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Abstract

Bacillus anthracigs a bacterial pathogen that is the causative agent of anthrax with a high
risk for bioweapon developmentThe chemokine CXCL10 has been described as an
important component of the innate and adaptive immune system for its chemoattractant
properties influencing various leukocyteB. anthracisspores and vegetative cells have
been shown to be directly killda/ the chemokine CXCL10 through previously unknown
mechanismsWe firststudied the rolef the identified bacterial target FtsX, as well as the
role of various portions of CXCL1id killing B. anthracisvegetative cells We show that
CXCL10 acts as aitunctional molecule that can utilize at least two separate mechanisms
for eliciting antimicrobial activity: 1) An FtsE/lependent mechanism through
interaction of a portion of CXCL10 (presumably, the CXCL1@ekninal region) other

than the @ e r mi-hela Iwith FSE/X and 2) An FtsE/Xindependent mechanism
observed at high concentrations of intact @AQ and in the absence of FtsiKis latter
mechanism requires the presence of @CL10 Gt e r mi-helx land Wesults in
memlyane depolarization. Further work was performed to investigate the FtsE/X
dependent antimicrobial mechanisamd we hypothesized that CXCL10 kills through
disruption of peptidoglycanprocessing through the bacterial FtsSE/X complex. We
characterized theeptidoglycanphenotype ofB. anthracisparent strain and th&.
anthracisb a c t e r i aftsXamditsE@KH2B8ADA&hINtO use as a baseline comparator
to CXCL10 treated cells Studies conducted with CXCL10 and atéZminal truncated
CXCL10 showed that exposure of tReanthracigparent strain to both molecules resulted

in disruption of peptidoglycarprocessing. Th&. anthracisb act er i aftsXandit ant s

ftsE(K123A/D481N\strains did not exhibit disruption gleptidoglycarprocessing in the



presence of CXCL10 or the-términal truncated CXCL10. These data indicate that
CXCL10 exerts an antimicrobial effect agailstanthracisvegetative cells through the
FtsE/X complex by disruptingpeptidoglycanremodeling, resulting in bacterial lysis.
Finally, studies were conducted to identify key bacterial components involved in @XCL1
activity againstB. anthracisspores A transposon mutant library &. anthracisSterne
strain spores identified the gene encodiB§S0651, a putative DEkendopeptidase
involved inpeptidoglycarhydrolysis and cell wall remodeling during cellular eloihga
Further analyses supported that CXCL10 causes a delayamthracisspore germination

and also leads to an increase in spore permeability, a possible mechanism for the resulting
loss of spore viability.In vivo mousestudies were conducted thdwosved the absence of
BASO0651 in B. anthracigarentstrainresulted in an increase in spore germination and
vegetative cell proliferation during initial pulmonary infection in C57BL/6 miteppears
CXCL10 targetsB. anthracis spores through BAS0651, wh may realt in the
dysregulation opeptidoglycarmemoceling during spore germinatiorl.he findings in this
dissertation reveal novel mechanisms of CXCL10 antimicrobial activity ag&nst
anthracisspores and vegetative cells. Understanding how CXills B. anthraciswill
potentially result in the development of a new class of antimicrobials based on CXCL10,

as well as the identification of important new antimicrobial bacterial targets.
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CHAPTER 1:

INTRODUCTION



1.1Bacillus anthracis

Bacillus anthraciss aGrampositive rod shapedbacteriumthatis thecausative agent of
the diseasanthrax(1, 2) Scientifically, the pathogen has a rich pastthe work of Robert
Koch in 1876was the firsto show that anicrobewas thecauseof a specific diseashus,
launching the field ofpathogenic bacteriology3). Anthrax is primarily a zoonotic
infectionthat affectdivestockanimals such as cattle and she@). Herbivores typically
acquireB. anthracisinfection by ingestingor inhalingspores fronthe soil (1, 5) The
sporeis the infectiousform of the organismand can withstand a range of harsh
environments Sporesgerminateinto metabolically active egetativecells through a
cascade of environmerdr hostderivedfactorsfollowing uptake into a susceptible hpst
subsequent multiplication and toxin syntheesulsin disease and deat6i 9). Upon host
death the vegetative form of the organiscan detect aloss of nutients andsuitable
environment for examplea drop in temperaturewhich triggers sporulation(8). B.
anthracisremains in the inert spore staiatil uptake by another hqstthere the cycle
repeatstself(1, 10, 11) Spore particlesre present inoil worldwide anchave been shown
to remain viable foextendegeriods of timeevendecade$8, 12) Spores oB. anthracis
can germinate and replicateithin the soil amoeba Acanthamoeba castellapnithus
potentially contributing to theontinualpresence ofiable spores the environmentl3).
Humans are notonsidereca natural host foB. anthracis bu spore exposurérough

various routeganresult in a serious infection if not diagnosed and treatpdly (2, 14)

There are foutypes of human anthrax based on the route by which the spors grger

host cutaneousgastrointestinal, injectionadnd inhalationa{Figure 1.1)2, 14)
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Figure 1.1: Routes oB. anthracisinfection. HumanB. anthracs spore exposure through
multiple routes results in the disease anthrax. Cutaneous anthrax, the most common
naturally acquired anthrax infection, occurs by spore introduction into the body through a
cut or abrasion on the skiras well as by insect vectdransmission (not shown)
Gastrointestinal anthrax is acquired through consumption of contaminated food products.
Injectional anthrax is the result of sparentaminated drug injection into intramuscular
regions (not shown). Inhalational anthrax degslvom pulmonary introduction of spores

and results in the highest mortality rate. Modified from Anthrax in Humans and Animals.

4™ edition. Geneva: World Health Organization, 2¢98
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Cutaneousanthrax is the most common forneomprisingabout 95% of all reported
infections It is characterized byainless blacleschaiat the site of infectionNaturally
acquired infection is an occupational disease, which occaumrsworkers (including
veterinaians) exposed toinfected herd animals orcontaminatedanimal products
worldwide (4). Insect vectors, such as house fliddugca domestigaand mosquitos
(Aedes aegyptandA. taeniorhynchug have been shown to transmit anthrax to reisult
cutaneous infectiond5, 16) Cutaneousnfectionsgenerally result im mortality rate of
5-20% if untreatedbut less than 1%f treated withan appropriateantibiotic (2, 14)
Gastrointestinal infections are the secamabt prevalentorm of anthrax Infection occurs
following ingestion of sporeontaminated meatGastrointestinal anthrapresens with
ubiquitous gastrointestinalsymptoms which may result inan underreportedate of
infection due to attribution of theymptomsto more common enter pathogens. The
mortality rate is estimated to be-B®%if untreatedwith antibiotic treatment lowering the
rate to040%(17). Injectional anthrax is gecently recognizefbrm thatwas first identified
in 2000(18). It occurs inintravenous drug userthat directlyinject sporecontaminated
drugsinto intramuscular regiond8). Introduction of the sporésto typical injection sites
causeskin andsofttissue infectiorwith a high mortality rat€34%), even with antibiotic
treatment(19). Inhalational anthraxs the most severe form of anthrandis acquired
through sporeentry in the lungsfollowed by subsequengerminationinto vegetative
bacteria thagventuallydisseminaténto the bloodstream artdroughout théody(20i 22).
Naturaloccurringinhalationalanthraxinfections occur rargland mainlyamongworkers
who procesdried animal hidesr wool( i . e . , Wo o | ¢4d MormlityGades d i s e a

range from 484% with a rapid diagnosis greatly increasing the odds of sur(2y&3)



