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Abstract

Pseudomonas aeruginogaa grarmnegative bacterium that causes infections in immune
compromised patients. There have been an increasing number ofdragltiresistantP.
aeruginosainfections which is leading to the need to develop new targets for antibiotics. A
potential newadrget is to disrupt iron homeostasis by disrupting the function of the iron storage
protein, bacterioferritin B (BfrB). The structure and function of BfrB has been passionately
studied in our lab, which has led to new understanding of iron uptake andlease from BfrB.
Iron mobilization from BfrB requires binding from the bacterioferrassociated ferredoxin
(Bfd), a process that our lab has demonstrated in vitro usiray Xrystallography, and binding
studies. These studies also allowed the labei@rmine the key residues in both proteins that
stabilize the BfrB:Bfd complex.

In my work, we have taken the insights from thevitro studies and applied them to
investigate the consequences of blocking the BfrB:Bfd interactid®. iaeruginosacells. We
first show that iron is essential to bacterial growth by testing the effects of an iron sequestering
pol ymer developed in collaboration with Prof.
The ironsequestering polymer is capable of delayingtdréad growth and increasing the
sensitivity of wild type (wt)P. aeruginosdo the antibiotics ciprofloxacin and gentamicin.
| then studied cell growth and iron handling in response to mutatingftBey e n éfrB), tpe
bfd g e n ebfd),( agpintroducing adouble mutation (E81A/L68A) in th&frB gene in the
chromosome oP. aeruginosaFrom our previousn vitro studies, we predicted thB81/L68A

BfrB mutant (herein denoted bfrB*) would not bind BfrBRnaeruginosaells. We demonstrate
iii



through these stlies that BfrB and the BfrB:Bfd interaction are essential for iron homeostasis in
P. aeruginosa

The structural dynamics of BfrB have also been analyzed. We show that by mutating
residues in the Pores of the protein, we affect the function of the reddyi distant ferroxidase
center, which in turn inhibits iron oxidation and uptake. We show that concerted motions linking
the pores and the catalytic center are essential for the function of BfrB.

Lastly, our lab is engaged in developing compounds focckihg the BfrB:Bfd
interaction. | have developed assays to show the effect of these compounds on cell growth and
survival, and demonstrated that the compounds being developed in the lab boost the killing

activity of existing antibiotics againBt aeruginsacells.
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Chapter 1 : Introduction

Iron is Essential for Growth

Iron is essential for most species including mammals and bacterial pathogens. Fe can be
used as a cofactor and a prosthetic group in essential enzymes that are involved in many cellular
functions and metabolic pathwaj]. Iron exists in two redox states,’Fer Fé*, each of
which can have lgh or low spin statef2]. These properties of iron allow it to be incorporated
into proteins as a biocatalyst or electron caf@gr For iron to be biologically active, it has to be
incorporated into proteins as a memo binuckar species or in F& clusters or in heme groups
[2]. The incorporation of iron into proteins also allows for the redox potential of iron (range from
-300 to +700 mV) to be controllg®]. For optimal growth, most bacterial organssnequire
0.3-1.8 puM extracellular iron concentratiof®]. Iron is needed for metabolic processes such as
replication, electrortransport, TCA cycle, oxygen transport, nitrogen fixation, glycolysis, and
DNA synthesig[1, 2]. Although iron is necessary, it has poor bioavailability and can induce

oxidative stress to the cell.

Iron has poor bioavailability because®Fis almost insoluble under aerobic and neutral
pH conditions, with solubility around &M [1]. F&*is water soluble at neutral pH, but it can
react with hydrogen peroxide (produced by cell metabolism) to form hydroxyl radicals #nd Fe
through the Fenton reactidd]. Fe* can be reduced back to #eby superoxide or ber
reducing agents in the cell, as illustrated in Figufe(HaberWeiss cycle). This oxidative stress

can be toxic to the cell because there is no internal defense system for hydroxyl fadicEite

1



production of hydroxyl radicals causes protein denaturation and damage tDMA To
ensure sufficient iron concentrations for cellular processes, but preveimdioed toxicity, the

free intracellular iron concentration is regulated aroungdM({J5].

Fe*'+0,* —5 Fe*+0,

Fe?*+H,0, —> Fe3*+0H+ *OH Fenton reaction

0;*“+H,05, —> 05+°0H+°0H Haber-Weiss reaction

Figure 1-1: HaberWeiss reactions cycle, in which iron catalyzes the formation of the highly

toxic hydroxyl radical.

Pseudomonas aeruginosss a model bacterial organism

Pseudomonas aeruginogaan opportunistic pathogen that causes infections in immune
compromised patients such as cystic fibrosis pati@htdt has become very difficult to treat due
to the increasing resistance of antibiotics. The strains PAO1 and PA14 are ideal to study in a
laboratory setting and have had an abundance of research completed to study iron homeostasis
[7]. We hope to use this information to develop potential therapeutics as well as further
understand the complex system of iron regulation in the cell. Background information on iron
reguation will be focused on what occursin aeruginosas well as examples in other bacterial

strains.



