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ABSTRACT 

THE S-NITROSYLATION OF PEROXIREDOXIN 1 DURING BACILLUS 

ANTHRACIS INFECTION IN HUMAN SMALL AIRWAY EPITHELIAL CELLS 

Sarah G. Hamer, MS 

George Mason University, 2012 

Thesis Director:  Dr. Myung-Chul Chung 

 

Bacillus anthracis, a Gram-positive soil bacterium, is the causative agent of anthrax.  B. 

anthracis is classified as a “Category A” agent by the Centers for Disease Control and 

Prevention.  Although the key virulence factors of anthrax are the toxins (i.e. lethal toxin 

and edema toxin), it has been proven that the bacterial nitric oxide synthase (bNOS) of B. 

anthracis also plays a role in pathogenesis.  Since B. anthracis infection produces nitric 

oxide that is responsible for S-nitrosylation of host proteins, it was hypothesized that 

bNOS-induced nitric oxide contributes to the regulation of functions in host cells through 

modifications of proteins.  Nitrosoproteomic analysis using the biotin switch technique 

demonstrated that during B. anthracis infection, S-nitrosylation of peroxiredoxin 1 (Prx1) 

in human small airway epithelial cells (HASECs) was increased.  When Prx1 was S-

nitrosylated, there was a decrease in its peroxidase activity and an increase in its 

chaperone activity.  Treatment with a nitric oxide donor to ensure that proteins were S-
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nitrosylated showed that in an environment that contained hydrogen peroxide, S-

nitrosylation contributed to a decrease in cell viability.  However, during early B. 

anthracis infection, S-nitrosylation of HSAECs proteins increased cell viability, 

presumably due to Prx1 increased chaperone activity when S-nitrosylated.  It can be 

concluded that during the early stages of B. anthracis infection, nitric oxide produced by 

B. anthracis causes the S-nitrosylation of Prx1, which may contribute to an early-stage 

protection (an increase in viability) of HSAECs. 
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CHAPTER ONE: BACKGROUND 

Bacillus anthracis 

 

Bacillus anthracis, the causative agent of anthrax, is a Gram-positive, 

facultatively anaerobic, spore-forming, rod-shaped bacterium that is found in soil (1).  

Vegetative B. anthracis has a width of 0.5 to 2.5 µm and a length of 1.2 to 10 µm (1).  

There are three routes of infection by B. anthracis: cutaneous, gastrointestinal, and 

inhalational.  Cutaneous anthrax is the most commonly diagnosed route of infection 

followed by gastrointestinal anthrax (1, 2).  Even though inhalational anthrax is the rarest 

of the three routes of infection, the majority of the research and the focus of this thesis is 

on the inhalational route of infection because of its high mortality rate when compared to 

the other infectious routes (1, 2). 

Anthrax has been a disease of humans and hoofed livestock, such as sheep, cattle, 

and goats, for at least a millennium (2).  In the late 19th century and early 20th century, 

inhalational anthrax became a serious occupational hazard in the textile industry and was 

commonly known as the Woolsorter’s or Ragpicker’s disease, especially in Europe (1–4).  

During the processing of wool, hides or other animal products that were contaminated 

with B. anthracis spores, the spores would become aerosolized and infect the workers (1, 

2).  However, researchers have suggested that the rate of industrial inhalational anthrax 

infections should have been higher due to workers’ exposure to high concentrations of 
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spore-contaminated materials (2–4).  The lower than expected rate could not be explained 

when different factors, such as decontamination, ventilation, and routine exposure by 

workers were analyzed (2–4).  During the 20
th

 century, only eighteen cases of 

inhalational anthrax had been reported in the United States (2).  Inhalational anthrax has 

had an historical mortality rate as high as 98%, but different outbreaks have had different 

mortality rates (2–4).  During the 2001 attack on the United States, the incubation period 

in patients diagnosed with inhalation anthrax was between one to seven days (2).  

However, out of eleven patients diagnosed with inhalation anthrax, there were only five 

cases that resulted in fatalities (46%), which is the lowest mortality rate that has been 

recorded to have occurred (2).  When 2001 outbreak was analyzed, researchers have had 

many suggestions for this low mortality rate, especially early diagnosis and treatment that 

occurred during this outbreak (1, 2). 

The prognosis of inhalational anthrax depends on early detection and correct 

treatment (1, 2).  Inhalational anthrax is often misdiagnosed because of its rarity and 

presentation of initial symptoms, such as fever, nonproductive cough, malaise, fatigue, 

chest discomfort, and pleural effusion, which are common symptoms of other pulmonary 

infections (2).  Mediastinal widening, which is one of the most distinguishing symptoms 

of inhalational anthrax, needs an X-ray to be observed and has also been misinterpreted 

by doctors as normal or as a more common illness, such as trauma, bacterial 

mediastinitis, ruptured aortic aneurysm or dissection, and esophageal perforation (2).  

The fulminant course of inhalational anthrax, which consists of the symptoms of dyspnea, 

strident cough, and chills, occurs between one and three days post infection (2).  If the 
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infection reaches this stage, even with aggressive antibiotic treatment, the outcome is 

usually death (2).  Prophylaxis is a common precaution for suspected exposure to B. 

anthracis; additionally, several vaccines are available for populations, such as 

veterinarians, soldiers, and researchers, who have a long-term risk of exposure to the 

pathogen (2).  However, many of the vaccines, such as “anthrax vaccine absorbed” 

(AVA), have complex schedules and have been shown to have limited protection (2).  

The Centers for Disease Control and Prevention have designated B. anthracis as a 

“Category A” biological threat agent mainly due to inhalational anthrax having the 

characteristics of high mortality rate, ease of aerosolization, ineffective treatment if not 

diagnosed early and frequent misdiagnosis.  Research is needed to further the 

understanding of the multiple virulence factors of B. anthracis and how each contributes 

to pathogenesis, so that better treatments and diagnostic techniques can be established. 

Anthrax virulence factors  
 

B. anthracis has multiple virulence factors including exotoxins, capsule, and 

adhesin, which are encoded from genes that are contained on the two plasmids of B. 

anthracis.  The genes for the three protein components for the exotoxins of B. anthracis, 

protective antigen, the lethal factor, and the edema factor, are located on pXO1 (1, 2, 5).  

The lethal toxin is produced when the protective antigen is combined with lethal factor, 

while the edema toxin is produced when the protective antigen is combined with the 

edema factor (1, 2, 5).  Although the exact contribution that of these toxins to 

pathogenesis has been debated throughout anthrax research, most researchers have 
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suggested that each of the exotoxins are important to virulence (1, 6, 7).  Another key 

virulence factor is the poly-γ-D-glutamic acid capsule, which protects B. anthracis from 

destruction during phagocytosis in macrophages and is encoded by genes on pXO2 (2, 5).  

While the toxins and capsule are considered the key factors in virulence in B. anthracis, 

there are other virulence factors.  Adhesin (BslA) is encoded by a gene on pXO1 and 

assists B. anthracis in its attachment to the host cell (5, 8).  In mouse and human lung 

epithelial cells, approximately1% of B. anthracis spores are internalized and BslA is 

proposed as a contributing factor to internalization (8–10).  Human small airway 

epithelial cells (HSAECs) are a model for one of the first cell types that B. anthracis 

comes into contact with when inhaled.  HSEACs have been shown to be a barrier that is 

overcome by B. anthracis during inhalational anthrax (10).  The interaction between B. 

anthracis and epithelial cells of the lung during early infection is important in the 

understanding of the pathology associated with inhalational anthrax.  

The chromosome of B. anthracis also contains genes for proteins that are 

considered as virulence factors, such as bacterial nitric oxide synthase (bNOS).  bNOS 

has been shown to contribute to the virulence of B. anthracis in macrophages (11).  

Previous research have suggested that B. anthracis-derived nitric oxide is a bacterial 

defense mechanism to protect its DNA against the oxidative burst that occurs in 

macrophages (11, 12).  However, the virulent effects of B. anthracis-derived nitric oxide 

in host cells other than macrophages have not been investigated.  In this study, HSAECs 

were used to study the pathological effects of B. anthracis-derived nitric oxide on the 

epithelial cells of the lung.  
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There are multiple strains of B. anthracis that are used in research to study the 

virulence factors of anthrax.  During this thesis, Sterne and delta Sterne (ΔSterne) strains 

were used as using these strains allowed the experiments to be performed at Biosafety 

Level 2, instead of at Biosafety Level 3.  ΔSterne stain is generated by genetic 

manipulation of the Sterne strains of B. anthracis and both are attenuated in virulence 

(13, 14).  In the Sterne strain of B. anthracis, pXO2 is missing, while the ΔSterne strain 

has both plasmids missing (13, 14).  While both strains possess the chromosome that 

encodes for bNOS, it has been found that during macrophage infection Sterne expressed 

bNOS, while ΔSterne did not (15). 