Early signs and symptoms of inhalatiomaithrax infection can mimic other pulmonary

bacterial or viral infections, which can complicate the diagnosis and treg@0gnt

A wide variety of antibioticssuch as betalactam antibiotics (e.g.,penicillin,
cephalosporins)and fluoroquinoloneshave been usedo successfullytreat anthrax
infectiors. With the potential for eiher naturallyacquired or nefariouslintroducedb-
lactamase resistance mechanisnise arrent postexposure prophylaxigreatment
guidelines recommend an extendsalirseof ciprofloxacn or doxycycline(2). While
vegetativecellsare moregeadily killed byantibiotics, the sporecan persist in aimert state
that is unaffected bgny currently availableantibiotics. Primate studies of inhalatiah
anthraxrevealedthe presence aporesin the lungs forup to 100 days after exposure,
undescoringthe riskfor an extended incubation periad the host(24). In 1979, an
accidental elease of anthrax spores in the town of SverdlpWkssiaresulted in an
outbreak of inhalational anthrax caséhe modalincubation period was-20 days, but
an extendedncubation period of 43 days before illness occurred was obsenaedew
caseq25). For theseaeasos, prophylactic treatment igrescribedor 60 days to allow
enough time for spores to germinate into vegetatelés so they carbe killed by the

antibiotic(2).

An anthrax vaccineAnthrax Vaccine Adsorbed (AVA)s commecially available ands
recommended for military personnel and laboratory workers who have contact with fully
virulent straing(26). It is administered in a series of five doses over 18 months, with a

yearly booster after completion. h&re is evidence that three intramuscular doses are



sufficient for protectionfor up to 3.5 yearq27). Studiesto evaluaé the mosteffective
vaccination schedul@reongoing(27). There has been some debateuabize safety of the
vaccine with reports of chronic adverse effects such as fever, malaise, and jo{@8pain
Although AVA is currently not recommended for thgeneral publicif an exposure is
suspected oan infection is dtected early enouglturrent posexposureprophylaxis
treatment guideline®9) recommendhatat leastthe firstthree doses the AVA series
should be administeragd help the immune systerdentify andclearthe vegetative cells

and sporeg¢l4, 28)

B. arthracisis listed by the FederalSelect Agent PrograifFSAP)as a Tier Oné&elect
Agent, indicative of high risk for bioweapon development and subsequent éijack
Notably, multiple countries experimented with anthrax in bioweapon development
programs during the Cold War peri@@D). The Amerithrax attacks of 20@mphasized
the threat potentiabf B. anthraciswith spores being mailed through the United States
Postal Sende to target politicianandother recipient¢23, 31) B. anthracishas many
unique characteristics that make it an effective bioweapidre inert spore form is very
hardywith the abilityto withstand extreme environmental conditianth a 50% infectious
dose(IDso) for humanscalculated to be about 1.1¥1€pores(20, 32 34). Following
dissemination, reatment ofthe exposed population would be difficult, especially if
identification of B. anthracisas the causative agent waslaged, since the disease
progresses quickly and death can occur within ddys85) The development of new
therapeutic strategies is needed to treat both spores and vegediivethe event of 8.

anthracisoutbreak or attack.



1.2B. anthracisLife Cycle and Virulence Factors

B. anthracisundergoes a cycle between thhermantspore form andyrowing/dividing
vegetative cells, and this cycle is largely determineceinironmatal factors and the
availability of nutrientq12). The process ofporulation is regulated by multiple signal
transduction networkactivated by a change @amvironmersl factors such as thpresence
of O, lack of available nutrients, highegetative celiconcentration, ané downward
temperature shiftl, 8) In the process of sporulatioB, anthracisand relatedacillus
spp. begin asymmetrical cell division, followed Iprocessesthat package the
chromosomal DNA into the core arulild the protective spore Igers. After spore
formationis completelysis of thevegetative celfeleases the sponeto the environment
for eventualuptake by another ho$86). Spores are comprised of multiple layénat
proted the sporecore which contains the tightly packaged chromosdr®NA (Figure
1.2). Thecore also contains sthacid-soluble proteins, high levels of calcium dipicolinic
acid, and ions that protect the chromoabB®INA from degradation in the presence of heat
or UV radiation. Surrounding theporecore is a layer of peptidoglyc#ésporecortey that
also helps mtect the core from outside elements. The middle lésgorecoat) and
outermost layer (exosporiunact as further protectiviearriersfrom lytic molecules and
other microbegq8). The sporecortex, coat, ad exosporiumalso play avital role in
environmental signalingoy detecting germinmds via receptors located within the

membraneshat indicatethe appropriatarne to germinaté¢6, 8).
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Figure 1.2: B. anthracisspore. The layers of a spore serve to protect the ,oohéch
contains tightly packaged chromosomaNA, from damage as well ato detect
germination signals from thenvironment. (A) Schematic ofB. anthracis spore
composition and layersot drawn to scale. Moddd from Setlow, 201432). (B)
Transmission lectron micrograph o& B. anthracisSterne strain spore. (CQore (Cx):
cortex (Ct): coat, (Is) interspace, also considered part of the exosporium, and:(Exo)

exosporium. Modified from Driks, 200®). Scale bar is 700 nm.
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Spores undergo germination upon detection of a favorable environment, and the
germination process results in the outgrowth of a metabolically active and dividing
vegetative cell (|gure 1.3)6). The binding of small molecules (for example, single amino
acids, purine nucleotides, or various sugars) by proteins embedded unehspore layers
initiates the process of germination, which traditionally has been consideoeduoin

two stage$6). The first sageinvolvesthe release of hydrogen ions aradcium dipicolinic

acid, which allows partial hydratiorof the coreto occur through water molecules taking
the place of the ions.The secondtageis considered to behe ativation of cortex
hydrolysis to break down th@eptidoglycarlayer, allowingfurther hydration of thepore

core Hnally, spore outgrowthand completespore coat shedding give rise ta
growing/dividing vegetative cel(6, 7, 37) Morphologically, thevegdative cells form
squareendedchains of Granpositive rods that have the appmare of box cars intain

(38). The cell envelopeof the vegetative cellconsists of acell membrane, thick
peptidoglycanlayer, Slayer, and a ply-D-glutanic acid (PDGA)capsule (Figure .2)

(39). The S-layer is a surfacecomponentof B. anthraciscomprisel of two proteins
[surface array protein (SAP) and extractable antigen 1 (E&t3jhged in datticelike
structure(1). These Slayer proteingunction asadhesnsas well asaprotective layer that

mediates environmentaiteraction(39).

