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Abstract 

Bacillus anthracis is a bacterial pathogen that is the causative agent of anthrax with a high 

risk for bioweapon development.  The chemokine CXCL10 has been described as an 

important component of the innate and adaptive immune system for its chemoattractant 

properties influencing various leukocytes.  B. anthracis spores and vegetative cells have 

been shown to be directly killed by the chemokine CXCL10 through previously unknown 

mechanisms.  We first studied the role of the identified bacterial target FtsX, as well as the 

role of various portions of CXCL10 in killing B. anthracis vegetative cells.  We show that 

CXCL10 acts as a bifunctional molecule that can utilize at least two separate mechanisms 

for eliciting antimicrobial activity: 1) An FtsE/X-dependent mechanism through 

interaction of a portion of CXCL10 (presumably, the CXCL10 N-terminal region) other 

than the C-terminal Ŭ-helix with FtsE/X and 2) An FtsE/X-independent mechanism 

observed at high concentrations of intact CXCL10 and in the absence of FtsX- this latter 

mechanism requires the presence of the CXCL10 C-terminal Ŭ-helix and results in 

membrane depolarization.  Further work was performed to investigate the FtsE/X-

dependent antimicrobial mechanism, and we hypothesized that CXCL10 kills through 

disruption of peptidoglycan processing through the bacterial FtsE/X complex.  We 

characterized the peptidoglycan phenotype of B. anthracis parent strain and the B. 

anthracis bacterial mutants ȹftsX and ftsE(K123A/D481N) to use as a baseline comparator 

to CXCL10 treated cells.  Studies conducted with CXCL10 and a C-terminal truncated 

CXCL10 showed that exposure of the B. anthracis parent strain to both molecules resulted 

in disruption of peptidoglycan processing.  The B. anthracis bacterial mutants ȹftsX and 

ftsE(K123A/D481N) strains did not exhibit disruption of peptidoglycan processing in the 
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presence of CXCL10 or the C-terminal truncated CXCL10.  These data indicate that 

CXCL10 exerts an antimicrobial effect against B. anthracis vegetative cells through the 

FtsE/X complex by disrupting peptidoglycan remodeling, resulting in bacterial lysis.  

Finally, studies were conducted to identify key bacterial components involved in CXCL10 

activity against B. anthracis spores.  A transposon mutant library of B. anthracis Sterne 

strain spores identified the gene encoding BAS0651, a putative DL-endopeptidase 

involved in peptidoglycan hydrolysis and cell wall remodeling during cellular elongation.  

Further analyses supported that CXCL10 causes a delay in B. anthracis spore germination 

and also leads to an increase in spore permeability, a possible mechanism for the resulting 

loss of spore viability.  In vivo mouse studies were conducted that showed the absence of 

BAS0651 in B. anthracis parent strain resulted in an increase in spore germination and 

vegetative cell proliferation during initial pulmonary infection in C57BL/6 mice.  It appears 

CXCL10 targets B. anthracis spores through BAS0651, which may result in the 

dysregulation of peptidoglycan remodeling during spore germination.  The findings in this 

dissertation reveal novel mechanisms of CXCL10 antimicrobial activity against B. 

anthracis spores and vegetative cells.  Understanding how CXCL10 kills B. anthracis will 

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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1.1 Bacillus anthracis 

Bacillus anthracis is a Gram-positive, rod shaped bacterium that is the causative agent of 

the disease anthrax (1, 2).  Scientifically, the pathogen has a rich past, as the work of Robert 

Koch in 1876  was the first to show that a microbe was the cause of a specific disease thus, 

launching the field of pathogenic bacteriology (3).  Anthrax is primarily a zoonotic 

infection that affects livestock animals, such as cattle and sheep (4).  Herbivores  typically 

acquire B. anthracis infection by ingesting or inhaling spores from the soil (1, 5).  The 

spore is the infectious form of the organism and can withstand a range of harsh 

environments.  Spores germinate into metabolically active vegetative cells through a 

cascade of environment- or host-derived factors following  uptake into a susceptible host; 

subsequent multiplication and toxin synthesis results in disease and death (6ï9).  Upon host 

death, the vegetative form of the organism can detect a loss of nutrients and suitable 

environment, for example a drop in temperature, which triggers sporulation (8).  B. 

anthracis remains in the inert spore state until uptake by another host, where the cycle 

repeats itself (1, 10, 11).  Spore particles are present in soil worldwide and have been shown 

to remain viable for extended periods of time, even decades (8, 12).  Spores of B. anthracis 

can germinate and replicate within the soil amoeba, Acanthamoeba castellanii, thus 

potentially contributing to the continual presence of viable spores in the environment (13).  

Humans are not considered a natural host for B. anthracis, but spore exposure through 

various routes can result in a serious infection if not diagnosed and treated rapidly (2, 14). 

 

There are four types of human anthrax based on the route by which the spore enters the 

host: cutaneous, gastrointestinal, injectional, and inhalational (Figure 1.1) (2, 14).    
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FIGURE 1.1 
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Figure 1.1: Routes of B. anthracis infection.  Human B. anthracis 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 skin, as well as by insect vector transmission (not shown).  

Gastrointestinal anthrax is acquired through consumption of contaminated food products.  

Injectional anthrax is the result of spore-contaminated drug injection into intramuscular 

regions (not shown).  Inhalational anthrax develops from pulmonary introduction of spores 

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

4th edition. Geneva: World Health Organization, 2008 (4). 
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Cutaneous anthrax is the most common form, comprising about 95% of all reported 

infections.  It is characterized by a painless black eschar at the site of infection.  Naturally 

acquired infection is an occupational disease, which occurs in workers (including 

veterinarians) exposed to infected herd animals or contaminated animal products 

worldwide (4).  Insect vectors, such as house flies (Musca domestica) and mosquitos 

(Aedes aegypti and A. taeniorhynchus), have been shown to transmit anthrax to result in 

cutaneous infections (15, 16).  Cutaneous infections generally result in a mortality rate of 

5-20% if untreated but less than 1% if  treated with an appropriate antibiotic (2, 14).  

Gastrointestinal infections are the second most prevalent form of anthrax.  Infection occurs 

following ingestion of spore-contaminated meat.  Gastrointestinal anthrax presents with 

ubiquitous gastrointestinal symptoms, which may result in an underreported rate of 

infection due to attribution of the symptoms to more common enteric pathogens.  The 

mortality rate is estimated to be 25-60% if untreated, with antibiotic treatment lowering the 

rate to Ò40% (17).  Injectional anthrax is a recently recognized form that was first identified 

in 2000 (18).  It occurs in intravenous drug users that directly inject spore-contaminated 

drugs into intramuscular regions (18).  Introduction of the spores into typical injection sites 

causes skin and soft tissue infection with a high mortality rate (34%), even with antibiotic 

treatment (19).  Inhalational anthrax is the most severe form of anthrax and is acquired 

through spore entry in the lungs followed by subsequent germination into vegetative 

bacteria that eventually disseminate into the bloodstream and throughout the body (20ï22).  

Natural occurring inhalational anthrax infections occur rarely and mainly among workers 

who process dried animal hides or wool (i.e., Woolsorterôs disease) (4).  Mortality rates 

range from 45-94%, with a rapid diagnosis greatly increasing the odds of survival (2, 23).  
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Early signs and symptoms of inhalational anthrax infection can mimic other pulmonary 

bacterial or viral infections, which can complicate the diagnosis and treatment (20). 

