path between the heme binding sites is

partially occluded suggesting the substates may represent the state following release of heme to
HemO, a state that could bind DNA but could readily undergo changes on heme binding to the
HemO competent conformation. A similar analysis of apo- and holo-PhuS H212R reaffirmed
previous studies indicating increased structure in the α6 helix and less displacement of α7 across

the entire ensemble, data consistent with the faster heme coordination step.

The application of biophysical and biochemical approaches to the in vitro
characterization of heme transfer and DNA binding have provided significant insight into the
mechanism by which PhuS integrates the extracellular heme flux through HemO into the irondependent PrrF/H sRNA regulatory network. The work presented in this chapter will extend
these studies in the biochemical and biophysical characterization of the PhuS H209A and H212R
variants as not only affecting heme flux through HemO, but also the regulation of the PrrF/PrrH
sRNAs.
3.2 Methods
3.2.1 Expression and purification of apo-PhuS mutants (H212R and H209A)
Expression and purification of the PhuS WT and variant proteins was carried out as previously
described in Chapter 2 (12). Cells were lysed in 15 mL lysis buffer (per liter of culture) 50 mM
Tris (pH 8.0), containing 50 mM NaCl, 1 mM EDTA, 1 mM PMSF, 5 μg/mL DNAse, 100
μg/mL lysozyme, and a protease inhibitor cocktail tablet (Roche). The lysis mixture was stirred
for 1 hour at 4⁰C followed by sonication for 30 s total. The cell debris was removed through
centrifugation at 14,000 rpm in a Beckman JA-17 rotor. The cleared PhuS lysate was applied to a
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Sepharose-Q fast Flow column (GE Life Sciences) equilibrated with 20 mM Tris–HCl (pH 8.0)
and washed with five column volumes of the same buffer. The column was further washed with
10 column volumes of 20 mM Tris (pH 8.0) containing 20 mM NaCl, and the PhuS protein was
eluted in the same buffer with a linear gradient of 50 to 500 mM NaCl. Eluted fractions were
analyzed by SDS-PAGE, and the peak fractions were pooled and dialyzed against 4 l of 20 mM
Tris (pH 8.0) containing 100 mM NaCl. The protein was concentrated on an Amicon 8050
stirred cell concentrator fitted with as 30 K cut off membrane (Amicon). PhuS was purified to
homogeneity on an AKTA FPLC system fitted with a 26/600 Superdex 75 pg size exclusion
column (GE Life Sciences) equilibrated with 20 mM Tris (pH 8.0) containing 100 mM NaCl.
Peak fractions as judged by the A280 were subjected to SDS-PAGE, and the pure fractions were
pooled, concentrated (10 mg/ml) and stored at −80oC until further use. Heme solutions were
prepared in 0.1 N NaOH, and the pH adjusted with the identical buffer was used to prepare the
PhuS protein samples. Heme loading of the purified PhuS protein was carried out by addition of
a 1.5:1 ratio of heme to protein. Excess heme was removed over a Sephadex G-50 column (GE
Life Sciences) equilibrated with 20 mM Tris (pH 8.0). All buffered heme solutions were used
within 20 min of preparation. Heme stock solution concentrations and the stoichiometry of the
final holo-PhuS complexes were determined by pyridine hemochrome as previously described
(13).
3.2.2 Transcriptional analysis of prrF and prrH by quantitative real-time PCR (qRT-PCR)
To analyze prrF and prrH expression, singly isolated colonies of P. aeruginosa parental strain or
the phuS H209A and phuS H212R allelic strains (12) were picked, inoculated into 10 ml of LB
broth, and grown overnight at 37oC with shaking (210 rpm). The bacteria were then harvested
and washed in 10 ml of M9 minimal medium. Following centrifugation, the bacterial pellet was
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resuspended in 10 ml of M9 medium and used to inoculate 50 ml of fresh M9 iron-deplete
medium to a starting OD600 of 0.05. Cultures were grown at 37oC with shaking for 3 h before
the addition of 1 µM heme (0 h) and incubated for a further 7 h. Total RNA was purified from 12 ml aliquots collected at several time points from cultures grown under various conditions (with
and without 1 µM heme). RNA was stabilized by the addition of 250 μl RNALater Solution
(Ambion) and the samples were stored at −80°C until further use. Total RNA was isolated from
each cell pellet using the RNAeasy mini spin columns according to the manufacturer’s directions
(Qiagen). 4 μg of total RNA was treated with RNAse-free DNAseI (New England Biolabs) for
2h at 37°C to remove contaminating chromosomal DNA and precipitated with 0.1x volume 3M
sodium acetate pH 5.2 and 2x volume 100% (v/v) ethanol. RNA quantity and quality were
assessed by UV absorption at 260 nm in a NanoDrop 2000c Spectrophotometer (Thermo
Scientific, USA). cDNA was generated using the GoScript™ Reverse Transcriptase kit
(Promega) from RNA (250 ng) and random primers (0.5 μg). cDNA (10 ng) was analyzed with
gene specific primers (Table II.2) using the StepOnePlus Real-Time PCR System (Applied
Biosystems) and FastStart Universal Probe Master. The relative gene expression was calculated
using the ΔΔCt method and the cycle threshold (180) values at each time point were normalized
to the constitutively expressed 26S gene. mRNA values represent the standard deviation of three
independent experiments performed in triplicate.
3.2.3 Hydrogen-Deuterium Exchange coupled with Mass Spectrometry (HDX-MS)
The coverage maps for all proteins were obtained using undeuterated controls as
previously described with the following minor adjustments (10). Purified apo- and holo-PhuS
H209A were dialyzed in 1X phosphate-buffered saline (PBS) (pH 7.4) (Thermo Fischer). Prior
to the injections for sequencing of each state, the samples contained a mixture comprised of 2
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µL of the protein (20 µM), 38 µL of PBS buffer in H2O, and 110 µL of ice-cold quenching
buffer (1X Glycine and 1.5 M Guanidine). The samples were injected on a Waters
nonACQUITY UPLC system with HDX Technology equipped with inline digestion using
Waters Enzymate Pepsin Column (Waters, Milford, MA). The resulted peptides were trapped for
2 min on a VanGuard Pre-Column Acquity UPLC BEH C18 (1.7 µM; 2.1 x 5 mm) and
separated on a Acquity UPLC BEH C18 column (1.7 µm; 1.0 x 100 mm) kept at 0oC using a 7min 5-35% (vol/vol) acetonitrile (containing 0.1% formic acid) gradient into a Waters Synapt
G2-Si mass spectrometer (Waters, Milford, MA). Data were acquired with a 20- to 30-V ramp
trap collision energy for high-energy acquisition of product ions as well as continuous lock mass
(Leu-Enk) for mass accuracy correction. The peptides were sequenced using ProteinLynx Global
SERVER 3.0.3 (PLGS; Waters Corp.) Further filtering of 0.3 fragments per residues was applied
in DynamX 3.0. Deuterium uptake involved a volume of 2 µL of 20 µM samples incubated with
38 µL of 1X PBS D2O (pH 7.4) for apo-PhuS H209A and a similar deuterated buffer with 50
µM heme (pH 7.4) for holo-PhuS H209A at various time points (10 s, 1 min, 10 min, 1 hr, 2 hr).
Back exchange correction was performed against fully deuterated controls. Fully deuterated
controls were obtained by incubating 10 µL of 100 µM apo-PhuS in 40 µL of unfolding buffer
(4M Guanidine) for overnight. Then, 2 µL of the unfolded protein was deuterated for 2 hours in
38 µL of 1X PBS D2O (pH 7.4). The quenching and acquisition for the deuterated samples
remained the same as previously described. Additional normalization was performed to
determine the percentage deuterium uptake of any peptide at any deuterium incubation time 𝑡𝑡𝑡𝑡 as

follows:

%𝐷𝐷 =

100 × (𝑚𝑚𝑡𝑡 − 𝑚𝑚0 )
𝑚𝑚𝑓𝑓 − 𝑚𝑚0
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where 𝑚𝑚𝑚𝑚𝑡𝑡𝑡𝑡 is the centroid mass at incubation time 𝑡𝑡𝑡𝑡, 𝑚𝑚𝑚𝑚0 is the centroid mass of the undeuterated

control, and 𝑚𝑚𝑚𝑚𝑓𝑓𝑓𝑓 is the centroid mass of the fully deuterated control. The normalized percentage
deuterium uptake was structurally visualized on the apo-PhuS WT crystal structure (PDB ID

code 4IMH) (8). The percentage deuteration difference plots Δ%D (apo-holo) and trace plots for
kinetics were generated using a python code developed in-house and the respective deuteration
calculated. Confidence intervals were determined using the method outlined by Houde et al.
adjusted to percentage deuteration (14).
3.2.4 EMSA of the PhuS H209A and H212A variants
EMSA was performed as described in Chapter 2. Single stranded oligonucleotides for EMSA
experiments were obtained from (IDT Technologies) (Appendix I Table I.1). The 5’-biotin–
labeled sense and the antisense strand were annealed by mixing a 1:1 ratio, incubating at 95oC
for 5 min followed by cooling down to room temperature. The annealed fragment was further
purified to remove any remaining nucleotides with the QIAquick Nucleotide Removal Kit
(Qiagen), and the concentration determined by UV absorption at 260 nm in a NanoDrop 2000c
Spectrophotometer (Thermo Scientific). All protein oligonucleotide-binding reactions were
assayed in 20 mM Tris (pH 8.0) containing 100 mM NaCl, 10% glycerol, and 10 ng/ml salmon
sperm DNA. Apo-PhuS protein concentrations ranged from 0.1 to 25 μM. For the HemO
titration reactions holo-PhuS was fixed at 10 μM and HemO varied across a range from 0 to 12
molar equivalents. All reactions were incubated at 37oC for 20 min following addition of the
biotinylated probe. For all reactions, the biotinylated probe was used at a fixed concentration
of 30 pM in a final volume of 10 μl. The reactions were incubated for a further 20 min at 37o C
and analyzed on an 8% Tris–glycine acrylamide native gel. The gel was pre-run in 1× Trisglycine buffer (pH 8.3) for 1 h at 200 V 4oC and run 2 h at same voltage. DNA was transferred
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to positively charged nylon membrane (Bright-Star-Plus Positively Charged Nylon
Membranes; Invitrogen) using a Semidry Electroblotting System (Thermo Scientific) with 1×
Tris–glycine (pH 8.3) for 30 min at 300 mA. Membranes were washed in 2× saline-sodium
citrate buffer (Thermo Scientific), for 5 min at room temperature, and DNA immobilized by
UV crosslinking. The position of the nucleic acids was visualized by chemiluminescent
detection using the Chemiluminescent Nucleic Acid Detection Module (Thermo Scientific)
following the manufacturer’s instructions and exposed to X-ray film (Amersham hyperfilm
ECL; Amersham).
3.2.5 FA
FA experiments were performed as in Chapter 2. Binding of Fur or apo-PhuS to the 5’Fluorescein amidite (FAM ) labelled probe (Appendix I; Table I.2) was assessed using FA as
previously described (15). Briefly, 5’-FAM oligonucleotides of the protected prrF1 promoter
region and a separate set encompassing prrF2 promoter region (Table 1.2) were analyzed by
UV–visible spectroscopy to quantify the percentage of fluorescein tag. The double-stranded
probe was obtained by combining a 1:1 ratio of the 5’-labeled sense and unlabeled antisense
oligonucleotides in deionized H2O. To facilitate annealing, mixtures were heated to 95oC, 5 min,
and cooled down to room temperature. The labeled double-stranded oligonucleotides were stored
at −80oC until further use. In a quartz cuvette, 10 nM of 5’-FAM oligonucleotide was diluted in
20 mM Tris–HCl (pH 8.0), containing 100 mM NaCl, and 0.05 mg/ml BSA in a final volume of
500 μl. For runs with Fur, 10 nM of 5’-FAM oligonucleotide was diluted in 10 mM bis–Tris
borate (pH 7.5), 40 mM KCl, 0.1 mM MnSO4, 0.1 mg/ml BSA, and 10% glycerol. All
measurements were performed on a K2 spectrofluorometer (ISS) configured in the L-format,
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with excitation/emission wavelengths and band widths of 495 and 2 nm and 519 and 1 nm,
respectively. A measurement of the maximum anisotropy was performed on the 5’-FAM
oligonucleotide, and the change in anisotropy was measured as a function of increasing
concentrations of apo-PhuS or Fur. The addition of protein continued until no further change in
anisotropy was observed. The data were fit by converting the anisotropy, r, to fraction bound,
Fbound (the fraction of protein bound to the oligonucleotide at a given DNA concentration), using
the following equation:
𝐹𝐹𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 =

𝑟𝑟 − 𝑟𝑟𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓
(𝑟𝑟𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 − 𝑟𝑟)𝑄𝑄 + (𝑟𝑟 − 𝑟𝑟𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 )

where rfree is the anisotropy of the fluorescein-labeled oligonucleotide and rbound is the anisotropy
of the oligonucleotide–protein complex at saturation. The quantum yield designated as Q is
calculated from the changes in fluorescence intensity that occurs over the course of the
experiment (Ibound/Ifree). Fbound was then plotted against the protein concentration using
a one-site binding model:
𝑃𝑃 + 𝐷𝐷 ↔ 𝑃𝑃𝑃𝑃

[𝑃𝑃][𝐷𝐷]
= 𝐾𝐾𝑑𝑑
[𝑃𝑃𝑃𝑃]

𝐹𝐹𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 = {𝑃𝑃𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 + 𝐷𝐷𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 + 𝐾𝐾𝑑𝑑 } − [� 2�𝑃𝑃𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 + 𝐷𝐷𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 + 𝐾𝐾𝑑𝑑 � − 4𝑃𝑃𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝐷𝐷𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 )1 ]/2𝐷𝐷𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡
2

where P is the protein concentration and D is the DNA concentration. All concentrations and
fluorescence changes were done in triplicate and corrected for volume changes.
3.2.6 Extraction of BVIX Isomers from P. aeruginosa Supernatants