B. anthracisvegetativecells producea number oWirulence factors that contribute s
pathogenesis The plasmid pX0O1(182 kb)contains thegenes for lethal factpredema

factor, and protective antig€A0). Proteolytic processingf the 83 kDprotectiveantigen
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Figure 1.3: Schematic overview ofB. anthracisspore germination. After activation,
the spore undergoes multiple stages during germination that result in the full outgrowth of

metabolically active vegetativeell. Modifiedfrom Setlow, 20036).
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FIGURE 1.4

Figure 1.4: B. anthracisvegetdive cells. B. anthracisis a Grampositive, rodshaped
bacterium. The surfaaaf a fully virulent, encapsulated. anthracisstrainconsists of a
cell membrane, thick peptidoglycan layerlager, and a polD-glutamic acid capsule.
(M): cytoplasmic mmbrane (P). peptidoglycan layerS). S-layer, (C): poly-D-glutamic

acid capsule Modified from Fouet, 200 (39). Scalebar is 250 nm.
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monomer by host cellemowes 20 kD from the Nerminus ofthe protective antigerto
form a 63 kD active subunit that is able to form a heptamer or octamer and bimed to
mammalian celteceptorsanthrax toxin receptor (ANTRXR-1) [formerly named anthrax
toxin receptor (ATR)pr ANTRXR-2 [formerly namedtapillary morphogenesis protein 2
(CMG)] (411 43). The potective antigeran bindethal factorto form lethal toxin or with
edema factoto form edema toxirf44). The potective antigerassists delivery dethal
factoror edema factointo target cell§14, 40)through endocytosis of the entire complex
into the cell (Figure 16 Once engulfed by the cell, the endosome acidifies, and the
lowered pH triggers theprotective antigercomplexto form a pore thatacilitatesthe
releaseof lethal factorand/oredema factointo thecytoplasm(42, 45, 46) Lethal factor

is a 9kD metalloprotease enzyme tliggruptskey cellularsignalingthrough the cleavage
of the mitogeractivated protein kinase (MAPK) kinase (MAPKW2, 47) Thecleavage
of MAPKK results in disruption of three signaling pathways: extraceltitaratregulated
kinases (ERK)¢-JunN-terminal kinase (JNK), and p28 MAPK7). Edema factors an

89 kD protein that is amderylate cyclase that converts ATP to cAMIResulting in the
dysregulation of signalinggthways(42, 44, 47) Both toxins ultimately result in the
disruptionof signaling pathways andammalian cell function, leaalj to cell dysfunction
anddeath(14, 42, 44, 47) In addition tointerrupting cellulasignalng pathwayslethal
factor and edema factomalsointerfere wth the response of theost immunesystemby
blocking bacterial clearance throughagocyte$42, 41 49). In fully virulent B. anthracis
strains such as Ames strain,sacond virulence plasmid pXXX92 kb)encodegenes for

a thick PDGA capsulg40). The capsule inhibitvegetativecell phagocytosis by immune

cells, thus contributing tancreasd survival replication and disseminatioof the

12
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Figure 1.5: B. anthracistoxin assembly. Protective antigen monomers are procedsed
host cell tryptic enzymes (furing)to a 63 kD unit anthenassemble to form a heptamer
or octamefnot shown in schematithatbinds tomammalian cell receptors. Lethal factor
and/or edema factor bind to tpeotective antigemeptamer or octameand the complex

is endocytosedEndosomal acidificatiotriggers a conformational change of retective
antigencomplex resulting in gpore through whickethal factoror edema factois released
into the cellcytoplasm. Lethal factordisrupts signaling pathways throughAPKK
cleavage Edema factors an adenylate cyclase enzyme ihateases intracellular cAMP
levels Lethal factorandedema factoeachdisrupt cell signaling pathways to cause cellular
dysfunction and systemic toxemia. Modified from Sweeney, 204}
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vegetative cells in the hof0i 52). Together, these virulence factors allBwanthracis
vegetative cells to survive inahhost and reach bacterial concentrations of up to®1x10
organisms per ml of bloo@®3). With the host immune system unable to function properly,

toxemia and bacteremia rapidly lead to host death.

1.3Chemokines

Chemokines are smal10 kD proteinsthatare an integral part of the immune system with
approximately 50known chemdine ligand and 20 receptor proteimdentified to date
(54i56). Chemokines were first identified and studied based otheir potent
chemoattractant abilities tecruitleukocytesto sites of injury or infectioms a response
to inflammatory or infectious processeg56, 57) Chemokinesare characterized as
homeostatiandbr inflammatory based owhetherthey areconstitutively expressed or
induced by an inflammatory molecytich as interferen (IFN-o r interferonU / (B-N-

U /) (8). Homeostatichemokines areonstitutively poduced by a wide variety of cell
types and arthought to be involved in th@aintenancef residentinmune cellsimmune
surveillance, and nelymphoid tissue positioning and homin@9). In contrast,
inflammatory chemokinesre upregulated when needed egxtuitactivatel immune cells
into target sites through chemotaxiS5). The intricate interactions between the
chemokine andtheir respectiveeceptors result ifinely orchestratedontrol owercellular

immune functions awell asghe activation and recruitment aflaptivemmune cellg59).

Multiple roles forboth homeostatic and inflammatociiemokines have ke described

beyondimmune system homeostasis atthptive immune respons€hemokines play an

14



integral role in initiating development and continuing differentiation in the process of
lymphocyte maturatiof66, 60) Theyalsohave been showto be important for central
nervous system developmeartd maintenancg61). Underscoring the diversity of their
roles in the hostchemokires have been found to play a role in eith@nibition or
augmentation of angiogenesis during inflammatory condit{62s63) Chemokines also
help direct and igulate waund repair by promoting anenvironmentconducive to
regenerahg tissue(64i 66). Additionally, a number othemokineshave been found to
demonstrate dire@ntimicrobial activity against a wide variety of microbial pathogens, a

characteristic that will be discussedmore detaiin the following section§67i 69).