 

A wide variety of antibiotics such as beta-lactam antibiotics (e.g., penicillin, 

cephalosporins) and fluoroquinolones have been used to successfully treat anthrax 

infections.  With the potential for either naturally-acquired or nefariously-introduced ɓ-

lactamase resistance mechanisms, the current post-exposure prophylaxis treatment 

guidelines recommend an extended course of ciprofloxacin or doxycycline (2).  While 

vegetative cells are more readily killed by antibiotics, the spores can persist in an inert state 

that is unaffected by any currently available antibiotics.  Primate studies of inhalational 

anthrax revealed the presence of spores in the lungs for up to 100 days after exposure, 

underscoring the risk for an extended incubation period in the host (24).  In 1979, an 

accidental release of anthrax spores in the town of Sverdlovsk, Russia resulted in an 

outbreak of inhalational anthrax cases.  The modal incubation period was 9-10 days, but 

an extended incubation period of 43 days before illness occurred was observed in a few 

cases (25).  For these reasons, prophylactic  treatment is prescribed for 60 days to allow 

enough time for spores to germinate into vegetative cells so they can be killed by the 

antibiotic (2). 

 

An anthrax vaccine, Anthrax Vaccine Adsorbed (AVA), is commercially available and is 

recommended for military personnel and laboratory workers who have contact with fully 

virulent strains (26).  It is administered in a series of five doses over 18 months, with a 

yearly booster after completion.  There is evidence that three intramuscular doses are 
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sufficient for protection for up to 3.5 years (27).  Studies to evaluate the most effective  

vaccination schedule are ongoing (27).  There has been some debate about the safety of the 

vaccine with reports of chronic adverse effects such as fever, malaise, and joint pain (28).  

Although AVA is currently not recommended for the general public, if an exposure is 

suspected or an infection is detected early enough, current post-exposure prophylaxis 

treatment guidelines (29) recommend that at least the first three doses in the AVA  series 

should be administered to help the immune system identify and clear the vegetative cells 

and spores (14, 28). 

 

B. anthracis is listed by the Federal Select Agent Program (FSAP) as a Tier One Select 

Agent, indicative of high risk for bioweapon development and subsequent attack (5).  

Notably, multiple countries experimented with anthrax in bioweapon development 

programs during the Cold War period (30).  The Amerithrax attacks of 2001 emphasized 

the threat potential of B. anthracis with spores being mailed through the United States 

Postal Service to target politicians and other recipients (23, 31).  B. anthracis has many 

unique characteristics that make it an effective bioweapon.  The inert spore form is very 

hardy with the ability to withstand extreme environmental conditions with a 50% infectious 

dose (ID50) for humans calculated to be about 1.1x105 spores (20, 32ï34).  Following 

dissemination, treatment of the exposed  population would be difficult, especially if 

identification of B. anthracis as the causative agent was delayed, since the disease 

progresses quickly and death can occur within days (2, 35).  The development of new 

therapeutic strategies is needed to treat both spores and vegetative cells in the event of a B. 

anthracis outbreak or attack. 
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1.2 B. anthracis Life  Cycle and Virulence Factors 

B. anthracis undergoes a cycle between the dormant spore form and growing/dividing 

vegetative cells, and this cycle is largely determined by environmental factors and the 

availability of nutrients (12).  The process of sporulation is regulated by multiple signal 

transduction networks activated by a change in environmental factors, such as the presence 

of O2, lack of available nutrients, high vegetative cell concentration, and a downward 

temperature shift (1, 8).  In the process of sporulation, B. anthracis and related Bacillus 

spp. begin asymmetrical cell division, followed by processes that package the 

chromosomal DNA into the core and build the protective spore layers.  After spore 

formation is complete, lysis of the vegetative cell releases the spore into the environment 

for eventual uptake by another host (36).  Spores are comprised of multiple layers that 

protect the spore core, which contains the tightly packaged chromosomal DNA (Figure 

1.2).  The core also contains small acid-soluble proteins, high levels of calcium dipicolinic 

acid, and ions that protect the chromosomal DNA from degradation in the presence of heat 

or UV radiation.  Surrounding the spore core is a layer of peptidoglycan (spore cortex) that 

also helps protect the core from outside elements.  The middle layer (spore coat) and 

outermost layer (exosporium) act as further protective barriers from lytic molecules and 

other microbes (8).  The spore cortex, coat, and exosporium also play a vital role in 

environmental signaling by detecting germinants via receptors located within the 

membranes that indicate  the appropriate time to germinate (6, 8).  
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FIGURE 1.2 

 

Figure 1.2: B. anthracis spore.  The layers of a spore serve to protect the core, which 

contains tightly packaged chromosomal DNA, from damage as well as to detect 

germination signals from the environment.  (A) Schematic of B. anthracis spore 

composition and layers, not drawn to scale.  Modified from Setlow, 2014 (32).  (B) 

Transmission electron micrograph of a B. anthracis Sterne strain spore. (Cr): core, (Cx): 

cortex, (Ct): coat, (Is): interspace, also considered part of the exosporium, and (Exo): 

exosporium.  Modified from Driks, 2009 (8).  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 (Figure 1.3) (6).  The binding of small molecules (for example, single amino 

acids, purine nucleotides, or various sugars) by proteins embedded in the outer spore layers 

initiates the process of germination, which traditionally has been considered to occur in 

two stages (6).  The first stage involves the release of hydrogen ions and calcium dipicolinic 

acid, which allows partial hydration of the core to occur through water molecules taking 

the place of the ions.  The second stage is considered to be the activation of cortex 

hydrolysis to break down the peptidoglycan layer, allowing further hydration of the spore 

core.  Finally, spore outgrowth and complete spore coat shedding give rise to a 

growing/dividing vegetative cell (6, 7, 37).  Morphologically, the vegetative cells form 

square-ended chains of Gram-positive rods that have the appearance of box cars in a train 

(38). The cell envelope of the vegetative cell consists of a cell membrane, thick 

peptidoglycan layer, S-layer, and a poly-D-glutamic acid (PDGA) capsule (Figure 1.4) 

(39).  The S-layer is a surface component of B. anthracis comprised of two proteins 

[surface array protein (SAP) and extractable antigen 1 (EA1)] arranged in a lattice-like 

structure (1).  These S-layer proteins function as adhesins as well as a protective layer that 

mediates environmental interaction (39). 

 

B. anthracis vegetative cells produce a number of virulence factors that contribute to its 

pathogenesis.  The plasmid pXO1 (182 kb) contains the genes for lethal factor, edema 

factor, and protective antigen (40).  Proteolytic processing of the 83 kD protective antigen   
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FIGURE 1.3 

 

Figure 1.3: Schematic overview of B. anthracis spore germination.  After activation, 

the spore undergoes multiple stages during germination that result in the full outgrowth of 

metabolically active vegetative cell.  Modified from Setlow, 2003 (6). 
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FIGURE 1.4 

 

Figure 1.4: B. anthracis vegetative cells.  B. anthracis is a Gram-positive, rod-shaped 

bacterium.  The surface of a fully virulent, encapsulated B. anthracis strain consists of a 

cell membrane, thick peptidoglycan layer, S-layer, and a poly-D-glutamic acid capsule.  