Iron Acquisition

Iron is not only used for essential functions in the cell, but it also affects the virulence of
pathogens irthe host. Free iron is tac to the host cells similar to bacteria. The concentration
of free intracellular iron in a mammalian host will be around @81 [3]. The host restricts the
concentration of free iron by sequesteriagluble ironin iron-binding proteins, such as
transferrin, lactoferrin, or heme proteif8. Lactoferrin, an iron chelating glycoprotein, binds
iron with extremely high affinity, and thus functions as a primary defense mechanism to restrict
the growth of pathogens in a mammalian hBet.examplelactoferin has been shown to inhibit
Pseudomonas aeruginos#film formationwhich provides a potential therapeutic to con®at
aeruginosabiofilm formation in cystic fibrosis patierts 8]. In responseP. aeruginosaand
other pathogenbave developed multiple strategies to obtain iron in its [8sfThe pathogens
obtain iron through pathways such &g gequestering heme from heti@ding proteins like
hemoglobin, (ii)secreting siderophores to capture and internaliZ& Feducing F& to F&* for
its subsequeninternalization via specifiderrous iron transporter (Feo), and degrading -iron

binding molecules like transferrin using enzyrfi@ls

Under anaerobic and typically iraepressed conditions, Feo transcription will be
induced. InP. aeruginosaferrous iron is transported through theoRBC system[9]. There
are three proteins coded by the Feo operon, FeoA, FeoB, and FeoC, whedAis a small 9.3
kDa cytosolic protein, is thought to activate F§OR FeoB is an 83[Ra protein with a soluble
N-terminal domain and membrane integrate@minal domain, and FeoC is a small 8.7 kDa
cytosolic protein that is thought to regulate transcription of FeoB expre@jio-eoB is most

likely a F€* permease and has been shown to be related to virulence in pathogens such as
3



Helicobacter pyloriand Campylobacter jejunj9], In P. aeruginosaFeoB is essential for cell

survival in the anaerobic environment of biofd[9].

To obtain ferric iron, bacteria, as well as yeast, fungi, and plants, will produce high
affinity extracellular ferric chelators called siderophdred. Siderophores are small molecules,
less than 1,000 Da, which have binding affinities greater th&hfdlOFe** [2]. There are over
500 siderophores that have been characterized and they can be found in pathogeniec and non
pathogenic bacterig2, 11]. In the case of gramegative bacteria, secreted siderophores form a
complex with F& (ferri-siderophore), which is recognized aimternalized by an outer
membrane (OM) receptor. The complex is too large to go through porins which allow molecules
such as glucose, phosphate, and amino acids to travel into tj&@elThe ferrisiderophore
will be transported to the inner membrane (IM) using the energy transducingEbdrBEXbD
system, which is located in the IM and periplajsi]. The complex will then interact with an
ATP-binding cassette (ABC transporter), which will deliver it into the cytoplfdm?2]. The
OM siderophore receptors are not present when there is sufficient iron, but are induced under
iron starvatn conditions. The OM receptors have a high specificity towards the ferri
siderophore complex. In the genome Rf aeruginosa there are 35 TonBependent OM
receptors which shows the importance of the capability of bringing in large amounts of iron

boundsiderophore$2].

P. aeruginosasecretes two siderophores, pyoverdine and pyochelin to chelate ferric iron
and bring it into the cel[8]. Pyoverdine (Figurel-2) is considered the main siderophore

released by. aeruginosaunder iron limiting conditions and has a bindafinity of 10°M™



for Fe"* [13]. The structure of pyoverdiris made up of a partially cyclized octapeptide attached

to the 2,3diamino6,7-dihydroxyquinolinebased chromophotdl4]. Ferric iron is chelated by

the catechol group on the chromophore and the tydooxyornithine side chaingl4]. When
pyoverdireis not bound by iron it exhibits green fluorescence and at pH 7.4 has an absorbance at

405 nm, but when bound with E¢he fluorescence is quenchidd].

To import the F&-pyoverdine complex into the cell, it will bind to the outer membrane
receptor FpvA (Figurd-3A and1-3B) and be actively transporteatd the cell by TonEEXbB-
ExbD systeni13, 16|. The FpvA i s ma dstrandspo fooni a b2t@arreeimt i par
the OM that forms darge pore about 380 A in diametef16]. In the pore there is a globular
plug domain that preves large molecules from crossing the membri. It undergoes a
conformational change with ¢henergy from the TonB system to allow the ferderophore

complex to pass through the receptor and enter thglégll

Pyoverdinealsohas other functionbesidesbinding F&". During infections, pyoverdi
competes with transferrin for irofL3]. Pyoverdine has been shown to be related to quorum
sensing, and in bacteria likg aeruginosa,t helps the colonization in low iron environments
such as host tissue by competing with transferrin for [itgh It is also thought to be essential
in the pathogends virulence, the devel opment

other bacteria in sojlL7].
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Figure 1-2: Structure of pyoverdine from P.aeruginosawithout iron [16]. Chr is the

chromophore of the structure which fluoresces unless bound'to Fe



Figure 1-3: (A) The pyoverdine OM receptor, FpvA. In light green is the -batael found in
the OM. In dark green is the plug and in red is the signaling domB)nin prange is the feri

siderophore complex binding to FpyAg)].