There are four families of chemokin€s,CC, CXC, and CX3Gyhich areclassifiedbased
on thenumber and position @bnservd cysteine residug®4, 55) In generalchemokines
share a similaoverall structure with an unstrared Nt e r mi n al -sheets thatt hr e e
serve as a backbone, and 4 @ r mi-helia (Figuce 1.§. One or wo disulfide bonds
determinghe tertiary structuref the moleculg58, 70, 71) CC and CXC chemokines all
share this common structure, andai ronomeric formC chemokinesdopt a traditional
chemokine structuras well However, in a dimeric forn chemokines are unique in
forming a headto-tail molecule that performs a separate func{ié®, 73) The CX3C
chemokine Bso has a unique featuyras it contains an additional transmembrane dow@iain
the Gterminus(distalto thecharacteristic @erminalU-helix) that allows anchoring in cell
walls (71). Cleavagef CX3C can occur under certain conditions tpedduces a soluble

derivative ofCX3C (71, 74) Chemokine dimers and othemmplexes have been obsed

15
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Figure 1.6: Chemokine families. Chemokines are divided into families based on
conserved cysteine residues and dermates conserved secondary structures of a
traditional unstructuredl e r mi nu-s het hr & a c k blelica Gtermisus.d an U
(A) Cchemokines transition between a more traditional monomeric chemokine structure

and a dimeric structure that does nesemble the rest of the superfamily (Kuloglu 2002,

Guzzo 2015). (BC) CC chemokines and CXC chemokines retain traditional overall
structure. CXC chemokines contain a fommserved amino acid between the conserved
cysteine residues. (D) CX3C hasard di t i onal mu c i rheldthamnai n a
transitions into a transmembrane domain. It can also undergo cleavage at the mucin site to

become a soluble protein in certain conditions. Modified from Frederick and Clayman,

2001(71).
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at high concentrations as wels with other molecules present in the solution,ibist

thought that most biological processes of chemokines are effected as mof¥@yers

Chemokines have been shown to interact with both specific chemokine receptors and
nonspecific cell surface glycosaminoglycans (GAGS), 75) Inflammatory chemokine
receptors are relatilye promiscuous and are able to interact with and be activated by
multiple ligandghat are typically in the same fam{®5, 76, 77) Homeostatic chemokines
only activate one chemokine recep{éb). The receptors are classified asc@upled
protein receptors, with interaction afchemokine ligand with a receptor triggering an
intracellularsignaling pathway thatlitimately direct<ellularfunction(78). Signalingbias

has beemeportedwith chemokine receptorshe exact downstream cascade or siggal
effectis modified based on the ligand detected, the recefatgant, or the cell type where

the receptor is locate(79). Nonspecific interactions witltGAGs are thought to be
important for the chemotactic activity of chemokines. Interactions of the chemokines with
GAGs createhegradienteffectneeded to direaammune cells to tharea of inflammation
and/or infection(58, 75) The interactions of ftemokines and their receptors create a
network and signaling environment that creates an effective immsystem response

underboth homeostatic and inflamnoay conditions.

1.4IFN-2-inducible ELR(-) CXC Chemokines andCXCR3
CXCL9, CXCL10, and CXCL11 comprise a group I&iIN-o-inducible, GluLeuwArg
negative (ELR) chemokines that share about 40% amino acid sequdantity(55, 80)

The lack of an ELR{ motif indicates activation of a type one immune response, mostly

18



targeting Thl Tcells, natural killer cells, and monocytél). IFN-o-inducible ELR(-)
CXC chemokines arelassified as inflammatory chemokines and@aduced byawide
variety of cells including human fibroblasts, endothelial cells, keratinocytes, mesangial
cells, astrocytes, and neutropldisring periods of inflammation or infectidii6, 82, 83)
IFN-o0 i msgroduation of all thredFN-o-inducible ELR-) CXC chemokinesbut
CXCL10 and CXCL1kcanalsobei nduc e d b yturomhéttogishfactaonTdF-

U (80). Notably, CXCL9 CXCL10, and CXCML1 can induce the production of IFN , a
quality that results in highly effectivepositive feedback loop that quickly upregulates the
threechemokines and allows them to reach high concentrations/o (80). CXCL9,
CXCL10, and CXCL11 form classic chemokisecondary structurasoted abovgebut
whencompared to othezthemokinesthey contain a highedegreeof positively-charged
amino acids in the € e r mi-helix (Figute 1.7) (67). The t -Bheaseandh
terminal U-helix interact through various charges and two disulfideds to form a

compact molecul@-igure 1.7B)84, 85)

Although CXCL9, CXCL10, and CXCL11 bind to the samenammalianreceptor
CXCR3,these three chemokinkave been showwo elicit distinctdownstream effect$iat
contribute tahebiological signaling differencdsetween then(76, 86) CXCL11 has also
been shown to bind to the receptor CXQRBZ). CXCR3 is a Gprotein coupled receptor
and is activated through a tvetep interaction pattern with the IFiNinducible ELR()
CXC chemokine¢86, 87) The unstructured fermirus of the IFNo-inducible ELR()

CXC chemokines interacts with the extracellularekminal region of CXCR3. Other
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Figure 1.7: Charge and hydrophobicity profiles of CXCL9, CXCL10, andCXCL11

and predicted tertiary structure of CXCL10. (A) The charge and hydrophobicity of
CXCL9, CXCL10, and CXCL11 were determined using the Expasy program ProtScale.
The charge profiles of the CXC chemokines reveal thee€Cr m ihalieek comtain higi
charged amino acids, a characteristic not shared with other chemokine families but similar
t o-helital cationic antimicrobigbeptides (CAMPs) Modified from Colegt al, 2001

(67). (B) Front and side views of the tertiary structofeCXCL10 show theoredicted
compact nature of the folded protein. Amino acid characteristics have been nitted in
following various colors. (Bue) Neutral (Yellow): Hydrophobi¢c (Red) Positively
charged. Structure modifietom the protein database reference number 1880

analyzed using PyMOL software by K. Margulieux.
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portions of CXCL9, CXCL10pr CXCL11, then interact via distinctive interactions for
each of the three chemokines with the extracellular loogaX&R3 to activate internal

cell signalingpathways(83, 86) Specific amino acid residu&s CXCR3 hae been
identified that result in the activation of different pathways based on which of the-IFN
inducible ELR{) CXC chemokines binds to the CXCR3 recef&8). CXCR3 can be
found on a range of immune cells and is processed into two variants, CXCR3A and
CXCR3B(80). Many studies have focused on characterizing the impact CXCR3 activation
has on CD4+ Typé helper (Thl) cells and@B8+ cytotoxic lymphocytesignaling and
chemotaxis. However, CXCR3 is also highly expressed the innate immune
lymphocyes, natural killecells, dendritic cells, and somedglls. Interaction of CXCLS9,
CXCL10, or CXCL11 with CXCR3 found on those immune cells activates the cells to
undergo chemotaxis, cell migratioangiostasisand adhesior(62, 83) The IFN-o-
inducible ELR (-) CXC chemokinesCXCL9, CXCL10, and CXCL11lcomprise an
importantsubfamily of chemokines that are vital in maintaining and activaéingriety

of immune cells through CXCR3.

1.5Chemokine Antimicrobial Activity

Perhaps pointing to share evolutionary past, sny chemokines have befund to also
exhibit antimicrobial propertieg55, 88) Interestingly, cationic antimicrobial pep#s
(CAMPs) ordefensinlike small moleculesthat areclassically defined as antimicrobials
have been shown tdemonstratammunomodilatory activities (55, 8§ 90). These
observationsaise interesting possibilities abdhe role(s) thatchemokines an@AMPs

or defensinlike small moleculesnay play inadaptive immune cell maintenance and
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activation as well @ serving as firstline of defense within th&nate immune system
Chemokinespanning the XC, CC, and CXC familieave been demonstrated to kill both
Grampositive and Grarmegative bacterial species sucliasherichia coliBacillusspp.,
and Staphylococcus aureug67i 69, 88, 89, 91) Further demonstrating the range of
chemokine microbial tgets, antifungal effects by interferoninducible ELRCXC
chemokinedave beemlemonstratedagainstCryptococcus neoformanantiviral effecs
by CC chemokines have been detecegdinst herpes simplex virus, and gdrasitic
effectsby CCL28 have beedescribedgainstLeishmania mexicang2i 95). Studyng
how chemokines targgptathogenic microbes malgad to thedevelopmentof novel
antimicrobial strategiesyhich isincreasingy importantgiventheincrease imulti-drug

resistant microbes across the globe.