Bacterial Nitric Oxide Synthase 
 

Genome sequencing efforts have identified bacterial protein sequences with 

substantial similarity to those of mammalian NOS in both nonpathogenic and pathogenic 

soil bacteria, such as B. subtilis, S. aureus, and B. anthracis (16).  Nitric oxide has many 

different uses in both eukaryotic and prokaryotic cells.  bNOS and eukaryotic NOS 

(euNOS) produce nitric oxide by catalyzing the oxidation of L-arginine to L-citrulline.  

euNOS has a reductase domain that is essential for its production of nitric oxide, however 

the reductase domain is not essential for nitric oxide production by bNOS (11, 16).  

bNOS has been shown to have the ability to utilize eukaryotic reductase domain; 

however other cellular redox partners that are not normally committed to nitric oxide 

production, such as hydrogen peroxide as electron donors, have been shown to be used by 

bNOS in its production of nitric oxide (11, 16). 
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bNOS protects B. anthracis against oxidative stress and is essential to its 

virulence in macrophages (11).  B. anthracis attacks the host with two mechanisms that 

utilize nitric oxide (11).  The first mechanism uses nitric oxide to activate the bacterial 

catalase, which decomposes hydrogen peroxide to water and oxygen (11).  This reaction 

neutralizes the oxidative stress and oxidative burst against B. anthracis that occurs in 

macrophages (11).  The second mechanism uses nitric oxide to suppress the Fenton 

reaction of the host’s innate immunity, which consequently would have cause damages to 

bacterial nucleic acid, proteins, and lipids (11).  During the Fenton reaction, a hydroxyl 

radical is generated from the oxidization of hydrogen peroxide by ferrous iron, but the 

hydroxyl radical can be neutralized by nitric oxide through the reduction of ferric iron to 

its ferrous state (11).  In previous studies, Sterne bacteria pretreated with nitric oxide had 

an increase in viability when exposed to hydrogen peroxide compared to bacteria that 

were not pretreated, which suggests that nitric oxide assists in the survival of B. anthracis 

during oxidative stress conditions (11, 17).  Also, bNOS-deficient strain of B. anthracis 

has shown an increase in the susceptibility to being killed by macrophages compared to 

the wild-type (11, 17).  Nitric oxide produced by bNOS in B. anthracis has been shown 

to chemically modify certain antimicrobials, such as acriflavine and pyocyanin, which 

allows these compounds to be degraded by the bacteria (18).  Overall, bNOS is important 

in the protection against antimicrobials, which possibly correlates to the environment in 

which these bacteria are found.  B. anthracis belongs to the genus of Bacillus, in which 

other members have been shown to use bNOS in their defenses against other organisms 

(18).  In addition to B. anthracis using nitric oxide for protection against antimicrobial 
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and immune attack from the host cells, nitric oxide also causes the modification of host 

proteins function by promoting S-nitrosylation. 

S-nitrosylation 
 

The post-translational modification of S-nitrosylation occurs in almost every 

major functional group of proteins; it occurs when the thiol group of cysteine (Cys) is 

converted to S-nitrosothiol, usually via nitric oxide or another nitric oxide moiety (19–

25).  The understanding of the mechanisms of S-nitrosylation has become increasingly 

important in the study of health and diseases.  S-nitrosylation of proteins has been found 

to determine the activation or deactivation of certain protein functions, which determine 

the health of the cells (19, 22–24, 26–28).  Unlike phosphorylation, S-nitrosylation does 

not directly rely on the recognition of target structure by an enzyme for specificity, but on 

the chemical reactivity between the nitrosylating agent and the target protein (25).  S-

nitrosylation has the ability to be selective and specific, but the exact mechanisms are not 

fully understood. 

Researchers have proposed three mechanisms that govern S-nitrosylation: 

subcellular compartmentalization, site specificity/motifs, and rate of denitrosylation (19, 

25, 29).  Subcellular compartmentalization can be explained by the law of mass action, 

which states that the reaction rate is dependent on the substrate(s) concentration (25).  As 

nitric oxide and derivatives are very reactive and easily diffused, researchers have 

proposed that compartmentalization assures that the nitrosylating agent and target 

proteins for S-nitrosylation are in the vicinity of each other (20).  The second mechanism 
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that regulates S-nitrosylated proteins is site specificity.  When Marino et al. analyzed 

previously proposed motifs, such as proximal acid-base motifs, hydrophobic motifs, 

cysteine pKa, and sulfur atom exposure, it was determined that none of these motifs 

correctly determine the site of known S-nitrosylation in all cases (21).  Their updated 

model for the determination of S-nitrosylation proposes that the acid-base motif is more 

distantly located from the cysteine than in previous models and has a charged group 

exposed (21, 25).  These distal acid-base motifs have been shown to have a role in 

protein-protein interactions that facilitate transnitrosylation, but do not activate target 

cysteines for the reaction (21, 25, 29).  The third important mechanism of S-nitrosylation 

is the rate of denitrosylation.  S-nitrosoglutathione reductase and thioredoxin/thioredoxin 

reductase (Trx/TrxR) are examples of two denitrosylase systems, but neither system has 

been shown to have the ability to denitrosylate every S-nitrosylated proteins (29).  An 

example of how these systems regulate the function of proteins is that when S-

nitrosylated caspase 3 is denitrosylated via the mitochondrial Trx system, it causes the 

promotion of apoptotic signaling (23, 30). 

During different diseases, negative influence or positive influence on the health of 

the affected cells have been shown to be determined by S-nitrosylation or denitrosylation 

of the proteins (24, 31).  Also, it has been proposed that the S-nitrosylation of proteins 

during disease might be utilized as a reservoir for nitric oxide that is important in the 

activation of other signaling pathways and to protect important thiol from over-oxidation 

during oxidative stress (32).  The S-nitrosylation of different peroxiredoxins (Prxs), 

which function to degrade peroxide, have been shown to have both positive and negative 
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influences on different diseases, such as cardiac and neurological diseases (26, 27, 33).  

For instance, during Parkinson’s disease, Prx2 is S-nitrosylated, causing its peroxidase 

activity to be inhibited and causing neurodegeneration to occur, while during cardiac 

disease S-nitrosylated Prx2 is proposed as a protective strategy against nitrosative stress 

(27, 33).  Through the understanding of the mechanisms that govern S-nitrosylation and 

denitrosylation, therapeutic targets can be identified as more diseases have been found to 

be influenced by S-nitrosylation (29). 

Peroxiredoxin 1 
 

Prx1, like other Prxs, is a peroxidase.  Hydrogen peroxide is produced by normal 

cellular metabolism and is removed by the abundance of Prxs in mammalian cells to 

protect cellular components.  Within the Prx family, Prx1 has the widest cellular 

distribution and is the most abundant in various tissues (34–36).  Prx1 has multiple 

functions as peroxidase, chaperone, and hydrogen peroxide scavenger, which are based 

on its configuration (35–37).  S-nitrosylation of Prx1, such as other Prxs, causes the 

inactivation of the peroxidase activity and an increase in its molecular weight (35, 38). 

Mammalian cells express six isoforms of Prx, with three different subgroups: 

typical 2-Cys (Prx1-4), atypical 2-Cys (Prx5), and 1-Cys (Prx6) (35, 37).  The categories 

are based on the number and position of the conserved cysteine residues that participate 

in the catalysis of organic peroxide.  Typical and atypical 2-Cys Prx have two conserved 

cysteines that participate in the catalysis of organic peroxide, while 1-Cys has only one 

cysteine.  The difference between typical and atypical 2-Cys is that typical 2-Cys form a 

disulfide bond between the cysteines in two different Prx proteins to form a homodimer; 
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while atypical 2-Cys form the disulfide bond between the two cysteines within one 

protein. 

All Prx enzymes contain an N-terminal cysteine, which is called peroxidatic 

cysteine and is the cysteine that chemically reacts with the peroxide during the catalysis 

of hydrogen peroxide.  This cysteine is changed to cysteine-sulfinic acid when oxidized 

by hydrogen peroxide, and in Prx1 corresponds to Cys
52

 (36).  In the C-terminal region in 

a typical 2-Cys, there is an additional cysteine, the resolving cysteine, that rotates to form 

a disulfide bond with the peroxidatic cysteine during the degradation of hydrogen 

peroxide and in Prx1 it corresponds to Cys
173

 (36).  The Trx/TrxR system reduces the 

intermolecular dimer of Prx1 via NADPH, by reducing the disulfide bond between the 

two cysteines and regenerating the monomer of Prx1 (36).  When Prx1 is over-oxidized, 

sulfiredoxin (Srx) has the ability to reduce the sulfinic acid (35–37, 39).  Prx1 has Cys
83

, 

which has been shown to give Prx1 an increase in chaperone activity compared to Prx2, 

which does not possess a corresponding cysteine at that position (36, 40). 

The functional switch of Prx1 is correlated with the oligomerization status of the 

enzyme (Figure 1) (39).  Under low hydrogen peroxide concentration, 2-Cys Prx forms a 

predominantly low-molecular-weight oligomeric protein structure, which protects the 

proteins from degradation and has an active site that has a high affinity towards hydrogen 

peroxide (36, 39).  When high concentration of hydrogen peroxide is present, it can cause 

the high-molecular-weight configuration to be formed (39).  The change of 

oligomerization status changes the function and allows for an efficient switch panel for 

controlling signaling via hydrogen peroxide.  During hydrogen peroxide catalysis it has 
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been postulated that Cys
52

-SH exists as a thiolate anion (Cys
52

-S
-
), while the other 

cysteines (Cys
18

, Cys
83

, and Cys
173

) remain protonated at neutral pH (37).  Prx1 is 

important for negative regulation of Apoptosis signal-regulating kinase 1 (ASK1) activity 

in the presence of hydrogen peroxide via the N-terminal Trx-binding domain (34).  The 

Trx and Srx systems allow Prxs to regulate the different functions of chaperone, 

hydrogen peroxide scavenger, and peroxidase based on the concentration of organic 

peroxide and the configuration of the protein (36). 