(M): cytoplasmic membrane, (P): peptidoglycan layer, (S): S-layer, (C): poly-D-glutamic 

acid capsule.  Modified from Fouet, 2009 (39).  Scale bar is 250 nm. 
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monomer by host cells removes 20 kD from the N-terminus of the protective antigen to 

form a 63 kD active subunit that is able to form a heptamer or octamer and bind to the 

mammalian cell receptors, anthrax toxin receptor 1 (ANTRXR-1) [formerly named anthrax 

toxin receptor (ATR)] or ANTRXR-2 [formerly named capillary morphogenesis protein 2 

(CMG)] (41ï43).  The protective antigen can bind lethal factor to form lethal toxin or with 

edema factor to form edema toxin (44).  The protective antigen assists delivery of lethal 

factor or edema factor into target cells (14, 40) through endocytosis of the entire complex 

into the cell (Figure 1.5).  Once engulfed by the cell, the endosome acidifies, and the 

lowered pH triggers the protective antigen complex to form a pore that facilitates the 

release of lethal factor and/or edema factor into the cytoplasm (42, 45, 46).  Lethal factor 

is a 90 kD metalloprotease enzyme that disrupts key cellular signaling through the cleavage 

of the mitogen-activated protein kinase (MAPK) kinase (MAPKK) (42, 47).  The cleavage 

of MAPKK results in disruption of three signaling pathways: extracellular signal-regulated 

kinases (ERK), c-Jun-N-terminal kinase (JNK), and p28 MAPK (47).  Edema factor is an 

89 kD protein that is an adenylate cyclase that converts ATP to cAMP, resulting in the 

dysregulation of signaling pathways (42, 44, 47).  Both toxins ultimately result in the 

disruption of signaling pathways and mammalian cell function, leading to cell dysfunction 

and death (14, 42, 44, 47).  In addition to interrupting cellular signaling pathways, lethal 

factor and edema factor also interfere with the response of the host immune system by 

blocking bacterial clearance through phagocytes (42, 47ï49).  In fully virulent B. anthracis 

strains, such as Ames strain, a second virulence plasmid pXO2 (92 kb) encodes genes for 

a thick PDGA capsule (40).  The capsule inhibits vegetative cell phagocytosis by immune 

cells, thus contributing to increased survival, replication, and dissemination of the   
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FIGURE 1.5 

 

 

 

 

 

 

 

Figure 1.5: B. anthracis toxin assembly.  Protective antigen monomers are processed by 

host cell tryptic enzymes (furins) into a 63 kD unit and then assemble to form a heptamer 

or octamer (not shown in schematic) that binds to mammalian cell receptors.  Lethal factor 

and/or edema factor bind to the protective antigen heptamer or octamer, and the complex 

is endocytosed.  Endosomal acidification triggers a conformational change of the protective 

antigen complex, resulting in a pore through which lethal factor or edema factor is released 

into the cell cytoplasm.  Lethal factor disrupts signaling pathways through MAPKK 

cleavage.  Edema factor is an adenylate cyclase enzyme that increases intracellular cAMP 

levels.  Lethal factor and edema factor each disrupt cell signaling pathways to cause cellular 

dysfunction and systemic toxemia.  Modified from Sweeney, 2011 (14). 
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vegetative cells in the host (50ï52).  Together, these virulence factors allow B. anthracis 

vegetative cells to survive in the host and reach bacterial concentrations of up to 1x108 

organisms per ml of blood (53).  With the host immune system unable to function properly, 

toxemia and bacteremia rapidly lead to host death. 

 

1.3 Chemokines 

Chemokines are small 8-10 kD proteins that are an integral part of the immune system with 

approximately 50 known chemokine ligands and 20 receptor proteins identified to date 

(54ï56).  Chemokines were first identified and studied based on their potent 

chemoattractant abilities to recruit leukocytes to sites of injury or infection as a response 

to inflammatory or infectious processes (56, 57).  Chemokines are characterized as 

homeostatic and/or inflammatory based on whether they are constitutively expressed or 

induced by an inflammatory molecule, such as interferon-ɔ (IFN-ɔ) or interferon-Ŭ/ɓ (IFN-

Ŭ/ɓ) (58).  Homeostatic chemokines are constitutively produced by a wide variety of cell 

types and are thought to be involved in the maintenance of resident immune cells, immune 

surveillance, and non-lymphoid tissue positioning and homing (59).  In contrast, 

inflammatory chemokines are upregulated when needed and recruit activated immune cells 

into target sites through chemotaxis (55).  The intricate interactions between the 

chemokines and their respective receptors result in finely orchestrated control over cellular 

immune functions as well as the activation and recruitment of adaptive immune cells (59). 

 

Multiple roles for both homeostatic and inflammatory chemokines have been described 

beyond immune system homeostasis and adaptive immune response.  Chemokines play an 
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integral role in initiating development and continuing differentiation in the process of 

lymphocyte maturation (56, 60).  They also have been shown to be important for central 

nervous system development and maintenance (61).  Underscoring the diversity of their 

roles in the host, chemokines have been found to play a role in either inhibition or 

augmentation of angiogenesis during inflammatory conditions (62, 63).  Chemokines also 

help direct and regulate wound repair by promoting an environment conducive to 

regenerating tissue (64ï66).  Additionally, a number of chemokines have been found to 

demonstrate direct antimicrobial activity against a wide variety of microbial pathogens, a 

characteristic that will be discussed in more detail in the following sections (67ï69). 

 

There are four families of chemokines, C, CC, CXC, and CX3C, which are classified based 

on the number and position of conserved cysteine residues (54, 55).  In general, chemokines 

share a similar overall structure with an unstructured N-terminal end, three ɓ-sheets that 

serve as a backbone, and a C-terminal Ŭ-helix (Figure 1.6).  One or two disulfide bonds 

determine the tertiary structure of the molecule (58, 70, 71).  CC and CXC chemokines all 

share this common structure, and in a monomeric form, C chemokines adopt a traditional 

chemokine structure as well.  However, in a dimeric form, C chemokines are unique in 

forming a head-to-tail molecule that performs a separate function (72, 73).  The CX3C 

chemokine also has a unique feature, as it contains an additional transmembrane domain at 

the C-terminus (distal to the characteristic C-terminal Ŭ-helix) that allows anchoring in cell 

walls (71).  Cleavage of CX3C can occur under certain conditions that produces a soluble 

derivative of CX3C (71, 74).  Chemokine dimers and other complexes have been observed   
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Figure 1.6: Chemokine families.  Chemokines are divided into families based on 

conserved cysteine residues and demonstrate conserved secondary structures of a 

traditional unstructured N-terminus, three ɓ-sheet backbones, and an Ŭ-helical C-terminus.  

(A)  C chemokines transition between a more traditional monomeric chemokine structure 

and a dimeric structure that does not resemble the rest of the superfamily (Kuloglu 2002, 

Guzzo 2015).  (B-C)  CC chemokines and CXC chemokines retain traditional overall 

structure.  CXC chemokines contain a non-conserved amino acid between the conserved 

cysteine residues.  (D)  CX3C has an additional mucin domain after the Ŭ-helix that 

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 well as with other molecules present in the solution, but it is 

thought that most biological processes of chemokines are effected as monomers (70). 