Heme is the most abundant source of iron in mamfi2ilso it is intuitive that bacteria
would develop ways to acquire heme from the host to utilize the bound iron. Bacteria are
capable of using the heme, hemoglobin, or hemopgesime complex as sources of irfi].
Pathogens are able to releasmmie from the proteins that bind it in the host by secreting
hemolysins and proteases. The released heme will either be captured by the bacteria or could
possibly be taken back by the host protg®h There are two classes of heme acquisition

gramnegative bacteria: i)( direct binding of heme to OM receptors @ the secretion of
7



hemophores to capture and deliver the heme to cognate surface refEfitorshe heme or
hemehemophore complexes will bind to OM receptors and then use the-HxinBExbD
system to transport the heme groups across thg ZDMHemophores that bind hemoglobin and
hemopexin will also deliver heme to the OM recepf@ts An ABC permease will transport the
heme across the CM and be degraded by aehemygenasg?2]. P. aeruginosahas 2
interdependent heme uptake systems, the PéeLidomonasemeutilization system and Has,
hemeassimilationsystem[18]. The Phu system encodes an OM receptor, PhuR, whereisieme
sequestered anbrought into the cell by PhuT, the periplasmic transport sy$t8h PhuT
interacts with the PhuUV ABC transporter in the cytoplasm, where the hesagusstered by
PhuS. PhuS transfers hemehtaimeoxygenase for subsequent break down of the heme into CO,
biliverdin, and irorf19]. In P. aeruginosathe hemophore, Hagfacquires heme from the host
andis brought to the OM receptor Ha$R8, 19]. In the cytosol the heme is degraded by heme
oxygenase into biliverdin, which releases iron aatbhonmonoxide[8, 18]. A full schematic of

the different iron uptake pathways is described in Figtte
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Figure 1-4: A schematic of iron uptake pathways that supply iroR.&eruginosaThe scheme

shows the uptake pathways of iron through the release of siderophores pyowaerdin

pyochelin, and their membrane receptors FpvA and FptA to bring in thesiigrophore

complex. At the bottom of the diagram is the intake of ferrous iron through Feo, and the heme

receptor proteins to bring heme into the cytoplasm. The iron isrstmgo to the intracellular

iron pool and is then distributed to iromilizing proteins, iron storage proteins like

bacterioferritin, and also to FUR, the master ferric uptake regiizapr



FUR

To prevent oxidative stress and the buildup of free iron in the cell, iron concentration is
tightly regulated with the diof the ferric uptake regulator, FURY]. FUR is a transcriptional
repressor with Féas its cofactof4]. Fur can actively repress iron acquisition genes under iron
replete conditiong8]. When there is a high concentration of iron®'ig bound to FUR, which
binds to the promet site of iron acquisition genes, preventing their transcrigdo2l]. FUR
is also a positive regulator of genes such as irongagpeoteins and irenontaining metabolic
enzymes.Under low iron conditions=&* will no longer bind to FUR which allowsanscription
of the small regulatory RNAs, PrrF1 and PrrF2 h aeruginosa which will inhibit the
expression of the iron storageoteins[4, 8, 21]. Iron acquisition genes directly regulated by
FUR include the small Béchelating molecules, siderophores, like pyochelin and pyoweimlin
P.aeruginosaheme acquisition proteins, and tiieect import of F&". In low iron conditions
there is a decrease in expression of iron storage proteins and iron containing metabolic proteins
[22]. This is essential for the bacteria to maintain enough iwahe cytoplasm iron pool for

necessary functiori23).
Iron Storage

The necessity to have iron for biological functions, but the potential for cell damage from
iron has led organisms tevolve safe strategies to store iron, which utilize the iron storage
proteins, ferritins. Ferritins are large spherical proteins that store iron innteeiralcavity asa
ferric mineral[24]. Ferritins have been described as having the prirhargtion of storing

excess available iron to prevent oxidative stresspmadiding a source afon that can be used
10



when there is low iron availability ithe environmen{24]. The potential of iron toxicity leads to
the tight regulation ofron and the storage of excess iron in iron storage proigjiz]. In P.
aeruginosaand in other pathogens there are three typeferotin-like molecules the DNA

binding protein (DPS), the classical bacterial ferritin (Ftn) and the bacterioferritin 2Bfr)