Collectively, in over-oxidation and phosphorylation conditions, Prx1, similar to 

other 2-Cys Prxs, is converted to high-molecular-weight complexes and acts as a 

chaperone (36, 39).  S-nitrosylation of Prx1, like other post-translational modifications, 

causes an increase in its molecular weight (33, 39).  The Trx/TrxR system has been found 

to be unable to denitrosylate Prx1 (36, 41, 42).  It has been shown that Cys
83

 is important 

in the interface of the five homodimers that form the homodecamer, which is the 

configuration important in chaperone activity (43).  Srx is important in the regulation of 

chaperone activity of Prx1 because it has been shown that Srx assists in the formation of 

the homodecamer as a binding partner (36, 41, 44).  The increase of molecular weight of 

Prx1 correlates with an increase in the chaperone activity, whereas the molecular weight 

decrease correlates with the increase in peroxidase activity (39). 
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Figure 1: Different post-translational modifications determine the configuration and function of Prx1. 

Different post-translational modification can cause reduction conditions or the dimer to oligomerize to hexa-, octa-, 

decamers or higher order aggregates with peroxidase function. Oxidation leads to the breakdown of the decamers, 

whereas over-oxidation stabilizes the oligomer. Re-reduction of over-oxidized Prx is achieved by Srx. If over-oxidation 

persists Prxs can convert to high-molecular-weight species with chaperone activity (39). 

 

In this study, nitrosoproteomic analysis of S-nitrosylated proteins in HSAECs 

identified a novel molecular mechanism of bNOS-dependent host response and effect on 

cytotoxicity during B. anthracis infection.  The specific aims of this thesis were used to 

determine whether S-nitrosylation of proteins has a protective function against the 

nitro/oxidative stress-induced response to B. anthracis infection of the lung. 
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Aims of this Study 
 

B. anthracis produces several virulence factors: lethal toxin (LT), edema toxin 

(ET), an antiphagocytic poly-γ-D-glutamic acid capsule, adhesin and bNOS.  bNOS, 

which has substantial similarities to mammalian NOSs, has recently gained attention as 

an executor of toxin-independent innate immune evasion, because of its potential action 

against the host’s oxidative stress defense system.  Since nitric oxide modifies host 

proteins through S-nitrosylation and can affect cellular function, such as modulation of 

catalytic activity, glycolysis, growth, signal transduction, stress response, inflammation 

and homeostasis, it was hypothesized that during infection, B. anthracis-derived nitric 

oxide contributes to the determination of the function of Prx1 as either a chaperone or 

peroxidase in the host cells through the protein chemical modifications of S-nitrosylation. 

Aim 1: Nitrosoproteomic analysis in B. anthracis-infected HSAECs.  S-nitrosylated 

proteins in B. anthracis-infected HSAECs were isolated by the biotin switch technique 

(BST) and identified by a tandem mass spectrometry.  First, S-nitrosylated proteins were 

preserved using the BST and then separated from proteins not S-nitrosylated.  Second, a 

mass spectrometry was performed to determine the identities of S-nitrosylated proteins.  

Third, the proteins that were S-nitrosylated during B. anthracis-infected HSAECs were 

compared to S-nitrosylated proteins that occurred in uninfected HSAECs.  Fourth, 

proteins showed to have an increase in S-nitrosylation during B. anthracis infection were 

validated by Western blot. 

Aim 2: Effect of S-nitrosylation on Prx1 activity.  To test whether S-nitrosylated Prx1 

impairs either of its two main functions, peroxidase and chaperone activity were 
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analyzed.  The different assays of 2-Cys Prx activity assay, peroxidase activity assay, and 

chaperone activity assay were utilized to analyze the two functions of Prx1.  First, the 2-

Cys Prx activities of cell lysates were measured to compare uninfected and Sterne-

infected HSAECs.  Next, peroxidase activity of recombinant Prx1 was measured to 

determine if S-nitrosylation caused a difference in activity.  The peroxidase activity of 

Prx1 was compared between Prx1 that was not S-nitrosylated and Prx1 that was S-

nitrosylated by the nitric oxide donor S-nitrosylation cysteine (SNOC).  Finally, 

chaperone activity of recombinant Prx1 was measured to determine if activity depended 

on S-nitrosylation. 

Aim 3: Effect of Prx1 on HSAECs viability during early B. anthracis infection.  To 

determine the effect that S-nitrosylation of Prx1 had on cell viability, HSAECs viability 

in the presence of hydrogen peroxide was analyzed through the Alamar blue assay. 

During B. anthracis infection HSEACs viability was assessed by intracellular ATP 

analysis in the presence of a nitric oxide donor, SNOC, or NOS pan-inhibitor, L-Nitro-

Arginine Methyl Ester (L-NAME).  First, HSAECs were challenged with hydrogen 

peroxide in the presence or absence of SNOC, and the cell viability was measured with 

Alamar blue and compared to HSAECs that were unchallenged.  Second, HSAECs were 

challenged with B. anthracis in the presence or absence of SNOC and in the presence or 

absence of L-NAME and their intracellular ATP was measured to determine the 

differences in cell viability between uninfected HSAECs and Sterne-infected HSAECs. 

By using these aims, experiments were designed to investigate the key concepts 

of this thesis.  This thesis proposed that S-nitrosylation of Prx1 could be a factor in the 
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increase of cell viability during early B. anthracis infection of the lung.  As S-

nitrosylation has been shown as an important modification during early B. anthracis 

infection, further investigation into the S-nitrosylation of proteins might lead to improved 

therapeutic treatment and improvements in the understanding of inhalational anthrax.  
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CHAPTER TWO: MATERIALS AND METHODS 

Bacterial Strains and HSAECs 
 

B. anthracis non-encapsulated Sterne strain 34F2 (devoid of pXO2) was obtained 

from the Colorado Serum Company.  The non-toxigenic ΔSterne strain (devoid of both 

pXO1 and pXO2) was obtained from the collection of the National Center for Biodefense 

and Infectious Diseases (George Mason University, VA, USA).  HSAECs were obtained 

from Cambrex Inc. (Walkersville, MD) and maintained in Ham’s F12 medium (ATCC) 

containing 10% fetal bovine serum, 2 mM L-glutamine, 2 mM non-essential amino acid, 

60 µM β-mercaptoethanol, and 2 mM sodium pyruvate (HSAECs medium) at 37°C in an 

atmosphere of 95% air and 5% CO2, according to vendor’s protocol.  HSAECs were 

cultured and grown in medium with 100 U/ml penicillin-streptomycin (ATCC), but at 

least 2 h prior to challenging the cells with B. anthracis spores, the medium was changed 

to medium without penicillin-streptomycin. 

Chemicals 
 

HEPES, β-mercaptoethanol, recombinant Prx1, ammonium sulfamate, L-NAME, 

L-cysteine, sodium chloride (NaCl), Ni-NTA slurry, lysozyme, sodium phosphate 

monobasic (NaH2PO4), imidazole, ethylenediaminetetraacetic acid (EDTA), TritonX-

100, sodium nitrite, insulin and hydrogen peroxide were purchased from Sigma-Aldrich 
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(St. Louis, MO).  Hank’s balanced salt solution (HBSS) and phosphate buffered saline 

(PBS) were purchased from Mediatech, Inc. (Manassas, VA).  ATPlite 1-step 

luminescence assay kit was obtained from Perkin Elmer (Waltham, Massachusetts).  

Alamar blue was obtained from Invitrogen.  The chemicals were of molecular grade or 

better. 