 

Chemokines have been shown to interact with both specific chemokine receptors and 

nonspecific cell surface glycosaminoglycans (GAGs) (58, 75).  Inflammatory chemokine 

receptors are relatively promiscuous and are able to interact with and be activated by 

multiple ligands that are typically in the same family (55, 76, 77).  Homeostatic chemokines 

only activate one chemokine receptor (55).  The receptors are classified as G-coupled 

protein receptors, with interaction of a chemokine ligand with a receptor triggering an 

intracellular signaling pathway that ultimately directs cellular function (78).  Signaling bias 

has been reported with chemokine receptors; the exact downstream cascade or signaling 

effect is modified based on the ligand detected, the receptor variant, or the cell type where 

the receptor is located (79).  Nonspecific interactions with GAGs are thought to be 

important for the chemotactic activity of chemokines.  Interactions of the chemokines with 

GAGs create the gradient effect needed to direct immune cells to the area of inflammation 

and/or infection (58, 75).  The interactions of chemokines and their receptors create a 

network and signaling environment that creates an effective immune system response 

under both homeostatic and inflammatory conditions. 

 

1.4 IFN-ɔ-inducible ELR(-) CXC Chemokines and CXCR3 

CXCL9, CXCL10, and CXCL11 comprise a group of IFN-ɔ-inducible, Glu-Leu-Arg 

negative (ELR-) chemokines that share about 40% amino acid sequence identity (55, 80).  

The lack of an ELR(-) motif indicates activation of a type one immune response, mostly 
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targeting Th1 T-cells, natural killer cells, and monocytes (81).  IFN-ɔ-inducible ELR(-) 

CXC chemokines are classified as inflammatory chemokines and are produced by a wide 

variety of cells, including human fibroblasts, endothelial cells, keratinocytes, mesangial 

cells, astrocytes, and neutrophils during periods of inflammation or infection (76, 82, 83).  

IFN-ɔ induces production of all three IFN-ɔ-inducible ELR(-) CXC chemokines, but 

CXCL10 and CXCL11 can also be induced by IFNŬ/ɓ and tumor necrosis factor-Ŭ (TNF-

Ŭ) (80).  Notably, CXCL9, CXCL10, and CXCL11 can induce the production of IFN-ɔ, a 

quality that results in a highly effective positive feedback loop that quickly upregulates the 

three chemokines and allows them to reach high concentrations in vivo (80).  CXCL9, 

CXCL10, and CXCL11 form classic chemokine secondary structures noted above, but 

when compared to other chemokines, they contain a higher degree of positively-charged 

amino acids in the C-terminal Ŭ-helix (Figure 1.7A) (67).  The three ɓ-sheets and C-

terminal Ŭ-helix interact through various charges and two disulfide bonds to form a 

compact molecule (Figure 1.7B) (84, 85). 

 

Although CXCL9, CXCL10, and CXCL11  bind to the same mammalian receptor, 

CXCR3, these three chemokines have been shown to elicit distinct downstream effects that 

contribute to the biological signaling differences between them (76, 86).  CXCL11 has also 

been shown to bind to the receptor CXCR7 (62).  CXCR3 is a G-protein coupled receptor 

and is activated through a two-step interaction pattern with the IFN-ɔ-inducible ELR(-) 

CXC chemokines (86, 87).  The unstructured N-terminus of the IFN-ɔ-inducible ELR(-) 

CXC chemokines interacts with the extracellular N-terminal region of CXCR3.  Other   
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Figure 1.7: Charge and hydrophobicity profiles of CXCL9, CXCL10, and CXCL11 

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 the C-terminal Ŭ-helices contain highly 

charged amino acids, a characteristic not shared with other chemokine families but similar 

to Ŭ-helical cationic antimicrobial peptides (CAMPs) .  Modified from Cole, et al., 2001 

(67).  (B)  Front and side views of the tertiary structure of CXCL10 show the predicted 

compact nature of the folded protein.  Amino acid characteristics have been noted in the 

following various colors.  (Blue): Neutral, (Yellow): Hydrophobic, (Red): Positively 

charged.  Structure modified from the protein database reference number 1080 and 

analyzed using PyMOL software by K. Margulieux. 
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portions of CXCL9, CXCL10, or CXCL11, then interact via distinctive interactions for 

each of the three chemokines with the extracellular loops of CXCR3 to activate internal 

cell signaling pathways (83, 86).  Specific amino acid residues in CXCR3 have been 

identified that result in the activation of different pathways based on which of the IFN-ɔ-

inducible ELR(-) CXC chemokines binds to the CXCR3 receptor (86).  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+ Type-1 helper (Th1) cells and CD8+ cytotoxic lymphocytes signaling and 

chemotaxis.  However, CXCR3 is also highly expressed on the innate immune 

lymphocytes, natural killer cells, dendritic cells, and some B-cells.  Interaction of CXCL9, 

CXCL10, or CXCL11 with CXCR3 found on those immune cells activates the cells to 

undergo chemotaxis, cell migration, angiostasis, and adhesion (62, 83).  The IFN-ɔ-

inducible ELR (-) CXC chemokines, CXCL9, CXCL10, and CXCL11, comprise an 

important sub-family of chemokines that are vital in maintaining and activating a variety 

of immune cells through CXCR3. 

 

1.5 Chemokine Antimicrobial Act ivity  

Perhaps pointing to a shared evolutionary past, many chemokines have been found to also 

exhibit antimicrobial properties (55, 88).  Interestingly, cationic antimicrobial peptides 

(CAMPs) or defensin-like small molecules that are classically defined as antimicrobials, 

have been shown to demonstrate immunomodulatory activities  (55, 88ï90).  These 

observations raise interesting possibilities about the role(s) that chemokines and CAMPs 

or defensin-like small molecules may play in adaptive immune cell maintenance and 
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activation, as well as serving as a first line of defense within the innate immune system.  

Chemokines spanning the XC, CC, and CXC families have been demonstrated to kill both 

Gram-positive and Gram-negative bacterial species such as Escherichia coli, Bacillus spp., 

and Staphylococcus aureus (67ï69, 88, 89, 91).  Further demonstrating the range of 

chemokine microbial targets, anti-fungal effects by interferon-inducible ELR-CXC 

chemokines have been demonstrated  against Cryptococcus neoformans, anti-viral effects 

by CC chemokines have been detected against herpes simplex virus, and anti-parasitic 

effects by CCL28 have been described against Leishmania mexicana (92ï95).  Studying 

how chemokines target pathogenic microbes may lead to the development of novel 

antimicrobial strategies, which is increasingly important given the increase in multi-drug 

resistant microbes across the globe. 

 

In general, CAMPs and defensin-like small molecules contain secondary structures that 

influence interaction with and killing of bacterial pathogens, such as amphipathic Ŭ-helices 

or an overall positive charge (88, 96, 97).  As mentioned in the above sections, chemokines 

have a conserved structure of an unstructured N-terminus, three ɓ-sheet backbones, and a 

C-terminal Ŭ-helix.  Notably, chemokine-derived peptides from both the N-terminal region 

of CXCL7 and C-terminal regions from CCL28 have been shown to retain antimicrobial 

activity (90, 98).  Various peptides derived from the N-terminal region of CXCL7 retain 

comparative antimicrobial activity against E. coli and S. aureus compared to intact CXCL7, 

and a C-terminal peptide from CCL28 retains antimicrobial activity against Candida 

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

cases, indicating each chemokine may have unique active properties (69, 91, 99ï102).  The 
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overall positive charge of chemokines may point to non-specific membrane interaction and 

disruption (69).  The antimicrobial activity of many chemokines, for example CCL28 and 

CCL20, is disrupted when tested in high salt conditions, similar to other charged CAMPs 

and defensin-like small molecules (68, 98, 103).  However, salt concentration does not 

affect antimicrobial activity of CXCL9, CXCL10, or CXCL11 against B. anthracis or 

Streptococcus pyogenes (69, 91, 104, 105).  Thus, there is a great deal yet to learn about 

how the structure and charge of various chemokines impact the antimicrobial effects they 

exert against microbial pathogens. 