DPS

DPS are present in bacteria and arcjaép DPS has a different structure andction
in the cell compared to the bacterial ferritins and the bacterioferritin. DPS is made of 12 subunits
(Figure1-5) and can accumulate up to 500 Fe atp27%. Iron is accumulatedyboxidizing Fe
(1N to Fe (1) at the ferroxidase center which is at the interface of adjacent suf@@ptOPS in
some bacteria such & coli have been shown to bind DNA and protect it from oxidative
degradation[27]. Not all DPS have been shown tdind DNA such asin Listeria
monocytogenesn this bacteriairon is stored in DP&ndthe primary function is suspectedie

in protectingthe cell from oxidative stresaused by free iroft, 12].
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Figure 1-5. Crystal structure oft.coli DPS (PDB 1L8I). Each subunit is shown in an
alternating color. The 12 subunit structure forms an assembly with a hollow interior that can

hold approximately 500 iron atoms.
Mammalian Ferritin

Ferritins (Ftn) are found in eukaryotes as well as in bactg2B. The mammalian
ferritins differ from the ferritins found in bacteria in that mammalian ferritins are assembled from
two types of subunits, ereas bacterial ferritins are assembled from a single type of subunit
[29]. The subunits that make mammalian ferritins are termed the heavy (H) and the light (L)
chains, which assemble into a-&r structure (Figurd-6). There is only 55% sequence
identity between the H and L chains, but the chains are mutually iategelable to form the 24
subunit structur¢30]. The H chains are catalytically active because they contain the ferroxidase

centers where Béis oxidized to F& prior to its storage in the interior cavity. The L chains do

12



not harbor ferroxidase centers, but they have beewrshm contain nucleation sites where iron

can nucleate to form a minef&l1].

Figure 1-6. X-ray crystal structure of horspleen apoferritin (PDB 4V1WB2Z]. Each subunit

is shown in an alternating color.

Bacterial Ferritins and Bacterioferritin

Bacterial ferritins (Ftn) an@acterioferritin (Bfr) are unique to bacteria. These proteins
have similar24-mer structures to the ferritins found in mammailst have significant subunit
differenceq33]. The structues ofE.coli Ftn andP.aeruginosaBfr can be seen in Figure7A
and1-7B. They are both made from 24 identical subunits that assemble into a spherical, hollow
cage that can hold approximately 4,500 iron atp®is The structure and sizes of both tyjpés

protein are similar, having a total mass of approximately 450 kDa, with an external diameter of
13



120 A, anda cavity with80 A diameter. The storage of the ferric mineral issjide by oxidizing
ferrous ions at the ferroxidase centeBoth Ftn and Bficontain ferroxidase centers in every
subunit, where the binding of ferrous iron to form ardn center takes place immediately prior

to oxidation to the ferric iron and transhiion into the cavity of the proteinNg84]. The
ferroxidase centers are located in the middle of eabhrst, which is composed of a fehbelix
bundle[34]. Bfr are unique among ferritilke molecules inthat these proteins bind heme
between 2 subuni{81]. Depending on the bacterial strain, the two proteins have been shown to
either be a primary iron storage protein or beatesl to controlling oxidative stress. For
example, it was shown iB.coli that withoutthe Ftn there was a 50% less total iron in the cell,
and the growth rate of the mutant bacteria was reduced under low iron conditions. In
comparison, irC. jejuni andH. pylori the Bfr mutants are more sensitive to redox stf@ksThe

role of Bfr in Salmonella Typhimuriuris essential for iron storage and full virulence, btrt

does not contribute to storing large amounts of if@2f]. The function of iron stored in
SalmonellaBfr contributed to lowering oxidative stress produced by hydroxyl radicals and
reactiveoxygen species, and it was also shown to be required for theuHum cluster aconitase

enzyme to undergo repair following oxidative damgzfg}.
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Figure 1-7: (A) X-ray crystal structure dE.coli ferritin (PDB 1EUM) 24mer structure viewed
along the 4fold axis of symmetry35]. Each individual subunit has begiven a different color.
(B) The Xray crystal structure oP. aeruginosabacterioferritin (PDB 31S8) 24ner structure
viewed along the 4old axis of symmetry; the heme molecules (red) are located in between 2

subunitg 36].