BVIX isomers were grown and the supernatant extraction performed by slight modification of
the previously reported method (16-19). 25 mL M9 cultures in 125 mL flasks were inoculated to
a final OD600 of 0.05 with either PAO1 WT or the phuSH209A allelic strain and supplemented
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with 5 µM heme following shaking at 210 rpm for 3 h at 37oC. The cultures were grown for
either 2 or 5 h and harvested by centrifugation in 50 mL conical tubes at 6000 rpm for 20 min at
4oC. Culture supernatants, following pelleting of the cells, were filtered through a 0.22 µm PES
syringe filter. Supernatants were acidified to pH ~2.5 with 10% trifluoroacetic acid (TFA),
supplemented with 10 ng/mL of internal standard (IS) BVIX-α dimethyl ester (BVIX-α-DME)
(purchased from Frontier Scientific) and loaded over a C18 Sep-Pak column (Waters). The C18
Sep-Pak column was prepared by flushing with 2 mL of Acetonitrile (ACN), H2O, 0.1% TFA in
H2O and methanol:0.1% TFA (10:90). After sample application, the column was washed with 4
mL 0.1% TFA, 4 mL ACN:0.1% TFA (20:80), and 2 mL methanol:0.1 TFA (50:50). The BVIX
isomers were eluted with 1 mL methanol, dried down under nitrogen, and stored at -80oC prior to
LC-MS/MS analysis.
3.2.7 LC-MS/MS Analysis of P. aeruginosa BVIX Isomers
Samples were resuspended in 50 µL of mobile phase H2O:ACN (64:36 v/v) and centrifuged at
14000 rpm for 5 min at room temperature to remove particulates. The BVIX isomers were
separated and analyzed by LC-tandem Mass Spectrometry (MS/MS) (Waters TQ-XS triple
quadrupole mass spectrometer with AQUITY H-Class UPLC) as previously described with
slight modification (18,19). BVIX isomers were separated on an Ascentis RP-amide 2.7 µm C18
column (10 cm x 2.1 mm) at a flow rate of 0.4 mL/min. The mobile phase consisted of A:
H2O:0.1% formic acid and B: ACN:0.1% Formic acid. The initial gradient is 64% A and 36% B.
After 5 min A:55% - B:45%, 8 min A:40% - B:60%, 8.5 min A:5% - B:95% and 10 min A:64%
B:36%. The source temperature was set to 150oC, the capillary voltage to 3.60 kV and the
column was kept at 30oC during separation. Mass spectrometer transitions for each isomer were
as follows: The BVIX precursor ions were detected at 583.4 and the major ions following
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fragmentation for BVIX-α, BVIX-β and BVIX-δ were 296.6 (Cone Voltage (CV) 43, Collision
Energy (CE) 38 eV), 343.1 (CV 43 V, CE 36 eV), and 402.2 (CV 43, CE 30 eV), respectively.
The IS precursor ions were detected at 611.6 and the parent ions were 311.1 (CV 28 V, CE 35
eV) upon fragmentation. All species had a dwell time of 75 ms. A standard curve was generated
for all BVIX isomers across a range of 0.5 to 500 ng/mL. The samples were normalized to a
recovery efficiency based on the averaged IS response for the standard DME-BVIX-α. The
individual BVIX isomers were further normalized to the OD600 for each sample to yield the final
reported concentration per OD.
3.3 Results
3.3.1 Binding of the PhuS H209A and H21R mutants to the to the prrF1 promoter
Our lab has previously shown that apo-PhuS undergoes a significant conformational
rearrangement on heme binding, which likely accounts for the mutually exclusive roles in DNA
binding and heme transfer (10). Furthermore, site-directed mutagenesis coupled with
spectroscopic studies led us to propose a model where the conformational rearrangement on
protein-protein interaction triggers a ligand switch between His-209 and His-212 prior to heme
release to HemO. Given the necessity of each histidine ligand for coordination and transfer as
well as the hindered ability to release heme to HemO with PhuS H212R due to structural rigidity,
we sought to further analyze these mutants in relation to their DNA binding capabilities.
Utilizing FA, we assessed the mutants with just the 5’-FAM-labeled prrF-50 oligonucleotide as
the apo-PhuS WT binds at a high affinity (64 ± 9 nM) (12). Similar to the PhuS WT, addition of
the apo-PhuS H212R showed a change in anisotropy and resulted in a KD of 90 ± 30 nM (Figure
3.4 A) (12). EMSA analysis of apo-PhuS H21R also showed a shift that was consistent with
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Figure 3.4 FA and EMSA of PhuS H212R binding to the prrF1 promoter. A. FA of apo-PhuS
H212R binding to 5’-FAM labeled prrF1-50. B. Increasing concentration of apo-HemO titrated
against a fixed concentration of holo-PhuS (10 µM) and 5’-FAM labeled prrF1-50 (10 pM).
Each FA experiment was performed as described in the Methods section 3.2.6. C. apo-PhuS
H212R binding to 5’-biotin-labled prrF1-50. All reactions contained fixed concentration (30
pM) of labeled prrF1-50 and increasing apo-PhuS H212R, and following incubation was run on
8% acrylamide gels and transferred to a nylon membrane and visualized by chemiluminescence.
Sequence for prrF1-50 displayed on the bottom. Adapted from reference (12).
complex formation similar to that observed for the PhuS WT protein (Figure 3.4 C). However,
consistent with the inhibition of heme transfer, a significantly greater molar ratio of HemO to
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holo-PhuS H212R (5:1) is required to drive the reaction toward completion when compared with
holo-PhuS WT (Figure 3.4 B) (12).
In contrast, the apo-PhuS H209A mutant binds to the prrF1-50 oligonucleotide but
exhibits lower affinity with a KD of 230 ± 30 nM (Figure 3.5 A). This is almost a four- fold
difference when compared to the apo-PhuS WT. Interestingly, analysis of the holo-PhuS showed
that in contrast to PhuS WT and the PhuS H212R proteins holo-PhuS H209A binds to the to the
prrF1-50 oligonucleotide with a similar binding affinity (KD) as the apo- state (292 ± 30 nM)
(Figure 3.5 B). This was confirmed through EMSA that showed both apo- and holo- PhuS
forming a complex with prrF1-50 (Figure 3.5 C). However, it is not clear at this point if binding
of the holo-PhuS H209A to the DNA promotes release of heme from the protein. Taken together
the data suggest that loss of H209A has a more signifcant effect on binding to the prrF1
promoter, as well as the mutual exclusivity of heme and DNA binding.
3.3.2 PrrF and PrrH expression levels in the phuSH209R and phuSH209A allelic strains
In order to determine if the differences in the in vitro binding affinities for apo-PhuS H209A or
H212R have a physiological effect in the cell, we performed qPCR analysis with the identical
probes used in Chapter 2 (Appendix I Table I.2). The phuSH209A and phuSH212R allelic strains
growth rates in low iron or cultures supplemented with 1 µM heme were similar to PAO1 WT
(Figure 3.6). The relative expression of PrrF and PrrH in the phuSH212R allelic strain in irondepleted and heme supplemented conditions is similar at 2 and 5 h to the relative levels in PAO1
WT (Figure 3.7). Therefore, the reduced binding affinity and the shift in molar equivalents
required to drive heme transfer from PhuS H212R to HemO in vitro compared to the PhuS WT
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Figure 3.5 FA and EMSA of apo- and holo-PhuS H209A binding to the prrF1 promoter. A, apoPhuS H209A binding to 5’-FAM labeled prrF1-50. B, holo-PhuS H209A binding to 5’-FAM
labeled prrF1-50. Each FA experiment was performed as described in Experimental procedures
section where the data was fit by converting the anisotropy, r, to fraction bound and plotted
against protein concentration. C, apo-PhuS H209A and holo-H209A binding to 5’-biotin-labled
prrF1-50. All reactions contained fixed concentration (30 pM) of labeled prrF1-50, and
following incubation was run on 8% acrylamide gels and transferred to a nylon membrane to be
visualized by chemiluminescence. Sequence for prrF1-50 displayed on the bottom.
protein is not sufficient to disrupt the PhuS-HemO equilibrium in vivo. In contrast to the
phuSH212R allelic strain, the phuSH209A allelic strain displays an expression profile similar to
that observed for the ΔphuS strain (Figure 3.7 C). Specifically, in heme supplemented conditions
the increased suppression of PrrF has been highlighted (Figure 3.7 A). Similarly, the loss in
heme-dependent regulation of PrrH compared to PAO1 WT and phuSH212R strains (Figure 3.7),
is consistent with the loss in heme dependent binding to the prrF1 promoter as judged by EMSA
and FA (Figure 3.5). Thus, the difference in molar ratio of HemO to transfer heme from
PhuSH212R does not appear to have a significant effect on
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Figure 3.6 Growth curves for PAO1WT and ΔphuS strains. Cells were grown at 37oC in irondeplete media (M9) (circles) or M9 supplemented with 1 µM heme (triangles). The growth
curves represent 3 biological replicates and the error bars represent the standard error of the
mean (SEM). Strains as shown in the legend.
PrrF1/PrrH levels in vivo, however, in the phuSH209A strain His-209 may play a more
significant role in the conformational state required for DNA binding in addition to its role in
heme transfer.
3.3.3 BVIX metabolite production in PAO1 WT and the phuSH209A allelic strain.
Our laboratory developed a LC-MS/MS assay to measure BVIX levels as a measure of
extracellular heme uptake (16,19,20). Previous 13C-heme isotopic labeling studies confirmed that
extracellular heme is exclusively metabolized to 13C-BVIX-δ and 13C-BVIX-β via HemO
catalytic activity and in the absence of HemO heme is not actively taken up into the cell (16).
Furthermore, loss of PhuS leads to an uncoupling of heme degradation from HemO with an
increase in BVIX-α. Therefore, we employed this assay to determine if the PhuS H209A variant
was also compromised in its ability to specifically transfer heme to HemO. Cultures were grown
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as described for the qPCR experiments and supplemented with 5 µM heme. Samples were taken