 

The IFN-ɔ-inducible ELR(-) CXC chemokines, CXCL9, CXCL10, and CXCL11, have 

been demonstrated to kill a wide variety of Gram-positive and Gram-negative bacterial 

species including E. coli, Listeria monocytogenes, S. aureus, Citrobacter rodentium, 

Neisseria gonorrhea, S. pyogenes, and B. anthracis (67, 69, 101, 104ï108).  Studies have 

shown an increase in production of CXCL9, CXCL10, and/or CXCL11 from various cells 

types in response to bacterial infections at a concentration thought necessary for their 

antimicrobial activity (67, 104, 105, 107, 109).  Chemokine antimicrobial activity is an 

important component of the innate immune system, and determining the mechanisms by 

which they kill bacteria may lead to novel antibacterial therapeutics. 

 

1.6 Antimicrobial  effect of IFN-ɔ-inducible ELR(-) CXC chemokines against B. 

anthracis  

The IFN-ɔ-inducible ELR(-) CXC chemokines, CXCL9, CXCL10, and CXCL11, have 

been demonstrated by our laboratory to exert antimicrobial activity against B. anthracis 
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spores and vegetative cells (105, 110, 111).  CXCL9, CXCL10, or CXCL11 treatment 

results in inhibition of spore germination as well as decrease in spore viability and an 

antimicrobial killing effect against vegetative cells (Figure 1.8).  There is a hierarchical 

effect of activity such that recombinant human CXCL10 > CXCL9 > CXCL11 in terms of 

killing potency against both forms of B. anthracis (105).  Interestingly, it has been observed 

that there is a different hierarchy of potency with the murine IFN-ɔ-inducible ELR(-) CXC 

chemokines, such that murine CXCL9 > CXCL10 > CXCL11 (110).  Recombinant human 

CXCL10 was chosen for use in the majority of subsequent studies in the laboratory since 

it exhibited the most potent antimicrobial effect of the three recombinant human IFN-ɔ- 

inducible ELR(-) CXC chemokines against B. anthracis spores and vegetative cells.  

Treatment of B. anthracis spores with CXCL10, or to a lesser degree CXCL9 or CXCL11, 

resulted in a notable lack of germination in germination-permissive medium as well as a 

decrease in viability of the spores (105).  Immunolocalization of CXCL10 by electron 

microscopy revealed that CXCL10 localized not only to the exosporium but also to inner 

layers of the spores, specifically, the spore coat and spore cortex (105).  The ability of 

CXCL10 to penetrate outer spore layers indicates a potential mechanism for anti-spore 

activity, perhaps through altering of spore germination, viability, or maintenance (105).  

Treatment of B. anthracis vegetative cells with CXCL9 or CXCL10 resulted in significant 

killing of the bacteria with CXCL10 causing a 4-5 log decrease in colony forming units 

(CFUs) and CXCL9 causing a 2-3 log decrease in CFUs (105).  Immunolocalization 

electron microscopy 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-ɔ-inducible ELR(-) CXC chemokines against 

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

anthracis spores and vegetative cells.  (A)  All three chemokines exhibit an antimicrobial 

effect against spores with differences in potency observed.  (B)  CXCL10 shows a 

concentration-dependent effect against vegetative cells with no viability detected at 

concentrations Ó12 ɛg/ml.  CXCL9 and CXCL11 exert less potent activity with killing only 

detected at higher concentrations.  Modified from Crawford et al., 2009 (105). 
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cells resulted in eventual destruction of the vegetative bacteria, presumably via dissolution 

of the cell wall and cell membrane with bacterial cell lysis (105, 111) (Figure 1.9).   

 

Subsequent studies showed the in vitro killing of B. anthracis by the IFN-ɔ-inducible 

ELR(-) CXC chemokines was biologically relevant by using in 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, and CXCL11 during spore lung infection.  C57BL/6 mice are resistant 

to inhalational B. anthracis Sterne 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 neutralization of CXCL9, CXCL10, and/or CXCL11 was 

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 mice (110). Since 

CXCL9, CXCL10, and CXCL11 are also involved in immune cell recruitment, the receptor 

CXCR3 was neutralized to test if disruption of this specific receptor responsible for 

signaling chemotaxis in response to the chemokines was responsible for the higher 

mortality observed.  However, CXCR3 neutralization had no impact on mortality, such that 

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

with no antibody neutralization (110).  This result supported there is an antimicrobial   
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Figure 1.9:  CXCL10 localization in B. anthracis spores and vegetative cells.  (A)  

Untreated spore.  (B)  CXCL10 treated spore.  Arrows indicate CXCL10 localization to the 

spore coat/cortex interface as well as the exosporium, as detected by anti-CXCL10 

immunogold antibody localization by transmission electron microscopy at 30,000x 

magnification.  Scale bar is 0.5 ɛm.  Modified from Crawford et al., 2009 (105). (C)  

Untreated vegetative cell.  (D)  CXCL10 treated vegetative cell.  Arrows indicate CXCL10 

localization to the bacterial cell membrane, again, detected by anti-CXCL10 immunogold 

antibody localization with 30,000x magnification.  Scale bar is 0.5 ɛm.  Modified from 

Crawford et al., 2011 (111). 
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killing effect through direct chemokine interaction with B. anthracis rather than via an 

indirect recruitment of immune cells to the site of infection (110) (Figure 1.10). 

 

A B. anthracis transposon library screen was conducted to identify bacterial components 

important in mediating the antimicrobial activity of CXCL10 (111).  This innovative 

forward genetics screen resulted in the identification of three B. anthracis vegetative cell 

genes, ftsX, BAS0651, and lytE as being important for mediating the antimicrobial activity 

of CXCL10 (111).  Transposon disruption of ftsX in B. anthracis Sterne strain resulted in 

the highest degree of resistance to CXCL10 compared to the parent strain (111).  

Transposon disruption of BAS0651 in vegetative cells conferred an intermediate degree of 

resistance to CXCL10 (111).  Transposon disruption of lytE resulted in a low level of 

resistance to CXCL10 (111) (Figure 1.11).  The gene ftsX is a membrane component of an 

ABC transporter-like complex that is thought to be involved with peptidoglycan processing 

during cellular elongation (112, 113).  BAS0651 and lytE are both B. anthracis hypothetical 

proteins that contain hydrolytic domains, suggesting a potential role in processing 

peptidoglycan bonds within the bacterial cell wall during growth and/or spore formation.  

While these observations established the foundation for identifying and understanding 

CXCL10 antimicrobial activity against B. anthracis, the exact mechanism of action for 

CXCL10-mediated bacterial killing has remained unclear and was the focus of the work 

leading to the subsequent chapters of this dissertation.  
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FIGURE 1.10 

 

Figure 1.10:  IFN-ɔ-inducible ELR(-) CXC chemokine or CXCR3 neutralization in 

vivo.  Antibody neutralization of CXCL9, CXCL10, and/or CXCL11 resulted in a higher 

mortality rate in a C57BL/6 mouse strain that is inherently resistant to pulmonary spore 

infection.  Neutralization of the chemokine receptor CXCR3 did not impact survival, 

indicating a biological role for direct antimicrobial activity of the chemokines against the 

bacteria at the site of infection.  Modified from Crawford, et al., 2010 (110). 
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FIGURE 1.11 

 

 

 

 

 

 

 

 

 

 

Figure 1.11:  Transposon library screen to identify B. anthracis genes involved in 

CXCL10-mediated antimicrobial effect.  (A-B)  Three genes were identified by a 

transposon library screen that, when disrupted, conferred resistance to CXCL10.  