Biotin-Switch Technique (BST) 
 

The commercial BST kit (S-nitrosylated Protein Detection kit, Cayman Chemical) 

was used according to the manufacturer’s instructions.  However, proteins were purified 

through a modification of the protocol by Jaffrey et al. (45).  Cells were cultured 

overnight, before fresh medium was added.  Cells were infected with spores (Multiplicity 

of infection, MOI of 10) and medium containing bacteria was removed after the 

challenge.  To prepare the cells for the BST, cells were washed twice with S-nitrosylation 

1X Wash Buffer from the kit.  Then, the cells were lysed with S-nitrosylation Buffer A 

from the kit, scraped and the buffer containing cells were transferred to either a conical 

tube or an Eppendorf tube.  To ensure cells were lysed, the cells were rocked for 30 min 

at 4°C.  Next, the sample was centrifuged and supernatant was transferred to an 

Eppendorf tube to be kept overnight at -80°C.  The next day, after the supernatant was 

thawed, the free thiol groups were blocked by the addition of a blocking agent (S-

nitrosylation Blocking Reagent from the kit), so that agent was at a 1:100 dilution.  Then, 

the sample was rocked for 30 min at 4°C, centrifuged, and supernatant was transferred to 

a new Eppendorf tube.  To eliminate excess blocking reagent, acetone precipitation was 
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performed by adding 2 volumes of cold acetone and incubating the supernatant at -20°C 

for 1 h.  After centrifugation to form a pellet, the bonds of the S-nitrosylated cysteines 

were reduced and covalently labeled by incubating the pellet in the “Buffer B, Reducing 

Reagent, and Labeling Reagent mixture” (1/10 S-nitrosylation Reducing Reagent, 1/100 

Labeling Reagent and 9/10 1X Buffer B) for 1 h in the dark.  To eliminate excess 

reducing reagent and labeling reagent, acetone precipitation was performed.  Then, the 

concentration of each sample was normalized in Buffer B, so that each sample was the 

same concentration before purification.  Twenty percent of the sample were saved as 

“input,” while eighty percent of the sample were further purified with either 15 µL 

streptavidin-agarose or 15 µL streptavidin-sepharose beads.  Samples containing beads 

were incubated for 1 h at room temperature with gentle agitation in a neutralization buffer 

containing 20 mM HEPES (pH 7.7), 100 mM NaCl, 1 mM EDTA, and 0.5% TritonX-

100.  Then, the samples containing beads were washed five times with approximately 10 

volumes of a neutralization buffer containing 20 mM HEPES (pH 7.7), 600 mM NaCl, 1 

mM EDTA, and 0.5% TritonX-100.  S-biotinylated proteins were eluted in an elution 

solution containing 20 mM HEPES (pH 7.7), 100 mM NaCl, 1 mM EDTA, and 100 mM 

β-mercaptoethanol by either agitation at 37°C for 1 h or by boiling for 10 min.  The 

samples were centrifuged and the supernatant was collected prior to Western blotting or 

silver staining.  The speed of 12,000 rpm for 5 min was used for all the centrifugations 

during the BST and isolation process.  
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Western blots 
 

Cell lysates or streptavidin agarose- or streptavidin sepharose-purified proteins 

from normal control and spore-infected HSAECs were boiled in 2X SDS sample buffer 

containing either 60 mM dithiothreitol or 30 mM β-mercaptoethanol for 5 min.  The 

samples were loaded and run on 4-12% Bis-Tris gel (Invitrogen) and transferred onto a 

nitrocellulose membrane using the iBlot Transfer System (Invitrogen).  The membrane 

was blocked with 5% milk in PBS containing 0.05% Tween 20 (PBST) and incubated 

with primary antibody overnight at 4°C.  After twice washing the membranes with PBST 

for 5 min, membranes were incubated with the complementary HRP-conjugated 

secondary antibody for 1 h at room temperature.  After four washes with PBST for 7 min, 

the membranes were developed using SuperSignal West Femto (Pierce), visualized using 

Molecular Imager ChemiDoc XRS System (Bio-Rad) and Quality One analysis platform.  

The densitometry software used to determine the band intensity in the 1D Western blot to 

detect biotin was ImageJ (developed by National Institutes of Health).  Primary 

antibodies used in this study are as follows: rabbit α-Prx1 antibody (1:3000), rabbit α-

Prx-SO3 antibody (1:1000), and rabbit α-biotin antibody (1:10000).  Both primary and 

secondary antibodies were from Abcam. 

Silver Stain 
 

Cell lysates or streptavidin agarose- or streptavidin sepharose-purified proteins 

from normal control and spore-infected HSAECs were boiled in 2X SDS sample buffer 

containing either 60 mM dithiothreitol or 30 mM β-mercaptoethanol for 5 min.  The 
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samples were loaded and run on a 4-12% Bis-Tris gel (Invitrogen).  The gels were 

sensitized, stained, enhanced and developed by Silver Stain Kit (Pierce) according to the 

vendor’s recommendations.  After visualization with this metallic silver stain, the gel was 

scanned into Photoshop. 

Two-dimensional (2D) gel electrophoresis 
 

Immediately after BST, the purified proteins were suspended in an isoelectric 

focusing buffer (1.1X Zoom® 2D Protein Solubilizer 1, Invitrogen) without a reducing 

agent (i.e. dithiothreitol).  An aliquot of 80 µg of proteins isolated by the BST was loaded 

onto an 11-cm isoelectric focusing strip, pH 4-7.  The strip was rehydrated overnight at 

room temperature.  The focusing was conducted on isoelectric focusing cells at 200 V for 

20 min, 450 V for 15 min, 750 V for 15 min, and 2000 V for 30 min. Strips were 

equilibrated for 15 min in 1X NuPAGE LDS Sample Buffer prior to being equilibrated in 

alkylating solution for an additional 15 min.  The strip was then loaded into a 4-12% 

NuPAGE gel (Invitrogen).  Gels were stained using a silver staining kit (Pierce) or a 

Western blot that detect biotinylated proteins.  

Mass spectrometry 
 

Proteins that were previous S-nitrosylated were purified by streptavidin agrose 

were analyzed by reverse-phase liquid chromatography nanospray tandem MS using a 

linear ion trap mass spectrometer (LTQ, Thermo Electron), as described by Chung et al. 

(46).  Tandem mass spectra were searched against human database (the National Center 
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for Biotechnology Information) with SEQUEST.  For a peptide to be considered 

legitimately identified, it had to achieve cross-correlation scores of 1.5 for [M+H]
 +

, 2.0 

for [M+2H]
 2+

, 2.5 for [M+3H]
 3+

, and a maximum probability of randomized 

identification of 0.001. 

2-Cys Peroxiredoxin activity 
 

Cell lysates from uninfected and Sterne spores-challenged HSAECs (MOI of 10) 

were prepared after a 3 h infection.  The 2-Cys Prxs activity assay kit (Redoxica) was 

used according to the manufacturer’s instruction.  2-Cys-Prxs activity was measured by 

the reduction of NADPH by 2-Cys Prxs.  The reducing power was provided by E. coli 

Trx and mammalian TrxR.  Measurements were taken in 30 sec intervals for 3 min at 340 

nm on a spectrophotometer. 

 S-nitrosocysteine (SNOC) preparation 
 

Transnitrosylation takes place when small-molecular-weight S-nitrosothiol or S-

nitrosylated proteins directly transfer thiol to a cysteine of another protein (29).  Stock 

solutions of S-nitrosocysteine (SNOC) were prepared fresh for each experiment by 

allowing 10 mM L-cysteine to react with 20 mM sodium nitrite in the presence of 20 mM 

HCl and 1 mM EDTA.  Uncharged nitrous acid was removed by adding 0.1% ammonium 

sulfamate.  SNOC solution is more stable at acidic pH; the pH of the reaction buffer was 

changed to approximately pH 7.4 prior to measuring the final concentration.  The final 

concentration of SNOC was determined from measuring the absorbance at 334 nm and 
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using the extinction coefficient 900 M
−1

 •cm
−1

.  As SNOC decays rapidly, after eight 

hours the ability to cause S-nitrosylation through transnitrosylation is lost (47).  Two 

controls were used: 2-month-old SNOC (“old” SNOC) and SNOC without sodium nitrite 

(SNOC buffer). 

Preparation of recombinant Prx1 protein 
 

PCR amplification of Prx1 cDNA obtained from ATCC (IMAGE ID#3961375) 

was done using the specific primers; the product was inserted into pTrcHis-TOPO 

(TOPO TA cloning kit, Invitrogen) and transformed into E. coli TOP10 cells according to 

manufacturer’s instruction.  Primer sequences: Prx1 (forward) 5’- ATG-TCT-TCA-GGA-

AAT-GCT-AAA-ATT - 3’ and (reverse) 5’- CTT-CTG-CTT-GGA-AAT-ATT-CTT - 3’. 

Positive transformants were selected and verified by restriction mapping and sequencing.  

Expression of Prx1 proteins in TOP10 cell cultures was induced by IPTG and the His6-

tagged product was purified by Ni
2+

-NTA resin (Invitrogen).  The cells were centrifuged, 

the medium discarded, and the cell pellet was kept at -80°C overnight.  The cell pellet 

was thawed for 15 min on ice and resuspended in 2 mL lysis buffer containing 50 mM 

NaH2PO4, 300 mM NaCl, 10 mM imidazole, pH 8.0.  The sample was incubated on ice 

for 30 min with 2 mg lysozyme.  Then, the sample was sonicated on ice (sixty 10-sec-

burst with 20W sonicator).  An aliquot of 0.5 mL of 50% Ni-NTA slurry was added to 

the mixture and was then mixed gently on a shaker (200 rpm) at 4°C for 60 min.  The 

lysate-Ni-NTA mixture was loaded into column and the flow-through was collected.  The 

column and mixture were washed four times with 2 mL of wash buffer containing 50 mM 
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NaH2PO4, 300 mM NaCl, 20 mM imidazole, pH 8.0.  The proteins were eluted from the 

columns four times with 0.5 mL elution buffer containing 50 mM NaH2PO4, 300 mM 

NaCl, 250 mM imidazole, pH 8.0.  The buffer from each stage were collected and 

analyzed by Western blotting that detected His6 (Invitrogen) to determine their molecular 

mass. 