Figure 3.7 Relative prrF1 and prrH sRNA levels for phuSH212R and phuSH209A allelic strains
in iron-deplete or heme-supplemented conditions. A. PrrF1 and PrrH relative sRNA levels
inPAO1 WT. B, PrrF1 and PrrH relative sRNA levels in phuSH212R. mRNA isolated at 0, 2, and
5 h following growth in either iron-deplete M9 or M9 supplemented with 1 μM heme. mRNA
values represent the mean from three biological experiments, each performed in triplicate and
normalized to 0 h. Blue shaded bars represent iron-deplete conditions; pink shaded bars represent
heme-supplemented conditions. Error bars represent the standard deviation from three
independent experiments performed in triplicate. Student two tailed t-test comparing values
supplemented with 1 µM heme to iron-deplete conditions at the same time point, where *p <
0.05, **p, 0.005.
at 2 and 5 h and the BVIX extracted from the supernatant as described in the Methods section
3.2.7. LC-MS/MS analysis of the resulting BVIX isomers were run and the amount of each
isomer calculated based on their respective standard curves and normalized based on percent
recovery of the IS as described in section 3.2.8. As expected for PAO1 the levels of BVIX-α are
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low as PhuS specifically shuttles heme through HemO yielding the BVIX-β and BVIX-δ isomers
(Figure 3.8). Similarly, for the H209A mutant the BVIX-α levels are low indicating that in
contrast to the ∆phuS strain where uncoupling leads to increased BVIX-α, the PhuS H209A
variant is still capable of shuttling heme through HemO. While there were no significant
differences in the 2 h time point for either strain, there was a significant decrease in production
of BVIX-β and BVIX-δ by phuSH209A compared to the PAO1 WT strain at 5 h (Figure 3.8).
Previous studies from our laboratory have shown that the levels of BVIX in the supernatant peak
between 4-6 h hence the 5 h timepoint. The difference in accumulated BVIX-β and BVIX-δ in
the phuSH209A allelic strain is consistent with decreased efficiency in heme transfer and
consistent with the fact that the holo- PhuS H209A variant can also form a complex with the
prrF1 promoter (Figure 3.5).
Furthermore, this is consistent with the relatively weaker protein-protein interaction between
holo-PhuS H209A and HemO as previously determined by ITC (7). Although we have not yet
Figure 3.8 BVIX isomer production in the PAO1 WT and phuSH209A via LC-MS/MS analysis.
Concentrations (ng/mL) for each sample were normalized to the respective OD600. The values are
representative of the mean from three biological replicates and error bars represent the standard deviation
of the three independent experiments performed in triplicate. P values were determined by two-tailed
Student’s t test comparing the respective BVIX isomers in each strain at the same time point, where *p <
0.05. BVIX-α, BVIX-β, and BVIX-δ are color coded as blue, pink and green, respectively.
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performed the BVIX metabolomic analysis on the phuSH212R allelic strain we expect given the
similarity to PAO1 in terms of DNA binding that a similar BVIX profile to PAO1 would be
observed. These studies are ongoing and will be included with characterization of several other
heme coordination variants in the future.
3.3.4 HDX-MS shows increased structural rigidity in the PhuSH209A variant
As outlined in the introduction HDX-MS studies have provided significant insight into the
structural and conformational rearrangement of PhuS on heme binding and the potential role of
long-range allosteric effect on heme transfer to HemO. To further understand the altered
properties of the PhuS H209A we performed a similar analysis of the apo- and holo-PhuS
H209A. Prior to analysis of the samples a complete coverage map of the holo-PhuS was
generated to the deuterium uptake experiments (Figure 3.9). A comparison of deuterium uptake
between apo-
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Figure 3.9 Coverage map of apo-PhuS following pepsin Digestion. The coverage map was
obtained as described in the experimental methods section. Approximately 83.9% coverage of
the protein sequence was achieved.
and holo-PhuS H209A was assessed after dilution into D2O. Samples were removed at different
time points, and the deuterium exchange quenched as described in the experimental methods
section. As described previous studies of the PhuS WT and H212R proteins, regions of the
protein that undergo extensive exchange at the earliest time points reflect regions that are
exposed to solvent are intrinsically unstructured or regions undergoing rapid equilibrium
favoring the unstructured form (10). Exchange times on the scale of minutes to hours are more
indicative of flexibility of the secondary and tertiary structures of the protein. The global
examination was normalized with the fully deuterated control and time points surpassing the
98% confidence intervals (CIs) were indicative of an overall decrease in flexibility and
dynamics of the protein (Figure 3.10). The sum of all differences integrated over all incubation
time points are represented with gray bars (Figure 3.10). As mentioned in the introduction, the
PhuS heme binding site is between the proximal helices found in the C- terminus (α6/α7/α8), the
β-sheets found in the N-terminal domain (β5-β6) and β-sheets on the backside of the pocket
(β16/β17/β18) (Figure 3.2B). For the apo- and holo- difference plot, these regions were
highlighted for the PhuS H209A as previously for the PhuS WT and H212R
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Figure 3.10 Difference plot of apo-PhuS - holo-PhuS H209A. Individual peptides are plotted on
the x axis from N to C terminus based on the first residue number. For each peptide, differences
in percentage deuteration (%ΔD) at the various deuterium incubation times are colorcodedaccording to the legend, and the sums of all differences integrated over all incubation time
points are represented in gray bars. Respective 98% confidence intervals (98% CIs) are
represented as horizontal dashed lines.
variant, suggesting they are similarly protected by heme binding (Figure 3.10) As described in
the introduction the apo-PhuS H212R protein showed a significant decrease in deuterium
exchange at early time points in the C-terminal α-helices 6-8 (10). Interestingly, for the apoPhuS H209A the decrease in the rate of deuterium exchange is even more enhanced (Figure
3.10). Specifically, the earliest 10 sec time point for peptides within the regions of the C-terminal
proximal helices (198-205/212-225) show 50 and 40% less deuterium exchange when compared
to the apo-PhuS WT, albeit with a slightly different peptide residue number for the α7/α8 region
in the respective proteins (Figure 3.11 A and B). Additionally, conformational flexibility
observed at the N-terminal α1/α2 helices in PhuS WT is also decreased with the H209A
substitution and has a comparable profile to that of H212R kinetic traces which could suggest a
loss in cooperative unfolding events (Figure 3.11).
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Though this would further support the allosteric coupling of the N- and C-terminal domains in a
heme-dependent manner, more sample acquisitions for PhuS H209A are required to assess this
behavior.
3.4 Discussion
As described in the Chapter 2, the PrrF sRNAs contribute to virulence through both the ironsparing response and the activation of PQS-regulated virulence factors, and the tandem
arrangement allowing for PrrH is only found in pathogenic strains. The finding that the
cytoplasmic heme binding protein PhuS is central to integrating heme utilization into the sRNA
regulatory mechanisms is particularly critical in chronic infection where P. aeruginosa increases
its reliance on heme (21,22). This increased dependence on heme coincides with the upregulation
of the Phu heme uptake system and PhuS which provides an additional level of regulation that
allows for a coordinated transcriptional response to heme through modulation of the expression
of PrrF and PrrH.
The mechanism of the PhuS-dependent regulation of the PrrF and PrrH sRNAs is
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Figure 3.11 Comparison trace plots of apo- and holo- PhuS WT, H209A, and H212R. Deuterium
kinetic traces for the C-terminal α6 helix (A), α7/α8 helices (B), and N-terminal α2 helix (C).
Each peptide is color coded based on the protein state with solid lines for apo-PhuS and dashed
lines as holo-PhuS. Kinetic traces include the percentage deuteration (%D) as a function of D2O
incubation time. %D is determined as the centroid of the isotopic envelope normalized to
undeuterated and fully deuterated controls.
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dependent on the mutual exclusivity of heme and DNA binding as defined by the conformational
rearrangement on heme binding (7). Our previous spectroscopic and biophysical studies
proposed a model where a ligand switch between His-209 and His-212 facilitates heme release to
HemO (5,7,10). To further interrogate the role of heme coordination and its effect on DNA
binding we employed in vitro biochemical, biophysical analysis of the PhuS DNA binding
interactions in combination with in vivo analysis of gene expression and BVIX metabolism of the
H209A PhuS variant lacking the proximal histidine ligand (His-209) or the alternate histidine
ligand (His-212). Previous studies of both the apo- and holo-PhuS H212R variant by HDX-MS
indicated increased structural content and reduced conformational flexibility consistent with the
more rapid heme association and increased entropy on formation of the holo-PhuS:HemO
complex. Additionally, the loss of long-range allosteric effects within the N- and C-terminal
domains reduced heme transfer to HemO as judged by SEC (10). However, despite the decrease
in conformational flexibility of apo-PhuS H212R, binding to the prrF1 promoter (KD 90 ± 30
nM) was only marginally affected (Figure 3.5). The minimal effect on DNA binding as opposed
to heme transfer is consistent with His-212 playing a more prominent role in heme transfer.
Interestingly, enhanced MD simulations in combination with ensemble HDX reweighting of apoPhuS H212R protein suggested a more extensive sampling of conformational space that may
contribute to the minimal effects on accessing the conformation competent for DNA binding.
In contrast the PhuS H209A mutant is significantly altered in its ability to bind to the
prrF1 promoter. While both apo- and holo-PhuS have the capacity to bind to the prrF1 promoter
the binding affinities (KD) were four-fold higher than for the apo-PhuS WT (Figure 3.5). The
ability of the holo-PhuS H209A to access a DNA binding competent state was confirmed by
EMSA (Figure 3.5 C). While previous spectroscopic studies have shown in the absence of His-
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209 that His-212 can bind heme with a similar affinity as the PhuS WT, there is a ~5 fold lower
affinity for HemO (Table 1), suggesting heme coordination on His-209 drives the mutual
exclusivity of heme versus DNA binding (7). Heme coordination to His-212 based on our
previously proposed model of a His-ligand switch would therefore represent an intermediate