Disruption of ftsX resulted in the highest level of resistance, BAS0651 disruption resulted 

in an intermediate level of resistance, and lytE disruption resulted in a low level of 

resistance.  Modified from Crawford et al., 2011 (111). 
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1.7 Dissertation Research Aims and Significance 

B. anthracis is a widespread pathogen that has the added risk of being developed into a 

potential bioweapon.  Combined with concerns regarding emergence of multi-drug 

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 such as B. anthracis would be both innovative 

and the basis for new antimicrobials that target multiple forms of an organism.  The goal 

of the research presented in this dissertation is to determine the antimicrobial mechanism(s) 

of action that CXCL10 utilizes to kill B. anthracis vegetative cells and spores.  The aims 

are 1) Determine the role of bacterial FtsX in CXCL10 antimicrobial activity (Chapter 2 

and 3) and 2) Identify portions of CXCL10 important for a bactericidal effect against B. 

anthracis (Chapter 2) and 3) Identify spore target(s) of CXCL10 using a B. anthracis spore 

transposon library screen and determine the role that identified bacterial components have 

during spore inhibition and/or killing (Chapter 3). 
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CHAPTER 2: 

CXCL10 Acts as a Bifunctional Antimicrobial Molecule against Bacillus anthracis 

 

Adapted from: Margulieux KR, Fox JW, Nakamoto RK, Hughes MA (2016).  CXCL10 

Acts as a Bifunctional Antimicrobial Molecule against Bacillus anthracis.  mBio. 7(3): 

pii: e00334-16. 
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2.1 Abstract 

Bacillus anthracis is killed by the interferon-inducible ELR(-) CXC chemokine, CXCL10.  

Previous studies showed disruption of the gene encoding FtsX, a conserved membrane 

component of the ABC transporter-like complex FtsE/X, resulted in resistance to CXCL10.  

FtsX exhibits some sequence similarity to the CXCL10 mammalian receptor, CXCR3, 

suggesting that the CXCL10 N-terminal region that interacts with CXCR3 may also 

interact with FtsX.  A C-terminal truncated CXCL10 was tested to determine if the FtsX-

dependent antimicrobial activity was associated with the CXCR3-interacting N-terminus.  

The truncated CXCL10 exhibited antimicrobial activity against the B. anthracis parent 

strain but not ȹftsX, which supports a key role for the CXCL10 N-terminus.  Mutations in 

FtsE, the conserved ATP-binding protein of the FtsE/X complex, resulted in resistance to 

both CXCL10 and truncated CXCL10, indicating that both FtsX and FtsE are important.  

Higher concentrations of CXCL10 overcame resistance of the ȹftsX mutant to CXCL10, 

suggesting an FtsX-independent killing mechanism, likely involving its C-terminal Ŭ-helix, 

which resembles a cationic antimicrobial peptide.  Membrane depolarization studies 

revealed that CXCL10 disrupted membranes of B. anthracis parent strain and ȹftsX, but 

only the parent strain underwent depolarization with truncated CXCL10.  These findings 

suggest that CXCL10 is a bifunctional molecule that kills B. anthracis by two mechanisms.  

The FtsE/X-dependent killing is mediated through an N-terminal portion of CXCL10 and 

is not reliant upon the C-terminal Ŭ-helix.  The FtsE/X-independent mechanism involves 

membrane depolarization by CXCL10, likely due to its Ŭ-helix.  These findings present a 

new paradigm for understanding mechanisms by which CXCL10 and related chemokines 

kill bacteria. 
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2.2 Introduction 

Infections caused by Gram-positive and Gram-negative bacteria are a major cause of 

morbidity and mortality worldwide (114).  A wide variety of strategies have evolved to 

prevent or treat these infections.  With the global increase in multi-drug resistant bacterial 

pathogens, current antibiotic therapies are becoming less reliable, highlighting the need for 

the development of new treatment strategies.  Amongst a wide variety of molecules being 

studied as novel antimicrobials, chemokines represent a distinct class of proteins.  

Chemokines are small proteins, 8-10 kilodaltons, known best for their highly potent 

chemoattractant properties that serve an immunomodulatory role within both the innate 

and adaptive immune systems (54ï57, 115).  Chemokines were initially studied for their 

ability to attract adaptive immune cells into sites of injury or inflammation.  However, they 

also play a key role in a variety of physiological processes such as angiogenesis and 

hematopoiesis (58, 60, 62, 78, 86, 116).  Interestingly, over the past twenty years, there has 

been increasing recognition of a direct antimicrobial effect of multiple chemokines (67ï

69, 89, 90, 105, 107).  While antimicrobial activity against Gram-negative and Gram-

positive bacteria, viruses, and fungi has been reported for a variety of chemokines, the 

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

 

CXCL10 is an interferon-inducible, Glu-Leu-Arg-negative (ELR(-)) CXC chemokine, a 

group that also includes CXCL9 and CXCL11 (80).  It exerts direct antimicrobial activity 

against a wide variety of Gram-negative and Gram-positive bacteria such as Escherichia 

coli, Staphylococcus aureus, Listeria monocytogenes, and Bacillus anthracis (67, 68, 90, 

105).  Additionally, CXCL10 exerts an antimicrobial effect against both laboratory strains 
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and clinical isolates of E. coli, including a multi-drug resistant strain obtained from a 

clinical sample (108).  Like other chemokines, the structure of CXCL10 consists of a 

relatively unstructured N-terminus, three antiparallel ɓ-sheets, and a C-terminal 

amphipathic Ŭ-helix (71, 82, 85).  The interferon-inducible ELR(-) CXC chemokines 

interact with CXCR3, a receptor that is found on host immune cells such as T-cells, B-

cells, and natural killer cells (83, 117).  These chemokines bind to the receptor via a series 

of interactions that are dependent upon the interaction of the chemokine N-terminus with 

the extracellular domain of CXCR3 (aa 1-35) (86, 87).  Further interaction of the 

chemokine N-terminus and ɓ-sheets with other regions of CXCR3 then occurs in order to 

activate the signaling cascade necessary to initiate chemotaxis of host immune cells (83, 

86, 87). 

 

B. anthracis is a Gram-positive, spore-forming bacterium that causes the disease anthrax 

following exposure of susceptible mammals to spores and their subsequent germination 

into vegetative bacilli (1, 2, 14, 118).  Our laboratory has previously shown that CXCL10 

exhibits in vitro antimicrobial activity against both B. anthracis spores and vegetative cells 

(105, 110).  In vivo neutralization of CXCL10 resulted in significantly higher mortality in 

a mouse lung infection model with C57BL/6 mice, which are inherently resistant to 

intranasal infection by B. anthracis Sterne strain (110).  Blocking of CXCR3 resulted in 

no difference in survival compared to control (vehicle treated) mice (110).  These in vivo 

data support a direct antimicrobial role for CXCL10 that is unrelated to its interaction with 

CXCR3 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 C-terminal Ŭ-helix to cationic antimicrobial peptides, it was initially 

hypothesized that the Ŭ-helix was responsible for its antimicrobial activity, likely via 

membrane disruption based on characterized mechanisms utilized by cationic 

antimicrobial peptides, like LL37 (69, 119, 120). 