In Pseudomonas aeruginodmth types of iron storage proteins, the bacterial ferritin
(FtnA) and the bacterioferritin (BfrB) aregsent[37]. The functions of these two iron storage
proteins remain enigmatic, although, as will be shown in this work, we now know that BfrB is
the main iron storage protein . aeruginosacells. AlthoughFtnA and BfiB have a similar
structure they have less than 18% amino acid sequence hom{#8py Like a typical bacterial
ferritin, FtnA does not contaiheme BfrB has a methionine at position 52 which allows for the
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protein to coordinate a heme molecule in between two subunits; M52 is not present B #tnA
This leads to a differenprocess of iron mobilization from BfrB compared to Ftpav].
Adjacent to thébfrB gene is the bacterioferritimssociated ferredoxirbfd) gene,which is also
been conserved in other pathog¢dg]. Bfd has been shown to be necessary for iron release
from BfrB [39]. The crystal structure of the BffBfd (Figure1-8) complex shows Bfd binding
above the heme in BfrB. This allows for the passihglectrons from Bfd into the core of BfrB

to reduce the ferric mineral and be released as ferroug3gnTrhe scheme of how electrons are
passed into the core of BfrB is seen in Figit& The electrons are passed from NADPH to the
ferredoxin reductas (FPR) to Bfd which then pass the electrons into the core of BfrB through

the heme to reduce Eeo F&* which can then be released to the cytosol.

Further investigatiosin our laloratorydetermined the essential interactions between the
Bfd and BfB residueg40]. The essential residues BfrB that promote binding oBfd have
been shown to be residuesdme 68, glutamate 81, and glutamate 85 (Figui®) [40]. This
was elucidatedby making site directed mutans of these residues to alanine and performing
binding studies using SPR amdvitro iron mobilizationassays. The dissociation constaf{) (
of the BfrB:Bfdcomplexwas déermined to be 3.3 uM at pH 7[40]. The mutations resulted in
significantly higherKy. 258 uM with E81A, 298.5 uM with L68A, and 590 uM with E85}A4Q].
Importantly, introducing the double mutation E81A/L68A in BfrB resulted in complete
abrogation of binding. In thia vitro assays of iron mokzation from BfrB, this double mutant
BfrB acted the same as the control with no Bfd present in the assay. The E81A/L68A double
mutant eliminated the Bfd interaction with BfrB, which inhibited the transfer of electrons from

Bfd, and the release of ironoin the core of BfrB.These results support that Bfd interacts with
16



BfrB and this interaction is required for the release of iron from BfrB wleidho the work that

will be discussed in thiBissertation.
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Figure 1-8: X-ray crystal structure of the BfrBfd complex fromP. aeruginosa PDB 4E6K)
[39]. The BfrB protein is gray with the heme molecules being shown in red. Located above

each of the heme molecules is Bfd, shown in cyan, w#h2Fe2S] cluster in orange and

yellow.
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Figure 1-9: Schematic of electron transfer from NADPH to the ferredoxin reductase (FPR) to
Bfd [40]. The electron from Bfd passes through the heme in BfrB into the core, which reduces

the stored F8 to F&".

Figure 1-10: Key residues of th8frB-Bfd interaction. BfrB is shown in grey and green and Bfd
is in cyan. The essential BfrB residues for Bfd binding are the glutamate 85, glutamate 81 and
leucine 68. Glutamate 81 and leucine 68 provide a cleft where tyrosirem2Bfd can be

inserted 4Q].
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Targeting Iron for Antimicrobials

There is a need for new antibiotic targets duartancrease imntibiotic resistancero
address this issue, one focus of research has been to exploveiltiteon of iron uptake by the
bacterialcell [4]]. Iron isnot onlyneeded foimportant biological functions, but is necessary
for virulence[1]. In the mammalian host, the amount of free Fapsroximately 18% M to
prevent acute and chronic infectided?]. Preventing iron uptake or disrupting iron homeostasis
is probablyvalid target for new antibiotics because bacteria need iron to survive, but if not
properly regulated, it could lead to oxidative stress. For example, small molecules have been
developed to inhibit the production of siderophores secretéddylopbacteriumuberculosisand
Yersinia pesti§43]. By disrupting bacteal strategies to scavenge iron, it is thought that the
growth will be inhibited. Also, mutant strains lacking the iron scavenging systeispastis
were avirulent in mice and unable to grow in iron limiting meldid]. Researchers have
attempted to inhibit iron scavenging systems, but most pathogens hatieleniron uptake
pathways that cannot be targeted all at ddg Iron chelation therapy has also been tested, but
some pathogens are capable of using the chelated iron complex to form secondary infections

[44).

Tricking the bacteria to uptake other metals in place of iron has been suggested as an
alternative method. The transition metal gallium basnused n a O0Tr oj an hor s
because G4 has similar chemical properties as’Feo the cell will uptai& Ga and not release
siderophores. Importantly, &acannot be reduced to &Gaso it is unable to perform the

biological functions carried out by iron. Thus, gallium was shown to reduce biofilm formation
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and to reduce iron uptake through thndS(siderofore) pathway. This eventually led to Ga

replacing iron and affecting calar function.