between heme transfer or DNA binding. This is supported by the in vivo studies where both
heme transfer as judged by the decreased heme flux through HemO (Figure 3.8) and loss of the
heme dependent regulation of PrrH (Figure 3.7) are consistent with the in vitro FA and EMSA
results (Figure 3.5). Interestingly, the apo-PhuS H209A shows a significant decrease in DNA
binding affinity that suggests in addition to driving the required conformation for heme transfer
to HemO, His-209 is also critical for optimal DNA binding. We again employed HDX-MS to
address the conformational dynamics of the apo- and holo-PhuS H209A mutants. As for PhuS
WT and H212R heme binding shows significant protection in regions of the heme binding
pocket (Figure 3.2). Interestingly, for the apo-PhuS H209A the protection from deuterium
exchange was greater than that of the PhuS WT as well as some regions of PhuS H212R (Figure
3.10 and 3.11).
Specifically, peptides comprising the C-terminal helices α6/7/8 display deuterium
exchange levels greater than 50% (>80% within 1 min) in apo-PhuS WT, whereas apo-PhuS
H209A does not reach those levels until the 10 min to 1 h timescale, reflective of less
conformational flexibility and a more rigid structure (Figure 3.11). Though this state becomes
fully deuterated at later time points, we also observe similar increase in protection in the holoPhuS H209A, suggesting the ability of the protein to sample a range of conformations that are
also associated with EX1 kinetics and allostery, is a requirement for heme transfer. Additionally,
we see a similar trend in the DNA binding affinities where the decrease tracks with increased
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protection from deuterium exchange. As stated in the results section, more sample acquisitions
for the apo and holo-PhuS H209A are necessary to confirm the behavior of EX1 kinetics in
regions that exhibit cooperative unfolding, but the overall similarities are likely to track for the
PhuS H209A variant. Taken together the data further supports a model where heme binding
through H209A is the conformational switch that determines the mutual exclusivity of function
in PhuS. While the current studies have not definitively determined that H212 is required to
coordinate heme during transfer or merely plays a structural role, we propose to test this further
in the future through site- directed mutagenesis and biochemical analysis. It is interesting to note
that in homologs of PhuS such as ShuS and HemS the residues corresponding to His-210 and
His 212 are replaced by Phe, suggesting additional bulk at these side chains may be required for
the conformational flexibility and destabilization of the C-terminal helices in the apo-state.
In the context of the physiological function of PhuS, the phuSH212R and phuSH209A
allelic strains clearly show that disruption of the heme flux through HemO modulates the levels
of PrrF and PrrH allowing the cell to adapt its iron sparing response as a function of iron source.
It is important to note that the PrrF levels as measured by qPCR does not distinguish between
prrF1 and prrF2 given their sequence similarity. It is not clear at the present time if PhuS
binding to the prrF1 promoter in addition to modulating PrrH levels also differentially regulates
PrrF1 versus PrrF2. The presence of an AlgR-binding site upstream of prrF2 suggests that while
the sequence identity between PrrF1 and PrrF2 offers redundancy in sRNA targets, their
differential regulation by additional transcriptional factors other than Fur may be critical in
titrating PrrF and PrrH levels in different physiological environments. Furthermore, the
modulation of heme flux through HemO also plays an indirect role in the BVIX-dependent
regulation of heme sensing by the Has system (18). Therefore, the cytoplasmic heme binding
protein represents a central metabolic and transcriptional regulator in the response and adaptation
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of P. aeruginosa to its environment and a potential novel therapeutic target for the development
of antibiotics.
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Chapter 4: Conclusions and Future Directions
4.1 Summary
Iron is an important micronutrient for the growth and survival of microbial pathogens,
and it plays a crucial role in the regulation and expression of virulence factors which are
necessary to establish infection within a host (1,2). During an infection, the hosts’ innate immune
system restricts available iron from invading pathogens in a process known as “nutritional
immunity” (3,4). To counteract the hosts’ defenses, invading pathogens such as Pseudomonas
aeruginosa have evolved sophisticated mechanisms to acquire iron as well as heme since
majority of iron within the host is complexed in the form of heme (1,5,6). P. aeruginosa encodes
two non-redundant heme uptake pathways, the heme assimilation system (Has) and the
Pseudomonas heme uptake (Phu) system which are responsible for heme sensing and utilization
from the extracellular environment, respectively (7,8). Once internalized into the pathogenic
bacterial cell, heme is sequestered by a cytoplasmic heme binding protein PhuS, which shuttles
heme for degradation via the heme oxygenase enzyme (HemO) in order to release iron. Heme
binding to PhuS results in a conformational rearrangement that is necessary for the proteinprotein interaction with HemO, and a proposed histidine ligand switch is required for the
translocation of the molecule to the heme degrading enzyme (9). The importance of PhuS
extends beyond its role as a titratable regulator and “control valve” regulating extracellular heme
uptake (10), through indirect effects on the BVIX-dependent post-transcriptional regulation of
heme sensing via the extra-cellular hemophore, HasAp (11). Consistent with the role of PhuS in
regulating heme flux into the cell, the absence of the heme binding protein results in the
dysregulation of heme sensing and iron homeostasis (10). Transcriptomics of the phuS deletion
strain showed upregulation in pyochelin and pyoverdine biosynthesis, indicative of an iron
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starvation response as well as a dysregulation in pathways associated with QS and virulence
adaptation in the host (12). Additionally, upstream of the phu operon is the prrF locus that
contains the iron-responsive sRNA prrF1 and prrF2, and they are arranged in tandem to allow
for a heme-dependent read through of both genes to yield a longer PrrH sRNA (13). This genetic
organization is only found in pathogenic Pseudomonad strains, and the loss of this sRNA
regulatory network, contributing to iron homeostasis by modulating an “iron-sparing” response,
shares a similar transcriptomic profile as the phuS deletion (14).
The research presented herein provides further insight into the regulatory role of PhuS in
integrating heme metabolism into the iron homeostasis networks through transcriptional
modulation of the PrrF/PrrH sRNAs. In Chapter 2 I describe for the first time a direct link
between the phu and prrF operons. Specifically, through ChIP-PCR I showed PhuS specifically
binds to the prrF1 promoter. I further defined by DNAse treatment a 50 bp region that includes
the Fur box as the binding region. Subsequent in vitro studies using FA, EMSA, and gel filtration
showed that DNA and heme binding were mutually exclusive presenting the first insight into
heme dependent regulation of the prrF locus. This was the first step toward understanding the
mechanism underlying the heme dependent expression of PrrH. This was confirmed by qPCR
studies of PAO1 and the ∆phuS strain where no heme-dependent induction of PrrH is observed
on loss of PhuS. Furthermore, the increased Fur repression at the prrF1 promoter suggests
potential mechanism where the overlapping PhuS and Fur binding may be antagonistic allowing
for a concerted heme and iron response.
In Chapter 3, I further explored the role of the previously characterized heme
coordinating mutants on both DNA binding and heme flux through HemO. Similar biochemical
and biophysical studies were performed on the apo- and holo-PhuS H209A and H212R proteins.
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Previous HDX-MS characterization of apo- and holo-PhuS H212R revealed the protein that was
more structured in the apo-form and lacked the EX1 kinetics and long range allosteric effects
that slowed down the heme transfer step (15). Subsequent enhanced MD simulations and HDXensemble reweighting identified subtle differences between the apo- and holo-PhuS H212R
variant compared to their PhuS WT counterparts including a more structured α6 helix and less
pronounced displacement of the α7 proximal helix that most likely contributes to the increased
entropy and slower rate of heme transfer (16). Interestingly, the altered conformational landscape
did not translate to the major differences in the DNA binding profile as judged by FA and EMSA
experiments, where the binding affinity of apo-PhuS H212R to the prrF1 promoter gave a
slightly lower affinity (KD = 90 ± 30 nM) than the apo-PhuS WT (KD = 64 ± 10 nM). However,
consistent with the slowed heme transfer incubation of holo-PhuS with the prrF1-50
oligonucleotide on titration with apo-HemO required 5 molar equivalents to shift the equilibrium
toward DNA binding compared to the 1 molar equivalent for PhuS WT. However, despite these
subtle differences in vitro, qPCR analysis of phuSH212R allelic strain showed the heme
dependent expression of PrrH was unaffected. Similarly, there was no increased Fur repression
as a function of the decreased affinity of apo-PhuS H212R for the prrF1 promoter. Therefore,
consistent with previous stopped-flow UV-visible spectroscopy and HDX-MS studies His-212
plays a more significant role in heme binding and transfer while having little impact on its role as
a transcriptional regulator.
In contrast the PhuS H209A variant is significantly altered in its DNA binding properties
and in the flux of heme through HemO. In vitro binding studies by FA and EMSA show that
both the apo- and holo-PhuS H209A bind to the prrF1-50 oligonucleotide probe, albeit with a
~5-fold lower affinity. Furthermore, the ability of holo-PhuS H209A to bind to the prrF1
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promoter was confirmed by EMSA. Previous spectroscopic studies have shown that His-212 is
coordinated to the heme in the holo-PhuS H209A variant (17). The heme binding affinity to
PhuS H209A is similar to that of PhuS WT, although the protein-protein interaction with HemO
is affected as judged by the decreased binding affinity (9). Heme coordination to His-212 based
on our previously proposed model represents an intermediate on the pathway of heme transfer.
The fact that both both the apo- and holo-PhuS H209A bind weakly to the prrF1 promoter
suggests this heme coordination may represent an intermediate state along the conformational
landscape between the mutually exclusive DNA binding and heme transfer conformers.
Subsequent in vivo studies showing decreased levels of the HemO specific metabolites BVIX-β
and BVIX-δ and loss of the heme dependent regulation of PrrH are consistent with this
hypothesis. Indeed, the fact that apo-PhuS H209A shows a significant decrease in DNA binding