 

Our laboratory previously screened a B. anthracis Sterne strain transposon mutant library 

to identify bacterial gene products associated with the antimicrobial activity of recombinant 

human CXCL10 (105, 110, 111).  Of particular interest was the finding that disruption of 

the ftsX gene, which encodes FtsX, resulted in resistance of B. anthracis vegetative cells to 

CXCL10 (111).  FtsX is a conserved membrane component of the FtsE/X complex that 

appears to be a prokaryotic ATP-binding cassette (ABC) transporter (111, 121ï123).  The 

FtsE/X complex in other bacterial species such as Bacillus subtilis, E. coli, and 

Mycobacterium tuberculosis has been shown to play a key role in cell wall peptidoglycan 

processing through the activation of peptidoglycan hydrolytic enzymes by FtsX (112, 113, 

122ï124).  FtsE possesses conserved Walker motifs that are responsible for ATP binding 

and hydrolysis (112, 125, 126).  Work conducted by others using B. subtilis and M. 

tuberculosis suggests that ATP hydrolysis by FtsE induces a conformational change in 

FtsX resulting in the activation of peptidoglycan hydrolases for cell wall processing, a 

critical function for maintaining bacterial cell integrity (112, 113).  Major classes of 

antimicrobials (e.g., beta-lactam antibiotics) kill bacteria by inhibiting specific steps in 

peptidoglycan synthesis, which also affects bacterial cell integrity (127). 
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In silico protein analysis of B. anthracis FtsX revealed that a twenty-seven amino acid 

region (aa 54-80) in the large external loop had 45% similarity to the N-terminal amino 

acid sequence of CXCR3 (aa 9-35), the mammalian receptor for CXCL10 (111).  

Importantly, this N-terminal amino acid sequence is involved in binding the N-terminal 

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 CXCR3-similar region of 

FtsX.  Thus, the antimicrobial activity of CXCL10 may be primarily the result of a 

receptor-mediated effect that leads to cell lysis and not necessarily to depolarization 

resulting from the insertion of the C-terminal Ŭ-helix into the cytoplasmic membrane.  In 

the present study, we investigated two potential ways by which CXCL10 may kill bacteria.  

Our data suggest that the antimicrobial activity of CXCL10 is mediated by its interaction 

with FtsE/X, which utilizes a separate mechanism than that of the C-terminal Ŭ-helix.  In 

the absence of functional FtsE/X, higher concentrations of CXCL10 exhibit a bactericidal 

effect that appears to be dependent on the presence of its C-terminal Ŭ-helix and general 

membrane depolarization.  However, the end result of each pathway (i.e., cell lysis) is the 

same, with killing of B. anthracis being the most effective when both mechanisms are 

present and active. 

 

2.3 Results 

CXCR3-similar region of FtsX is involved in CXCL10 interaction with B. anthracis 

FtsE/X is widely conserved among Gram-positive and Gram-negative bacterial species 

with a similarity ranging between 46-75% as determined by Blastp analysis and amino acid 

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

Sequence alignment of FtsX from representative bacterial species 

Ba:  B. anthracis parent (Gram-positive) 

Bs:  B. subtilis (Gram-positive)    60% identity; 75% positive 

Mt:  M. tuberculosis (Acid-fast)    22% identity; 46% positive 

Sp:  S. pneumoniae (Gram-positive)    41% identity; 60% positive 

Ec:  E. coli (Gram-negative)     28% identity; 49% positive 

Kp:  K. pneumoniae (Gram-negative)  26% identity; 47% positive 

 

% Identity and % Positive are notated when compared to B. anthracis FtsX after Blastp 

analysis. 

 

Red underline designates CXCR3-similar regions of B. anthracis parent strain FtsX. 

 

Black highlighting designates conserved residues, gray highlighting designates 

characteristically similar residues.   
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Ba    1 MKAKTLSRHLR--------------------- ----------------------------  

Bs    1 MI K- I LGRHLR-------------------------------------------------  

Mt    1 MRFGFL--- LN-------------------------------------------------  

Sp    1 MIS - RFFRHLF-------------------------------------------------  

Ec    1 MNKRDAINHI RQFGGRLDRFRKSVGGSGDGGRNAPKRAKSSPKPVNRKTNVFNEQVRYAF 

Kp    1 MNKRDAMNQI RQFGSKFDRLRNAAGG- GGGGRNAPKRPKAAPNPASRKSNVFNEQVRYAW 

 

 

Ba   12 - EGVKNLSRNGWMTFASVSAVTVTLLLVGVFLTAI MNMNHFATKVEQDVEI RVHID PA--  

Bs   11 - ESFKSLGRNTWMTFASI SAVTVTLI LVGVFLVIMLNLNNMATNAEKQVEI KVLID LT- -  

Mt    9 - EVLTGFRRNVTMTI AMI LTTAI SVGLFGGGMLVVRLADSSRAIYLDRVESQVFLTEDVS 

Sp   11 - EALKSLKRNGWMTVAAVSSVMI TLTLVAI FASVI FNTAKLATDI ENNVRVVVYI RKD--  

Ec   61 HG ALQDLKSKPFATFLTVMVI AI SLTLPSVCYMVYKNVNQAATQYYPSPQI TVYLQKT--  

Kp   60 HG ALQDLKSTPLATFLTVMVI AI SLTLPSVCYMVYKNVSSAASQYYPSPQI TVYLEKT--  

 

 

Ba   69 ----- AKEAD-------------- QKKLEDDMSKI AKVESI KYSSKEEELKRLI KSLGDS 

Bs   68 ----- ADQKA-------------- QDKLQNDI KELKGI QSVTFSSKEKELDQLVDSFGDS 

Mt   68 ANDSSC DTTA-------------- CKALREKI ETRSDVKAVRFLNRQQAYDDAI RKFPQF 

Sp   68 ----- VEDNSQTIEKEGQTVTNNDYHKVYDSLKNMSTVKSVTFSSKEEQYEKLTEIMGDN 

Ec  119 ----- LDDDA-------------- AAGVVAQLQAEQGVEKVNYLSREDALGEFRNWSG- F 

Kp  118 ----- LDDDA-------------- AARVVGQLQAEQGVDKVNYLSRDEALGEFRNWSG- F 

 

 

Ba  110 GKTFELFEQDNPLKNVFVVKAKE- P--- TDTATI AKKI EKMQFVSNVQYGKGQVERLFDT 

Bs  109 GKSLTMKDQENPLNDAFVVKTTD- P--- HDTPNVAKKI EKMDHVYKVTYGKEEVSRLFKV 

Mt  114 K --- DV- AGKDSFPASFI VKLEN- P--- EQHKDFDTAMKGQPGVLDVLNQKELID RLFAV 

Sp  123 W KIF E-- GDANPLYDAYI VEANT- P--- NDVKTI AEEAKKI EGVSEVQDGGANTERLFKL 

Ec  159 GGALDM- LEENPLPAVAVVIP KLDFQGTESLNTLRDRI TQI NGI DEVRMDDSWFARLAAL 

Kp  158 GGALDM- LEENPLPAVAI VVPKLDFQSTEALNTLRDRVSRI QGVDEVRMDDSWFARLSSL 

 