Research Problem and Rationale

Targetingbacterialiron homeostasis ia potentially validtarget for developing novel
antibiotics due to the potential toxicity cadsto the bacterial celby iron homeostasis
dysregulation. To targdiacterialiron homeostasis it is necessary to understand how bacteria
control iron storage and subsequent mobilization of stored iron into the cytosol of bacterial cells,
soonemaysmei fi cally tar get InP.laerugiposdhdreareréesferritilu n ct i o1
like proteins, but only ter (FtnA and BfrB) are considered to functioniemn storage proteins.

To disrupt iron homeostasis, it was necessary to determine where thegdeing stored, FtnA
or BfrB. In this dissertation, we describe results that show that BftBe primary iron storage
protein in P. aeruginosaas well as how we capitalized from timesights gained fromour
laboratoryin vitro studies to design expmentsaimed atprobing the consequences of blocking
the BfrB:Bfd interaction irP. aeruginosaells. Results from these studies will be descrined

discussedn detail in Chapter 3.

To understand how we might perturb the function of BfrBPinaeruginsa cells, we
investigated the proteinds dynamic properties
Fe* to F€*, and how perturbation of dynamics in sites remote to the ferroxidase sites inhibits
ferroxidase activity. We also studied the phenotygfesells with deletions in thefrB and bfd
genes, as well as mutant cells whereltfniB gene carries the E81A/L68A double mutation in the

chromosome of.aeruginosaThese i nvestigations have provic
20



response when the funaticof iron storage or release is disrupted, and strongly suggest that
targeting bacterial iron homeostasis is a viable approach to develeipfadtives. We also
demonstrated, in collaboration with the Berkland laboratory, that chelatingweolable n the
environmentby irreversibly sequestering it in polymers severely weakens bacterial cells. The
development of novel therapeutics by disrupting the BfrB:Bfd interaction has also been tested.
The bacteri abds a bprobablytaypoot tag ed p tdaukee tior otnh ei sbhact e
mechanisms of obtaining iro@n the other handargeting bacterioferritin functiomay offer
severaladvantages. First, bacterioferrgtiare unigue to bacteti@o small molecules developed

to bind bacterioferritiwould be specific to bacterioferritin angbuld not bind to the eukaryotic
ferritin. The BfrBBfd genes have been found in multiple pathogemisich provide the
possibility of developing molecules with broad spectrum of actishich indicate that our
apprach, and what we learn from our investigations wethaeruginosa will likely be of
widespread impactIn addition small molecules that affect iron homeostasi® iraeruginosa

couldalsobe used as probes to investigate iron homeostasis in other graghog
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Chapter 2 : Iron sequestration in polymers has antimicrobial
properties

Introduction
Pseudomonas aeruginogaa grarmnegative bacterium that causes infections in immune
compromised patients, such as burn victims and cystic fibrosis pddgntsiultidrug resistance
has become a seriopsoblem withP. aeruginosanfectionsbecause ihas an unusual number of
efflux pumps[2] andthe ability to form biofilms. The efflux pumps are capable of exporting
antimicrobial agents and the biofilm creates a barrier that protects the cells from taking in the

antibiotics[1, 3].

The formation of biofilms is greatly dependent on the presence of iron. Iron
concentration in the environment less thapM or greater than 100 uM slows biofilm growth
[1]. Iron is essential not only for biofilm growth, but it is an essential nutrient for cell growth
and metabolism because it partatigs in a variety of cellular functions such as the tricarboxylic
acid (TCA) cycle and DNA synthesjd]. Since iron is essential for many primary functions,
removing iron from the environment can weaken bacteria, and increase the susgepfibilit

bacteria to antibioticfL, 5].

Some iron chelators have been tested in combination with current antibiotics that show
increased Kkilling. In one study, the FDA approved iron chelators, deferasirox and deferoxamine,
were used in combination with the antibiotic Tobramytntreat biofilms grown on cystic

fibrosis epithelial cells[6]. The biofiim formation was reduced by 90% and there was
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approximately 7 logs of increased Kkilling in presence of the iron chel@ordn other studies,
specific iron chelators do not enhance the efficacy of antibiotics. For exathpletudy
completed by Liu used the small iron chelators;®#®ridl (10 pg/mL), acetohydroxamic acid

(80 pg/mL) and EDTA (5 pg/mL) in combination with ciprofloxacin which had similar survival

to treatment with ciprofloxacin alorj&]. The chelators did have an effect on biofilm formation
when they were tested in combinatiorttwan efflux pump inhibitor. Except for EDTA which
showed a decrease in biofilm formation; EDTA can cause the release of lipopolysaccharides

from the cell wall which was thought to have helped promote the formation of bip#ilms