affinity suggests in addition to driving the required conformational switch for heme transfer to
HemO, it is also critical for optimal DNA binding. Further HDX-MS analysis of the apo- and
holo-PhuS H209A mutants again showed increased protection in both the apo- and holo states
reflective of less conformational flexibility and a more rigid structure. Additionally, we see a
similar trend in the DNA binding affinities where the decrease tracks with increased protection
from deuterium exchange, which is even greater than that observed for the PhuS H212R variant.
The data further supports our previous work where heme binding through H209A is the
conformational switch that determines the mutual exclusivity of function in PhuS. In the context
of the physiological function of PhuS, the phuSH212R and phuSH209A allelic strains clearly
show that disruption of the heme flux through HemO modulates the levels of PrrF and PrrH
allowing the cell to adapt its iron sparing response as a function of iron source. Furthermore, the
modulation of heme flux through HemO also plays an indirect role in the BVIX-dependent
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regulation of heme sensing by the Has system (11). Therefore, the cytoplasmic heme binding
protein is central to both the metabolic and transcriptional regulation of heme and iron
homeostasis in P. aeruginosa and represents a potential novel therapeutic target for the
development of antibiotics.
4.2 Future Directions
The biophysical studies performed, including FA, EMSA, CD and HDX-MS, with the
PhuS WT and mutant constructs have provided insight into how DNA and heme binding is
mutually exclusive. However, it remains to be determined if the mechanism of regulation
involves antagonism of Fur binding or indeed the sequence specificity of PhuS binding to the
prrF1 promoter. Further characterization of the DNA binding motif can be performed through
DNAse foot-printing experiments in combination with FA analysis and EMSAs of shorter
oligonucleotide probes to determine the minimal sequence required for binding. Once this motif
has been determined mutagenesis of the DNA sequence can be performed to determine sequence
specificity. The determination of the minimum sequence will also be essential for future
structural characterization of the PhuS-DNA complex by HDX-MS and X-ray crystallography.
For HDX-MS a smaller fragment would result in less noise on a spectrum generated from the
mass spec, and it allows a more precise identification to the binding interface. Current work is
underway to determine the minimum sequence that can form the PhuS-prrF1 promoter complex.
Structural studies will also aid in understanding if PhuS causes DNA bending or condensation
and if this plays a role in the differential expression of PrrH or PrrF1 versus PrrF2. To further
determine the role of antagonism with Fur competition assays can be performed by either EMSA
or FA. If higher order oligomers cause DNA compaction as has been shown for Fur itself (18-20)
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we can also perform atomic force microscopy as previously done by our laboratory in analyzing
ShuS DNA binding (21).
As qPCR can only determine the effect on total PrrF levels and cannot distinguish PrrF1
from PrrF2 alternative approaches are needed to distinguish if PhuS and/or Fur modulate the
levels of the respective PrrFs. Northern Blots with probes specific for the sequence differences
can be used to determine how transcriptional regulation is coordinated between prrF1 and prrF2.
As an example, our laboratory has recently employed Northern blots to show that despite the
similarities observed in phuSH209A and ΔphuS strains via qPCR, distinct patterns in PrrF1 and
PrrF2 are observed in these strains (Appendix II Figure II.2.). While the expression profiles of
PrrF1 and PrrF2 are similar in the ΔphuS strain only PrrF2 is detected in the phuSH209A strain
(Riki Egoshi, unpublished results). As noted in Chapter 2, PhuS and AlgR are shown to regulate
prrF1 and prrF2, respectively, and we’ve suggested that there is a possibility modulation occurs
with the iron-dependent PrrF/PrrH network via PhuS and AlgR, unifying intracellular iron and
heme homeostasis as well as virulence traits necessary for infection. Further mechanistic
characterization of the interplay of transcriptional regulation over the prrF1 and prrF2 promoters
will provide further insight into P. aeruginosa iron and heme homeostasis in the context of
virulence.
Biophysical characterization of the apo- and holo- states of PhuS WT and His variants by
HDX-MS and extended studies employing enhanced sampling MD simulations with HDX-MSbased maximal entropy reweighting has greatly aided our understanding of how the
conformational landscape sampled by PhuS is instrumental in its biological properties. These
methods will be helpful moving forward in analyzing other heme coordination mutants. Initial
experiments by HDX-MS will focus on a suite of previously constructed His mutants that will
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also be subjected to stopped-flow UV-vis and resonance Raman to determine the effect of
specific mutation on heme transfer as previously described for PhuS H212R (15). As mentioned
in Chapter 3, alternative amino acid residues at position 212 such as Phe as is found in in other
PhuS homologs, may help in determining the role of His-212 in conformational flexibility versus
heme transfer. Once we have determined the PhuS DNA binding motif similar site-directed
mutagenesis studies targeting residues directly involved in DNA binding combined with
biochemical (FA, EMSA and ASEC) and biophysical approaches (HDX-MS and ITC) can also
be performed.
In addition to further characterizing the biophysical properties of PhuS mutants impaired
in either heme transfer of DNA binding in vivo studies can be implemented to elucidate the
phenotypes of the respective mutant allelic strains as described including qPCR, Northern bot
and heme uptake studies. In addition, we can also undertake global analysis of allelic strains of
interest such as RNA-seq and or proteomics to determine the effect on downstream targets of
PrrF and PrrH (RNA-seq) and the global effect on regulatory and metabolic pathways
(proteomics). For example, a previous transcriptomic analysis of the ΔphuS allelic strain which
showed a slow growth phenotype and premature production of pyocyanin showed increased
expression of PQS, a positive regulator of pyocyanin production (12), which itself has been
shown to be regulated by the PrrF/PrrH sRNA network (22).
4.3 Conclusion
The inherent resistance of P. aeruginosa to antibiotics combined with their over use has
led to the multi-drug resistance (MDR) pathogens (23). Because of this rise in MDR, there have
been efforts to shift the drug discovery paradigm toward targeting nutrient acquisition and
virulence required for survival in the host (24). Ultimately, this shift will reduce the selective
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pressure to develop resistance in order to mitigate survival. Iron is an essential nutrient for the
survival and virulence of pathogenic bacteria. With heme being a biologically important iron
containing compound, opportunistic pathogens like P. aeruginosa have developed strategies to
acquire this molecule during infection. In P. aeruginosa, the cytoplasmic heme binding protein
PhuS has been shown to act as a titratable regulator of heme flux into the cell through the
catalytic action of the iron-regulated heme oxygenase (10). More recently, the emerging role of
the heme metabolites BVIX-β and BVIX-δ as signaling molecules in heme sensing (11) and
motility (Wilks, unpublished) highlights the significance of PhuS in infection. Herein, I have
further established that PhuS serves a dual function integrating heme metabolism with the iron
dependent sRNA regulatory network essential for iron-homeostasis and virulence.
Based on the studies presented, PhuS offers an advantage as a potential antimicrobial
target as it is central to both transcriptional and metabolic regulation of heme and iron
homeostasis. Furthermore, PhuS is found only in pathogenic P. aeruginosa strains, and its dual
function in pathways central to survival and pathogenesis in the host is potentially advantageous
in slowing resistance development. However, given the conformational flexibility of the protein
novel strategies such as enhanced MD simulations and ensemble HDX reweighting utilized
herein with collaboration with the Deredge laboratory will be needed to identify druggable
conformers for future drug design. A more complete understanding of the molecular mechanisms
by which PhuS regulates a coordinated transcriptional response from the prrF1 promoter will be
critical in the development of novel strategies to target iron homeostasis and virulence.
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Appendix I: Supplementary Material for Chapters 2 and 3
I.1.1 Methods
I.1.2 Strains and Plasmids
Site-directed mutagenesis of the phuS gene in pET21α has previously been reported (1,2).
Oligonucleotides were generated to have melting temperatures (Tm) in the range 65–70 °C
encoding the required base changes for the respective histidine to alanine substitutions. E. coli
DH5α [F’ araD(lac-proAB)rpsL ϕ80dlacZDM15 hsd R17] was routinely used for DNA
manipulation and E. coli strain BL21 (DE3) plysS [F− ompT hsdSB (rB−mB −) gal dcm (DE3)]
for protein expression. Bacteria were cultured in LB broth containing 100 μg/mL ampicillin.
I.1.3 Construction of the P. aeruginosa phuSH209A and phuSH212R allelic strain
phuSH209A and phuSH212R was constructed by Dr. Susana Mouriño and obtained by allelic
exchange as previously described, using the parental strain PAO1 ΔphuS (3,4). Briefly, a 2.9-kb
phuS gene fragment including upstream and downstream sequences was PCR amplified from the
chromosomal DNA of P. aeruginosa PAO1 using primer pairs phuS-H209AF and phuS-H209AR
for phuSH209A or PstI-50PhuS-F and HindIII-30PhuS-R for phuSH212R (Table I.2). The
amplified fragment was cloned into pUC18, resulting in pUC18 to 50-PhuS-30. The mutant
allele phuSH209A or phuSH212R was obtained following digestion of plasmid
peT21phuSH209A or pET21phuSH212R with NruI and StuI and subcloned into NruI- and StuIdigested pUC18 to 50-PhuS-30, replacing the WT allele (5). The new construct pUC18 to 50phuSH209A-30 or 50-phuSH212R-30 was confirmed by sequencing (Eurofins MWG Operon).
The insert including either variant plus the 50 and 30 flanking regions was purified by PstIHindIII digestion and ligated into the counter-selective suicide plasmid pEX18Tc (4). Finally,
plasmid pEX18Tc-50–phuSH209A-30 or pEX18Tc-50–phuSH212R-30 was transferred into P.
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aeruginosa ΔphuS by conjugation. A double event of homologous recombination followed by
selection on Pseudomonas isolation agar plates containing 5% sucrose resulted in chromosomal
integration of phuSH209A or phuSH212R, replacing the parental allele ΔphuS. PCR and
sequencing analysis were used to verify the allelic exchange process.
I.2 Supplementary Tables
Table I.1 Strains and Plasmids used in the studies from Chapters 2 and 3
Strains