In general,l CAMPs and defensitike small moleculescontain secondary structures that
influence interactiomvith and killing of bacterial pathogeysuch ass mp h i p-helices c
or an overall positive char@88, 96, 97) As mentionedn the above sectionshemokines
have a conservestructureof an unstructured 8 e r mi n u-sheet babkboees, afid a
C-t e r mthalia INotably, chemokinderived peptides from both thetirminalregion

of CXCL7 and Gterminalregions from CCL2&have been shown toteen antimicrobial
activity (90, 98) Various peptides derived from thetlirminal region of CXCL7 retain
comparative antimicrobial activity agairistcoliandS. aureuscompared to intact CXCL7,

and a C-terminal peptide from CCL28etans antimicrobial activity agains€andida

albicans(90, 98) However,chemokine peptide derived activity is not conserved in all

casesindicating each chemokine may have unique agtigpertieg69, 91, 99102) The

23
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overall positive charge of chemokines may point to-specific membrane interaction and
disruption(69). Theantimicrobial activityof many chemokines, for example CCL28 and
CCL20,is disrupted wen tested in high salt conditionsimilar to other charged CAMPs
and defensiiike small molecules (68, 98, 103) However,salt concentration does not
affect antimicrobial activityof CXCL9, CXCL10, or CXCL11 againstB. anthracisor
Streptococcus pyogené9, 91, 104, 105) Thus, here isa great deal yet to leaabout
how the structure and chargewariouschenokines impact thantimicrobialeffectsthey

exertagainst microbial pathogens.

The IFNo-inducible ELR(-) CXC chemokines, CXCL9, CXCL10, and CXCL14ave
been demonstrated tall a wide variety of Grampositive and Grarmegative bacterial
speciesincluding E. coli, Listeria monocytogenesS. aureus Citrobacter rodentium
Neisseria gonorrhegS. pyogenesandB. anthracis(67,69, 101, 104108) Studies have
shownan increase in productiaf CXCL9, CXCL10, and/or CXCL1from various cells
types in response to bacterial infecBat a concentratiothoughtnecessary for the
antimicrobial activity(67, 104, 105, 107, 109)Chemokineantimicrobial activity is an
importantcomponent of the innate immune system, agigrniningthe mechanismby

whichthey kill bacteriamay leado novelantibacterial therapeutics.

1.6 Antimicrobial effect of IFN-o-inducible ELR(-) CXC chemokines against B.
anthracis
The IFNo-inducible ELR{) CXC chemokinesCXCL9, CXCL10, and CXCL11have

been demonstratdaly our laboratoryto exertantimicrobial activity againsB. anthracis
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spores and vegetativeells (105, 110, 111) CXCL9, CXCL10,or CXCL11 treatment
results ininhibition of spore germination as well as dese in spore igbility and an
antimicrobialkilling effect againsvegetativecells (Figure 1.8. There is a hieraratal
effect ofactivity such that recombinant hum@xCL10> CXCL9 > CXCL11interms of
killing potencyagainsboth forms oB. anthracig105). Interestinglyjt has been observed
thatthere is a different hierarchy of potency with the murine-fHNducible ELR¢) CXC
chemokines, such thaturine CXCL9 > CXCL10 > CXCL11110) Recombinant human
CXCL10 was chosen for use the majority ofsubsequent studies in the laboratory sinc
it exhibited the most potemintimicrobialeffect of the three recombinant human BN
inducible ELR{) CXC chemokines again®. anthracisspores and vegetative cells.
Treatment oB. anthracisspores with CXCL10, or to a lesser degree CXCL9 or CXCL11,
resulted in a notable lack of germinatiangerminatioppermissive medium as well as a
decrease in viability of the sporés05) Immunolocalization of CXCL10 by electron
microscopy revealed that CXCL10 localized not only to the exosporium but also to inner
layers of the spores, specificalljpe spore coat and spore cor(@®5) The ability of
CXCL10 to penetrate outer spore layers indicates a potential mechanism fepansti
activity, perhaps through altering of spore germination, viability, or mainter(a0&¢
Treatment oB. arthracisvegetative cells with CXCL9 d2XCL10 resultedn significant
killing of the bacteria withCXCL10 causing a-% log decrease in colony forming units
(CFUs) and CXCR causing a B log decrease in CFU4.05) Immunolocalization
electron microsaoy studies revealed that CXCL10 primarily localized to the bacterial cell

membrane; under light microscopy and electron microscopy, treatment of the vegetative
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Figure 1.8: Antimicrobial effect of IFN-2-inducible ELR(-) CXC chemokines against

B. anthracis. CXCL9, CXCL10, and CXCL10 exhibit an antimicrobial effect agaBst

anthracisspores andegetative cells.(A) All threechemokines exhibit an antimicrobial
effect against spores withifi@érences in potency observed(B) CXCL10 shows a

concentratiordependent effect against vegetativells with no viability detectedat

concentration®l 2 € g/ ml . C X C L 9esspotdnt aCtixigith killingenky e r t

detected at higér concentrationsModified from Crawfordet al, 2009(105).
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cells resulted irrventualdestructiorof the vegetative bacteria, presumably via dissolution

of the cell walland cell membrane with bacterial cell ly&l95, 111)Figure 1.9).

Subsequent studies showed thevitro killing of B. anthracisby the IFNo-inducible

ELR(-) CXC chemokines wasitlogically relevant by usingn vivo murine studies with
antibody neutralization of these CXC chemokines or their CXCR3 receptor. An
inhalational anthrax murine model using C57BL/6 mice was used to study the impact of
CXCL9, CXCL10, an CXCL11 during spore lung infection. C57BL/6 mice are resistant

to inhalationaB. anthracisSterne strain spore infection, in contrast to other mouse strains,
such as A/J mice that are highly susceptible to Sterne strain lung infection. Initial mouse
studies conducted by the Hughes laboratory revealed that C57BL/6 mice produce
significantly higher concentrations of CXCL9, CXCL10, and/or CXCL11 in the lungs
during an inhalational anthrax infection as compared to A/J mice under the same conditions
(105) Therefore, antibody neutralizatimf CXCL9, CXCL10, and/or CXCL1lwas
performed to test the biological relevance of these chemokines during infection in C57BL/6
mice (110) Importantly, antibody neutralization of CXCL9 or CXCL9/CXCL10 or
CXCL9/CXCL10/CXCL11 resulted in significant mortality of the mi¢#10) Since
CXCL9, CXCL10, and CXCL11 are also involved in immune cell recruitmenteteptor
CXCR3 was neutralizedo testif disruption of ths specific receptor responsible for
signalng chemotaxis in response tbe chemokinesvas respnsible for the higher
mortalityobserved However, CXCR3 neutralizatiomad no impact on mortalitguch that