 

Ba  166 VKTGRNI GI VLIAGLLFTAM- FLISNT IK ITI YARSTEI EIMKLVGATNWFIRWPFLLEG 

Bs  165 VGVSRNI GI ALIIG LVFTAM- FLISNT IK ITIFARR KEI EIMKLVGATNWFIRWPFFLEG 

Mt  166 LDGLSNAAFAVALVQAIGAI - LLI ANMVQVAAYTRRTEI GIMRLVGASRWYTQLPFLVEA 

Sp  177 ASF I RVWGLGI AALLI FI AV- FLISNT I RITI IS RSREI QIMRLVGAKNSYIR GPFLLEG 

Ec  218 T GLVGRVSAMI G- VLMVAAVFLVI GNSVRLSIFARRDSI NVQKLI GATDGFI LRPFLYGG 

Kp  217 T GLVGRVSAMI G- VLMVAAVFLVI GNSVRLSIFARRDTI NVQKLI GATDGFI LRPFLYGG 

 

 

Ba  225 LFLGVLGSI IP I - GLILV TYNSLQGMFNEKLGGTIFE LLPYSPFVFQLAGLLVLIGALIG  

Bs  224 L LLGVFGSVIP I - ALVLSTYQYVIGWVVPKVQGSFVSLLPYNPFVFQVSLVLI AIGAVIG  

Mt  225 M LAATMGVGI AVAGLMVVRALFLENALNQFYQANLI AKVDYADILFITPWLLLL GVAMSG 

Sp  236 AFI GLLGAI APS- VLVFI VYQI VYQSVNKSLVGQNLSMISPDLFSPLMI ALLFVIG VFIG  

Ec  277 ALLGFSGALLSL- I LSEI LVLRLSSAVAE- VAQVFGTKFDINGLSFDECLLLLL VCSMIG 

Kp  276 AMLGFSGAFLSL- I LSEI LVMRLSSAVTE- VAKVFGTQFELSGLGFDECLLMLIV CSMIG 

 

 

Ba  284 MW GSVMSI RR---- FLKV 

Bs  283 VW GSLTSI RK---- FLRV 

Mt  285 - LTAYLTLRL---- YVRR 

Sp  295 S LGSGI SMRR---- FLKI  

Ec  335 W VAAWLATVQHLRHFTPE 

Kp  334 W VAAWLATVQHLRHFTPD 
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Text 2.1:  Supplemental Bacterial FtsX Amino Acid Sequence Alignments.  An amino 

acid sequence alignment using B. anthracis Sterne strain FtsX as the reference protein was 

conducted with select Gram-positive, acid-fast, and Gram-negative 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 identification codes were used to perform individual Blastp analyses:  B. 

anthracis Sterne (AAT57322.1), B. subtilis 168 (NP_391405.1), M. tuberculosis H37Rv 

(CAA49620.1), S. pneumoniae (AJD71681.1), E. coli F11 (EDV68789.1), and K. 

pneumoniae (KLA37751.1).  Full sequence alignment of all six strains was conducted 

using the multiple sequence alignment software T-Coffee 

(http://tcoffee.crg.cat/apps/tcoffee/do:regular) and formatted using the program Boxshade 

(http://www.ch.embnet.org/software/BOX_form.html) (129, 130). 
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consist of four transmembrane domains and two extracellular loops although functional 

differences have been observed between the FtsX of Gram-positive and Gram-negative 

bacterial species (111, 125).  In Gram-positive bacteria, FtsX, along with FtsE, exists as an 

FtsE/X complex that is involved in peptidoglycan processing during cellular elongation 

and spore formation.  In Gram-negative bacteria, FtsX and its FtsE/X complex have been 

shown to direct peptidoglycan processing at the bacterial septum during cell division (112, 

113, 122ï124, 131).  Our initial investigation into B. anthracis FtsX identified two regions 

of similarity between FtsX and the known mammalian CXCL10 receptor, CXCR3 (Text 

2.1).  While those specific regions are not conserved between Gram-positive and -negative 

species, there are other regions of similarity between CXCR3 and FtsX, notably located in 

the exposed outer loops (132).  In this study, the focus of investigation involved the region 

of B. anthracis FtsX (aa 54-80) with sequence similarity to the region of human CXCR3 

(aa 9-35) that is primarily responsible for chemokine binding, since that similarity between 

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

 

A peptide competition assay was performed to determine if the CXCR3-similar region of 

FtsX was involved in facilitating antimicrobial activity of CXCL10.  A 27 amino acid 

peptide representing the CXCR3-similar region of FtsX was synthesized, as well as a 

scrambled peptide to control for sequence specificity (Figure 2.1A).  The antimicrobial 

activity of CXCL10 alone or the peptide:CXCL10 mixture against B. anthracis Sterne 

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 
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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 acids (aa 54-80) of FtsX with similarity to the CXCR3 binding 

region (aa 9-35) of CXCL10 (111) and  scrambled control.  (B)  A peptide competition 

assay with FtsX peptide in a 10:1 or 20:1 molar ratio with 0.46 ɛM CXCL10 resulted in a 

statistically significant decrease in the killing of B. anthracis parent strain when compared 

to killing by CXCL10 alone.  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 strain-specific untreated control.  Data points represent 

mean values Ñ SEM; n=3 separate experiments using triplicate wells.  **p Ò 0.001, ***p Ò 

0.0001 
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the FtsX peptide:CXCL10 mixture at molar ratios of both 10:1 and 20:1 (Figure 2.1B).  No 

significant increase in survival was observed with the scrambled peptide:CXCL10 

competition assay (Figure 2.1B).  These results suggested that the CXCR3-similar region 

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

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

 

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

The importance of the CXCR3-similar region of FtsX indicated a possible site for the 

interaction of CXCL10 with B. anthracis.  It was previously determined through the work 

of others that the relatively unstructured N-terminal region of CXCL10 initially interacts 

with CXCR3, resulting in immune cell activation (86, 87).  We hypothesized that the N-

terminal region of CXCL10 may also interact with bacterial FtsX, resulting in an 

antimicrobial effect.  The amphipathic Ŭ-helix of various chemokines has been considered 

to be the portion of the protein responsible for antimicrobial activity because of its positive 

charge and secondary structural resemblance to cationic antimicrobial peptides and 

defensins (69, 119, 120).  However, since our findings unexpectedly implicated the N-

terminal portion of CXCL10 in eliciting an antimicrobial effect, we conducted the 

following series of experiments. 

 

To determine if it was the N-terminal region or the C-terminal Ŭ-helix of CXCL10 that was 

responsible for antimicrobial activity against B. anthracis, a truncated CXCL10 protein 

was synthesized that lacked the C-terminal 23 amino acids (Figure 2.2A).  The sequence   
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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 (aa 1-54) lacking the C-terminal Ŭ-helix.  

Amino acids removed from intact CXCL10 are indicated in bold.  (B-C)  Circular 

dichroism showed a distinct alpha helical pattern in the intact CXCL10 spectrum, as 

indicated by peaks at wavelengths of 190 and 210 nm; these peaks were absent in the CTTC 

spectrum.  The calculated ɓ-sheet content from both the CXCL10 and CTTC spectra was 

consistent with the estimated percentage of ɓ-sheets from the published CXCL10 crystal 

structure (45). 
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