Relevant genotype or description

Source of Reference

E. Coli
BL21 (DE3)

F- ompT hsdSB (rB- mB-) gal dcm (DE3)

Stratagene

DH5α

fhuA2 lac(del)U169 phoA glnV44 φ80’
lacZ(del)M15 gyrA96 recA1 relA1 endA1
thi-1 hsdR17

Thermo Fisher
Scientific

P. aeruginosa
PAO1

Wild type

ΔphuS

Chromosomal in frame phuS deletion in
PAO1

(3)

phuSH209A

Chromosomal in frame phuSH209A allele
in PAO1

Mouriño
(Not Published)

phuSH212R

Chromosomal in frame phuSH212R allele
in PAO1

(6)

pUC18

AmpR; Subcloning vector

Thermo Fisher

pET21a-phuS

AmpR; phuS wild-type cloned into pET21a
plasmid by T4 DNA Ligase

(2)

pET21aphuSH209A

AmpR; phuS variant cloned into pET21a
plasmid by T4 DNA Ligase

(2)

pET21aphuSH212R

AmpR; phuS variant cloned into pET21a
plasmid by T4 DNA Ligase

(5)

pGST-paFur

AmpR; fur wild-type cloned into pGEX-2T
plasmid by T4 DNA Ligase

(6)

pET21a-hemO

AmpR; hemO wild-type cloned into
pET21a Plasmid by T4 DNA Ligase

(2)

pEX18Tc

TcR; alleic replacement vector

(7)

Plasmids
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Table I.2 Oligonucleotide primers and probes used in the studies performed in Chapters 2 and 3