Measurement of hydrogen peroxide 
 

The Amplex Red hydrogen peroxide/peroxidase assay kit (Invitrogen) was used to 

measure hydrogen peroxide.  The assay was performed according to manufacturer’s 

instructions on a Fluoroskan II Fluorescent plate reader with a standard curve being 

performed with hydrogen peroxide.  In this assay, “Amplex Red reagent/HRP working 

solution” is the combination of 100 μM Amplex Red reagent (10-acetyl-3, 7-

dihydroxphenoxazine), 0.2 U/mL horseradish peroxidase, and 1X reaction buffer.  50 µL 

of 1X reaction buffer was added to each well, which was followed by 50 µL Amplex Red 

reagent/HRP working solution prior to 30 min incubation.  When in the presence of 

hydrogen peroxide, Amplex Red reagent produces a red-fluorescent oxidation product, 

resorufin.  Resorufin has excitation and emission maxima of approximately 571 nm and 

585 nm, respectively.  Recombinant protein of Prx1 (purified by nickel column in the 

native condition) was loaded onto the 96-well plate in duplicate and pretreated in either 

the presence or absence of 200 µm SNOC for 30 min.  Then, samples were incubated for 

20 min in the presence or absence of hydrogen peroxide (600 µM).  The 1X reaction 

buffer followed by Amplex Red reagent/HRP solution was added to each well and the 
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plate was incubated for 30 min prior to measuring the absorbance of each well.  

Measurements of experimental wells were compared to measurements of the standard 

curve to determine the difference in ability of each sample to catalyze hydrogen peroxide.  

To determine the degradation of hydrogen peroxide by HSAECs or Sterne spores, 

HSAECs (2 x 10
4
 cells/mL) were cultured overnight in a 12-well plate.  The next day, 

fresh medium was added to the 12-well plate containing HSAECs grown overnight and a 

12-well plate that did not contain HSAECs.  Six wells of each plate were infected with 

Sterne spores (MOI of 10) and the other six were left uninfected.  Both plates were 

incubated for 6 h at 37°C prior to the addition of hydrogen peroxide (1 mM) and then 

incubated for an additional 30 min.  Hydrogen peroxide was added, so that each plate 

contained: wells with medium only, wells containing hydrogen peroxide only (without 

Sterne spores), wells with only Sterne spores (without hydrogen peroxide), and wells 

with both hydrogen peroxide and Sterne spores.  Next, the medium was harvested and 

centrifuged to remove bacteria.  Then, the medium from each condition and a 1:100 

dilution in 1X reaction buffer of each condition were plated in triplicate on a 96-well 

plate.  After 1X reaction buffer and Amplex Red reagent/HRP working solution was 

added, the samples were incubated for 30 min and the absorbance of each well was 

measured to determine the amount of hydrogen peroxide remaining in each sample.  

Condition includes all wells of triplicate; samples in each well. 
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Fluorescence microscopy 
 

Cells were cultured in an eight-chamber slide overnight.  The cells (6 x 10
4
 

cells/mL) in each chamber were pretreated for 30 min with 2 mM of L-NAME before 

Sterne spores (MOI of 10) were added.  The cells were incubated for 6 h before being 

washed with HBSS (Invitrogen).  MitoSox Red reagent (Invitrogen) was added to cells, 

so the final concentration was 5 µM prior to the cell being incubated for 10 min in 5% 

CO2 at 37°C.  The cells were then washed with HBSS and amount of superoxide 

(reactive oxygen species (ROS)) produced by the mitochondria in each condition was 

observed via a Nikon Eclipse 90i fluorescence microscope.  For detecting intracellular 

nitric oxide, the cells were cultured in an eight-chamber slide overnight. Cells (4 x 10
5
 

cells/mL) were pretreated for 30 min in the absence or presence of medium that contained 

2 mM of L-NAME.  Cells were then challenged with Sterne spores (MOI of 10) or left 

uninfected for 6 h.  Then, the cells were washed with HBSS before 15 µm of 4, 5-

diaminofluorescein diacetate (DAF-2DA, Calbiochem) in HBSS was added to the 

chambers and incubated for 15 min in a 5% CO2 incubator at 37°C.  The cells were then 

washed three times with HBSS, and the amount of nitric oxide in each condition was 

observed via a Nikon Eclipse 90i fluorescence microscope. 

Chaperone activity 
 

The chaperone activity of recombinant Prx1 (Invitrogen) was measured by using 

5 mM DTT-induced chemical aggregation of insulin (52 µM) (48).  Change in turbidity 

due to substrate aggregation was monitored using a GENESYS 20 UV spectrophotometer 
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(Thermo Fisher Scientific) at the absorbance of 650 nm.  A molar ratio of 0.25:1 was 

used for Prx1 to insulin.  Prior to addition of insulin and β-mercaptoethanol, the S-

nitrosylated samples were pretreated for 30 min with medium containing 200 µM SNOC.  

Sixty millimolar HEPES (pH 7) was used as a substitute for the Prx1 solution in the 

samples that were absent of Prx1. 

Cell viability 
 

To test the effect of S-nitrosylation on cell viability of HSAECs in the presence or 

absence of hydrogen peroxide, cells were pretreated with HSAECs media that contained 

that either 200 µM fresh SNOC, “old” SNOC, or medium alone for 30 min.  The “old” 

SNOC was 2 months old, had lost its transnitrosylation ability, and was used as a control.  

HSAECs were cultured overnight in a 96-well plate.  Cells were cultured in fresh 

medium with or without 1 mM of hydrogen peroxide and containing 200 µM fresh 

SNOC, “old” SNOC, or medium alone for 24 h.  Cell viability assay was performed with 

10% Alamar blue in the culture medium per manufacturer’s instruction. After incubating 

the cells for 2 h with Alamar blue, fluorescence was measured at excitation of 530 nm 

and emission of 584 nm on Fluoroskan II fluorescent plate reader.  To test the cell 

viability of Sterne infected HSAECs, cells were pretreated for 30 min with either medium 

alone or medium containing 5 mM of L-NAME, 200 µM fresh SNOC, or 200 µM SNOC 

buffer without the addition of sodium nitrite in SNOC preparation, prior to the addition of 

media with or without Sterne spores (MOI of 10) for 8 h.  The cells were washed with 

PBS and incubated for 1 h in gentamicin and penicillin/streptomycin to kill the bacteria 
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before the ATPlite 1-step assay was performed.  ATPlite 1-step assay was performed 

according to the manufacturer’s instructions. 

Statistics 
 

All data are expressed as arithmetic means ± standard deviations.  Comparisons 

between groups were carried out using the Student’s t-test.  Significance was set at P< 

0.05. 
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CHAPTER THREE: RESULTS 

S-nitrosylation of proteins in HSAECs during toxigenic B. anthracis 
infection  

 

To determine if S-nitrosylation of proteins in HSAECs occurs during B. anthracis 

infection, the cells were infected for 7 h with either spores of ΔSterne or Sterne (MOI of 

10).  Uninfected and infected HSAECs were lysed by Buffer A from the commercial BST 

kit.  Using a commercial BST kit, S-nitrosylated proteins were converted to S-

biotinylated proteins.  The S-biotinylated proteins were analyzed by the detection of 

biotin in a Western blot.  The S-nitrosylation of proteins increased approximately 3-fold 

during Sterne infection compared to uninfected and ΔSterne infected cells (Figure 2).  To 

further investigate S-nitrosylation of proteins in HSAECs during B. anthracis infection, 

the commercial BST kit was utilized and the resulting S-biotinylated proteins were 

separated by 2D-PAGE gel.  Either a silver stain or a Western blot was performed on the 

2D-PAGE gel.  The cell extracts from Sterne infection contained more S-nitrosylated 

proteins (Figure 3B, D) when compared to cell extracts of the uninfected control (Figure 

3A, C) after an 8-h-incubation.  The results of 1D and 2D analysis of S-nitrosylated 

proteins suggest that Sterne infection causes an increase in the S-nitrosylation of proteins, 

but was not seen in the uninfected cells or ΔSterne.  Next, proteins from cells lysates of 

uninfected, ΔSterne and Sterne spore-challenged (MOI of 10) HSAECs were collected 
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after 8-h-infection. S-nitrosylated proteins were converted to biotinylated forms using the 

BST and then isolated by streptavidin-agrose beads.  Total S-biotinylated proteins were 

identified using an LTQ tandem mass spectrometer.  The S-nitrosylated proteins from 

Sterne spore-challenged HSAECs were compared to S-nitrosylated proteins from the 

uninfected HSAECs and the proteins were listed by their function (Table 1).  The major 

functional classes of proteins that had an increase in S-nitrosylation during Sterne 

infection were chaperones, cytoskeletal proteins, metabolic enzymes, and protein 

synthesis-related proteins.  The number of peptide hits from two independent MS 

analyses of S-nitrosylated Prx1 proteins was fifteen and nine in Sterne-challenged cells 

compared to one and one in uninfected HSAECs and zero and zero in ΔSterne infected 

HSAECs.  These results suggest that S-nitrosylation of Prx1 is specific for toxigenic 

infection at the 8-h infection time.  To validate the increase of S-nitrosylation of proteins 

during Sterne infection (MOI of 10), certain proteins were chosen to represent each of the 

functional groups: β-tubulin from the cytoskeleton category, enolase 1 and GAPDH from 

the metabolic enzyme category and Prx1 from the chaperone category.  Cell lysates were 

S-biotinylated using the commercial BST kit and then the biotinylated proteins were 

isolated by streptavidin-agrose beads and Western blots were preformed to detect Prx1, 

β-tublin, enolase 1, or GAPDH.  The proteins were chosen because of their increase in S-

nitrosylation during Sterne infection compared to uninfected HSAECs and availability of 

their antibodies.  The results confirmed that during Sterne infection these proteins were 

S-nitrosylated in HSAECs when compared to uninfected or ΔSterne-challenged HSAECs 

(Figure 4).  Prx1 was chosen for further study with the knowledge of its important 
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function as a key regulator of oxidative or nitrosative stress and chaperone activity during 

the normal cellular life cycle.   