the mouse survival results were the same as with control mice that received serum only

with no antibody neutralizatiof110). Thisresult supportethereis anantimicrobial

27



-
-
-
-
-
-
-
-
-

FIGURE 1.9

A. Untreated Spore

([pN

([pN

([pN

([pN

([pN

([pN

([pN

([pN

eeeéeéééeeceé

B. CXCL10-treated Sp

i

([pN

([pN

ore

([pN

([pN

([pN

([pN

([pN

([pN

([pN

28



Figure 1.9: CXCL10 localization in B. anthracis spores and vegetative cells.(A)
Untreated spore. (B) CXQO treated spore. ArrowsdicateCXCL10localization to the
spore coatfartex interface as well as the exosporium, as detected byCx@IL10
immunogold antibody localizatioroy transmission electron microsco@t 30,000x
magnification. Scale bar is®. ¢ mModified from Crawfordet al., 2009 (105). (C)
Untreated vegetative cell. (D) CXCL10 treated vegetative Aetbws indicate CXCL10
localization to the bacterial cell membraagain, detected by ar@XCL10 immunogold
antibody localizatiorwith 30,000x magnificaton.Sc al e bar i s fom5 & m.

Crawfordet al.,2011(111).
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killing effect through direct chemokine interaction wBh anthracisrather than via an

indirect recruitment of immune cells to the site of infec(ibhO) (Figure 1.10).

A B. anthrags transposon library screen was conducted to identify bactenmmaponents
important in mediating the antimicrobial activity of CXCL{011) This innovative
forward genetics screen resulted in the identification of tBresnthracisvegetative cell
genesftsX BAS0651andIytE as being important for mediating the antimicedlactivity

of CXCL10(111) Transposon disruption &&Xin B. anthracisSterne straimesulted in

the highest degree of resistance to CXCL10 compared to the parent (&ttdin
Transposon disruption &AS0651n vegetative cells conferred an intermediate degree of
resistance to CXCL1Q111) Transposon disruption ¢ytE resulted in dow level of
resistance to CXCL1QL11)(Figure 1.11). The gerfesXis a membrane component of an
ABC transportetike complex that is thought to be involved wgéptidoglycarprocessing
during cellular elongatio(112, 113) BA651andlytE are botlB. anthracihypothetical
proteins that contain hydrolytic domains, suggesting a potential role in processing
peptidoglycarbonds within the bacterial cell wall during growth and/or spore formation.
While these observations estabbsl the foundation for identifying and understanding
CXCL10 antimicrobial activity again®. anthracis the exactmechanism ofction for
CXCL10-mediatedbacterial killinghasremaired unclearandwasthe focus of thevork

leading to thesubsequent chapieof this dissertation.
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Figure 1.10: IFN-o-inducible ELR(-) CXC chemokineor CXCR3 neutralization in
vivo. Antibody neutralization of CXCL9, CXCL10, and/or CXCL11 resulted in a higher
mortality rate ina C57BL/6 mousestrain that is inherentlyesistant to pulmonary spore
infection. Neutralization of thehemokinereceptor CXCR3 did not impact survival,
indicating a biological role for direct antimicrobial activity of the chemokangsnst the

bactera at the site of infection. Modified from Crawforet, al, 2010(110).
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Figure 1.11: Transposon library screen to identifyB. anthracis genes involed in
CXCL10-mediated antimicrobial effect. (A-B) Three genes were identifidady a
transposon library screen thawvhen disrupted conferred resistance to CXCL10.
Disruption offtsXresulted in thdnighest level of resistancBAS065Idisruption resutd
in an intermediatdevel of resistance, andiytE disruption resulted ira low level of
resistance Modified from Crawfordet al.,2011(111)
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1.7 Dissertation Research Aims and Significance

B. anthracisis a widespread pathogen that has the added risk of Heiwredoped inta
potential boweapon. Combined with concerns regarding emergence of-anui
antibiotic resistance in bacteria throughout the world, the development of new therapeutic
strategies is urgently needed. Development of novel therapies that will kill both the spore
form and vegetative form of an organism suctBasnthraciswould beboth innovative

and the basis for new antimicrobials that target multiple forms of an orgariieengoal

of the research presented in this dissertation is to determine the antimicrobiahisee¢h)

of action that CXCL10 utilizes to kiB. anthracisvegetative cells and spores. The aims
are 1) Determine the role bacterialFtsX in CXCL10 antimicrobial activity (Chapter 2

and 3) and 2) Identify portions of CXCL10 important for a bactesicadfect againsB.
anthracis(Chapter 2) and 3) Identify spore target(s) of CXCL10 usiBganthracisspore
transposon library screen and determine the role that identified bacterial consihavent

during spore inhibition and/or killinGChapter 3)

33



CHAPTER 2:

CXCL10 Acts as a Bifunctional Antimicrobial Molecule agaiBstillus anthracis

Adapted from: Margulieux KR, Fox JW, Nakamoto RK, Hughes MA (2016). CXCL10
Acts as a Bifunctional Antimicrobial Molecule agaiBstcillus anthracis mBio. 7(3):

pii: e0033416.
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2.1 Abstract

Bacillus anthraciss killed by the interferosinducible ELR¢) CXC chemokine, CXCL10.
Previous studies showed disruption of ttene encoding FtsX, a conserved membrane
component of the ABC transporiite complexFtsE/X, resulted in resistance to CXCL10.
FtsX exhibits some sequence similarity to the CXCL10 mammalian receptor, CXCRS3,
suggesting that the CXCL10-términal region that interacts with CXCR3 may also
interact with FtsX. A @erminal truncated CXCL10 as tested to determine if the FtsX
dependent antimicrobial activity was associated with the CXi@RBacting Nterminus.

The truncated CXCL10 exhibited antimicrobial activity againstBhenthracisparent

strain but notdtsX which supports a key role for the CXCL16t&minus. Mutations in

FtsE, the conserved ATBInding protein of the FtSE/X complex, resulted in resistance to
both CXCL10 and truncated CXCL10, indicating that both FtsX and FtsE are important.
Higher @ncentrations of CXCL10 overcame resistance ofgtfteX mutant to CXCL10
suggesting an Fts¥idependent killing mechanism, likely involving itstCe r mihelig,| U
which resembles a cationic antimicrobial peptide. Membrane depolarization studies
revealel thatCXCL10 disrupted membranes Bf anthracisparent strain anddftsX but

only the parent strain underwent depolarization with truncated CXCIh@se findings
suggest that CXCL10 is a bifunctional molecule that Bllanthracisy two mechanisms.