High affinity iron chelators that have been tested for antimicrobial activity have been
inspired by the siderophores, which are high affinitgy(< 10%> M) Fe** chelators, such as
mycobactins and carboxymycobactins frikyicobacterium tuberculosend yersiniabactin from
Yersinia pesti§8]. In the study presented in this chapter, a polymer harboring the chelating
moiety of the siderophore enterobactin wastisesized. Developing polymers with iron
chelating groups provides advantages relative to small molecular weight chelators. These
polymers, in addition to having high binding affinity for’Eealso have large binding capacity
and can sequester iron idsithe polymeric structure, where it is not available to bactdinee
polymer is a norabsorbable chelator which could be used as a topical treatment of bacterial
infections such a$®. aeruginosainfections on burng9]. Crosslinked polymeric materials
cannot be absorbed through skin which would reduce concerns about toxicity. Hyebe @
synergistic effect with iron sequestering materials and antibiotics which could reduce the

minimum inhibitory concentrations (MIC) of the antibiotics.
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The polymer was synthesized by crlig&ing primary amine groups in polyallylamine
(PAI) with N,N émethylenebis(acrylamide) (MBA) and conjugating with-8iBydroxybenzoic
acid (DHBA) (Figure 21) [9]. The iron sequestering polymer (PBHBA) was synthesized
with different molar ratios of the cro$isker to the number of total amines. The ratio of
DHBA/amines was prepared to be 0, 5, 10, 15, 20, 25, 30, 35, and 40, which wastdesis
GO, G5, G10, etc. The iron stability constant, iron sequestration capacity, and iron selectivity
was tested with the PADHBA with these different ratios and the RBHBA, G25, was chosen
to be used in the studies described in this chapter edastsowed the highest selectivity with
optimal ironsequestering capacity and stability consti@jit The growth of bacteria in the
presence of G25 was found to be significantly slowed. In addition, some antibiotics were found

to be more effective at killing. aeruginosavhen used in the presence of G25.

My oy \r*v
L"“? NH,

L T

Cross-linked PAI-DHBA Polymer

Figure 2-1: Synthesiof thecrosslinked PAFDHBA iron sequesteringolymer[9].
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Experimental
Materials:

Ciprofloxacin hydrochloride was purchased from MP Biomedicals, Inc. Gentamicin
sulfate, sodium ethylene diamine tetraacetate (EDTA), agarsulfate heptdydrate, glucose,
potassium hydroxide, and casamino acids (BD Fal@m potassium chloride (KCI) were
purchased from Fisher Scientifieotassium phosphate monobasic, potassium phosphate dibasic,
magnesium sulfate, tryptophan, andiciticid were purchased from Sigmhuria broth media
(LB, pH 7.1) was purchased from Teknova.NNpis (2hydroxybenzyl) ethylenediamird, N-
diacetic acid (HBED) was purchased from Strem Chemicals, Inc. Sodium chloride (NaCl) was
purchased from Acros OCagics. Potassium dihydrogen phosphate fRdy) and disodium

hydrogen phosphate (M4PO,) were purchased from Santa Cruz Biotechnology, Inc.

Bacterial Strains and Growth Conditions

P. aeruginosastrain PAO1 purchased from the University of Washington Genome
Sciences was used in all studiPs.aeruginosavas grown in M63 minimal mediasmodified
by O6Tool e[lGh ME3 mediawaserepared by dissolving 8/L KH,PQ,, 13.6¢
(NHy4)2S0O,, 3 uM FeSQ-7H,O and 1mM MgSQ, per 1L water and autoclaving. Theng2
glucose, 5§ casamino acids, 0.2btryptophan, 4 citric acidare added The pH was adjusted to
7.0 with the addition of KOH and then filtesterilized. All glassware was acid washed by
soaking in 1%Trace Select concentratedtric acid (Sigma)and rinsing with nanopure water

five times.
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Bacterial Growth Using PAI-DHBA-Treated Media

The ironsequestering polymer PAHBA (G25) wasutilized in the following studies
with P.aeruginosaThe polymer cPAI (GQ)without the DHBA iron chelating moietypr PAI-
DHBA (G25) powder was washed twice with phosphate buffénes@PBS at pH 7.4) and once
with deionized waterandthen lyophilized. A 50 mL aliquot of M63 media containindL@, or
20 mg/mL insoluble G25 was incubated for 20 min with shaking (230 rpmC37In addition,
50 mL of M63 media was also incubatediwG0 (13.9mg/mL) for 20 min to control for the
absence of DHBA moieties in the polymer; 13@/mL GO was used because this mass is
equivalent to 20 mg of G25, which is composed of h3gof cPAI and 6.1 mg of DHBA. After
incubationthe polymer was removed from the media by centrifuging thels@t 4000 rpmat 4
°C for 15min. The supernatant was transferred to an acid washed 250 mL Erlenmeyerflask
mL of the supernatant was removed to measure the iron contentindingjively coupled
plasma optical emission spectrome({t¢P-OES. Bacterialgrowth was also examined using

M63 mediawithout the addition of iron.