To study whether ROS production is affected by bNO during Sterne infection, L-

NAME, a pan-inhibitor of NOS, was utilized to inhibit nitric oxide generation.  HSAECs 

were pretreated with 2 mM of L-NAME for 20 min prior to the addition of Sterne spores 

(MOI of 10) and incubated for 6 h.  The level of mitochondrial superoxide produced was 

determined by the use of MitoSox Red indicator kit (Invitrogen) and MitoSox reagent 

was observed under a fluorescence microscope.  The level of mitochondrial superoxide 

decreased during Sterne infection in the presence of L-NAME compared to the sample 

that was not pretreated with the inhibitor (Figure 5A).  To further study intracellular nitric 

oxide levels during Sterne infection, HSAECs were pretreated with 2 mM of L-NAME 

for 20 min before the addition of Sterne spores (MOI of 10) and incubated for 6 h.  

Levels of intracellular nitric oxide were detected by staining with a nitric oxide specific 

fluorescent dye, DAF-2DA, under a fluorescence microscope.  As shown in Figure 5B, 

intracellular nitric oxide was significantly increased in the absence of an inhibitor, while 

the production of nitric oxide in the presence of L-NAME decreased.  These results 

confirmed that L-NAME inhibited the production of nitric oxide in B. anthracis-infected 

HSAECs. To guarantee that L-NAME was inhibiting the S-nitrosylation of Prx1, the 

commercial BST kit and streptavidin-agrose bead purification were employed.  The cells 

were pretreated for 30 min with medium containing 2 mM L-NAME prior to the addition 

of Sterne spores for 8 h.  L-NAME did inhibit S-nitrosylation of Prx1; while in the 

absence of L-NAME, Prx1 continued to be S-nitrosylated during Sterne infection (Figure 
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5C).  The expression of total Prx1 remained similar throughout the infection; in previous 

studies the germination of spores in HSAECs and in B/J mice occur between 2 and 6 

hours post infection (Figure 5D) (5, 9, 10, 49). 

S-nitrosylation of Prx1 causes the decrease of peroxidase activity and 
the increase of chaperone activity 

 

To further study the change in Prx activity of HSAECs during anthrax infection, 

the total activity of 2-Cys Prxs was assayed by monitoring NADPH reduction in Trx-

TrxR coupled reaction.  The 2-Cys Prxs activity of HSAECs after 3-h-infection with 

Sterne (MOI of 10) was decreased when compared to uninfected HSAECs (Figure 6A). 

To test whether the peroxidase ability of Prx1 was inhibited when S-nitrosylation 

occurred, recombinant Prx1 was pretreated for 30 min with SNOC to ensure that the 

protein’s cysteines were S-nitrosylated before incubating in hydrogen peroxide (600 µM).  

The remaining hydrogen peroxide in the reaction mixture was measured by Red Amplex 

Hydrogen Peroxide assay (Figure 6B).  The ability of S-nitrosylated Prx1 to degrade 

hydrogen peroxide decreased in the presence of SNOC when compared to samples 

without SNOC treatment.  The peroxidase activity of Prx1 was decreased approximately 

10-fold in SNOC-treated samples compared to samples without the SNOC treatment.  In 

the absence of Prx1, SNOC itself did not change the hydrogen peroxide levels in the 

reaction mixtures (Figure 6B).  These results demonstrated that S-nitrosylation does 

inactivate the peroxidase activity of Prx1.   

Chaperone activity of Prx relies on the ability of Cys
83

 to form a homodecamer.  

To discover if S-nitrosylation of Prx1 inactivates its ability to act as a chaperone, insulin 
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was used as a substrate and the light scattering due to its denaturation by DTT was 

measured by absorbance at 650 nm every 2.5 min for 2 h.  S-nitrosylation of Prx1 by 

SNOC treatment increased chaperone activity of Prx1 (Figure 6C).  Overall, S-

nitrosylation of Prx1 causes a decrease in peroxidase activity and an increase in 

chaperone activity. 

S-nitrosylation of Prx1, not over-oxidation, is responsible for the 
inactivation of peroxidase during Sterne challenge 

 

In previous research, it has been shown that inhibition of the peroxidase activity 

of Prx1 occurred when it is over-oxidized, resulting in formation of Prx1-SO3 and other 

oxidized multimers (36, 40, 50).  To determine whether the inactivation of Prx1 by B. 

anthracis is caused by S-nitrosylation or by S-sulfenylation (over-oxidation of sulfhydryl 

groups by hydrogen peroxide), HSAECs were challenged at different incubation times 

with either Sterne spores or different concentrations of hydrogen peroxide.  Western blot 

was performed to detect Prx-SO3 or Prx1 (Figure 7A). The resulting Western blot 

confirmed that over-oxidization of Prx1 does not occur during Sterne infection (MOI of 

10) before 8 h.  However, the over-oxidation of Prx1 does occur at the concentrations of 

400 µM and 1 mM of hydrogen peroxide after 30 min.  To further study the effects of 

over-oxidation in the presences of B. anthracis, HSAECs were challenged with Sterne 

spores (MOI of 10) for 6 h, before challenging the cells with 1 mM hydrogen peroxide 

for 30 min.  Western Blot detected Prx-SO3 or Prx1, implied that Sterne infection does 

not allow hydrogen peroxide-mediated over-oxidation of Prx1 (Prx-SO3) (Figure 7B).  

The medium from this condition was analyzed for the amount of hydrogen peroxide 
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remaining in the medium after 30 min.  Incubation with B. anthracis eliminated hydrogen 

peroxide in culture media (Figure 6C), suggesting that bacteria are scavenging hydrogen 

peroxide.  

Protein S-nitrosylation has an effect on cell viability during B. anthracis 
infection 

 

To determine if protein S-nitrosylation had an effect on cell viability during 

challenge with hydrogen peroxide, HSAECs were pretreated with medium containing 

200 µM fresh SNOC or 200 µM “old” SNOC for 30 min prior to hydrogen peroxide 

treatment.  After the cells were challenged with 1 mM hydrogen peroxide treatment for 

24 h, cell viability was determined by Alamar blue.  HSAECs were resistant to hydrogen 

peroxide even in 1 mM (approximately 73% viability).  However, SNOC pretreated 

HSAECs showed a decrease in viability (approximately 23%) compared to HSAECs that 

were not treated with SNOC (Figure 8A). These results suggest that protein S-

nitrosylation by SNOC allows HSAECs to be sensitive to hydrogen peroxide-mediated 

cell killing. To determine if protein S-nitrosylation has an effect on cell viability during 

B. anthracis Sterne infection,  HSAECs were cultured overnight and then pretreated with 

either fresh 200 µM SNOC, SNOC buffer, or 5 mM L-NAME for 30 min prior to 

infection.  Cell viability was measured by intracellular ATP levels after B. anthracis 

infection for 8 h and cells incubated in the presence of gentamicin and 

penicillin/streptomycin for 1 h.  Cells infected with spores (MOI of 10) had HSAECs 

viability that decreased to approximately 14%; while SNOC treatment increased infected 

cell viability up to 62% (Figure 8B).  On the other hand, a NOS inhibitor L-NAME 
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further decreased cell viability (approximately 1.5%).  These results suggest that protein 

S-nitrosylation may protect the cells from stress-induced cell death during B. anthracis 

infection. 
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Figure 2: 1D gel analysis of S-nitrosylated proteins in Sterne spore-challenged HSAECs. 

Cell extracts of uninfected control cells, ΔSterne spore-, and Sterne spore-challenged HSAECs (MOI of 10) for 7 h. 

A. After BST, total proteins were loaded on 4-12% SDS-PAGE gel.  A silver stain was performed to show an equal 

amount of loading.  B. After BST, S-nitrosylated proteins were detected by Western blot analysis for biotin.  Infection 

with toxigenic Sterne (S), but not non-toxigenic delta Sterne (ΔS), significantly increases protein S-nitrosylation 

compared to uninfected (C). 

 

  



36 

 

 

 

Figure 3: 2D gel analysis of S-nitrosylated proteins in HSAECs during B. anthracis (Sterne spore challenged) 

infection. 