The FtsE/Xdependent killing is mediated through artddminal portion of CXCL10 and

is not reliant upon the-€ e r mi-helia. | ThelFtsE/Xndependent mechanism involves
membr ane depol ari zat i on -hbliy Ti@eXGhdhds presta kel y
new paradigm for understanding mechanisms by which CXCL10 and related chemokines

kill bacteria.
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2.2 Introduction

Infections caused by Grapositive and Grarmegative bacteria are a major cause of
morbidity and mortality worldwid€114) A wide variety of strategies have evolved to
prevent or treat these infections. With the global increase in 4oy resistant bacterial
pathogens, current antibiotic therapies are becoming less reliable, highlighting the need for
the development of new treatment strategies. Amongst a wide vdriatyl@cules being
studied as novel antimicrobials, chemokines represent a distinct class of proteins.
Chemokines are small proteins;18 kilodaltons, known best for their highly potent
chemoattractant properties that serve an immunomodulatory role Willinthe innate

and adaptive immune systeifi®h 57, 115) Chemokines were initially studied for their
ability to attract adaptive immureells into sites of injury or inflammatiorHlowever, they

also play a key role in a variety of physiological processes such as angiogenesis and
hematopoiesi€s8, 60, 62, 78, 86, 116)nterestingly, over the pastenty years, there has

been increasing recognition of a direct antimicrobial effect of multiple chemoféiies

69, 89, 90, 105, 107) While antimicrobial activity against Granegative and Gram
positive bacteria, viruses, and fungi has been reported for a variety of chemokines, the

mechanism(s) through which that effés achieved remains widely uncharacterized.

CXCL10 is an interferoinducible, GluLeu-Arg-negative (ELR{)) CXC chemokine, a
group that also includes CXCL9 and CXCL(BD). It exerts direct antimiobial activity

against a wide variety of Gramegative and Grarpositive bacteria such &scherichia
coli, Staphylococcus aureus, Listeria monocytogenes, and Bacillus ant(8@ci&8, 90,

105) Additionally, CXCL10 exerts an antimicrobial effect against both laboratory strains
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and clinical isolates oE. coli, including a multidrug resistant strain obtaindbm a
clinical sample(108). Like other chemokines, the structure of CXCL10 consists of a
relatively unstructured M er mi nus, t h r-gheets, aandt a fgaminall | e |
amp hi pdelbh(@7ig 82,U85) The interferorinducible ELR() CXC chemokines
interact with CXCR3, a receptor that is found on host immune cells suclcelts,TB

cells, and natural killer cel83, 117) These chemokines bind to the receptor via a series
of interactions that are dependent upon the interaction of the chemokermidus with

the extracellular domain of CXCR3 (aa3%) (86, 87) Further interaction of the
chemokine Nt e r mi n tslseetsawitidothbr regions of CXCRS3 then occurs in order to
activate the signaling cascade necessary to initiate chemotaxis of host immu@3cells

86, 87)

B. anthracisis a Grampositive, spordorming bacterium that causes the disease anthrax
following exposure of susceptible mammals to spores and shbgequent germination

into vegetative bacill(1, 2, 14, 118) Our laboratory has pviously shown that CXCL10
exhibitsin vitro antimicrobial activity against bot. anthracisspores and vegetative cells
(105, 110) In vivoneutralization of CXCL10 resulted in significantly higher mortality in

a mouse lung infection model with C57BL/6 mice, which are inhBreesistant to
intranasal infection by. anthracisSterne strair{110) Blocking of CXCR3 resulted in

no difference in survival compared to control (vehicle treated) (iit@) Thesdn vivo

data support a direct antimicrobial role for CIXXD that is unrelated to its interaction with
CXCRS3 and suggest CXCL10 is produced locally at a high enough concentration to

actively kill the bacteria at sites of infection. Given the charge and structural similarity of
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the CXCL10 Gt e r mi-helix|to cilionic antimicrobial peptides, it was initially
hypot hesi zaix wah responsible éor itS antimicrobial activity, likely via
membrane disruption based on characterized mechanisms utilized by cationic

antimicrobial peptides, like LL3{®9, 119, 12Q)

Our laboratory previously screene®aanthracisSterne strain transposon mutant library

to identify bacterial gene products associated with the antimicrobial activity of recombinant
human CXCL1(Q(105, 110, 111) Of particularinterest was the finding that disruption of
theftsXgene, which encodes FtsX, resulted in resigaiB. anthracisvegetative cells to
CXCL10 (111) FtsX is a conserved mémane component of the FtsE/X complex that
appears to be a prokaryotic Athding cassette (ABC) transpor(érll, 121123) The
FtsE/X complex in other bacterial species suchBagillus subtilis E. coli, and
Mycobacterium tuberculosisas been shown to play a key role in cell wall peptidoglycan
processing tlough the activation geptidoglycarhydrolytic enzymes by Ftskl12, 113,

122 124) Ftsk possesses conserved Walker motifs that are responsible for ATP binding
and hydrolysis(112, 125, 126) Work conducted by otherssing B. subtilisand M.
tuberculosissuggests that ATP hydrolysis by FtsE induces a conformational change in
FtsX resulting in the activation gfeptidoglycanhydrolases for cell wall processing, a
critical function for maintaining bacterial cell integri{g12, 113) Major classes of
antimicrobials (e.g.betalactam antibiotics) kill bacteria by inhibiting specific steps in

peptidoglycarsynthesis, which also affects bacterial cell intedi®/7).

38



In silico protein analysis oB. anthracisFtsX revealed tht a twentyseven amino acid
region (aa 540) in the large external loop had 45% similarity to théekininal amino

acid sequence of CXCR3 (aa39), the mammalian receptor for CXCL1Q11)
Importantly, this Nterminal amino acid sequence is involved in binding therfsinal
region of CXCL10 (59, 86, 128) The similarity between CXCR3 and FtsX suggested that
the N-terminal region of CXCL10 may also interact with the CXGHR8ilar region of

FtsX. Thus, the antimicrobial activity of CXCL10 may be primarily the result of a
receptormediated effect that leads to cell lysis and not necessarily to depolarization
resuting from the insertion of the €€ e r mi-helia into thle cytoplasmic membrane. In
the present study, we investigated two potential ways by which CXCL10ithiagdteria.

Our data suggeshat the antimicrobial activity of CXCL10 is mediated by iteemaction

with FtsE/X, which utilizes a separate mechanism than that ofthee@ mi-helia.lIn U
the absence of functional FtsE/X, higher concentrations of CXCL10 exhibit a bactericidal
effect that appears to be dependent on the presence efdtsnida | -helix and general
membrane depolarization. However, the end result of each pathway (i.e., cell lysis) is the
same, with killing ofB. anthracisbeing the most effective when both mechanisms are

present and active.