Bacteria were grown from a single colony in 5 mL of LB overnight with shaking at 230
romand37 °C. The overnight inculum was centrifuged for 12 min at 4000 ramd4 °C, and
then resuspended in M63. The resuspended cells were added to the 40 mL of-pretee or
untreated medito givea starting Olgyo=0.01. The cells were cultured with shaking at 230 rpm
and37 °C. 1-:2 mL was sampled every hour to measure thedDAt 2, 4, 6, 8, 10 h of growth,
100l was sampled and serially diluted in PBS. TenpulL@rops of the dilutions were plated on
LB agar and incubated at 3T for 18 h. The colony forming units/mivas determined by

counting single colonies multiplying by the dilution factor and dividing by the volume plated.
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Bacterial Growth in the Presence of PAIDHBA

An overnight culture in LB was diluted fineshLB to ODgoo = 0.3. 10uL of the diluted
culture was added to InL of M63 in a 24 well flatbottomed platdo give a starting Olgyo =
0.003. 1, 5, 10, or 2thg/mL of G25 was added to each well to compare the bacterial growth at
differentamounts of polymer The plate was wrapped with parafilm and incabawith shaking
at 40 rpm, 37C for 12h. The entire culture was removed and serially diluted in PBS and plated
on LB agar. Theagar plates were incubated for 8 h at 37 °C. Single colonies were

enumerated to determine the CHhll.

Bacterial Growth in the Presence of PAIDHBA Compared to Traditional
Iron Chelating Agents

The experiment was setup in 24 well plates as previously described. 20 mg-of PAI
DHBA or 208 mg of EDTA (50QuM) was added to the media immediately after inoculating

with P. aeruginoa. The CFU/mL was determined afterés,and 12h of incubation.

PAI-DHBA as an Adjuvant to Conventional Antibiotics

Ciprofloxacin (1pg/mL) or gentamicin (241g/mL) was added to 2#ell plate cultures
after 5h of growth. G25 was added to M63 immedigtafter inoculation witHP. aeruginosaor
together with the antibiotics after 5 h of growth. At different time of incubation (5, 6, 7, lapd 9
the entire content of each well was serially diluted and plated on LB agar to determine CFU/mL.
cPAI (G0) was o tested with ciprofloxacin by adding polymer immediately after inoculating

with overnight culture.
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Ciprofloxacin was also added to 1 mL cultures after 12 h of incubatioine 24 well
plate G25 (20 mg/mL) was added to media either immediately afteoculation or
simultaneously with ciprofloxacin. CFU/mL was determiregdl2, 13, 14, 16, and 24 h of

growth.

Results

PAI-DHBA is Specific tolron in the Media
To determine which DHBA/ amine ratio (GO through G40) would be used for the

susceptibility tesng, the PAIDHBA polymers were tested for their iron stability constant, iron
sequestration capacity and the iron selectivity (Figurgé,22-2B, and 22C). The iron affinity
constant was determined by a ligand competition assay with EDTA which hgsstalolity
constant of 25.1. Figure-2A shows that all polymers have at least fifhes stronger iron
affinity than EDTA9]. In Figure 22B the iron sequestration capacity of the polymers shows the
maximum iron adsorption by the polymers (mg Fe/g-BMBA). Theoretically, the iron
sequestration was expected to continue to increaset 6820, the experimental capacity begins
to plateau. This was explained by the possilb
DHBA moieties which limited the ability of iron to access the interior of thepgdicle[9]. It
was essential to measure the specificity of iron compared to other metals in the media that could
affect bacterial growth. To measure the specificity, multiple metals including Fe, Ca, Cu, Mn,
Ni, K, and Zn were put into solution at 0MM, and the metal/polymer ratio was fixed at 0.2
mmol per gram of polymer. The polymer absorbed almost all the ireadn sample and very

little of the other metal@~igure 22C). The PAIDHBA polymer G25 had the highest selectivity
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with optimal ironrsequestering capacity and stability constant. It was then chosen for the testing
of antimicrobial activity. M63 mediasiprepared with the addition of two metals, magnesium
and iron. To ensure the G25 polymer was going to be specific towards iron, the total metals
absorbed was analyze@he polymer was capable of sequestering all of the iron in Géanly

12% of Md", as shown in Figure-3. The swelling of the polymer most likely caused the#Mg

to be physically absorbed with water rather than be specifically chelated.

Figure 2-2: (A) The iron stability constanflog scale)of the PAIDHBA polymers was
determined using a ligand competition assay. The chelation of iron biDRBA in water was
competed with the water soluble iron chelator, EDTB) The iron sequestration capacities (mg
Fe/g PAIDHBA) were detemined theoretically in black squares and experimentally in gray
triangles. The PADHBA polymers were incubated in the presence of a fs@ution for a
week and the remaining Fe was determine@) (The absorbed metals (mmol metal/g PAI
DHBA) were usedo determine the selectivity of the RBHBA polymers. These studies were

completed by Jian Qig®)].
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