Cells were challenged by Sterne spores (MOI of 10) for 8 h.  The S-biotinylated proteins (80 µg) were separated on an 

isoelectric focusing strip (pH 4-7) followed by a 4-12% SDS-PAGE gel.  Silver stain (A, C) and Western blot to detect 

biotin (B, D) were used to visualize the proteins.  A, B. uninfected. C, D. Sterne infected. 
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Table 1: Categorized summary of S-nitrosylated proteins identified in extracts of B. anthracis-infected HSAECs. 

 

Data of two independent MS analysis of the number of peptide hits are separated with a comma (,).  The proteins in 

bold had Western blots performed to validate MS analysis.  The protein that is in red was chosen to further investigate 

the effects of S-nitrosylation on function. 
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Figure 4: Validation of S-nitrosylated proteins in B. anthracis infected HSAECs. 

Western blot analysis of S-nitrosylated proteins cell extract of uninfected control cells, Sterne-, and ΔSterne-challenged 

HSAECs.  2 µg of purified S-nitrosylated proteins were purified by streptavidin-agrose beads and detected using 

specific antibodies for Prx1 or several housekeeping proteins (β-actin, β-tubulin, enolase 1, and GAPDH) by Western 

Blot. 
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Figure 5: L-NAME inhibits the S-nitrosylation of Prx1 induced by B. anthracis infections. 

A. HSAECs in presence or absence of 2 µM L-NAME were analyzed for amount of nitric oxide production during 

Sterne spore-challenge (MOI of 10) or uninfected for 6 h.  The MitoSox Kit (Invitrogen) (mitochondrial superoxide, 

red) and DAPI (nucleus, blue) was used to visualize the mitochondrial superoxide.  B. HSAECs in presence or absence 

of 2 µM L-NAME were analyzed for amount of nitric oxide production during Sterne spore-challenge (MOI of 10) or 

uninfected for 6 hour.  DAF-2DA (nitric oxide, green) was used to visualize the nitric oxide.  DAPI (nucleus, blue) was 

used to visualize the nucleus of the cells.  C. HSAECs, in the presence or absence of 2 µM L-NAME were challenged 

with Sterne spores for 8 h. The commercial BST kit (input) and S-nitrosylated proteins (SNO) purification and a 

Western blot against Prx1was performed. D. Total Prx1 protein during Sterne-challenged or uninfected HSAECs that 

were harvested at different times post infection.  A Western blot against Prx1 was performed on the cell lysate. 
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Figure 6: Change in 2-Cys peroxiredoxin activity during anthrax infection of HASECs and changes of 

peroxidase and chaperone activity when Prx1 is S-nitrosylated. 

A. Cell extracts were collected from 3 h Sterne spore-challenged HSAECs (MOI of 10) and uninfected HSAECs.  The 

degradation of NADPH was observed on a spectrophotometer over 360 seconds at 340 nm and compared to a blank 

control that contained assay buffer without TrxR.  Prx activities of uninfected control without TrxR, uninfected control 

with TrxR, and Sterne infected HSAECs are shown.  The assay was done in triplicate and the representative data are 

shown.  B. Chemical reduction of hydrogen peroxide by recombinant Prx1 in the presence or absence of 200 µM 

SNOC. The samples were tested in duplicate. C. The chaperone function of Prx1 was measured by using insulin as a 

substrate.  Substrate aggregation was monitored by measuring the light scattering at A650.  0.3 mg/mL Insulin and Prx1 

had a molar ratio of 1:25. 
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Figure 7: Over-oxidation of Prx1 does not occur during B. anthracis-infected HSAECs. 

A. Western blot against either Prx1 or Prx-SO3 was performed on cell extracts either exposed to Sterne spores or 

hydrogen peroxide.  The HSAECs were challenged with Sterne spores (MOI of 10) for either 3 or 8 h or left uninfected 

for 8 h. The hydrogen peroxide was added 30 min at the concentrations of 0 µM, 400 µM or 1 mM to HSAECs.  B. A 

Western blot against either Prx1 or Prx-SO3was performed on cell extracts that were challenged with Sterne, hydrogen 

peroxide, or both Sterne and hydrogen peroxide.  HSAECs were uninfected or challenged with Sterne spores (MOI of 

10) for 6 h prior to the addition of media with or without hydrogen peroxide (1 mM) and incubated for an additional 30 

min.  C. The supernatants from previous experiment of HSAECs challenged either Sterne (MOI of 10), hydrogen 

peroxide (1 mM), both Sterne and hydrogen peroxide, or neither was collected and the remaining hydrogen peroxide in 

the supernatant was measured. The assay was performed in triplicate. 
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Figure 8: Nitric oxide donor treatment decreases cell viability when challenged with hydrogen peroxide, but 

increases viability in B. anthracis infection. 

A. HSAECs were pretreated with either medium or medium containing 200 µM SNOC or 200 µM “old” SNOC for 30 

min prior to adding medium containing hydrogen peroxide (1 mM) for 24 hours.  Cells were incubated in Alamar blue 

for 2 h and then absorbance was used as a measure of cell viability.  Assay was performed in triplicate. B. HSAECs 

were pretreated with medium or medium containing either 200 µM fresh SNOC, 200 µM SNOC buffer, or 5 mM L-

NAME for 30 min prior to the addition of either medium or medium containing Sterne spores (MOI of 10).  After 8 h 

in the presence or absence of Sterne spores, the cells were treated with gentromycin/streptomycin for 1 h before the 

ATP assay was performed.  The assay was performed in triplicate. 
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CHAPTER FOUR: DISCUSSION 

The intent of this thesis was to demonstrate that B. anthracis-derived nitric oxide 

contributes to the determination of the function of Prx1 via the process of S-nitrosylation, 

which could contribute to cell viability.  As bNOS is found on the chromosome of B. 

anthracis, during both Sterne and ΔSterne infections it would be expected to caused S-

nitrosylated of host proteins.  However, only during the Sterne strain infection, not during 

the ΔSterne infection, was there an increased in S-nitrosylated proteins in HSAECs.  In 

previous research, the mRNA that encoded for bNOS in Sterne strain cultured with 

macrophages were detectable at 4 h post infection and increased at 20 h, whereas ΔSterne 

did not express the mRNA for bNOS at either time point (15).  This suggests that bNOS 

of Sterne mainly contributes to nitric oxide production during early infection (9–11, 15).  

Also, in this pervious study it has been shown in conditions where toxins are not 

expressed, such as air, that bNOS is not as expressed compared to conditions that toxins 

are expressed (15, 51).  This suggests that pXO1 might assists in the expression of bNOS.  

The ability of bNOS to produce nitric oxide faster and more efficiently than mammalian 

NOS gives B. anthracis an advantage over its host (16).  The nitric oxide virulence factor 

produced by B. anthracis during infection has been explored in macrophages; however, 

the study of virulence factors of bNOS and effects of nitric oxide production during B. 

anthracis infection on lung cells has not been described previously.  
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The nitrosproteomic analysis during this study demonstrated that the S-

nitrosylation of proteins occurs during Sterne spore infection in HSAECs.  In this study, 

some proteins common to other S-nitrosylation studies were found: β-actin, α/β-tubulin, 

enolase 1, GAPDH, and pyruvate kinase (26, 28).  During previous studies, many of 

these proteins have been shown to be S-nitrosylated during different diseases, such as 

heart and neurological disease (26, 27, 45).  Previous researchers have suggested that 

some of these proteins when S-nitrosylated are involved with cellular pro-apoptosis 

processes (26, 27, 33, 52, 53).  Enolase and pyruvate kinase, metabolic enzymes required 

for glycolysis, have been found to be S-nitrosylated in endotoxin-treated macrophages in 

previous research (28).  However, researchers have not determined the effect of S-

nitrosylation on the functions of these two proteins.  With regard to GAPDH, Hara et al., 

demonstrated that S-nitrosylation of GAPDH augments its binding to Siah 1 (an E3 

ubiquitin ligase), whose nuclear localization signal mediates translocation of GAPDH 

(54).  This suggests that the NO-S-nitrosylation-GAPDH-Siah1 cascade may represent an 

important molecular mechanism of cytotoxicity (54).  In this aspect, S-nitrosylation of 

GAPDH in HASECs could be one of the mechanisms in cell cytotoxicity during B. 

anthracis infection.  The S-nitrosylation of the major microfilament protein β-actin was 

also elevated only in Sterne-infected HSAECs, but not in ΔSterne-infected or uninfected 

control HSAECs.  As with S-nitrosylated tubulin, S-nitrosylated β-actin has been shown 

to polymerize less efficiently than unmodified actin as a consequence of reduced 

annealing rate (55).  When F-actin is S-nitrosylated it has been proposed to be important 

in repairing cells under stress conditions.  It has been shown that F-actin acts as a 
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transnitrosylation agent that assists in pain transmission of inflamed neurons, β-actin 

might have similar role in transmitting signals during disease (55, 56).  As the effects of 

S-nitrosylation on enolase and pyruvate kinase are unknown and S-nitrosylated β-tublin 

and β-actin are thought to be a reservoir for transnitrosylation more research is need to 

determine that effects these proteins have on cell viability during B. anthracis infection.  