2.3 Results

CXCRS3-similar region of FtsX is involved in CXCL10 interaction with B. anthracis
FtsE/X is widely conserved among Grgositive and Grammegative bacterial species
with a similarity ranging between 46% as determined by Blastp analysis and amino acid

sequence alignment (Textl) (129, 130) In general, bacterial FtsX protein structures
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Text 2.1

Seaience alignment of FtsX from representative bacterial species

Ba: B. anthracigparent (Granrpositive)

Bs: B. subtilis(Grampositive) 60% identity; 75% positive
Mt: M. tuberculosigAcid-fast) 22% identity; 46% positive
Sp: S. pneumoniagGrantpaositive) 41% identity; 60% positive
Ec: E. coli(Gramnegative) 28% identity; 49% positive

Kp: K. pneumoniaéGramnegative) 26% identity; 47% positive

% Identity and % Positive are notated when compardgl @nthracisFtsX after Blastp

analysis

Red underlinelesignates CXCRS8imilar regions oB. anthracisparent strain FtsX.

Black highlighting designates conserved residues, gray highlighting designates

characteristically similar residues.
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Text 2.1 Supplemental Bacterial FtsX Amino Acid Sequence AlignmentsAn amino

acid sequence alignment usiBganthracisSterne straifrtsX as the reference protein was
conducted with select Qrapositive, acidfast, and Grammegative bacterial species.
FtsE/X is widely conserved among bacterial species with a similarity ranging between 46
75% as determined by Blastp analysis and amino acid sequence alignment. The following
species and FtsX idéfication codes were used to perform individual Blastp analyBes:
anthracisSterne (AAT57322.1)B. subtilis168 (NP_391405.1\. tuberculosiH37Rv
(CAA49620.1), S. pneumoniagAJD71681.1),E. coli F11 (EDV68789.1), andK.
pneumoniag KLA37751.1). Full sequence alignment of all six strains was conducted
using the multiple sequence alignment software -Coffee
(http://tcoffee.crg.cat/apps/tcoffee/do:regular) and formatted using the program Boxshade

(http://www.ch.embnet.org/software/BOX_form.htrf29, 130)

////////////////////////////////////
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consist of four transmembrane domains and two extracelaggs although functional
differences have been observed between the FtsX of -3oaimive and Grarmegative
bacterial specied 11, 125) In Grampositive bacteria, FtsX, along with FtsE, exists as an
FtsE/X complex that is involved ipeptidoglycanprocessing during cellular elongation
and spore formation. In Gramegative bacteria, FtsX and its FtSE/X complex have been
shown to direcpegidoglycanprocessing at the bacterial septum during cell divi€ld2,

113, 122124, 131) Our initial investigation int@. anthracis~tsX identified two regions

of similanty between FtsX and the known mammal@XCL10 receptor, CXCR3 (Text
2.1). While those specific regions are not conserved between-@sitive andnegative
species, there are other regions of similarity between CXCR3 and FtsX, notably located in
the e)posed outer loopd 32). In this study, the focus of investigation involved the region
of B. anthracisFtsX (aa 5480) with sequence similarity to the region of human CXCR3
(aa 935) that is primarily responsible for chemokine binding, since that similarity between

FtsX and CXCR3 suggested a region for possible interaction with CXCL10.

A peptide competitiomssay was performed determine if the CXCRS8imilar region of

FtsX was involved in facilitating antimicrobial activity of CXCL10. A 27 amino acid
peptide representing the CXCRBnilar region of FtsX was synthesized, as well as a
scrambled peptide to ntrol for sequence specificityFigure 2.1A). The antimicrobial
activity of CXCL10 alone or the peptide:CXCL10 mixture agaiBstanthracisSterne

strain, hereby designated as parent strain, was examined after two hours of incubation

(111) There was a statistically significant increase in the survival of bacteria exposed to
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FIGURE 2.1

A.

B.

FtsX CXCR3-Similar Region Peptide:
54 KVEQDVEIRVHIDPAAKEADQKKLEDD 80

Control Scrambled Peptide:
1 VEHRPQKADEDDALAKEKVKVIDQDIE 27

FtsX Scrambled
Peptide Peptide
Ratio 101 20:1 10:1 20:1
Peptide - - + + + + + + + +
CXCL10 - + - + - + - + - +
1004 = e — = =
75+ o T

50+

25+

Bacterial Viability, % Control
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Figure 2.1: CXCR3-similar region of FtsX is important in mediating CXCL10
antimicrobial activity against B. anthracis parent strain. (A) A synthetic peptide

consisting of the 27 amino acifma 5480) of FtsX with similarity to the CXCR3 binding

region (aa B5) of CXCL10(111)and scrambled control. (B) A peptide competition
assay with FtsX peptide in a 10:1 or 20:1
statistically significant decrease in the killing&fanthracigparent strain when compared

to killing by CXCL10alone. Incubation with the control peptide had no effect on killing.
Bacterial viability was measured using Alamar blue reduction, and fluorescence units were
expressed as a percentage of the sspetific untreated control. Data points represent
mearv al ues N SEM; n=3 separate experiments u

0.0001
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the FtsX peptide:CXCL10 mixture at molar ratios of both 10:1 and Ziglire2.1B). No
significant increase in swwval was observed with the scrambled peptide:CXCL10
competition assayH{gure2.1B). These results suggested that the CXGiR8lar region

of FtsX was important in mediating the antimicrobial effect of CXCL10, and that the

interaction required a specifsequence and was not just due to peptide charge interactions.

C-terminal truncated CXCL10 (CTTC) synthesis and physical characteristics

The importance of the CXCR&milar region of FtsX indicated a possible site for the
interaction of CXCL10 witlB. antracis It was previously determined through the work

of others that the relatively unstructuregtddminal region of CXCL10 initially interacts

with CXCR3, resulting in immune cell activati¢86, 87) We hypothesized that the N
terminal region of CXCL10 may also interact with bacterial FtsX, resulting in an
antimicrobial ef fheligdf variousTchemokiaas pas bepnaconkidered U
to be the portion of the protein responsibledotimicrobial activity because of its positive
charge and secondary structural resemblance to cationic antimicrobial peptides and
defensing(69, 119, 12Q) However, since our findings unexpectedly imaied the N
terminal portion of CXCL10 in eliciting an antimicrobial effect, we conducted the

following series of experiments.

To determi if it was the Nterminal region or the € e r mihaliadf CXECL10 that was

responsible for antimicrobial activity agairBt anthracis a truncated CXCL10 protein

was synthesized that lacked thaégfminal 23 amino acid$-{gure2.2A). Thesequence
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FIGURE 2.2

Figure 2.2: Complete amino acid sequence and secondary structure comparison of

CXCL10 and C-terminal truncated CXCL10 (CTTC). (A) Amino acid sequences for

intact CXCL10 and synthetic protein CTTC (a&4) lacking the @ e r mi-helx.| U
Amino acids removed from intact CXCL10 are indicated in bold.-C}§B Circular

dichroism showed a distinct alpha helical pattern in the intact CXCL10 spectrum, as
indicated by peaks at wavelengths of 190 and 210 nne fresxks were absentin the CTTC
spectr um. Isheet cantant foom baghtthe @XCh10 and CTTC spectra was
consistent with t hesheetsfromutha puelishediCXCL&COecrystah ge o
structure (45).
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