Appendix II: The Characterization of PhuS WT and Heme
Coordinating Variants
II.1 Introduction
As stated in Chapter 3, site-directed mutagenesis coupled with spectroscopic studies confirmed
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that both His210 and His212, in addition to the proximal His209, are required for the hemedependent conformational change and subsequent protein-protein interaction with HemO (8).
From this, a mechanism has been proposed where a ligand switch between His209 and His212 is
required for heme translocation to HemO (5). A mixture of constructs was generated to
characterize the binding parameters with heme and DNA, giving insight to the integration of
heme metabolism with the regulation of the PrrF/PrrH network. We sought to further
characterize the apo- and holo- states of these variants compared to the wild-type in relation to
their structure as well as their regulatory dual function. The results discussed in Appendix II
include additional studies for PhuSH209A and PhuSH212R as well as preliminary data for the
triple mutant PhuSH209A/H210A/H212A.
II.2 Methods
II.2.1 Circular Dichroism (CD) of apo- and holo-PhuS WT and H212R
Experimental CD spectra of the apo-PhuS and holo-PhuS for WT, H212R mutants were obtained
on a JASCO J-810 spectropolarimeter (Oklahoma City, OK). All samples were recorded in 20
mM potassium phosphate (pH 7.8) at 25oC from 190 to 260 nm, with 0.2 mm resolution and a
1.0 cm-1 bandwidth. The mean residue ellipticity (deg * cm2 * dmol-1) was calculated using
CDPRO software as recommended by JASCO. Theoretical CD spectra were modeled from
computational ensembles using chosen trajectories as inputs to DISICL (Dihedral-based segment
identification and classification) (9). The resulting predicted and experimental spectra were then
deconvoluted using the BeStSel webtool to estimate percent secondary structure content to
calculate difference in percent helicity (10,11).
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II.2.2 Expression study with phuSH209A/H210A/H212A using quantitative real-time PCR
(qPCR)
To analyze gene expression, singly isolated colonies from each Pseudomonas strain were picked,
inoculated into 10 ml of LB broth, and grown overnight at 37oC with shaking (210 rpm). The
bacteria were then harvested and washed in 10 ml of M9 minimal medium. Following
centrifugation, the bacterial pellet was resuspended in 10 ml of M9 medium and used to
inoculate 50 ml of fresh M9 iron-deplete medium to a starting A600 of 0.05. Cultures were
grown at 37oC with shaking for 3 h before the addition of 1 µM heme (0 h) (or 5 µM heme for
Northern Blot analysis) and incubated for a further 7 h. Total RNA was purified from 1-2 ml
aliquots collected at several time points from cultures grown under various conditions (with and
without 1 µM heme). RNA was stabilized by the addition of 250 μl RNALater Solution
(Ambion) and the samples were stored at −80°C until further use. Total RNA was isolated from
each cell pellet using the RNAeasy mini spin columns according to the manufacturer’s directions
(Qiagen). 4 μg of total RNA was treated with RNAse-free DNAseI (New England Biolabs) for
2h at 37°C to remove contaminating chromosomal DNA and precipitated with 0.1x volume 3M
sodium acetate pH 5.2 and 2x volume 100% (v/v) ethanol. RNA quantity and quality were
assessed by UV absorption at 260 nm in a NanoDrop 2000c Spectrophotometer (Thermo
Scientific, USA). cDNA was generated using the GoScript™ Reverse Transcriptase kit
(Promega) from RNA (250 ng) and random primers (0.5 μg). cDNA (10 ng) was analyzed with
gene specific primers (Table I.2) using the StepOnePlus Real-Time PCR System (Applied
Biosystems) and FastStart Universal Probe Master. The relative gene expression was calculated
using the ΔΔCt method and the cycle threshold (180) values at each time point were normalized
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to the constitutively expressed 26S gene. mRNA values represent the standard deviation of three
independent experiments performed in triplicate.
II.2.3 Labeling the Probe
The reverse compliment of the RNA sequence for PrrF1 and PrrF2 were generated as oligo
primers from IDT: PrrF1 Probe (CTCTAGTCGGCCATTCGACTCTCTGGGTGC) and PrrF2
Probe (TCCGGTCGTCCATTCGACTCTCTGGTTC). Each probe was phosphorylated with [P32] labeled ATP using the following reaction mix: 5 µL of PrrF1 or PrrF2 probe (25 µM), 5 µL
kinase reaction buffer, 5 µL of [P-32] ATP (6000 Ci/mmol, 150 mCi/mL), 2 µL of T4
polynucleotide kinase (2 unites), and 33 µL of H2O. The reaction was incubated at 37oC for >10
min and stopped by adding 2 µL of EDTA (0.5 µM). A SigmaSpin DNA clean up column
(Sigma Aldrich) was used to purify the now [P-32 labeled] probe. Solution was removed from
the SigmaSpin columns by centrifuging at a high speed for 2 min. The labeled probe reaction
was added and subsequently spun at high speed for 4 min, where the flow through was collected
and stored in -80oC prior to the Northern Blot experiment.
II.2.4 Northern Blots
Northern analysis of the PrrF sRNAs was performed by current student Riki Egoshi as
previously described, with some modifications (12). Briefly, 2 µg (PrrF1 and PrrF2 probes) of
total RNA isolated on RNeasy mini columns was run on a 6% polyacrylamide denaturing (7M
urea) gel and then transferred to a BrightStar membrane (Life Technologies) using a semidry
transfer apparatus (400 mA for 2 h). Blots were then crosslinked for 2 min prior to hybridizing
with Ultrahyb buffer overnight at 42°C. Following this, the membrane was washed using the
Ambion Northern Max low-stringency and high-stringency wash solutions according to the
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manufacturer’s instructions. Detection of the [P-32] labeled probes was carried out using High
Performance Chemiluminescence Film (GE Healthcare) and visualized by the AFP imaging XRay Film Processor (MedWrench).
II.3 Results and Discussion
II.3.1 CD spectra for apo- and holo-PhuS WT and H212R
CD spectra was acquired for both apo- and holo-PhuS and H212R. The spectra were processed,
and the secondary structure content was deconvoluted with BeStSel (13). Consistent with the
previous HDX-MS data and HDXer reweighted clusters, heme binding results in ~4% increase in
α-helical content for the PhuS WT (Figure II.1 A) (5). It is noteworthy that the experimental CD
data for PhuS H212R is slightly lower than the PhuS WT, as the difference in percent helicity is
only ~2% (Figure II.1 B). Here again, this is consistent with the HDX-MS data that suggests the
C-terminal helices α6/7/8 are more protected in the PhuS H212R variant compared to the PhuS
WT (5). This experimental data along with the information provided from this study highlights a
significant population of a conformation, within PhuS H212R, that maintains the secondary
structure of α6 and hindrance of displacement for α7 due to electrostatic interactions between
Arg212 and Glu318 compared to the PhuS WT. Despite these subtle yet significant differences
observed in the heme coordinating variant, this presents no alteration into heme flux as well as
regulation of the PrrFs and PrrH. This study will need to be revisited with other heme
coordinating mutants, more notably PhuS H209A, to focus on the significant structural
differences presented with this reweighted conformational landscape workflow.
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Figure II.1 Experimental CD spectra for apo- and holo-PhuS WT (A) and H212R (B). All
samples were recorded in 20 mM potassium phosphate (pH 7.8) at 25oC from 190 to 260 nm,
with 0.2 mm resolution and a 1.0 cm-1 bandwidth. The mean residue ellipticity (deg * cm2 *
dmol-1) was calculated using CDPRO software as recommended by JASCO. Theoretical CD
spectra were modeled from computational ensembles using chosen trajectories as inputs to
DISICL (Dihedral-based segment identification and classification) (9). The resulting predicted
and experimental spectra were then deconvoluted using the BeStSel webtool to estimate percent
secondary structure content to calculate differences in percent helicity (10,11).
II.3.2 Distinct patterns in PrrF activity for ΔphuS and phuSH209A
As noted in Chapter 3, the qPCR analysis for ΔphuS and phuSH209A had relatively similar
profiles in relation to the PrrF and PrrH levels. This approach, however, is unable to isolate the
prrF genes due to their high sequence similarity. A previous study sought to develop probes
specifically for PrrF1, PrrF2, and PrrH where mutant strains were constructed to confirm their
specificity (14). The PrrF1 probe only detected the PrrF sRNA in the PAO1 WT and ΔprrF2
mutant, while the PrrF2 probe was only detected in the PAO1 WT and ΔprrF1 mutant. The PrrH
probe was created in the intergenic region of prrF1 and prrF2, and due to the transcriptional
activity upstream of the prrF locus, transcripts representative of PrrH were detected only in
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ΔprrF1 mutant strain (14). Performed by Riki Egoshi, these probes were utilized with Northern
Blotting to detect the RNA levels of each gene within the PAO1 WT, ΔphuS, and phuSH209A
strain. Only the PrrF1 and PrrF2 probes were detected in this experiment, meaning optimization
will need to be considered for the detection of PrrH. Nonetheless, the wild-type strain displayed
consistent levels for both prrF1 and prrF2 at 2, and 5h until showing no expression at 7h, which
is indicative of Fur regulation (Figure II.2 A and B). There was consistent expression for both
PrrF1 and PrrF2 in the ΔphuS strain with a higher intensity shown for PrrF2 relative to PrrF1
(Figure II.2 A and B). This supports the notion of an iron starvation response, causing
transcriptional activity in this regulatory network. In contrast, phuSH209A displayed no
transcripts reflective of prrF1 but expression was observed for prrF2 at the 5 and 7 h (Figure II.2
A and B). It is interesting to observe this selective transcriptional activity, which points to the
specific pathways that may be utilized in these conditions to maintain survival and virulence. As
previously mentioned, within the prrF2 promoter is an AlgR binding site which has been linked
to both pyoverdine biosynthesis as well as intracellular heme biosynthesis (15). Given the
disruption of heme flux displayed through the phuSH209A variant, P. aeruginosa exhibits its
complexity through the expression of these systems in order to mediate virulence traits. Further
investigation will lead to a better understanding of how these factors are integrated into the
ability of P. aeruginosa to adapt to its environment.
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Figure II.2 Northern Blot analysis of PrrF1 and PrrF2 expression on PAO1 WT, ΔphuS, and
phuSH209A strains. Strains were grown in iron-deplete (M9) conditions for 3 h until
supplemented with 5 µM heme. RNA was isolated at 2, 5, and 7 h, where 2 µg were loaded onto
a 6% polyacrylamide gel before being transferred to a BrightStar membrane. RNA was detected
using [P-32] labeled probes discussed in the methods. Performed by Riki Egoshi (Unpublished
Data).
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II.3.3 in vitro and in vivo Characterization of PhuSH209A/H210A/H212A
The PhuS triple mutant (His209A/His210A/His212A) substitutes the histidine residues within
the heme binding pocket, and upon heme binding a blueshift is detected in the Soret Maxima (8).
Nonetheless, aromatic interactions allow for PhuS to interact with heme, resulting in
rearrangement between the N- and C- terminal domains, and this variant still interacts with
HemO as observed by a response via SPR. Similar biophysical and expression studies were
applied to this variant in hopes to build a full profile on what has already been characterized in
comparison to the PhuS WT. Thus far, we observe that titrations of the apo-PhuS triple mutant
with a 5’-FAM labeled prrF1-50 resulted in lower affinity with a KD of 484 nM, which is almost
an eightfold difference to the wild-type (Figure II.3 C). In the EMSA study, we see increasing
concentrations of the protein result in the formation of a complex, and the behavior seems to be
reflective of the lower affinity for DNA binding (Figure II.3 A). This is highlighted in an EMSA
experiment where apo-HemO is used to drive the equilibrium to DNA binding. From this
qualitative experiment, 10 molar equivalents are necessary to drive the formation of the proteinDNA complex (Figure II.3 B), but additional studies like FA can be utilized to confirm this
quantitatively. In the proposed mechanism to translocate heme to HemO, His212 adopts an
alternate rotamer that places the heme propionate to Lys132 of HemO (5). The absence of each
histidine suggests heme is in an alternate position considering the noncoordinating interactions
allow for heme binding to PhuS. Therefore, the conformation is not arranged in a manner that
provides an optimal protein-protein interface, highlighted by lower affinity between holo-PhuS
triple mutant and apo-HemO, which affects heme transfer as well as binding to the PrrF1/H
promoter. These results are complimented with the qPCR analysis of PrrF and PrrH levels within
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the phuSH209A/H210A/H212A strain. Compared to the PAO1 WT, the loss in expression of the
heme-dependent PrrH is observed within the triple mutant in the presence of 1 µM heme (Figure
II.4). Furthermore, there is a significant increase in PrrF levels at the earlier 2 h timepoint
indicative of an iron sparing response, which could be affected by the alteration in heme flux into
the cell. Overall, the profile is relatively similar to what has been observed for both the ΔphuS
and phuSH209A strains and must be complimented with structural and metabolomic studies to
bridge the effect on heme metabolism and PrrF/PrrH regulation.
Figure II.3 Biophysical studies for PhuS H209A/H210A/H212A. A. EMSA of apo-PhuS titration
with prrF1-50. A solution of biotin-labeled prrF1-50 (30 pM) was titrated with increasing
concentrations of apo-PhuS triple mutant (0-50 µM) B. EMSA of apo-HemO with holo-PhuS and
biotin-labeled prrF1-50. The DNA (30 pM) and holo-PhuS (1 µM) was titrated with increasing
concentrations of apo-HemO (0-10 molar equivalents). C. FA of holo-PhuS titration with apoHemO. FA experiments were performed as described for Chapters 2 and 3. FA was performed
with a fixed concentration of holo-PhuS (1 μM) and 50-FAM–labeled prrF1-50 (10 nM). The
change in anisotropy was recorded as a function of apo-HemO molar equivalent until no further
changes in anisotropy were recorded. Experiments were performed in triplicate as described in
the Experimental procedures section. The data were fit by converting the anisotropy, r, to
fraction bound and plotted against HemO molar equivalents using a one-site binding model. The
error is shown as the SEM (Unpublished Data).
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Figure II.4 Relative PrrF1 and PrrH sRNA levels for phuSH209A/H210A/H212A allelic strains
in iron-deplete or heme-supplemented conditions. A, PrrF1 and PrrH relative sRNA levels in
PAO1 WT. B, PrrF1 and PrrH relative sRNA levels in phuSH209A/H210A/H212A. mRNA
isolated at 0, 2, and 5 h following growth in either iron-deplete M9 or M9 supplemented with 1
μM heme. mRNA values represent the mean from three biological experiments, each performed
in triplicate and normalized to 0 h. Gray shaded bars represent iron-deplete conditions; red
shaded bars represent heme-supplemented conditions. Error bars represent the standard deviation
from three independent experiments performed in triplicate. p values as determined by two-tailed
Student’s t test comparing values upon heme supplementation to iron-deplete conditions at the
same timepoint, where *p < 0.05. (Unpublished Data for phuSH209A/H210A/H212A)
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II.4 Conclusion
Additional studies have been implemented on the heme coordinating mutants to investigate the
complexity of the conformational landscape of PhuS. We have shown structural differences for
mutations of the conserved His209 (H209A) and alternate ligand His212 (H212R) and have
complemented those differences with loss in affinity for binding to the PrrF1/H promoter.
Though there were slight yet signficant differences for apo-PhuS H212R compared to the apoPhuS WT, as shown by CD, in vivo studies thus far indicate this does not affect the heme
dependent regulation of PrrH (Figure II.1). Because we have seen this loss in regulation based on
heme status in phuSH209A, we took the next step in evaluating the activity for both PrrF1 and
PrrF2 through Northern Blots. As previously mentioned, the expression of PrrF2, with the
presence of heme, only in phuSH209A tailors to certain transcriptional regulators involved
depending on a given physiololgical environment (Figure II.2). Further studies can delineate
what genes are targeted by these regulation systems to understand the adaptation within P.
aeruginosa for survival and virulence. Though we have not performed this analysis with
phuSH212R, we believe that a relatively similar profile to PAO1 WT would be displayed,
emphasizing no downstream effects in vivo.
The PhuS triple mutant has been characterized with similar studies to detect differences in
the interaction and overall regulation of the PrrF/PrrH sRNA network. The notable difference of
DNA and heme binding is emphasized for both the EMSA and FA studies (Figure II.3). The
weaker binding of the PrrF1/H promoter indicates that the conformational rearrangment is not
optimal in the apo- state. There is also emphasis on the required molar ratio (10 eq.) for apoHemO to drive PhuS to form a complex with prrF1-50 (Figure II.3 B). Given the fact that the
histidines required to coordinate and transfer heme to HemO are absent, this creates a disruption
in the regulation of heme flux through HemO. The qPCR analysis supports this notion, as we
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oberve in the PhuS triple mutant strain a loss in the heme dependent regulation of PrrH similar to
what was shown in phuSH209A and ΔphuS. Much of the in vitro and in vivo studies discussed
before must be implemented with this unique variant to determine the downstream effects such
as BVIX production and levels of PrrF activity as we work to understand the central role of PhuS
in metabolic and transcriptional regulation.
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