However, given that GADPH has been shown to have a negative influence on cell 

viability, it can be proposed that the increase in cell viability seen during B. anthracis 

infection could be correlated to the increase in chaperone activity of Prx1 when it is S-

nitrosylated. 

Prx1 has many different roles in the cell: chaperone, signal mediator, peroxidase, 

and hydrogen peroxide scavenger.  The multiple structural and conformational changes 

that occur to regulate the different roles that Prx1 executes throughout the different stages 

of metabolism or in different environments are delicate and complex; over-oxidation and 

S-nitrosylation are two important post-translational modifications that help regulate Prx1 

activity (36, 40).  The oligomeric state controls the switch from peroxidase to chaperone 

function in human Prx1 and Prx2 (57).  When Prx1 is acting as a chaperone, as when S-

nitrosylated or over-oxidized, it is in a high-molecular-weight configuration of 

homodecamer.  While Prx1 is acting as a peroxidase it is in a low-molecular-weight 

configuration of monomer or homodimer.  In these experiments it was also shown that 

inhibition of peroxidase function of Prx1was induced by S-nitrosylation, but not by Prx 

over-oxidation (Prx-SO3) during Sterne infection.  Gel filtration analysis and mass 

spectrometry revealed that Prx2 as well as mutant Prx1 C83S exist as dimers, whereas 
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Prx1 forms a homodecamer (40).  In the case of Prx1, it contains an additional cysteine, 

Cys
83

, which is important at the dimer-dimer interface through van der Waals interactions 

and hydrophobic forces, which have been shown to be important in the formation of the 

homodecamer (39, 40, 58).  Although in this experiment the structural changes were not 

determined, it can be proposed that the multimerization states of Prx1 are favored by 

nitrosative stress during B. anthracis infection.  Inhibition of peroxidase activity and 

enhancement of chaperone activity of Prx1 by S-nitrosylation support this explanation. 

According to mass spectrometric analysis, S-nitrosylated proteins of B. anthracis-

infected HSAECs included chaperones and stress response proteins, such as Prx1, Prx2, 

and heat shock protein 90 kDa (Hsp90).  This may imply the regulation of misfolded 

proteins by S-nitrosylation of the chaperone proteins.  In previous research, these proteins 

were observed to be consistently and significantly S-nitrosylated in early response to 

oxidative stress or pathological conditions (25, 45).  In endothelial cells, it has been 

shown that when Hsp90 is S-nitrosylated its ability to hydrolyze ATP is inhibited, which 

is important in its chaperone activity (25, 59, 60).  During nitric oxidizing conditions that 

Hsp90 cannot act as a chaperone, however S-nitrosylated Prx1 can. 

During this study peroxidase activity of Prx1 was confirmed to be inactivated 

during S-nitrosylation and was speculated to cause cell viability to be decreased during B. 

anthracis infection, which was contradictory to the findings of S-nitrosylation increased 

cell viability during this condition.  B. anthracis possesses AhpC, which is a typical 2-

Cys Prx that has many structural similarities to Prx1 (5).  AhpC is resistant to oxidative 

inactivation because of a highly flexible C-terminal region which facilitated the 
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formation of intermolecular disulfide bonds (39).  In other Prxs, such as Prx1 and Prx2, 

when S-nitrosylated, it causes the inactivation of peroxidase activity and the cells are 

overcome with oxidative stress however, Prx1 has been shown to have a more specialized 

function as a chaperone compared to Prx2 and during this study when Prx1 is S-

nitrosylated chaperone activity increases (27, 40, 61).  It can be proposed that the 

increase in cell viability during B. anthracis infection could be attributed to B. anthracis 

degrading hydrogen peroxide and such that oxidative stress does not occur, so the 

inactivation of peroxidase activity of S-nitrosylated Prx1 was not essential to cell 

viability during this condition. 

From previous studies it was known that multiple function of Prx1 are determined 

through different post-transcriptional modifications such as over-oxidation, 

phosphorylation, S-glutathionylation, and S-nitrosylation (33, 35, 50, 61, 62).  This study 

shows that S-nitrosylated Prx1 exhibits an increase in chaperone activity.  When S-

nitrosylation of proteins occurs during B. anthracis infection there is an increase from 

approximately twenty percent to approximately seventy percent in the viability of 

HSAECs when S-nitrosylation of proteins occurs, suggesting that the increase in viability 

could be assisted by the increase in chaperone activity of S-nitrosylated Prx1.  The S-

nitrosylation of Prx1 might have similar effects on function as other high-molecular 

weight configurations, for instance phosphorylation and over-oxidation.  It has been 

shown that when Thr
90

 is phosphorylated in Prx1 its chaperone activity increases and its 

peroxidase activity decreases (61, 63).  Prx1 forms multiple different complexes with 

signaling partners, including kinases c-Abl, JNK, and the phophatase PTEN in its over-
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oxidation state.  Prx1 causes the activation of c-Abl and JNK and inactivates the 

phosphatase activity of PTEN when not over-oxidized (33, 34, 44, 50).  This suggests 

that either the loss of these partnerships or the formation of different partnerships because 

of S-nitrosylation of Prx1 could assist in the prevention of cell death during B. anthracis 

infection, in addition to the proposed increase of chaperone activity of Prx1 to explain the 

increase in cell viability.  As Prx1 was not specifically targeted for S-nitrosylation in the 

cell viability during this study, it can be proposed that other S-nitrosylated proteins, 

which were beyond the scope of this thesis, might have assisted in the increase of cell 

viability during early B. anthracis infection.  To ensure that S-nitrosylation occurred 

during the cell viability, a high concentration of nitric oxide donor was used and the 

natural balance between S-nitrosylation and denitrosylation of proteins during B. 

anthracis infection was probably disrupted.  As a result of S-nitrosylation, other post-

translational modifications, such as phosphorylation and over-oxidation, may have been 

prevented from occurring.  This inaccessibility to other post-translational modifications 

might undermine the natural course of the early infection of lung epithelial cells by B. 

anthracis, which also has been shown to assist in the formation for the chaperone 

function of Prx1.  During further investigation with siRNA Prx1, it has been shown that 

when Prx1 was down-regulated by siRNA in HSEACs and treated with a nitric oxide 

donor that there was a decrease in cell viability compared to HSAECs with normal Prx1 

expression that were S-nitrosylated (64).  This results support that the increase of cell 

viability observed during B. anthracis infection can be correlated with the S-nitrosylation 

of Prx1. 
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From these results and previous studies, a model can be proposed to explain the 

effects of S-nitrosylation of Prx1 in HSAECs occurring as a result of the nitric oxide 

produced by bNOS of B. anthracis (Figure 9).  During normal cellular metabolism, Prx1 

encounters hydrogen peroxide and forms an intramolecular disulfide bond between Cys
52

 

and Cys
173

 to form a homodimer.  Through this reaction the hydrogen peroxide is 

catalyzed to water (36, 40).  Through Trx with the help of NADPH, the intramolecular 

disulfide bonds are broken and monomers of Prx1 are regenerated that are able to degrade 

another molecule of hydrogen peroxide.  During B. anthracis infection, nitric oxide is 

produced by B. anthracis externally or internally from the host cell.  The nitric oxide 

binds to one or more of the cysteines (Cys
52

, Cys
83

, and Cys
173

) in Prx1.  When S-

nitrosylated, Prx1 forms a homodecamer and as a result its peroxidase activity is 

decreased and its chaperone activity is increased.  When nitric oxide associates with one 

of the cysteines, it increases the likelihood of the homodecamer configuration and 

chaperone activity of Prx1, which increases protection against B. anthracis infection.  

When Prx1 is S-nitrosylated it does not allow over-oxidation, which has been shown to 

cause the dissociation of the homodecamer to occur (39, 43, 48, 57). 
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Figure 9: Model of the effects of S-nitrosylation of Prx1 during B. anthracis infection. 

The nitric oxide produced by B. anthracis causes Prx1 to be S-nitrosylated.  When Prx1 is S-nitrosylated peroxidase 

activity decreases.  When Prx1 is S-nitrosylated, oxidized multimers form and cause an increase in chaperone activity 

and cell viability. 

 

In summary, it can be concluded that B. anthracis causes certain proteins to be S-

nitrosylated, such as Prx1, Prx2, β-actin, and GADPH.  The S-nitrosylation of Prx1 

inhibits peroxidase activity, but during B. anthracis infection, bacteria efficiently degrade 

hydrogen peroxide.  It was found that B. anthracis infection of HSAECs resulted in an 

increase in HSAECs viability, which can be correlated with the increase in chaperone 

activity of S-nitrosylated Prx1.  Switching peroxidase activity to chaperone activity 

occurs in Prx1 and is correlated with its molecular weight.  Chaperone activity occurs at 

the high-molecular-weight configuration of homodecamer and peroxidase activity occurs 

at the low-molecular-weight configurations of monomer or homodimer. These results 

provide a novel mechanism of host defense response to B. anthracis infection through 

bacteria-derived nitric oxide and the resulting protein S-nitrosylation in the lung 

epithelial cells.  However, further research is needed to determine the specific importance 

of S-nitrosylated Prx1 during B. anthracis infection. 
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